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Abstract—Methods for calculating the spectral properties of multilayer anisotropic structures are described.
The structures comprise plane-parallel polarizing gratings made of linear conductors. The conductorsin adja
cent gratings are arbitrarily directed. The methods employ mathematical approaches used in the interference

optics of multilayer isotropic structures. © 2001 MAIK “

INTRODUCTION

Optical Fabry—Perot interferometers employ semi-
transparent mirrors based on continuous metal films.
For measurements in the long-wavelength range
(including millimeter and submillimeter waves), one
cannot use multibeam interferometers and interference
filters with the reflectors made of continuous films,
since such films exhibit a high absorption of electro-
magnetic wavesin the skin layer [1]. Fabry—Perot inter-
ferometers designed for measurements in the micro-
wave range use the reflectors representing periodic
gratings made of linear conductors to minimize the
absorption [2-7].1 As a rule, such gratings operate in
thelong-wavel ength approximation, when the period of
the conductors| ismuch smaller than the wavel ength of
the incident beam A. If I/A < 1, the grating represents
an effective polarizer, since it reflects the E wave and
nearly completely transmitsthe H wave. 21n microwave
Fabry—Perot interferometers of high spectral resolu-
tion, the incident electromagnetic wave must be the E
wave for both gratings.

Conventional multilevel microwave interferometers
usually use polarizing gratingswith identically directed
conductors. The general theory of diffraction by multi-
layer gratings [8, 9] also considers only systems with
the identical orientation of the grating conductors.
However, it is expedient to consider multilayer interfer-
ence structures (systems) in which the conductors of
neighboring gratings make an angle with each other.
Figure 1 shows such astructure containing N plane-par-
alel gratings. The advantage of the systems with non-

1 Along with the term “grating” one can also use the term “one-
dimensional grid,” which is a matter of the production technol-
ogy.

2 |tisgenerally accepted that the incident wave is E(H) polarized if
the electric (magnetic) field strength vector is aligned with the
conductors.
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paralel (crossed) conductor gratings is the possibility
of gradually varying the spectral properties of the mul-
tilayer structure by merely varying the crossing angle
without replacing the gratings.

The purpose of this work was to present two rather
general methods for calculating the spectral properties
of the multilayer anisotropic structures with crossed
gratings operating in the long-wavelength approxima-
tion. The consideration is restricted to the normal inci-
dence of the radiation.

STATEMENT OF THE PROBLEM
AND PRELIMINARY REMARKS

Consider the general case of a multilayer anisotro-
pic structure consisting of N arbitrarily crossed plane-
paralel gratings with linear conductors (Fig. 1).
Assume, for simplicity, that the gratings reside in a
homogeneous i sotropic medium with arefractive index
of 1. Let usnumber the gratings from | eft (first) to right
(Nth). The XQY plane of the Cartesian coordinates XYZ
coincides with the plane of the first grating and the 0Z
axisisdirected to the Nth grating. Let a,, (I [0, 1] bethe
counterclockwise-counted angle between the 0X axis
and the direction of the nth grating conductorsand d,,be
the spacing between the nth and (n + 1)th gratings (in
the latter case, the subscript n varies from 1 to N — 1).

Finaly let T5 and T (p and p!) be the amplitude
transmission (reflection) coefficients of the nth grating
for the E- and H-polarized waves, respectively. If the
nth grating operatesin the long-wavel ength approxima-
tion, these coefficients represent the amplitudes of the
fundamental undamped harmonics of the infinite dif-
fraction spectrum of the grating. The relationships

between the coefficients are as follows: 15 = 1 + p;
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Fig. 1. Multilayer structure with N arbitrarily crossed gratings.

and T =1+ p"'. Below, wewill not specify the geom-
etry and the transverse dimensions of the conductors,
which govern (at a given wavelength) the explicit form
of the coefficients [7—10] and consider the problem for
the general case.

Let a plane monochromatic linearly polarized elec-
tromagnetic wave be incident from the left (Z < 0) on
the multilayer structure. The amplitude of the electric
field E, of the wave has nonzero x and y components,
and the wave vector is k. We assume that the aperture
of the gratings and the width of the incident wave front
are much larger than the wavelength A, which allows us
to neglect the diffraction effects. We are looking for the
amplitude of the electric field Ey of the wave transmit-
ted through the multilayer structure.

In what follows, we will present two independent
but physicaly equivalent computing methods and
begin with the method of direct summation of multiple
reflections. We extend the Vlasov—Caballero method of
recurrence formulas [11-13] to our anisotropic struc-
tures. Then, we will consider the method of boundary
conditions for interfering fields, which generalizes the
(direct) matrix methods that are applied for analyzing
multilayer isotropic coatings [11-13].

Prior to describing the methods, note that in interfe-
rence optics, a wave incident on a multilayer isotropic
structure at an arbitrary angle is represented as the
superposition of mutually orthogona TE and TM com-
ponents (or, in other words, s and p polarizations) that
interfere independently. The independent interference
of the TE and TM waves s inherent in isotropic media.
This statement in terms of E- and H-polarized compo-
nents apparently applies also to multilayer anisotropic
structures based on identically oriented gratings. How-
ever, an arbitrarily oriented polarizing grating is char-
acterized by the transmission and reflection matrices
(Jones matrices[14]), which are generally off-diagonal.

In our coordinate system XYZ, the explicit form of
the Jones matrices for the nth grating in an N-grating
structure can be derived in the following way. First, we
consider the grating in a new coordinate system X'Y'Z'
obtained by rotating the initial system around the 0Z
axisthrough an angle a,, so that the conductors become
paralel to the OX' axis. In the new coordinates, the
Jones matrices of the grating are

DTE 0 O

N :E n E (transmission matrix)

00t [

and

O U
R = Dprf 00
NT O y O
00 pn0O
Under such arotation, the Jones matrices transform as

Fn = PGNP, Ry = PLRWP,,

(reflection matrix).

where

0 ' 0
P =0 CC?SC(n sina, -

U—-sina, cosa, U
is the rotation matrix. With this in mind, the transmis-
sion matrix $,, of the nth grating in the XYZ coordinates

isexplicitly represented as
Fn

O O
2 . 2 ' .
_ E 1,005 0, + Thsin“a, (T, —T}) cosa, sina,, E 1)

d

TECHNICAL PHYSICS Vol. 46 No. 12 2001



METHODS FOR CALCULATING THE SPECTRAL PROPERTIES

- - - - - 40
Tn |:|n+1Rn D)1+1Tn e VnEO

TnH U nil Tna EZiynEO

d

1491

n

X - P - \27 - 50
‘Sn+l(Rn Dn+l) Tn e yHEO
X - P - 7 30
‘Sn+1Rn D}1+1Tn € ynEO

‘(\5 n:l Tnﬂ eiy"EO

N - o
AS\n+1’|]n+1’

R}’lH EO
VA
E,
T, R,
T, ,R,~

n n

. -
‘\Sn+1’[|n+l

Fig. 2. To the method of recurrence formulas. For clearness, off-normal incidence of the wave is shown.

The reflection matrix R, is derived from $,, by sub-
stituting pS; for T5 and p! for T\

It follows from expression (1) that the off-diagonal
elements of the matrices $, and %, equal zero only at

o, =0, W2, and Tt (recall that T° # 1, since |15 | < 1

and |t} | = 1 in the long-wavelength limit). Therefore,
multilayer anisotropic structures based on arbitrarily
crossed polarizing gratings, where at least one of the
equalitiesa; =a,=... =d, = ... = dy does nhot hold,
do not allow one to reduce the vector problem of inter-
ference to corresponding independent scalar problems.
The reason is the interrelation between the mutually
orthogonal components of the transmitted and refl ected
fields. Hence, the computing methods for multilayer
structures can be extended to crossed polarizing grat-
ings if the transmission and reflection matrices of the
gratings are correctly applied instead of the scalar
Fresnel reflection and transmission coefficients used in
the conventional methods of multibeam interference
optics.

THE METHOD OF RECURRENCE
FORMULAS (SUMMATION
OF MULTIPLE REFLECTIONYS)

Separate a subsystem of amultilayer N-grating sys-
tem (Fig. 1) containing gratings with the numbers from
1 to n. Let us denote the transmissions and reflection

matrices of theisolated n-grating subsystemas T,, and
R, for awave incident from the left (k, > 0) and T,
and R, for that incident from the right (k, < 0).3
Apparently, in the general case, T, # T, and R, #

R, . Now the subsystem is supplemented by the (n +
1)th grating characterized by the transmission and

3 The term “isolated” means that the subsystem is bounded on both
sides by a semi-infinite space so that there are no gratings with
numbers exceeding n.
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reflection matrices $,.1, Rnv1, Foer, ad Ry .
Below, we use leftward and rightward arrows as the
superscripts of the grating matrices for generality,

assuming that $y41 = Foea = Poeg and Ry =
Rii1 =R, ., a normal incidence [see (1)]. To deter-
mine the transmission, T,,, and T, ,, and reflection,

R.,.1 and R, 1, matrices of the new subsystem, which
contains (n + 1) gratings and is considered indepen-
dently of theremaining (N—n-—1) gratingsof theinitial
system, we represent it as a multibeam (Fabry—Perot)
interferometer with two anisotropic mirrors (Fig. 2). The
n-grating subsystem and the (n + 1)th grating act as the
first and the second anisotropic mirrors, respectively.

Let awave with an amplitude E, be incident on the
interferometer from theleft. First, we calculate the vec-
tor amplitude of the transmitted wave E,,. It obviously
represents the superposition of the vector amplitudes of
the partia transmitted waves formed by multiple reflec-
tionsfrom the mirrors. For the case of normal incidence
and the infinite number of the partial waves, we per-
form the summation of the field amplitudes (as for the
interferometer with isotropic mirrors) in view of their
matrix transformation. Using the scheme shown in
Fig. 2 and assuming that the phase factor is given by
exp(ik,2), we arrive at

By = JiiTy € Eot JiaR RiaTre g
+ $ra(Ry R ) Ty eV Ey

At Pnea(Ry

Frll + Ry Ry €

. n+1

eZiy”)mT,f eiy"E0
2iy,. 2 (2)

" (R Rpare )

2iy, i
+oH(RR e+ T eV E,

. ® _ = 2iy,.m A
= En+1|:| + Z (Rn gin+le ) :|Tn ely Eo,
m=1

wherey, = kd, and | isthe identity matrix.
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One can transform the infinite matrix sum in (2)
based on the theorem for the expansion of the resolvent
of a linear bounded operator in the Neumann series.
According to this theorem, the following formula is
valid for an operator A with anorm ||A]| < 1

(I-A)" =1+ iA’“.

We consider the product R, R, 1e2iyn as the oper-
ator A and assume that the above condition for the norm

is met.? Then, expression (2) can be rewritten as

2y, -1
Ev = $oall R Rye ] Toe B (3)

The expression preceding the vector E, in the right-
hand side of (3) is nothing but the transmission matrix
of the subsystem consisting of (n + 1) gratings for the
wave incident from the left.

Repesting the above procedure for the amplitude of
the reflected wave and aso for the case of incidence
direction reversal (k, — —k,), we obtain the matrix
expressions

. R = R 2iy, -1__ | iy,
Tii1 = $niall =R, R, 1€ T, e",
1 gn l n+1 ] 4

2iy,.

2y, —1__
Toe ™

Rivi = Ry +T R [l -Ry R e ]
- - N o2y, -1 A
Ton = T [1-RuRye T $iae”, (5

- - R - R 2y -1 2iy
Rn+1:9]in+l+§n+an [I_QRn+lR1e r] gn+le n-

Thus, we derived the recurrence relationships for
multilayer anisotropic structures containing an arbi-
trary number of crossed polarizing gratings. The recur-
rence process for an N-grating structure involves N — 1
steps, at each of which the number of the polarizersnis
increased by unity from 2 to N and the intermediate
variants of the n-grating system are cal culated with for-
mulas (4) and (5). Note that the expressions obtained do
not admit the rearrangement of the matrices, since, in
the general case, the commutative law of multiplication
herefails.

THE METHOD OF BOUNDARY CONDITIONS
(DIRECT MATRIX METHOD)

Consider another approach to analyzing the interfer-
ence of the waves in the multilayer system. Let the
apertures of the mirrors and the width of the incident
wave front be infinitely large. Then, the field between
neighboring gratings can be represented as the field of
two waves propagating in the opposite directions along

Yn

- ey 2 .
4 The condition HRn R 416 Vil < 1 means that two successive

reflections (respectively, from the left and right mirrors of the
interferometer) lead to a decrease in the modulus of the wave
amplitude, which is physically evident.
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the 0Z axis (Fig. 3). In this case, the field strengths of
all the waves are related through the boundary condi-
tions written as the continuity conditions for the total
field vector crossing the surfaces of the gratings. We
can represent the above conditionsfor thenth grating in
terms of the transmission and reflection matrices:

Ere " = Jy By a+ Ry Ere”, ©®)
Enoi = Ry En_i+$n Ee",
wherey, = kd,.

Equation (6) allows a clear physical interpretation:
the wave field E,, is the superposition of the field trans-
mitted through the nth grating, E,_;, and the field
reflected from the grating, E,, (the same also holds for

thewave E;,_,). Here, we assume that the phases of the

waves propagating between the nth and the (n + 1)th
gratings are reckoned from the surface of the latter.
Expression (6) can conveniently be rewritten in the
matrix form

Er[l En_]l:l
|:| ||:| = Mr]l:l 1 |:|7 (7)
Er[l |Ir|_]_|:|

where the matrix M,, is given by

195 - (97) Rl R (90 €D

By sequentially applying boundary conditions (7) to
the surface of each of the gratings in the N-grating
structure, we obtain the rel ationship between the ampli-

tudes of theincident, E; reflected, E; and transmitted,
E\, waves.

(note that for n = N, one must formally put yy = 0).
Introducing the notation

1
M.,

n=N

M = El\:ﬂu |\:/|le -
UMz M2, U

we find the solution of the initial problem:
En = [|\~/|11—|\~/|12|\~/|£;|\~/|21] Eo.

Asin the case of the isotropic structures, the direct
matrix method possesses the advantage over the
method of recurrence formulas: according to (7) and
(8), achange in the parameters of any nth grating or in
the distance d,, does not necessitate the recal culation of

TECHNICAL PHYSICS Vol. 46

No. 12 2001



METHODS FOR CALCULATING THE SPECTRAL PROPERTIES

Fig. 3. To the method of boundary conditions.

the partial products jlzn_le and ?j\lM,—,
which saves the computation time. Unfortunately, the
matrix method operates on 4 x 4 M,, matrices, whereas

the recurrence method employs 2 x 2 matrices.

CONCLUSION

We considered two approaches to calculating the
spectral properties of multilayer anisotropic structures
based on crossed polarizing gratings. The solution
methods proposed can a so be applied to other anisotro-
pic structures, since our methods do not use the explicit
form of the transmission and reflection matrices of the
polarizers. Note that the methods are valid only in the
plane monochromatic wave approximation. If the spac-
ing between the gratingsis comparable to the period of
the conductors, the interference pattern is affected by
higher harmonics and the methods become inapplica
ble.

Finally, it should be noted that the general formal-
ism of the approaches makes it possible to consider
small-angle incidence (one can neglect the finiteness of
the apertures of the gratings in this case, which reduces
the effective number of interfering beams). Strictly
speaking, the dependence of the elements of the trans-
mission and reflection matrices on the angle of inci-
dence should then be taken into account. However, for
small angles, such a dependence introduces a correc-
tion factor on the order of ¢ into the amplitude trans-
mission coefficient of the anisotropic structure (¢ isthe
angle between the wave vector and the normal to the

TECHNICAL PHYSICS Vol. 46 No.12 2001
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grating) and a correction factor on the order of ¢2 into
the energy transmission coefficient. Thus, if ¢ < 1, the
calculations can be performed in the same way as for
normal incidence, with the z component of the wave
vector being equal to |k|cosd.
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Abstract—Magnetic effectsin a degenerate atomic Fermi gas, such as the exchange enhancement of the para-
magnetic susceptibility and the existence of the phase transition to the ferromagnetic state with the spontaneous
polarization of the atomic spins, are discussed. The propagation of spin waves in the atomic system is consid-

ered. © 2001 MAIK “ Nauka/Interperiodica” .

INTRODUCTION

A degenerate atomic Fermi gasisaunique object for
experimentally simulating perfect Fermi gas and study-
ing its quantum statistic. Unlike an electron Fermi gas
in metals or in a plasma, where strong interaction
effects cause nonideality, the atomic gas, whereVan der
Waalsinteraction aloneis present, seemsto be an excel-
lent model of perfect quantum gas.

Once atomic Bose systems had been successfully
cooled and the Bose condensate had been obtained [1],
experiments on cooling Fermi systems, specificaly,
K*, were performed. A total of 7 x 10° K* atoms were
cooled down to the degeneracy temperature, i.e., below
300 nK [2]. Ultracold atoms produce a low-density
ensemble where interparticle interaction is weak and
can be controlled via the so-called magnetic-field
Feishbach resonance [3]. Such behavior of cooled
Fermi atoms is also observed in Bose systems [4].
Among new features predicted for Fermi systems are
the flaky structure of the spatial distribution [5], the
suppression of elastic and inelastic collisions|[6, 7], and
the existence of zero sound at low temperatures [8].
Finaly, the possibility of the phase transition to the
superfluid state for Cooper pairsis discussed [9].

However, we should bear in mind magnetic phe-
nomena in atomic gases that are far from degeneracy
(T =4K) but inwhich quantum effects are appreciable,
providing the basis for the quantitative characterization
of aphysical event having no classical analog. Boltz-
mann gases where macroscopic quantum effects are
observed have been called “ quantum gases’ [10]. The
term “quantum” as applied to a Boltzmann gas merely
means that the thermal de Broglie wavelength A much
exceeds the atomic size a and at the same timeis much
less than the mean interparticle spacing; that is,

n¥s\>a,

where nisthe density of a spin-polarized atomic gas.
For such gases, in particular for spin-polarized
hydrogen and 3Het, collective magnetic phenomena

like spin waves have been observed [11-14]. The mag-
netic effects in spin-polarized Boltzmann gases have
been treated ab initio [15], as well as within the phe-
nomenological theory of Fermi liquid [10]. In the
former case, not only a term taking into account atom
spin correlation was introduced into the quantum
kinetic equation but also the exchange interaction con-
stant was derived in a natural way. In addition, the fun-
damental reason for the Heisenberg-type term appear-
ing in the equation was elucidated.

The magnetic effects remain appreciable for colder
systems as well. Moreover, they may be a basic mech-
anism violating the ideality of an atomic gas. There-
fore, these effects should be considered in detail evenin
a degenerate atomic gas. In fact, strong Coulomb inter-
action, observed in an ensemble of charged particles, is
absent in atom systems; hence, weak effects of spin cor-
relation begin to play a more significant part. The spin
correlation effects arise because of exchange interac-
tion, which is a consequence of the interference redis-
tribution of the atomic gas density when Van der Waals
interaction is weak. Thus, the spin correlation effects
and collective excitations, which have been observed in
guantum Boltzmann gases at T = 4 K, will show up
more vividly in adegenerate Fermi gas. Moreover, they
may give rise to even more intriguing magnetic effects,
such as the second-order phase transition to the ferro-
magnetic state.

EXCHANGE INTERACTION

Consider the interaction of two neutral atoms at
temperatures such that the thermal de Broglie wave-
length of the atom is comparable to the mean interpar-

ticle spacing: A/ /2mT ~ n3, where mis the mass of
the atom and the temperature is expressed in units of
energy. In this case, the atom indistinguishability prin-
ciple should be taken into account in the quantum
mechanical calculation of the interaction energy. Since
Van der Waalsinteraction isweak, the perturbation the-
ory basicaly applies. However, the wave properties of
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the atoms will substantially affect the resulting interfer-
ence redistribution of the atom concentration in the
space. Therefore, it is more appropriate to invoke the
exchange perturbation theory (EPT), which has been
specialy tailored for such systems [16]. According to
the EPT, thefirst-order correction to the energy isgiven

by

e = mp|Vjwr (1)
where [@| is the nonsymmetrized wave function of an
ensemble of noninteracting particles, which is merely
the product of the wave functions of individual parti-
cles; |Ws the antisymmetrized wave function (or the

coordinate part of the antisymmetrized wave function if
a perturbation does not contain spin operators in the

explicit form); and V is the interaction operator.

In our case, the interaction operator is taken in the
form of the Suserland potential

%—C r>a
V=pgr® )
roo, r<a,

where c isthe Van der Waals constant, a is the range of
repulsion forces between the atoms (a ~ 108 cm), and
r is the center-to-center distance of the atoms.

In the center-of-mass coordinate system, the wave
function for two noninteracting atoms is written as

. ikr
()= &+ 1(8) %,

where z=r cosB isthe coordinate along the z axis, con-
necting the nuclei; f is the scattering amplitude, which
depends on the direct interaction of the atoms (that is,
V); k = p/ti isthe wave number; p isthe momentum of
the relative motion of the nuclei.

The wave function including the permutation of the
atom centersis given by

ikr

“ 4 f(m— e)eT.

—ik

|o'(r)0= e

Then, the coordinate part of the diatomic functionis
either symmetric or antisymmetric,
ikr

IUOENMGS)E)

Y(r) = g

since the associated spin part is either symmetric or
antisymmetric. In the experiments, K4 atoms have only
two spin states:

._9.._9 . _ 9. . _7
J—Z,Jz—2> and ‘1—2,12—9[2],

wherej isthe total atom spin and |, is the projection of
the total atom spin onto the z axis. Therefore, the asso-
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ciated symmetric or antisymmetric function will corre-
spond to two possible states with a total spin of the
diatomic system J =9 or J = 8, respectively:

1L|. _9 . A|l. 9 .
0= — == ],=z == ],=z
y: At N[ A

si=25,=9 i=24,=1 g
_‘ 2' 2 2/ 2' 2 ZID

where the subscripts | and |1 are atomic numbers, [xJ=
[J=9; J,=80and |[x,[E [J=8; J,= 8L Thus, in expres-
sion (3), the upper and lower signs correspond, respec-
tively, to the |x,Cand |x[states.

Let the probability of the interatomic spacing being
r in aBoltzmann gas be defined by the function

Xs a

— NLavn V(OO
W(r) = N exp - S
where N is the normalizing factor.
Then, the averaged correction to the interaction

energy isfound by modified formula (1),
e™(r) = DpV(ryw(n|vn (5)

which is equivalent to averaging using the density
matrix in the coordinate representation. The correction
to the energy will then have the well-known form

e = K+A, (6)

where K isthe direct contribution and A isthe exchange

contribution. The latter term specifies the energy split

due to the Van der Waals potential and at the same time
depends on the atom spin orientation. For A, we find

_ bT

A= 2kN

where b = ¢/T, 1,(K) are the integrals taken by the sad-

dle-point method, f isthe amplitude averaged over the

angular variables (f and a are of the same order of
magnitude),

—Im(l5(k) + 2f14(k)), (7)

p
N = IexprDrzdr

and p is the mean interatomic spacing (p > n3).

For agiven temperature Ty at ka> 1 and p > a, we,
using the approximate values of the integrals, obtain

_ 3o’ o2
A= ST ~6 Call Trkr ]
A, 7kr 2f 15 ®
T, 7krqg
xsin 7+ %L ro akd
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Here, (6b/K)Y7 = r, is the effective radius of exchange
interaction. Since the superscripts and the subscriptsin
(3) and (6) stand for the antisymmetric spin part |X,[=
[J = 8; J, = 8and the symmetric spin part [x,[ = |J=9;
J, = 8] respectively, expression (6) can be recast using
the explicit form of the spin operators. Since the eigen-

value of the operator j ] is
T = 1 . ..
jirOn = Z(‘](J-'-l)_]l(]l +1)—ju(ju+1) (9

and takes two values: m =8l/4 at J=9and 45/4 at
J = 8, one can conventionally introduce the operator

|5|,|| = 1—18(63—4m),

whose eigenvalues are +1 and —1 for the antisymmetric
and symmetric functions, respectively. Then, this oper-
ator can replace £1 in expression (6):

§ =K+ 1—A8(63—4I|I||)
or
(10)

where

Thus, the spin-interaction-related addition to the
energy operator for the atomic gas can be introduced:

IS
H = 9AZJ.JJ. (11)

Evaluations of the exchange interaction constant
will be given for temperatures below T, = 1/2 x

1076 erg. The point is that the mechanism of exchange
interaction in gases may be very effective at certain
relationships between the basic scattering parameters
(thermal de Broglie wavelength, Van der Waals con-
stant, and atom concentration) unlike condensed media
where the exchange interaction depends on the thermal
motion of interacting atoms only dightly. The constant b

equals 5 x 10%, where ¢ = 6E5(a3 )8, k 01/ag, and ag
isthe Bohr radius. The radius of the potential barrier in
the Suserland modéd is usually taken near the Van der
Waals minimum: a J5ag, where ry = 8ag. At such val-
ues of the parameters, we obtain A= several T,from (8).
When the temperature increases by one order of magni-
tude, the saddle-point in the integrals entering into (7)
turns out to be lower than the potential barrier height
(ro<a) and the calculation becomes invalid. The

ORLENKO et al.

exchange integral vs. temperature dependence can be
approximated as

A=Tox"%e”,

where x isthe Van der Waals-to-thermal energy ratio.

It isobviousthat the interaction isthe most effective
at x = 3/2. Thus, in the temperature interval considered,
the exchange interaction of two atoms splits the energy
according to the alignment of the atom spins, the state
with the parallel spins being energetically more favor-
able. Therefore, spontaneous magnetization or at least
the enhancement of the paramagnetic susceptibility of
the atom ensemble in a magnetic field could be
expected.

THE EFFECT OF EXCHANGE INTERACTION
ON THE FERMI ENERGY AND ON THE TOTAL
ENERGY OF AN ENSEMBLE OF DEGENERATE

GAS ATOMS

Exchange interaction in an ensemble of degenerate
gas atoms acts in two opposing directions. First, spon-
taneous polarization in an atomic gas changes the
Fermi level position, thus increasing the mean kinetic
energy of the atoms. Second, as was shown, exchange
interaction, which causes the alignment of the spins,
decreases the system energy. Thus, the equilibrium
polarization of the spins results from two competing
processes: nonforce exchange, or theinterferenceredis-
tribution of the atomic concentration, and exchange
interaction as such. The former is due to the Pauli
exclusion principle and sets the antiparallel spin orien-
tation. The latter decreases (increases) the energy if the
spins are paralel (antiparallel) by avalue AE = A. This
istaken into account in the Landau theory of Fermi lig-
uid as applied to electrons in metals by introducing the
Landau phenomenological function [17].

Let us estimate first the change in the Fermi energy
in the presence of the spontaneous polarization of
power a:
n"+n =n,

n"—n = an, (12)

where n is the atom concentration.

The Fermi energy including the polarizationisgiven
by

2
e =g (1), g = 2%(3%)”3. (13)

The kinetic energy without the temperature correc-
tionsis

T = gnsF(l—O()S’3
3 1 (19)
+Enee5((1+ )™ = (1-0)™).

Then, the total energy with regard for the exchange

TECHNICAL PHYSICS Vol. 46 No. 12 2001
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interaction is given by
U= gn%':{(1+a)5/3+ (1-0)"% + g‘n(l—Za). (15)

The minimum of (15) in the weak interaction
approximation 2A < gpisat

~1RAT.
O in = 4D€FD ’ (16)
at A > g, the potential energy isminimal if a = 1. Thus,
the exchange interaction between free atoms may cause

spontaneous polarization in a degenerate atom system.

ENHANCED PARAMAGNETISM
IN THE PRESENCE OF EXCHANGE
INTERACTION

Exchange interaction results in spontaneous polar-
ization, which affects the Fermi level position. Substi-

tuting the operator P, for 1 in (13) yields
2/3

S,i: = E,:%l—ga + saj?d?u% (17)

The exchange correction to the energy is given by
(20). Thus, the density matrix in the spin variableis

A= 5 1 (18)
[E—2A] ' —¢f
expD—9 ' %+1
O] T O
0 0

Expanding (18) in the small parameter, we obtain

ong ~
A= no+ S0, (19)

where

F = _J'E'—S(p) Eﬂ.as(p)"' A(pi p%]“ji

and n, isthe Fermi function.

Consider the effect of an applied magnetic field on
the atom system. In this case, the total change in the
system energy can be written as [16]

8E = —By(p)jH. (20)

This change has two components. First, the mag-
netic field acts on the magnetic moment of the atom,
which gives the contribution

—2u3HJ, (21)
where

X eh

Ho 2m,,C’
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Second, the energy spectrum is affected by the
change in the distribution function. The associated
change in the energy is expressed as

3 1

Spy [ f(p.J. P, 80P J)( Z)

= Spyff(p.J.p" J)aE (2nﬁ)

3

_ RN 4 niy dp
——S|0,~J’f(|o,1,|o,1)aEBl(p)JH(Znh)3

I(Znﬁ) n 22)

<[ Se() + Bte(p) +2a(p Y|

o aEDBl(p)(J H)

= G [ ) 2409

on
x 2B, ()P,
where (jH ) isthe scalar product.
Inview of (20)—(22), we come to

2m* gong, .
onaln ZJ'D SeP(P)

Bi(p) = 2ug +

x [%qS(p') +2A(p, p’)}ﬁ'ds',

. 1 4o O ,
Bu(P) =215 + — 3,2E|?5i/2 * 2A(P)./egBA(P)
or
213
= 23
BP) = i (23)
608 g U

The magnetic moment is

3

% ~ 2 d
M = 2uoS|0,-JJ’E'>n(|o,J)(Zm';’)3
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3 1

- p
= 2u5Spijfo 6
Ho p,J’ n(p,J) (|o,J)(2 —_—
(24)
*p
= 2u5 S H
M3 Spi(J )J’asﬁl( )(2 )
_ 245
(s
1 6% " g U
Then, for the magnetic susceptibility, we have [17]
4
X = . (25)
L ADAT,
seeen * 1

It isseen that if the ratio Aleg is not small, the mag-
netic susceptibility may have asingularity related to the
transition to the spontaneous magnetization state. In
other words, the paramagnetic—ferromagnetic phase
transition is a possibility. This situation deserves spe-
cia consideration.

ON THE POSSIBILITY
OF THE FERROMAGNETIC STATE
OF ATOMIC FERMI GAS

If a system has spontaneous polarization of the
spins, one can comment on the spontaneous magnetic
moment of the entire Fermi system. Let m be the unit
vector in the direction of the spontaneous magnetic
moment. Then, the particle binding energy depends on
the mutual orientation of the spin and m:

&(p,J) = &(p) —Kjm. (26)

According to this formula, the energy of the atom
with the spin paralel to m is g, — K; accordingly, the
equilibrium distribution function is ng(g; —K) = n*. The
energy of the atom with the oppositely directed spinis
€, * K, and the equilibrium distribution function hasthe
form ne(gy + K) = n~. The eigenvalues of n* and n~ are
obtained under the action of the operator

" . 1, .+ 2
No(p.j) = 5(n"+n)+(n" —n)jm, (27)
which can be viewed as the equilibrium density matrix.
For excited states (€ > &), we can put

K K

_ oe —e
n—n = ng - -,

~ (28)

e +e’

where ng isthe Fermi distribution function.

ORLENKO et al.

Now let us see how the electron energy changes
when m rotates through an angle 66. In this case, dm =
[66 x m], and we have from (26)

36 = —k[m x|]36. (29)
On the other hand, when m changes, so do equilib-
rium distribution function (27),
Bfo(p, ) = (n"—n")[m {136,
and hence the energy:

~ d3p
0 = Sp.[fon
Pif °(2mth)?
~ + _ s d3p|
=Sp(ff(n —n)[mxj]o6 .
ij ( )[m x j] 2nh)

Equating (29) to (30) at an arbitrary 66, we obtain

3

K[mx]] = Spj-ﬁ<n+—n‘)[mxil(—2‘1n—f;—p)3. (31)

(30)

Substituting (19) into (31) yields

—K[m XI] = —

since

(32)

(33)

At

(34)

transcendental equation (33) has a nontrivial solution
corresponding to the phase transition to the state with a
uncompensated magnetic moment.

The above condition holds in the temperature range
where the degeneracy of the atomic gas is observed.
Note, however, that the phase transition to the ferro-
magnetic state may take place at much higher tempera-
tures.
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SPIN WAVES IN A DEGENERATE
FERMI GAS

In the ferromagnetic state, a new type of spin waves
may occur in an atomic Fermi system. For the density
matrix with respect to the spin variable, the associated
kinetic equation has the form

on _ i A
— = =[H,N].
ot h[ ]

The coordinate and momentum operators for the
atoms are considered to be classical. Taking into
account that only the spin variables are noncommuta-
tive, we come to

an On, .on _
ot [e i+ Var TPap T

We will seek the distribution A = A, + A, where
Ny is equilibrium function (27) and dh ~ exp[i(kr —
wt)], and represent dn as the sum of two terms, one of

which depends on the spin and the other is spin-inde-
pendent:

oh = v(p) +v(p)o.

Leaving the terms linear in &n, we obtain the sets of
equation for v and v.

The first set describes the oscillations of the atom
density and the related oscillations of the spin projec-
tions onto the direction of the magnetic field: v, = vm.
Notethat in the case of the el ectron density oscillations,
which are accompanied by the oscillations of the
charge density, it is hecessary to consider the resulting
electric fields, which causes high-frequency excita-
tions: w = W [18]. For an atomic system, the oscilla-
tions of the spin projection lead to the same effect but
arenot considered in thiswork. The second set of equa-
tions describesthe oscillations of the transverse compo-
nents and, after introducing the cyclic variables, gives
forv, =v, +iv, [18]

—wV, +kvv, + [k(v—-u)d(gg—b—p)

+k(v+)3(eo + -] [Fae(p) +i(p. P

3
X V+(p‘)(;n;)3 - %)V+ —f—zi(l'h_ - n—)
IEBae(p)ﬂ(p,p)E (2 h) ,

where v = 0gy/dp, u = db/dp, and 2A = J.

Solving this equation by the method of successive
approximations, we obtain the dispersion relation for
TECHNICAL PHYSICS Vol. 46
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the second-order termsin k [17]:

g 2 d3p
w = gfhkv) (n,—n.)
(2mh)®

ds 0
—#b (kv) —hb[(kvf——=——1
J- g =H+Db I (ZT[h)zveozu—b U

-1

[be(n " )(2 h)}

It turns out that w ~ 7k®?b/u. This relationship is
also valid for a degenerate atomic Fermi gas, where
transverse wave may propagate. In essence, this result
isconsistent with those obtained in[10, 15], wheresim-
ilar effects have been considered in Boltzmann atomic
gases (or, more precisely, in nondegenerate quantum
gases).

CONCLUSION

The analysis of magnetic effects taking place in
heavily cooled atomic Fermi systems is of importance
for at least two reasons. First, the process of cooling
and confining the atoms proceeds in the magnetic traps
with rather complex configurations of magnetic fields.
Therefore, the behavior of the atomic gas confined by
such atrap in many ways depends on its response to an
applied nonuniform field (paramagnetic effects), as
well ason the ability of the gasto generate the magnetic
self-field (ferromagnetism). Second, the interaction by
itself, causing the spontaneous magnetization of the
atomic gas, may result in nonideality. Consequently,
the atomic gas cannot be considered as an adequate
model of a perfect Fermi system at temperatures lower
than some critical temperature.

In thiswork, we did not strive to give a comprehen-
sive electrodynamic analysis of macroscopic magnetic
fields in the trap with allowance for the generation of
magnetic fields by an atom system (although such a
description would be of interest). Here, we tried to mac-
roscopically describe the behavior of near-degenerate
interacting atoms and outline possible quantum effects,
like exchange effects in solids, that cause ferromag-
netism in an atomic gas. In more rarefied gases, at |east
the exchange enhancement of paramagnetism may be
observed. We al so showed that the exchange interaction
constant calculated ab initio isnot small compared with
the thermal energy.

Having found the fundamental possibility of the
spontaneous spin polarization of a degenerate atomic
gasin the presence of exchange interaction, we cameto
conclusion that force exchange dominates over non-
force exchange, which givesriseto the antiparallel spin
alignment, and that the partial polarization of the spin
may set in the system. Statistically, this circumstances
means that the phase transition of the atomic gasto the
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ferromagnetic state is a possibility. With the atom spins
aligned ferromagnetically, the excitations (spin waves)
observed earlier in Boltzmann gases may propagate.
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Abstract—BY the direct numerical integration of the complete set of the Navier—Stokes eguations, it is found
that the minimum kinetic energy dissipation principle, or the Helmholtz principle, is realized in some internal
flows of a viscous fluid. Studies are conducted for the Reynolds numbers from 2 to 20. A class of problems
where this principle takes place is considered. © 2001 MAIK “ Nauka/Interperiodica” .

In the slow viscous flow dynamics, for which the
nonlinear termsin the Navier—Stokes equations may be
neglected, the Helmholtz variational principle holds.
This principle reads as follows: The mechanical energy
dissipated during thereal slow flow of aviscousincom-
pressible fluid within some volumeislessthan that dis-
sipated during the arbitrary motion of an incompress-
ible fluid with the same vel ocity distribution on the sur-
face of this volume [1]. In the nonlinear dynamics of
viscous fluid, the principle thus stated does not take
place.

The question arises of whether there are nonlinear
flows where the principal of minimum kinetic energy
dissipation is observed. It turns out that such flows do
exist and their classisfairly wide. It is clear that these
flows have been found by numerical methods, since it
seems unrealistic to solve more or less significant prob-
lem with the aid of analytical methods.

Let us formulate the problem. A viscous incom-
pressible fluid containing one or several rigidly bound
cylindrical particles flows along an infinitely long cir-
cular cylindrical pipe. The pipe and particle axes coin-
cide. The particle moves along the pipe axiswith acon-
stant velocity. This velocity will referred to as the
velocity of particle entrainment. Thisis the velocity of
the coordinate system related to the particle. The type
of particles for which the entrainment problem is
solved isshown in Fig. 1.

Let us write the Navier—Stokes equations in the
cylindrical coordinate system using a stream function Y.
We introduce the stream function with the equations

104,

1 - 1o¥
roz’ ¢

Ve = ror’

Here, V, and V, are the velocities along the radius and
the zaxis, respectively. Having eliminated the pressure,
we arrive at the following set of equations in terms of

dimensionless variables:

W _ 10w o°W _

or> oror - 57 ’
0w 10w, 0'w _RedW  Rel
gr> oaror 3/ 20z 2r
MWYiw JdWour
X == = :
Uor 9z  az arUl
Here,
9 19,0 _
ar2 ror 97

isthe Stokes operator [2]; Re= (pRV,)/H, the Reynolds
number; p, the fluid density; R, the pipe radius; V,, the
mean fluid velocity for z— +oo; and p, the fluid vis-
cosity.

The Navier—Stokes set of differential equations has
to be supplemented by boundary conditions. We spec-
ify them in the frame of references where the particleis
at rest. In particular, ¥ = «(1 —r?)2 — 0.5W? (V is the
particle velocity) and w = —8r? for z— *o. The other
boundary conditions were listed in [3]. The boundary
conditions for w on solid surfaces involve the Thom-
like conditions [4]. System (1) was approximated by
the method of central differences. The resulting set of

i
_'_"D‘D_"—T'

Fig. 1.
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difference equations was solved with the Zaidel
method. In [5], the accuracy of numerical results as
applied to this problem was considered in detail.

For reference, we present the expression for the dis-
sipation energy in the axially symmetric problem in
cylindrical coordinates:

Idzj'[mﬂauﬂ +4m diﬂ

Oor O D
4 2
Uy, 2 A nl
+4T[Da . 6 0 }rar
where
u = 1o _ 1Yy
T raz T roor!

and z; and z, correspond to the left and right pipe ends,
respectively.

Consider an important issue that has not yet been
discussed, namely, the numerical differentiation of a
numerical solution of a differential equation. The
resulting error of a numerical solution of a differential
equation is the sum of a systematic error O(h¥), the so-
called approximation error, and an accidental error €
related to inaccurate solutions of difference equations
by iteration. The differentiation of numerical resultsis
made by dividing a difference of a certain order by h,
where h is the step of the grid and | is the exponent. In
this case, the error of thefinal result may becomeintol-
erably large. Such a situation would take place in our
problem if the numerical results obtained by a scheme
of second order of accuracy were doubly differentiated,
squared, and summed up. The remarkable feature here
is that the presence of the systematic and accidental
errorsin the numerical solution of aboundary problem
results in acceptable accuracy of the derivatives. The
author is also familiar with Volkov’'s theorem, which
states that, in differentiating the numerical solution of
the Laplace equation, any derivative has the same order
of accuracy as the solution itself [6].

The entrainment problem was solved in the follow-
ing way: particles are entrained by a viscous incom-
pressible fluid flowing in a circular cylindrical pipe
(Fig. 1). The system of coordinatesis fixed and related

E FE
330.2 20
330.0 10
0 1 1 1
. . . 229 231V
2.28 230 V _jol
Fig. 2.
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to the particles. In this system, the flow of the viscous
fluid at the solid particles is considered in the volume
bounded by z; = L, and z, = L, (Fig. 1). At the ends of
this pipe segment, the pressure gradient across the pipe
cross section is equal to the Poiseuille gradient.

For various shapes of the particles, various Rey-
nolds numbers Re, and various velocities of the parti-
cles, we caculated the dissipation energy by formula (2).
In the left-hand side of Fig. 2, the dependence of dissi-
pation energy on the velocity of the bodies shown in
Fig. lispresented. Thetotal force acting on the moving
particle asafunction of the particle velocity isshownin
the right-hand side of Fig. 2. The curves were obtained
for Re = 10. Consider the force behavior: at a certain
value of the particle velocity, the total force acting on it
is equal to zero. By definition, this velocity is the
entrainment velocity. Note, however, that a minimum
of the dissipation energy is also observed at a certain
velocity in the left-hand plot. The velocities corre-
sponding to the zero total force and to the minimal dis-
sipation energy coincide within a relative error of
0.04%. The author perceives that a numerical calcula-
tion cannot serve as the proof of the principle stated in
this paper. However, thereisno doubt that this principle
iscorrect, since the coincidence of the minimum of dis-
sipation energy (2) and the zero of thetotal force acting
on the bodies of certain configurations cannot occur
accidentally, especidly if it is taken into account that
both very complex expressions are derived on the spe-
cial ensemble of points (the numerical solution of the
Navier—Stokes equations).

This study was carried out for Reynolds numbers
from 2 to 20. The behavior of the dissipation energy and
the total force acting on the bodies is the same through-
out the range of Reynolds numbers and for various con-
figurations of the bodies. It may appear that the Rey-
nolds numbers selected are too small. However, the
nonlinearity in this problem was observed even for
Re = 1-3. Thisrange of Reynolds numbers was chosen
because the caculations were performed with the
BESM-6 computer, whose performance is relatively
low.

Note another fact of interest. Asis shown in Fig. 3,
in the Re range considered, the Re dependence of the
dissipation energy is represented by the hyperbola E =
b/Re, where b is a certain constant depending on the
shape of the particles. The deviation of the calculated
data from the inverse proportionality does not exceed
0.1%. Asfollowsfrom Fig. 3, the Re dependence of the
dissipation energy for such flows obeys the similarity
law.

Axisymmetric and plane problems are not the only
ones for which the minimum energy dissipation princi-
pleisvalid. Intuition suggests that this principle takes
place for a viscous fluid flowing in an infinite straight
cylinder of an arbitrary radius if the solid bodies
entrained move with a constant velocity vector, which
isreferred to as an entrainment vel ocity vector, and sta-
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Fig. 3.

tionary boundary conditions are held at the ends of the
cylinder. Thisfact is also correct for the entrainment of
periodical structures.

Let us briefly describe the effect observed in [7]. In
an infinitely long pipe containing a viscous fluid, an
infinitely long rod (cylinder) of different radius is
entrained by the fluid. The minimum energy dissipation
principle has been used to find the velocity of the solid
rod, and the exact formula has been derived for the
velocity of entrainment of infinitely long cylinders of
certain radii. The V(&) curve (Fig. 4) shows the veloci-
ties of sufficiently long cylindrical bodies of the same
radii; the dotsindicate the vel ocities found by the direct
numerical integration of the Navier—Stokes equations
[8]. Therefore, an exact formula for the entrainment
velocity may be obtained by applying the minimum
energy dissipation principleto the case when an infinite
circular cylinder is entrained by aviscous fluid flowing
in another circular cylinder. Thisformulaiswritten as

2 _2C

2
= — = +
\% a 1+¢

+b[(1+ )N+ 20%(1-T7) /8,

where b is determined from the equation 4b = (I + b)?¢?
in view of the relationship I(1 —¢?) = 8 + bZ?InZ? for 1.

Applying the same principle to solving a similar
problem of entrainment of an infinite cylinder in an axi-
symmetric wavy pipe would result in the correct result
but for anonlinear flow. Asis seen, the use of the min-
imum energy dissipation principleisthe only method to
completely solve a number of problems. Since in the
last two problemsthe force acting on an body entrained
cannot be equal to zero, the minimum energy dissipa-
tion principle has to be applied to find the entrainment
velocity for the solid body.
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In[9], some problemsrelated to the Stokes equation
have been considered from the variational standpoint.
In [10], much attention has been given to the viscous
fluid dynamics and the question has been raised as to
whether flows where the Helmholtz principle takes
place exist. However, no answer has been provided.
Both [9] and [10] were published much later than the
author’s papers, however, neither refers to his papers
and results. The author therefore inferred that his early
work “sank” in anumber of other papers and decided to
publish it once more after some revision.

REFERENCES

1. L. G. Laitsyanskii, Mechanics of Liquid and Gas (Fiz-
matgiz, Moscow, 1959).

2. N. A. Slezkin, Dynamics of Viscous Incompressible Lig-
uid (GITTL, Moscow, 1955).

3. V. A. Lyul’ka, Zh. Vychid. Mat. Mat. Fiz. 13, 1347
(2973).

4. P. J. Roach, Computational Fluid Dynamics (Hermosa,
Albuquerque, 1976; Mir, Moscow, 1980).

5. V. A. Lyul’ka, zZh. Vychid. Mat. Mat. Fiz. 13, 135
(1983).

6. E. A. Volkov, Tr. Mat. Inst. im. V. A. Steklova, Akad.
Nauk SSSR 128, 1 (1972).

7. V. M. Borisov, V. G. Markov, and S. F. Palilova, Zh.
Vychid. Mat. Mat. Fiz. 11, 785 (1971).

8. V. A. Lyul’ka and Yu. N. Pavlovskii, Zh. Vychidl. Mat.
Mat. Fiz. 9, 238 (1969).

9. V.L.Berdichevskii, Variational Principlesin Mechanics
of Continuous Medium (Nauka, Moscow, 1983).

10. Yu. L. Klimontovich, Statistical Physics (Nauka, Mos-
cow, 1982; Harwood, Chur, 1986).

Trandlated by M. Fofanov



Technical Physics, Vol. 46, No. 12, 2001, pp. 1504-1513. Translated from Zhurnal Tekhnicheskor Fiziki, Vol. 71, No. 12, 2001, pp. 16-25.

Original Russian Text Copyright © 2001 by Korovin.

GASES AND LIQUIDS

Capillary Instability of the Cylindrical Interface
between Ferrofluidsin a Magnetic Field with Circular

Field Lines

V.M. Korovin
Research Institute of Mechanics, Moscow State University, Michurinskii pr. 1, Moscow, 119899 Russia

e-mail: korovin@imec.msu.ru
Received March 5, 2001

Abstract—Capillary breakup of a viscous magnetic fluid layer subjected to a gradient magnetic field under
hydroweightlessness is studied within the linear theory. The cylinder surface of a current-carrying conductor
serves astheinner boundary of the layer. The outer boundary of the layer isthe coaxial interface with animmis-
cible nonviscous fluid of lower permeability. The particular subject of investigation is the effect of the relative
thickness of the layer and that of the magnetic Bond number on the characteristic time of growth of the fastest-
increasing harmonic and on the size of dropletsforming under the ultimate conditions of capillary breakup (i.e.,
at large and small Ohnesorge numbers). © 2001 MAIK “ Nauka/Interperiodica” .

INTRODUCTION

It is known that a liquid sheath covering afine fila-
ment (one of natural objects having asimilar structure,
web [2], was considered by Rayleigh [1]) changes the
initially cylindrical shape of its free surface because of
capillary instability [1]. As a result, droplets regularly
spaced along the filament like beads appear (see Fig. 37
in[2], wheretiny satellites between the droplets are due
to the nonlinear capillary breakup of the liquid sheath).
A thin liquid film applied on a wettable solid substrate
(quartz [2] or metallic [3] filaments, aswell as synthetic
fibers) behavesin a similar way if one of the principal
radius of curvature of the substrate surface is suffi-
ciently small. It should be stressed that the use of a
fine filament (with a diameter on the order of 102 or
102 cm) and arather viscousliquid (honey) [3] are nec-
essary to provide the slow formation of droplets (with a
diameter much lessthan the capillary constant [4] of the
liquid). Such conditions prevent the droplets from
being detached from the substrate due to the gravity
force.

These experiments were modified by applying a
magnetic fluid layer in the zero-gravity state on a
cooled steel tube with an outer diameter of 2 x 10 cm
through which direct current is passed [5, 6]. Under
such conditions, researchers were able to observe (for a
very long time) the final steady-state breakup of the
layer that was much less viscous and much thicker than
that used in [3]. Moreover, one could easily control the
droplet size, varying solely the current, hence, the den-
sity of bulk magnetic forces directed to the axis of sym-
metry.

The perfect fluid modd is usually used [see, e.g.,
[7-9] and Refs. therein) for analyzing the capillary

breakup of both cylindrical layers and cylindrical col-
umns of magnetic fluids placed in magnetic fields with
various configurations. When applied to the problem of
capillary breakup for a cylindrical liquid layer during
rest in amagnetic field with circular field lines, such an
approach has made it possible to introduce the critical
magnetic Bond number Bo,, (equal to unity), which
separates the stability (Bo,, > 1) and instability (Bo,, < 1)
regions.

Within the linear theory of stability, the characteris-
tic size of dropletsdueto the capillary breakup of acon-
tinuous layer depends on the wavelength Aof the fast-

est-growing harmonic of the initial perturbation of the
outer cylindrical boundary of thelayer. For athin cylin-
drical layer of a nonviscous magnetic fluid surrounded
by a stationary gas layer, the relationship between A

and Bo,, that neglects the gravity force has been
obtained [6-8]. In [9], the capillary breakup of a thin
film of amagnetic Newtonian liquid covering acurrent-
carrying conductor and having the cylindrical free outer
boundary has been considered. Based on the equations
of the hydrodynamic theory of lubrication, the authors
of [9] have inferred that the viscosity has an effect on
the perturbation increment alone, while the value of Ar

remains the same as for athin layer of a perfect liquid.

In this work, the capillary breakup of a cylindrical
viscous magnetic fluid layer surrounded by a nonvis-
cous fluid with alesser permeability isstudied in terms
of the linearized equations of ferrohydrodynamics. The
effect of Bo,, and the relative layer thickness on Ajand
on the characteristic time of growth of the fastest-
increasing harmonic are studied for the extreme cases
(large and small Ohnesorge numbers).

1063-7842/01/4612-1504%$21.00 © 2001 MAIK “Nauka/Interperiodica’



CAPILLARY INSTABILITY OF THE CYLINDRICAL INTERFACE

STARTING EQUATIONS AND STATEMENT
OF THE PROBLEM

Let acylindrical layer of an immiscible liquid with
a density p and a magnetic susceptibility x, be sur-
rounded by a stationary magnetic fluid of infinitely
large volume that has the same density and a magnetic
susceptibility x, < X;. Let also the layer completely
cover a horizontal conductor of radius s and be held on
its surface by bulk forces due to the magnetic field
induced by a direct electric current | passing through
the conductor. We assume that the magnetic suscepti-
bilities depend on the magnetic field magnitude and
introduce a cylindrical coordinate system (r, 9, z) such
that the interface is described by the relationship r = a,
where a > s. The azimuth 9 will be reckoned from the
direction of the gravity force pg. The magnetic field is
azimuth, H = (0, H, 0), and isdefined asH = I/(21T) in
both fluids. The densities of the bulk magnetic forces
f,=(f;, 0, 0) in the inner (j = 1) and outer (j = 2) fluids
are given by f; = poM,0H, where g = 411 x 10" H/m is
the permeability and M; = x;(H)H isthe magnetization.

In hydrostatic equilibrium, the pressures P; and P,
in the associated regions are given by

% = quj(cjj_l;l + pgcosy,

10P @)
-1 =_ i =

39 pgsing; | =1, 2.

Taking into account that the pressure experiences a
capillary jump P;(a, 9) — P,(a, 8) = a/a at the cylindri-
cal interfacer = a, wefind from Egs. (1)

H(r)

P,(r,9) = %+pgrcos&+uo-r M,dH,
H(a)
2

H(r)
P,(r,9) = pgrcosd +u0J’ M,dH,
H(a)
where a is the surface tension coefficient.

Now we will state the problem on the stability of
hydrostatic state (2) against small axisymmetric pertur-
bations. Let the equationr = a + {(z, t), where |{| < a,
describe the shape of the perturbed interface and the
expressions Pi(r, 9) + p(r, z t) represent the distribu-
tion of the perturbed pressures at a time instant t. As
before, j = 1, 2 refers to the inner and outer fluids,
respectively. It isassumed that the inner fluid is Newto-
nian (with adynamic viscosity n,), while the fluid sur-
rounding it is perfect. In our case, the distribution of the
initial magnetic field and the shape of the perturbed
interface are axisymmetric; therefore, magnetic field
lines do not intersect the interface during the develop-
ment of capillary instability, so that the magnetic field H
and the densities of the bulk magnetic forces f; remain
unperturbed. Because of this, the linearized equations
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of ferrodynamics (where it is assumed that n, = 0) are
written as

()_L:J+%+% =0, (©)]
A
aul — Opj un
FIin —W"‘nj%kuj—r—ﬂ, 4
ow, op;
Here,
2 2
Ao 0,100
gr2 ror 57

and u;, 0, and w; are the components of the velocity vec-
tor v. Hereafter, we will usen instead of n;.

Theimpermeability condition, the condition that the
tangential velocity component vanishes on the conduc-
tor surface, as well as the linearized kinematic and
dynamic conditions at the viscous—nornviscous inter-
face are written as

r=su =0, w, =0, (6)

ou, 0w, _ @)

A A T:

ou d?
r=ap-p,= Znﬁ—aga%%—zzﬂ

(8)

Hol
+ . 2|(M1—M2)|H:H(a)-
a

Certainly, only those functions u;, w;, and p; having
afinitevalueatr =0 and vanishing at r — o have the
physical meaning.

The magnetic field affects the development of the
capillary instability of theinitially cylindrical magnetic
fluid layer only if the magnetic susceptibility experi-
ences ajump at the interface. In this case, the magnetic
forces contribute to balance (8) of normal stressesat the
interface. For this contribution, the integral terms in
Egs. (2) for the unperturbed pressures are responsible.
Physically, the reason for the nonstationary forces
(induced by the gradient magnetic field that remains
unchanged during the development of capillary insta-
bility) acting on the perturbed interface is straightfor-
ward: When the susceptibilities experience a jump,
these forces appear as aresult of the change in the mag-
netic field H(a + {) — H(a) = {dH/dr|, - , in response to
the change in the interface position because of the axi-
symmetric deformation of its initially cylindrical
shape. In this case, the last term in the right-hand side
of linearized dynamic condition (8), which describes
the magnetic-force-induced perturbation of the pres-
sure, depends only on the perturbation {(z, t) of the



1506

interface, whereas the pressure perturbation due to cap-
illary forces (the second term) depends on both {(z, t)
and 92¢/0Z2.

As follows from experiments [5-8], capillary and
magnetic forces are of the greatest importance among
various physical forces considered in this problem. It is
just their competition that causes a magnetic fluid layer
either to retain its continuity (Bo,, > 1) or to breakup
into droplets (Bo,, < 1). Recall that the magnetic Bond
number Boy, = Hol%(X1 — X2)l4 = v/ (4TP0@), given by
theratio of thethird term in theright-hand side of (8) to
that part of the second term depending only on {(z, t),
is the measure of the relative contribution of these
forces.

To simplify the mathematics, we will rearrange the
equations and the boundary conditions. Since the exter-
nal forces are potential, the velocity field is continuous,
and the system isinitially at rest, there exists the veloc-
ity potential ¢,(r, z t) [10] intherange (a+ { <t < o,
0< 3 < 21, —0 < Z< ) such that

U, = %d_;_g w, = %ﬂ)—; 9)
The motion of a nonviscous magnetic fluid is
described by the Laplace equation
Ad, =0 (10)
and the linearized Cauchy—Lagrange integral
P, = —paq)2 (11)

Naturally, the motion of the viscousfluid isvortical.
Intherange(ssr<a+{,0< 38 < 21T, —0 <2< ), we
introduce the velocity potential ¢,(r, z, t) and stream
function Y(r, z, t). Assuming that

u, = aq)l 16[“ = %‘__
1= % Traz

and following the procedure applied in the problem of
viscous fluid vibration [11], we pass from set (3)—<5),
which describes the vortical axisymmetric motion of
the viscous liquid in the layer adjacent to the conductor
surface, to the equations

— o 9¥_ EOLIJ _loy oy _
81 =0 5 V52 ror aZD = 0.

(12)

(13)
v =1

p

and to the representation of the pressure perturbation in
the form

09,

P = P35 (14)
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Inview of (9), (11), (12), and (14), boundary condi-
tions (6)—(8) can be written as

ar saz ' 9z sor '
at or or aoz or
0’0, 100°y %Wy, 19y _
%5r0z" amggz“g‘ﬁm Zor -0 B

POat ~at0 Oar?  adrdz 529z
Mol X ,9°Q
+ I((M;—M - —a + .
a’ (Ma =M= i 2 oM

In the subsequent derivation of the dispersion rela-
tion, the problem will be stated by (10), (13), and (15)
(that is, intermsof ¢, ¢, ¢,, and ).

INERTIAL AND VISCOUS CONDITIONS
OF CAPILLARY BREAKUP

Within the problem stated, various ultimate condi-
tions of the capillary breakup of the layer are possible.
Physically, they differ by the relative contributions of
the inertial and viscous forces to the growth of the per-
turbations. These conditions also have various charac-
teristic velocities of the fluids and various time scales
that characterize the linear stage of instability devel op-
ment.

Before proceeding to the discussion of the ultimate
cases, we hotethat, irrespective of theinstability condi-
tion, our problem has the specific time scale 14 = d?/v.
In essence, it is the characteristic diffusion time of the
vorticity caused by the solid surface (due to liquid par-
ticle adhesion) and diffusing inward to the viscous fluid
layer of thicknessd=a-s.

In the theoretical articles available, the capillary
breakup of a magnetic fluid layer is considered for the
case when Egs. (4) and (5) where j = 1, as well as
boundary condition (8), ignore the contribution from
viscous forces. In this case, according to (8), the pres-
sure perturbation due to capillary forcesis on the order
of pg~a{{a?at Bo,, < 1, where {isthe characteristic

deviation of the interface from its initial cylindrical
shape. With this estimate, we find from Eqg. (4) the char-
acteristic radial velocity of the viscous fluid ug ~
prTi/(pd) and then, from continuity equation (3), the
characteristic longitudinal velocity w~ uph{d. Here,
T, is the characteristic time of the linear stage of insta-
bility growth and Ais the wavelength of the fastest-

growing harmonic. On the other hand, from the kine-
matic condition at the interface [the first equation in
TECHNICAL PHYSICS Vol. 46
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(7], itfollowsthat u~ {{T;. Eventually, we have Tiz ~
pa’d/a. Thus, the breakup due to the action of capillary
and inertial forces hasthetime scalet; ~a./pd/a.

To write this condition in terms of dimensionless
criteria, let usturn to equations of motion (4) and (5) for
the viscous fluid (j = 1) and to boundary condition (8),
which involves viscous forces. Using our estimated, we
obtain

nau -uw/rd t nAw T,
ou, T4 ow,| 14
aFy ir
(16)
ojou
orl gL TLigqa_n

algl/a® Te ¢ d./pad

Thus, with the condition Z < o, whereZ=n/.J/pad
and o = d/a (0 < & < 1) is the relative thickness of the
viscous layer, fulfilled, the effect of viscous forces on
the capillary instability development is negligible. The
dimensionless criterion Z (Ohnesorge number) seems
to be first introduced in [12], where experimental data
for the capillary breakup of liquid cylindrical streams
of diameter d injected into a gaseous medium were pro-
cessed. In the modern literature concerned with the
capillary breakup of fine filaments of viscousfluids, the
criterion Z2 is usually meant by the Ohnesorge number
(see, eg., [13)]).

In this work, we concentrate on the other ultimate
case: the capillary breakup of acylindrical viscousfluid
layer when inertial forces are small. Let 1, be the char-
acteristic time of thelinear stage of perturbation growth
under these conditions. As above, we have p1~ a {a2,
ur~ Ty, and w~ upA{d. According to Eq. (4), the
order of the characteristic radial velocity isgoverned by
the bal ance between viscousforces and pressure forces.
From this condition, we obtain uj~ prd/n and then
T, ~ na/(ad), so that the ratio /14 in the right-hand
sides of expressions (16) should be replaced by T,/t4 ~
(Z/3)?. Thus, for Z2 > &, the effect of inertial forces on

the capillary breakup of a cylindrical viscous layer is
negligible.

Using the dimensionless parameters Z = n/./pad
and 6 = d/a < 1, one can easily check that

Tp Z

T
=2 iDg, T, |:|6—2T0,

=3 (17)
where 1y = A/pdS/a is some characteristic time of the
problem considered.

From representations (17), it follows that at Z = 1
and 6 = 1, the scales of 1, T;, and 1, are the same by the
order of magnitude, whereas at Z < d (inertial condi-
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tions) and Z > & (viscous conditions), T, < T; < Ty and
Ty < T; <1, respectively.

DISPERSION RELATION

Let us examine the behavior of the partial solutions
having the form

[Z(Zv t)! ¢j(r! Z, t)! L|J(I’, Z, t)]
= exp[i(kz—wt)] [ ®;(r), W(r)];

J-1, j=1,2

withtime. Here, {yisaconstant and kisaspecified real-
valued parameter (wave number). Note that the linear
theory of stability of homogeneous states in continuous
media is aimed at finding the function w = W(k) and
analyzing its behavior in dependence of dimensionless
parameters characterizing a phenomenon studied.

Substituting expressions (18) into Egs. (10) and (13)
yields

(18)

1
r

@ -K’®; = 0, w"—%w'—mzw =0,

m = /kz—i%), Rem> 0,

and boundary conditions (15) take the form

o) +
(19)

CD'l(s)+i—:LIJ(s) -0, ik(Dl(s)—%LIJ'(s) -0,

o+ B(a) = 0, ®)(a)-(a) + FW(a) = 0,

2ik<D'1(a)—gll[kZLP(a)—LP"(a)] +L1w() =0, (20)
a

1Pl @,(a) - @,(@) + 213 + X[ wia) - gw@ﬁ
g

ado 2 _

+ 'a'{[BOm_1+ (ka)7] = 0.

As follows from the last expression in (20), if the
cylindrical interface experiences a harmonic perturba-
tion with some wave vector k, { = {gexp[i(kz— wt)], the
contribution of magnetic surface forcesinto the balance
between the normal stresses at the interface (hence, the
effect of the magnetic forces on the evolution of this
harmonic) does not depend on k; in other words, this
contribution is the same for any of the harmonics at a
given Bo,, # 0. Thus, by varying the current passing
through the conductor, one can effectively control the
evolution of the harmonics throughout the wave num-
ber interval 0 < k < co.
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Table 1. Dimensionless matrix of the coefficientsinvolved in Eq. (22) for the viscous conditions of capillary breakup

0 |1(X) _Kl(X)

0 ixlo(X) iXKo(X)
iQd 0 0

0 11(K) —Ki(K)

0 2ik?l4(K) —2ik?K,(K)
Ce1 Ce2 Ce3

0 il (y) iKy(y)

0 Ylo(y) yKoY)
—KK;(K) 0 0
Ky(K) il1(0) iKy(0)

0 —K?+ 0?)ly(0) —(k?+ 0?)K4(0)
—eQKy(K) -2ika (o) —2iko K, (o)

Table 2. Dimensionless matrix of the coefficients involved in Eq. (22) for the inertial conditions of capillary breakup

0 11(X) K1)

0 ixlo(X) iXKo(X)
iQ, 0 0

0 11(k) —K(K)

0 2iKk?14(K) —2ik%K4(K)
Se1 Se2 S63

0 il1(y1) iKy(y1)

0 Yilo(yn) Y1Ko(Y1)
—«K;(K) 0 0
Ka(k) ily(09) iKy(3y)

0 K2+ 01)ly(0) | K2+ 07)Ky(0)
—Q,Kq(K) —2iZka,1,(0y) —2iZka 1K (07)

From (19), we have
@, = Alg(kr) + BKo(kr), @, = AKq(kr), 21
W = r[Cyly(mr) + CKy(mr)], )

where I,(x) and K,(x) (I = 1, 2) are the modified Bessel
functions and A, A,, B, C;, and C, are arbitrary con-
stants.

The solutions obtained must satisfy boundary con-
ditions (20). Substituting expressions (21) into (20) and
using the recurrence formulas for the Bessel functions
[14], we come to the set of linear homogeneous equa-
tionsfor ¢y, A;, Ay, B, C;, and C,:

()AL =K1 (X)B+il,(%)Cy +1Ky(X)C, = O,
iXlg(X)A; +iXKo(X)B + X, 15(X) C; — %, Ky(%,)C, = 0,
iwal,—kKK,(K)A, = 0,

11(K) Ay — Ky(K) B+ Ky(K) Ay

+ily(K)Cy +iKy(k)C, = 0,
2 5 2 2 (22)
2iK1(K)A; = 2iK"K 1 (K)B = (K" + K1) 11(K;)Cy
—(K*+ KK, (K1)C, = 0,
alo(1-Boy,— k%) + [ipwa’lo(k) —2nk 15 (K)] A,

+ [ipwa’Ko(K) + 2Nk *K(K)] B—ipwa’Ky(K) A,
—2inkK,13(k;)C; —2inkk ;K;(k;)C, = 0,

where X = K(1 = 9d), X; = K4(1 —9), K = ka, and K, =

JKZ=i(@Iv)w, Rek, > 0.

Let the matrix of the coefficients of algebraic
set (22) be designated as |fg;||. The condition

detfa| =0 (23)

for the existence of the nontrivial solution of problem
(19), (20) is the dispersion relation from which the
function w = W(K) can be found.

From (23), it readily followsthat the matrix |jg;|| can
be represented in the dimensionless form by multiply-
ing and dividing its columns by some dimensional
coefficients that are defined by the statement of the
problem. In so doing, we do not lose the generality in
subsegquent computations of w = W(K).

For 1, taken as the time scale, the dimensionless
form |[c;|| of the matrix |[ay]||is givenin Table 1, where
y = 0(1-9),

Q=owi, €=2Z7

o = Jk’—ieQ, Rec>0,

(24)
Cot = 1—B0,—K>, Cg = i€QIo(K) —2K°13(K),
Ces = 1£QK(K) + 2K K (K).

For 1; taken as the characteristic time, the dimen-
sionless form |[s;|| of the initial matrix |lay|| is given in
Table 2, where

Q, = wy, vy, =0,(1-9),

o, = K2—inl(26)1 Reol>0’
S = 1-Boy—K*, s = 10;14(k) —2ZK713(),
S = 1Q,Ko(K) + 2ZK*K} (K).

TECHNICAL PHYSICS Vol. 46 No. 12 2001
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If Z=1and d= 1, any of the matrices ||c;|| and ||s;]|
can be used in the analysis of the dispersion relation
det|fa;|| = 0. On the other hand, for Z > 1 (Z < 9),
Table 1 (Table 2) should be employed.

Let Z > 1, i.e, the perturbation development be
governed primarily by the inertial forces. It is easy to
check that the expressions in the matrix ||c;|| that con-
tain thefactor € are dueto theinertial forcesinvolvedin
Stokes equations (4) and (5) for theviscous (j = 1) fluid.
Therefore, if the problem is stated in terms of quasi-sta-
tionary Stokes equations (that is, the time derivativesin
Egs. (4) and (5) where| = 1 are rejected), the elements
of the matrix ||c;|| |ose terms containing €. In this case,
the second column of the matrix becomes proportional
to the fifth one and the third column, to the sixth one, so
that det||c;||= 0 at any Q, K, and 4. Thus, although the
inertial forcesare small (at Z > 1), they must necessar-
ily be taken into account, because, as follows from the
above considerations, no dispersion relation exists if
the problem is stated in terms of the quasi-stationary
Stokes equations. This situation is akin to the well-
known paradox: if both the linear and nonlinear parts of
the inertial term are rejected from the equation of
motion, the problem of transverse flow around an infi-
nite cylinder moving in aviscousfluid (filling the entire
space) becomes insoluble in the sense that there is ho
solution that satisfies the boundary conditions on the
cylinder surface and vanishes at infinity [15, 16].

ULTIMATE CONDITIONS OF CAPILLARY
INSTABILITY

In the general case, dispersion relation (23) is very
cumbersome and the physically meaningful roots can
be obtained only numerically, whereas the ultimate
conditions admit analytical examination. We will start
with the case Z > 1 (or € < 1) and designate det||c;|| as
F(Q,K; €, d). Itiseasy to seethat F(O, K; €, ) =0, since
at Q = 0 the second column of the matrix ||c;|| is propor-
tiona to the fifth one and the third column, to the sixth

one. Having calculated Fg (Q, K; €, d), we find that
each of the determinants involved in the expression for
Fo (O, K; €, 8) as an individual term has two columns
proportional to each other; hence, Fg (0, K; €, 8) = 0.
With the MAPLE suite for symbolic computation, we

have established that the condition Fyq, (0, K; €, 8) #0
ismet for any K, €, and d admitted by the statement of
the problem. Thus, the dispersion relation det||c;|| = O
has the two-fold root Q = 0. The trivial root is no phys-
ical interest.

We can show in a similar way that the equalities
F(Q,k;0,0)=0and F,(Q,;0,d) =0holdfor any Q,

K and o # 0. Because of this, the expansion of F(Q, K;
€, 0) in € beginswith the quadratic term. Thus, at € < 1,
TECHNICAL PHYSICS Vol. 46
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the existence condition for a nontrivial solution of set
(22) can be written, in the first approximation, as

Fe(Q,K; 0,0) = 0. (25)
Expanding det||c;|| in the first column, we have
F(Q, K: € 8) = iQ3Cy, + (1—Bo,,—K?)Cey,

where C3(Q, K; €, 0) and Cg(Q, K; €, d) are the alge-
braic supplements for the elements c;; and cg;.

In view of thisequality and with the condition & # 0
met, wefind, from (25), the approximate expression for
the root of the dispersion relation:

_ia Chg 2
w = r]aq(K,é)(l Bo,—K"),

2 alz Tt (26)
q(Klé) = d Cﬁl C3l 0.
dsz £:OD dsz sz(p

This expression will also be used in the subsequent
analysis of the effect of the dimensionless parameters
Bo,, and & on the capillary breakup of the layer.

Note that in the limit case (Bo,, when & — 0),
expression (26) yields
_ i (1-k)IiK)
2N3k15(K) - (K* + 1)15(K)

This result follows from the theory of capillary
instability of fine filaments of very viscous liquids and
has been known since the Rayleigh’stime [1, 17-19].

Formula (26) is the principal term in the expansion
of winefork =0and 0<d< 1. From (26), the principal
termin the expansion of win & cannot be found in prin-
ciple, sincethefunction g(k, d) isundefined at 3=0. To
solve this problem, one must set the ordering relation-
ship between det||c;|| = 0 and € and, when constructing
the approximate solution of the equation det||c;|| = O,
use the expansion of F(Q, K; €, d) in the asymptotic
sequence of functions containing the products €md" (m,
n=1, 2, ...). Using the MAPLE suite for ¢ < 1 and
0 ~ €, we obtained

F(Q,K; €, 0)
= e23[P(Q, K) + 8Q(Q, K) + 3°R(Q, K)],

where

(27)

. .

P(Q, K) = % OF = Lo ),
0€°08|c-05-0
\ .

Q. K) = %a_F = Lo ),
0e°08°;—05-0 "
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1 5°F 1 [9], which was derived within the hydrodynamic theory
R(Q, k) = 5 = 2= Q7Ky(k) of lubrication, has the numerical coefficient 2 instead

12567553 0520 3K
x [K*(1=B0o,—K’) +3iQ(1 + 2k?)].
Equating the right-hand side of expression (27) to
zero, we find in the first approximation:
_iad®
W

2 2
= 3naK (1-Bo,,—K").

(28)

Note that the denominator of the same formula in

(a)

10* x 131 meo
o

(b)

10% x B mew
o

i ©

2 a
10% x B mew
o
\) [9%) N (9] ()} <
T
[N}

0 02 04 06 08 10 ka

Fig. 1. Dimensionless increment vs. dimensionless wave
number for the viscous capillary breakup. & = (a) 0.2,
(b) 0.5, and () 0.99. Bo, = (1) 0, (2) 0.3, (3) 0.5, and (4) 0.7.

of 3. Unlike [9], our numerical analysis made it possi-
ble to find the applicability condition for formula (28),
namely, d ~¢ < 1.

At Bo,, > 1, expression (28) yields Imw < 0; that is,
thelayer isstable. If Bo,,<1,0<k < ,/1-Bo,,. Inthis
case, the layer is unstable, because Imw > 0, but the
magnetic field still stabilizes the range of harmonics
with wave numbers ,/1—-Bo,, <k <1, whichis unsta-

ble at Bo,, = 0. Thus, the value Bo,,, = 1 should be con-
sidered as critical in accordance with the data available
in the literature.

One can easily show that the harmonic with the
wave number ka= ,/(1—-Bo,,)/2 isthefastest-growing

a Bo,, < 1. The wavelength and the growth increment
of this harmonic are respectively given by

A0 = 2ma |—2 Ime? = O‘—63(1—80 )2. (29)
1-Bo,,’ 12na m

Consider the inertial conditions (Z < d) of the cap-
illary breakup of the layer. From dispersion relation (23)
and with regard for Table 2, we have

Q, = i(1-Bo,—K)T(Qy, K; Z,3),

T(Qy,K; Z,8) = S5,

where $3(Q4, K; Z, 8) and S;(Q4, K; Z, d) arethe alge-
braic supplementsto the elements sy; and s; -

With the MAPLE suite, we found that

imT = iKzKl(K)
2 T K K(L=0)]

X {11(K)K[K(1=0)] = I,[K(1=0)]Ky(K)} .

Thus, if the effect of viscosity is completely
neglected (i.e., within the perfect fluid model), the dis-
persion relation takes the form

2 _ _« K2K1(K)
pa’dKi[k(1-29)]

X {11(K)K[K(1=0)] = I,[K(1=0)] Ky(K)} .

Atk >0and 0< < 1, the bracein (30) is positive,
so that the sign of «? as a function of K, Bo,, and &
depends on that of the expression (Bo,,— 1 + K?). It is
easy to check that w? < 0 at Bo,, < 1 (the layer is unsta-
ble) and o? > 0 at Bo,, > 1 (the layer is stabl€). In the
limit casesd —» 1 and & —» 0, we respectively obtain
from (30):

0 (Bo,,— 1 +K?)

(30)

2

W = L%, (KK (K)(Bop—1+K3),  (31)
pa
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2 a 2 2
w = —K(Bo,—1+K").

pa

Notethat in the previous works, dispersion relations
(30) and (31) have not been derived and, accordingly,
have not been used in the analysis of the effect of Bo,,
and o on the wavelength of the fastest-growing har-
monic, although aformula similar to (30) follows from
expression (3.88) in [8] (for other dimensionless w and
layer thickness). In the absence of the magnetic field,
expression (31) differs greatly from the dispersion rela-
tion derived in [20] for the capillary breakup of a per-
fect fluid cylindrical column surrounded by a stationary
gasand used in[8] for the analysis of capillary breakup
of acylindrical fluid column under weightlessness.

With (32), one can show that, at 6 < 1, the wave-
length of the fastest-growing harmonic is given by the
first formulain (29) and the growth increment for this

harmonic is
Imw, = | Gg(l—Bom).
4pa

Thus, droplets forming under ultimate (viscous and
inertial) conditions of capillary breakup of two differ-
ent thin (0 < 1) layers have the same characteristic
sizesif Bo,, < 1. Thegrowth incrementsfor thetwo har-
monics that characterize the breakup process under
these conditions are conversely much different.

Figures 1 (viscous conditions of capillary breakup)
and 2 (inertial conditions) illustrate how Bo,, (or,
roughly speaking, the current passing through the con-
ductor) and the rel ative thickness of the layer affect the
dependence of the imaginary parts of w (in the dimen-
sionless form) on the dimensionless wave number ka.
The curvesin Figs. 1la—1c plot function (26) at the fixed
0 and various Bo,,,, while curves 1-3 in Fig. 2 are con-
structed by formulas (30)—32) for various Bo,, It fol-
lows from Figs. 1 and 2 that at the fixed value of 4 and
various Bo,,, the characteristic growth time (Imwp)~ of

the fastest growing harmonic (responsible for the peak
in the associated curve) increases with Bo,, If Bo,, is
fixed, thistime decreases with increasing &. Thismeans
that the capillary breakup of a thicker layer proceeds
faster under both ultimate conditions for the same cur-
rent passing through the conductor of a given diameter.
Comparing Figs. 1la—1c, one can see that the value of
(Imwp)~ under the viscous conditions is much more

sensitiveto & than to Bo,,,; in other words, the character-
istic growth time of the fastest-growing harmonic
depends primarily on the relative thickness of the layer,
while the effect of the current is significantly weaker.
Under the inertial breakup conditions (Fig. 2), the situ-
ation is reverse: the value of (Imwp) depends largely

on the current and the relative thickness of the layer is
of minor importance.

(32)
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1
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Fig. 2. Thesameasin Fig. 1 for theinertia breskup. 6= (1) 1,
(2) 0.5, and (3) < 1. Boy, = 0.3 (continuous curves) and 0.7
(dashed curves).

)\*/a
15F

14
13

12
11
10

9

0 02 04 06 08 1.0 d

Fig. 3. Dimensionless wavelength of the fastest-growing
harmonic vs. relative thickness of the layer. Boy, = (1) O,
(2) 0.3, and (3) 0.5. Continuous curves, viscous conditions
of breakup; dotted curves, inertial conditions of breakup.

Figure 3 and 4 alow us to compare the effects of
Bo,, and 6 on the characteristic size A[{a of the droplets

forming under the ultimate conditions of the breakup.
AsfollowsfromFig. 3, at 6 < 0.4 and fixed Bo,,,, the dif-
ference between the size of the droplets appearing
under the two conditions is insignificant and the value
of Afa depends largely on Bo,, increasing with it.
Under the viscous conditions at Bo,, < 0.5, therise in
Afadueto theincrease in the current is comparable to

that due to the increase in the relative thickness of the
layer (in the entire interval 0 < & < 1). For the inertial
conditions, however, the characteristic droplet size
grows with & insignificantly and depends for the most
part on the magnetic Bond number. Figure 3 shows that
the droplets forming under the viscous conditions are
much larger than those produced under theinertial ones
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Bo,,

Fig. 4. Normalized wavelength of the fastest-growing har-
monic vs. magnetic Bond number. 6 = (1) 0.01, (2) 0.8, and
(3) 0.99. Continuous curves, viscous conditions of breakup;
dotted curves, inertial conditions of breakup.

when Bo,, < 0.5 and the layer is thick (6 is close to
unity).

Figure 4 refers to both conditions and shows the
deviation of the A{Bo,,)) dependences from the analyt-

ical curve described by the first expression in (29).
From curve 1 and dashed line 3, it follows that the max-
imal increasein A{afor Bo,, = 0 and the relative thick-

ness varying from & < 1to thelimit case & = 1 (contin-
uous cylindrical column of the fluid) is no more than
5% under theinertial conditions. For the viscous condi-
tions, the increase in Afa a Bo, = 0 (continuous

curves 1 and 3) is 35%. Note for comparison that at

Bo, =0, A{{(2ra) = ﬁ under both ultimate conditions

of the capillary breakup of athin (6 = 0.01) layer. On
the other hand, for Bo,, = 0 and & = 0.99, A[{(2ma) =

1.477 for the inertia conditions and 1.912 for the vis-
COUS Ones.

CONCLUSION

Within the linear theory, we studied the capillary
instability of a viscous magnetic fluid layer covering a
long cylindrical direct-current-carrying conductor.
The outer boundary of the layer is in contact with an
immiscible perfect liquid of density equal to that of
thelayer and of magnetic susceptibility lower than
that of the layer. The phenomenon is characterized by
three dimensionless parameters. magnetic Bond num-
ber Bo,,,, Ohnesorge number Z, and relative layer thick-
ness o.

Two ultimate conditions of the capillary breakup of
the layer were considered: viscous (Z > 1) and inertial
(Z < 9). It was shown that in the former case, one must
include inertial forcesin the equation of mation for the

KOROVIN

viscous fluid, athough they are negligibly small com-
pared with viscous forces; otherwise, the dispersion
relation is absent. Such a situation is akin to the well-
known paradox that arises when the problem of trans-
verse flow around an infinite cylinder moving with a
constant velocity in a viscous liquid that occupies the
entire space is solved in terms of the Stokes equations.

For Z > 1, the approximate root of the dispersion
relation wasfound. At Bo,,=0and d = 1, thisroot trans-
forms into the classical expression for capillary insta-
bility of afineviscousfluid filament immersed in a per-
fect liquid. It was shown that the thickness of the layer
has a noticeable effect on the characteristic growth time
of the fastest-growing harmonic under both ultimate
conditions. This effect ismost pronounced at Z > 1. As
the layer thickens, the breakup goesfaster. At Z < 9, the
characteristic size of resulting droplets depends largely
on Bo,, and isweakly dependent on &; however, at Z> 1
and small Bo,, the difference in the droplet size as 6
varies from < 1 to values close to unity grows and may
exceed 30%. For thin layers (& < 1), the characteristic
droplet sizeisindependent of the ultimate breakup con-
ditions and is controlled by Boy,
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Abstract—The interaction of microwave radiation with amagnetic fluid that completely fills awaveguide and
is bounded by a dielectric insertion is studied at frequencies between 20 and 40 GHz. The frequency depen-
dence of the alternating interference maxima and minimathat are associated with the reflection from the front
and back walls of the dielectric insertion isfound. The reason for such adependenceisthe variation of the com-
plex magnetic susceptibility of the magnetic fluid. Theinverse problem, i.e., the determination of the ferromag-
netic particle diameter and the volume content of the solid phase in the magnetic fluid, is solved based on the
frequency dependence of the reflection coefficient. © 2001 MAIK “ Nauka/Interperiodica” .

INTRODUCTION

The interaction of microwave radiation with a mag-
netic fluid has been considered in a number of papers.
The subject of investigation was the dispersion of the
magnetic susceptibility [1, 2] and how the magnetic
induction dependence of the imaginary component of
the magnetic fluid susceptibility affects the ferromag-
netic resonance characteristics [3, 4]. However, in
[3, 4], the magnetic induction dependence of the real
component of the magnetic susceptibility was ignored.
Such an approach may result in the inadequate treat-
ment of experimental data, particularly, when the mag-
netic fluid parameters are determined with microwave
techniques.

This paper studies the reflection of microwave radi-
ation from a magnetic fluid layer in awaveguide in the
presence of an externa steady-state magnetic field.
Experimental data are compared with theoretical anal-
ysis that takes into account the magnetic induction
dependence of both the real and imaginary components
of the fluid magnetic susceptibility. The possibility of
determining the magnetic fluid parameters from the
results obtained is discussed.

THEORETICAL ANALYSIS

We consider the propagation of the TE;4(H;0) wavein
awaveguide and its reflection from semi-infinite magnetic
fluid layer 3 bounded by didectric insertion 2 (Fig. 1).

Under these conditions, the expression for the com-
plex reflection coefficient can be written in the form [5]

R*
_ exp2ysL)Ya— Yoy + Vo) + (Yo + Vo) (Y — Vo) (D)
—exp(2y4L)(Ya + V)(Yo + Vo) + (Yo—Ya)(Y = Vo)’

where

™
Y: = (:;2 — W EgloEH*;

Vo and y, are the propagation constants in the empty and
filled parts of the waveguide, respectively; vy, is the
propagation constant of the wave in the dielectric; ais
the size of thewide wall of the waveguide; €, and |, are
the electric and magnetic constants, respectively; € and

W* =1+ X, —jXm are the permittivity and the perme-
ability of the medium that fills the waveguide cross sec-
tion, respectively; and X, and x,, are the real and
imaginary parts of the magnetic susceptibility, respec-
tively [6]:
i = YOML(0) (1+n°)°Hp+ (n° = 1)H;

T OHh @) Hie 20’ - DH+ 1

_ yoML(g)  nHy(L+H(1+n%)
WHy  (1+10%)°HE+2(n°-1)H2+1

Xm )

S
SRR

LKEKLEEY o
ZRRRRRRKS

258
R
L5

e

%
0
KX

Fig. 1. Waveguide filled by the magnetic fluid: 1, unfilled
region of the waveguide; 2, didlectric insertion of thicknessL;
and 3, semi-infinite magnetic fluid layer.
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5= HoMyV
o KT

In (2), L(o) is the Langevin function; H, is the
reduced magnetic field, H,, = yH/w; o is the combined
parameter of the magnetic fluid; M is the saturation
magnetization of the solid magnetic; V = Td%6 is the
volume of a ferromagnetic particle; & is the damping
constant of the electromagnetic wave in the magnetic
fluid; d is the diameter of the ferromagnetic particles;
and ¢ is the volume content of the solid phase in the
magnetic liquid. For spherical ferromagnetic particles,
it is assumed that the dielectric properties of the mag-
netic fluid are independent of the magnetic field.

Figure 2 shows the analytic dependence of the abso-
lute value of the reflection coefficient R = |R*| on the
frequency of the incident microwave radiation for dif-
ferent external magnetic fields. The magnetic fluid
parameters used in the calculations were My = 0.48 T,
¢ =0.1, and d =5.5 nm. For the dielectric insertion, € =
21 and L =37 mm.

Asfollows from Fig. 2, the R(f) dependence exhib-
its alternate interference maxima and minima (curve 1)
caused by the reflection from the front and back walls
of the dielectric insertion.

In the presence of the magnetic field, both the fre-
guency position and the absolute value of the reflection
minima change. The frequency shift of the reflection
minima is defined mainly by the magnetic induction
dependence of the real part of the fluid magnetic sus-
ceptibility, whereas the absolute value of the reflection
minima varies according to the magnetic induction
dependence of the imaginary component of the mag-
netic susceptibility.

H.

EXPERIMENT

Experiments were carried out with the setup shown
in Fig. 3. The microwave radiation from panoramic
VSWR meter 1 was directed to magnetic fluid 3, which
completely fills the cross section (7.2 x 3.4 mm) of a
70-mm-long waveguide. The fluid was bounded by a
dielectric Teflon insertion. The thickness of the fluid
was such that the electromagnetic wave reflected
largely from the its front (adjacent to the dielectric
layer) wall. The microwave radiation reflected passed
through a directiona coupler to detector 4. The signal
from the detector was applied to indicator 5 and then to
recorder 6. The fluid-filled part of the waveguide was
placed between the poles of electromagnet 7, fed by dc
source 8. Asamagnetic fluid, we used akerosene-based
liquid with magnetite particles stabilized by olein acid.
The parameters of the system were My =048 T, ¢ =
0.25,and € = 3.

The experimental R(f) dependencesare presented in
Fig. 4 for the different values of the external steady-
state magnetic field applied to the magnetic liquid at
No. 12
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Fig. 2. Reflection coefficient of the microwave signal vs,
frequency. The magnetic induction B = (1) 0, (2) 0.5,
(3)0.75,and (4) 1L.OT.

Fig. 3. Setup for taking the magnetic field dependence of
the reflection coefficient: 1, generator; 2, waveguide;
3, magnetic fluid; 4, detector; 5, indicator; 6, recorder;
7, electromagnet; and 8, dc source.

R
8.0+
6.0 -
2
40 L 3
1
20
0 1 1 Il
30 32 34 f,GHz

Fig. 4. Experimental frequency dependences of the reflec-
tion coefficient. The magnetic field induction B = (1) 0,
(2)0.25,and (3) 0.5T.

T =293 K. The dternate interference maximaand min-
ima are observed, as follows from curve 1.

In the presence of the magnetic field, the reflection
minimachangetheir position and absol ute value, which
agrees closely with thetheoretical predictions. The pos-
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Fig. 5. Partia derivative 050d vs. particle diameter. The
number n of the model pointsin the dependence Ry qo( i, d,
$)is(1) 5, (2) 10, and (3) 15.
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Fig. 6. Partia derivative 050¢ vs. volume fraction of the
solid phase in the fluid. The number n of the model points
in the dependence Ryeor( fi, d, ¢) is (1) 5, (2) 10, and (3) 15.

sibility of theoretically constructing the dependence of
R on f, as well as of measuring this dependence, gives
us the chance to solve the inverse problem, namely, to
determine the magnetic fluid parameters from this
dependence.

SOLUTION TO THE INVERSE PROBLEM

To solve the inverse problem, the reflection coeffi-
cient was measured at different values of the micro-
wave frequency f. Then, the sum of the squares of the
differences between the experimental values of the
reflection coefficient, R, (f), and the theoretical val-
ues, Ryeor( T), Was constructed:

S= z [Rieor( fir Ay §) = R F1)]%. 3)

Here, the diameter d of the ferromagnetic particles and
the volume content ¢ of the solid phasein the magnetic
liquid are the desired parameters of the inverse prob-
lem. Our godl is to find such values of the desired
parameters that minimize the sum S. At the point of
minimum of the sum S its partial derivatives vanish.
Differentiating S with respect to d and ¢ and equating
the partia derivatives 0S50d and 0S0¢ to zero, we

USANOV et al.

come to the system of two equations

g——(?z 22 [ Rineor(f, d, ¢)—R®(p(f)](l.R_(%aM =0,
4

- OR(f, d,¢) _

9¢ ~ 22 IRl 0 0) =R 7257 =0

where Ry(f, d, ¢) are abtained from Egs. (1) and (2).
Solving system (4), we find the desired parameters d
and ¢.

The numerical simulation of the solution to the
inverse problem was performed for a magnetic fluid
with d = 5.5 nm and ¢ = 0.1. With these values and
Egs. (1)—(3), we constructed the sum S where, instead
of data pointsfor the dependence R,( f), aset of model
points Ry (i, d, ¢) calculated for the magnetic liquid
with the specified parameters d and ¢ was used. Then,
for different numbers n of the model points, the partial
derivatives 0S90d and 0S/0¢ were calculated. Figures 5
and 6 present the dependences 0S0d on the particle
diameter d and 0S0¢ on the volume content ¢ of the
solid phase in magnetic liquid, respectively, for differ-
ent numbersn of themodel points Rye( T, d, $). Asevi-
dent from Fig. 5, the partial derivative 050d vanishes at
two values of the parameter d; specificaly, at n=5, we
haved = 5.5 nmand d = 2.56 nm. However, as the num-
ber of the points increases, the smaller (spurious) root
of the equation 0S0d = 0 shifts to the left along the d
axis and eventually disappears. The convergence of the
parameters d and ¢ is observed even at n = 2, and the
spurious root disappearsat n = 12.

Next, we studied how a random deviation of the
reflection coefficient influences the error in determin-
ing the desired parameters. To do this, a random quan-
tity from the random-number generator of the computer
was added to the theoretical value of the refl ection coef-
ficient. For a5% deviation of the reflection coefficient R
from its theoretical value, the error involved in the
parameters d and ¢ recovered did not exceed 5%.

Using this procedure, the experimental results pre-
sented in Fig. 4 were processed. The solutions of sys-
tem (4) with aset of 12 experimental pointsyielded the
average diameter of the ferromagnetic particles d =
47 nm and the volume content of the solid phase in the
magnetic liquid ¢ = 0.249.

CONCLUSION

Thus, we experimentally and theoretically studied
the reflection of microwave radiation from a magnetic
fluid layer in awaveguide in the presence of an external
steady-state magnetic field. The position and the abso-
lute value of the alternating maximaand minimain the
R(f) curve were found to vary. The shift of the reflec-
tion minimais due to the magnetic field dependence of
the real component of the fluid magnetic susceptibility,
whereas the absolute value of the reflection coefficient
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varies because of the magnetic field dependence of the
imaginary component of the fluid magnetic susceptibility.

Our measuring approach can be applied to solving
the inverse problem, i.e, to determine the real and
imaginary components of the magnetic susceptibility of
a magnetic fluid, as well as to find magnetic fluid
parameters, such as the diameter of ferromagnetic par-
ticles and the volume content of the solid phase in the
fluid.
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Abstract—Results are presented of a numerical simulation of turbulent flows around pointed circular super-
sonic cones at angles of attack a = 36, where 6, is the cone half-angle. The problem is solved in the framework
of alocally conical approximation of aset of Reynolds’ equations written in terms of mass-averaged quantities
with the use of a differential one-parametric turbulence model. The numerical solutions are obtained with the
help of an implicit finite-difference unidirectional scheme, with the focus on violation of the symmetry and sta-
tionarity of the separated cross flow. © 2001 MAIK “ Nauka/lInterperiodica” .

INTRODUCTION

The flow of gas around sharp cones at large angles
of attack is accompanied by a cross flow separation
substantially influencing the aerodynamic characteris-
tics of the cone. At moderate supersonic velocities and
large Reynolds numbers the flow separated from the
leeward surface of a slender body becomes asymmetric
producing a considerable lateral force. Available theo-
retical and experimental data give evidence also of a
non-steady-state character of the separated flow, which
can feature oscillations in a wide frequency band from
a few tens to several thousand hertz. Nonsteady pro-
cesses in the gas flows around pointed slender cones at
large angles of attack include low-frequency oscilla-
tions associated with the emergence of von Karman's
vortex street, high-frequency oscillations caused by the
instability of the free shear layer, and oscillations with
intermediate frequencies caused by interaction between
vorticesin the cross flow.

Theoretical studies of the symmetry violation in
separated flows were carried out earlier, mainly, for
laminar flow regimes[1-9]. In works[1, 3, 5] the sym-
metry violation is explained by the convective instabil-
ity, which is due to adistortion of the cone shapein the
tip vicinity. This point of view is confirmed by results
of numerical solution of 3-D Navier—Stokes equations
and experimental data [10]. However, it does not
explain asymmetry of locally conical solutions of the
Navier—Stokes equations [4, 7, 9]. Therefore, the sym-
metry violation of the separated flow is also explained
by aninstability of the bifurcational kind related to non-
uniqueness of the stationary solution of the Navier—
Stokes equations [2]. This nonuniqueness for super-
sonic flows has been demonstrated in [8, 9] for the case
of flows around sharp slender cones. Experimental and

theoretical investigations of turbulent flows with an
asymmetric cross flow separation were carried out for
subsonic flow regimes [10, 11]. Results of the calcula-
tions performed with the use of an algebraic turbulence
model are in qualitative agreement with available data
for laminar flows. However, these results, in contrast to
available data, do not demonstrate any noticeable non-
steadiness of the flow.

In this paper, the results of anumerical simulation of
supersonic turbulent flows are presented. The calcula-
tions are performed in terms of a locally conical
approximation with the use of a differential one-para-
metric turbulence model [12].

FORMULATION OF THE PROBLEM
AND NUMERICAL METHOD

Formulation of the problem of supersonic flow
around pointed bodies in the locally conical approxi-
mation is stated in detail in [13]. In this approximation,
the calculation of a spatial gas flow around a body is
reduced to solving a 2-D problem in a plane normal to
the cone axis. The numerical study is carried out with
the use of a set of Reynolds’ equations written in terms
of averaged characteristics of the turbulent flow, simi-
larly to [14]. However, in distinction from [14], the cal-
culations are performed without assuming flow sym-
metry relative to the plane containing the cone axis and
the mainstream velocity vector. Along the curvilinear
coordinate in the azimuthal direction, related to the
contour of the cone transverse cross section, periodic
boundary conditions are set. The outer boundary of the
calculation region is placed in the undisturbed main-
stream.

1063-7842/01/4612-1518%$21.00 © 2001 MAIK “Nauka/Interperiodica’
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cone surface to zero in the undisturbed mainstream

according to the formula

<&<¢E,

a &

)

-

<&,

. a &<&,
0.5[1 + cos(A(&

o

where0< ¢

!
= 0,
a &

(0)

SEZ-

€

< 1isthe normalized transverse coordinate
The calculation results discussed below have been

introduced in such a way that the bow shock wave is

contained intheinterval &, <

and &, =&, + A withthe

A=10.0,
use of a grid that is denser on the leeward side of the
cone and near the cone surface. To construct thegrid we
use transformations of the azimuth-oriented curvilinear
and transverse coordinates described in [13]. The dis-

tance between the body surface and the nearest inner
grid node will then be of an order of the dynamic length

obtainedat §; =0.3
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Fig. 1. Distribution of the pressure coefficient over the cone
surface. M, = 1.8; 6. = 5°; a: (1) 10°, (2) 15°, (3) 20°.
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Jot,

is the gas viscosity coefficient and T1,, is the friction

stress at the body surface.

=W

of the turbulent boundary layer I(;

The numerical method of solving the problem coin-
cides with that described in [9, 14], except for the pro-

, including the procedure

The numerical algorithm
for constructing the grid and introducing the artificial

dissipation, is fully symmetrical relative to the plane
containing the cone axis and the mainstream velocity

the calculation path from the constant value o, hear the  vector. In the case of smooth solutions, the difference

muthal direction. In the present study, the coefficient of
artificial dissipation o decreases monotonously along

cedure of introducing artificial dissipation in the azi-
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Fig. 3. Distribution of the pressure coefficient over the cone
surface. a = 15°% (1) M, = 1.8; 6. = 5° (2) M, = 3.5,
6= 5% (3) M, = 1.8, 6. = 10°.
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Fig. 4. Variation of the pressure at the cone leeward side.
Me =1.8; 6, =5° a = 21.25°% s: (1) 0.3; (2) 0.7.

scheme provides the second order of accuracy with
respect to both spatial coordinates and the first order
with respect to time. Most of the calcul ations were per-
formed using a grid containing 60 rays with 150 nodes
on each of them.

CALCULATION RESULTS

The calculation results pertain to the turbulent flow
of a perfect gas with the specific heat ratio y = 1.4
around sharp circular supersonic cones at a Prandtl
number of Pr = 0.72. The coefficient of molecular vis-
cosity of the gas is calculated using Sutherland’s for-
mula for air. The cone surface is assumed to be heat-
insulated. Reynolds number calculated using parame-
ters of the undisturbed mainstream and the distance
from the cone vortex isRe = 2.5 x 10°.

Figure 1 displays the pressure coefficient distribu-
tions over the cone surface with the cone half-angle

GOLOVACHEV, LEONT’EVA

0. = 5° for three angles of attack. Plotted on the
abscissa are curvilinear coordinates in the azimuthal
direction normalized to the cone cross section circum-
ference length. It is seen that the solution is symmetri-
cal at a = 10° and asymmetrical at a = 15° and 20°;
besides, as the angle of attack increases the asymmetry
changesinto the opposite one. Hereit should be empha-
sized that the asymmetry arises when no disturbanceis
present and an entirely symmetrical calculation algo-
rithm is used. Similar to the laminar flow regime [9],
the calculation results demonstrate the nonuniqueness
of the stationary asymmetric solution which turns out to
be dependent on the initial data. As an example, Fig. 2
shows velocity fields of the cross flow past the leeward
side of the cone at an angle of attack of a = 18°. The
upper and lower plots correspond to two stationary
solutions obtained by integration with respect to the
time of solutions for a = 17° and 19°. The vector lines
of thevelocity field are plotted on a sphere with its cen-
ter at the cone vertex; 8 and ¢ are the spherical coordi-
nates.

Figure 3 demonstrates the dependence of the char-
acter of numerical solution on the mainstream Mach
number and the cone half-angle. Inthefigure, it is seen
that the symmetry of the numerical solution is restored
asM,, and 6. increase.

The results presented above arein qualitative agree-
ment with the available experimental data [10, 15] on
the flow around an ogive cylinder. Comparison with the
computation results for laminar flows [9] shows that in
the turbulent flow the asymmetry of the separated flow
arises at smaller angles of attack and persists to larger
Mach numbers and cone half-angles.

Further increase of the angle of attack is accompa
nied by transition from the stationary asymmetric flow
to a nonsteady-state periodic flow. Thisisillustrated in
Fig. 4, where dependencies of the gas pressure on time
are presented for two points on the leeward side of the
cone symmetrically relative to the plane containing the
cone axis and the mainstream velocity vector (the
points are specified by the azimuth-directed curvilinear
coordinate s expressed in terms of the cone cross sec-
tion circumference length). The pressure and time are

plotted in units of pmeo and x/V,,, respectively, where

X is the distance from the cone vertex. Till the time
instant t = 60 the integration is performed with the coef-
ficient of artificial dissipation g, = 8. After that, this
coefficient wasincreased to 10. As seen from thefigure,
at a sufficiently weak artificial dissipation the pressure
variation is featured by continuous oscillations at afre-
guency of f = 0.03V,/x Hz. The caculations have
shown that this frequency does not change if the time
integration step isreduced or the grid mesh near the lee-
ward cone side is made smaller. Qualitatively, the
resultsin Fig. 4 fit experimental data[15] for alaminar
subsonic flow around an ogive-cylinder. Increasing the
artificial dissipation dampens the pressure oscillations
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and leads to a stationary asymmetric solution. A more
detailed analysis of the influence of artificial dissipa-
tion on the asymmetry of the numerical solution is
givenin[9].

CONCLUSION

The results of the numerical simulation of turbulent
flows around supersonic pointed cones at high inci-
dences demonstrate violation of the flow symmetry
without any disturbance present although an entirely
symmetrical computation algorithm isused. Theresults
also demonstrate the nonuniqueness of the stationary
asymmetric solution, restoration of the flow symmetry
as the Mach number and the cone half-angle increase,
and transition to a non-steady-state flow with increas-
ing angle of attack.
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Abstract—A model of aspace charge layer that may form between cathode and anode plasmasin the presence
of atransverse magnetic field is considered. Collisions are assumed not to affect the motion of electronsin the
gas. It isshown that two solutions differing by cathode plasma parameters may take place. Conditions when the
effect of collisions may be ignored are found. © 2001 MAIK “ Nauka/Interperiodica” .

INTRODUCTION

The generation of intense charged particle fluxesis
of great practical interest. Among the recent advances
in magnetohydrodynamic methods for plasma acceler-
ation, accelerators with a closed drift of electronsin an
electrical discharge in crossed fields seem to be the
most promising.

The theory of closed-drift accelerators that is based
on the diffusion approximation has been comprehen-
sively set forth in many articles[1, 2]. A review of the
current status of the problem isbeyond the scope of this
paper. Its basic goa is to report novel theoretical
results, which will probably help to outline ways for
further improving the performance of these accelera-
tors and find new areas for their application.

Closed-drift accel erators are based on the possibility
of generating a strong electric field either in a quasi-
neutral plasma or between plasmaregions separated by
adouble electric field, the electric field generated being
normal to the applied magnetic field. In both cases, an
“electrodeless’ E O H layer is produced. The “elec-
trodelessness’ is a key feature that differentiates an
E O H accelerator from an electrostatic one and allows
oneto generateion beamswith acurrent density several
hundreds of times higher than in the case of eectro-
static acceleration. Apparently, the presence of astrong
eectric field in a quasi-neutral plasma has first been
theoretically substantiated by Chapman and Ferraro
[3]. They showed that the injection of a plasmainto the
region of atransverse magnetic field Hy causes an ion-
decelerating potential jump ¢, across a length =pa =

y2—1mc?/eH,. Thislength far exceedsthe size of the
Langmuir space charge layer for given ion current den-
sity and kinetic energy of the ions (y, = 1 + ep,/mc?).
This result was obtained without considering electron

diffusion. Therefore, the diffusion approximation
seems to be rather inconsistent and sometimes inade-

T Deceased.

guate. Inthiswork, we assumethat el ectrons emitted by
the cathode plasma dominate in the generation of the
EOH layer and that collisions do not affect their
motion.

Another important feature of these accelerators is
that the ionization probability is so high that under cer-
tain conditions the ion current equals or even exceeds
the consumption of the working medium. When pass-
ing through the E T H layer with avelocity v, neutral
atoms from the anode are ionized by electrons with a
probability P(2) = 1 — exp(—X(2)), where X(2) satisfies
the equation

d_X — _Gi(yz)
dz Vg

v(z)n(2). (D)

Here, oi(y,) is the ionization cross section of the gas,
v, = 1+ ed(2/mc?, ¢(2) is the electric field potential,

v(2) = (1—1Yy5)c?, and n(2) is the electron concentra-
tion.

Using the continuity equation for electron current
and averaging (1) over z, one can estimate the ioniza-
tion probability P = 1 — exp(- H/Ig), wherel, = J,p; is
the Hall current produced by the electrons[1]; J; isthe
ion current density; and p; isthe mean Larmor radius

of the accelerated ions, which depends on the mean
strength of the magnetic field in the E [0 H layer. I =

15x10*A/m, |4 =ev /o, = 915A/m, P 01 —exp(-16)
for xenonat ¢, =300V, H =1072T, [G;(Y,) V(2 (E 0.V,

V2 =(1-1/y3)c?, and J, = 5 x 108 A/m?. Thevery high
ionization probability allows us to assume that the
EOH layer may contain a narrow region of strong
atom ionization near the anode. Indeed, if the spread of
the initial velocities of the electrons injected from the
cathode plasmais heglected and it is assumed that col-
lisions do not affect the motion of the electrons in the
E OH layer, the concentration of fast electrons goes

1063-7842/01/4612-1522%$21.00 © 2001 MAIK “Nauka/Interperiodica’
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into infinity on the magnetron cutoff surface. There-
fore, all atoms coming from the anode will ionize
within athin sublayer near the magnetron cutoff surface
The thickness of the sublayer depends on the electron
temperature, which is much less than the potential dif-
ference across the layer.

Note that an E O H accelerator is not strictly elec-
trodeless. The power and the cross sizes of anion beam
are always limited, which inevitably causes the edge
effect whose strength is proportional to the ratio of the
layer thickness to the cross size of the beam. Because
of this effect, the production of efficient low-power
accelerators with a dlightly diverging ion beam is diffi-
cult.

The magnetic field in the E O H layer is the super-
position of the applied field and the self-field of the Hall
current. The layer may be paramagnetic or diamag-
netic. Clearly, the ionization probability is the highest
under complete demagnetization conditions, when the
Hall current self-field coincides with the applied mag-
netic field. In this case, the edge effect shows up most
vividly, so that the distortions of the magnetic field con-
figuration and the beam geometry may be intolerable.
Hence, one must find optimal conditions providing a
desired angular divergence of the beam at a sacrificein
the ionization probability and/or an increase in the ion
velocity spread at the cost of the demagnetization.
Thus, two primary problems result from the aforesaid:
One must (1) find the distribution of the potential, elec-
tric and magnetic fields, as well as space charge densi-
ties of the particles, inthe E [ H layer and (2) study the
ionization of the gasflow coming from the anode, using
the solution to the former problem.

It should be emphasized that the two problems are
by no meansthe only prablemsin the physicsof E O H
accelerators. Points, such as the stability of the E O H
layer, the effect of the edge effects and of the magnetic
field configuration on the formation of the ion beam,
the electrostatic stability of the ion beam in the cathode
plasma, etc., deserve further investigation.

In this work, we consider a stationary planar E [T H
layer that is uniform and equipotential on any magnetic
surface in the one-dimensional approximation. The
electrons start from the cathode plasma surface (z= 0),
are accel erated toward the anode plasma boundary (z =
Z,), are reflected by the magnetic field from the magne-
tron cutoff surface (z = z;), and return to the cathode
plasma (Fig. 1). Collisions do not affect the motion of
the electrons.

The cathode plasma consists of fast and slow ions
generated by chargereversal. Itsquasi-neutrality ispro-
vided by electrons due to gas ionization, secondary
emission from the cathode cavity walls, or artificial
injection.

Theanodic side of the layer also containsthe plasma
because of the ionization of the gas penetrating through
the anode. The thickness of the E 1 H layer is specified
by the magnetron cutoff distance z,, which is usually

TECHNICAL PHYSICS Vol. 46
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C

Fig. 1. C, cathode; A, anode; z = 0, cathode plasma bound-
ary; z= zy, anode plasmaboundary; z = z,, magnetron cutoff
surface; and H and E, magnetic and electric field strength
VEectors.

several orders of magnitude larger than the Langmuir
space charge layer for given ion current density and
potential difference across the layer. Hence, the entire
E O H layer is quasi-neutral, but the occurrence of the
doubleelectrical layer with apotential jump of about ¢,
initsinterior must not be ruled out.

At z> z,, the magnetic field H,(2) equals the applied
field H, drops from the magnetron cutoff surface
toward the cathode plasma because of the Hall current
of the fast electrons accelerated in the layer.

Slow secondary electrons generated (at a positive
potential) by the ionization of the gas penetrating
through the anode may move only to the anode, their
direction being perpendicular to the magnetic field.
Therefore, because of the low transverse mobility of the
electrons, astrong electric field that does not violate the
guasi-neutrality may exist in the anode plasma. The
detailed theoretical description of the problem is
impossible within a single article. In what follows, we
therefore will resort to several simplifications and per-
form the analysis on a qualitative basis.

MATHEMATICAL MODEL OF A DOUBLE
ELECTRICAL LAYER IN A TRANSVERSE
MAGNETIC FIELD

Consider a double €electrical layer between plane-
parallel electrodesto which the plasmalayers are adja-
cent. The system isin atransverse magnetic field. The
electricfield in the plasmalayersisassumed to beinfin-
itesimal. Let us suppose that electrons coming to the
layer from the cathode plasma have a current density j,
and aninitial energy y,, = 1 + edp,/mc. Collisions do not
affect their motion. We will look for stationary solu-
tions; i. e., we assume that the settling time (transient
period) is much greater than the magnetic diffusion
time and that the electron current markedly affects the
magnetic field distribution in the layer. It is aso
assumed that the magnetic field has an effect only on
the motion of the electrons. The magnetic self-field of
the current j, (but not j,!) is ignored. In this case, the
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vector potential of the magnetic field has the single
component A(2). lons enter the layer from the anode
plasma. Theion current density J, and the electron cur-
rent density j, are space-charge-limited. The electric
field and the ion velocity both have the single compo-
nent along the z axis. The thermal spread of the particle
velocities is disregarded. After some rearrangements,
the problem can mathematically be stated as [4]

d°U _ AM1+U+U) A

— = - ,(29)

d&®  Ju+u,)2+2U+U,)-W ~Ua—U
d’w _ AW (2b)

& JU+U+2U+U,)-W

Here, U = edp/mc?, U, = ep,/mc?, W = eA/mc?, & =
eH,(0)zZmc?, c is the velocity of light, mand e are the
mass and the charge of the electrons, M is the mass of
the ions, dA/dz = Hy(2), A = (8TEjy)/(b’mc3), A =

(41edy /M/m)/(K2mc3,/2), b = eH(0)/mc?, H,(0) # Ho,
A(0) =0, $o(0) = 0, ¢(d) = ¢,, and ¢, is the anode
plasmapotential. Thevalueof A isother than zerointhe
range0<z<z.

The boundary conditions have the form U(0) =
U'(0) =0 and W(0) = W(0) = 0. At the point ¢, =
eH,(0)z/mc?, the condition W(&.) = HyH,(0) is valid.
In addition, the conditions U'(§y) = 0and U(y) = U, =
ep/mc? must be met at some point &, = eH,(0)z/mc?.
The point &, isthe anodic boundary of the space charge
layer. The boundary conditions at the points &, and &4
will be used to determine the parameters A and A.

This problem has been studied for U,, = 0 and the
magnetic flux retained in the layer [4]. It has been
shown that the current ion density may exceed the cur-
rent density in a bipolar diode only slightly if the mag-
netic field is absent. Theion current density isthe high-
est when the size of the fast electron cloud coincides
with that of the space charge layer.

The assumption that the electrons have some initial
energy will allow usto find a new class of solutionsto
the problem. They are similar to the solution obtained
in [3] but are found by directly solving the Poisson
equation without neglecting electron inertia. Before
presenting the results obtained, we will analyze the
above set of equations and derive an important relation-
ship that isan analog of the Child—Langmuir law for the
layer in atransverse magnetic field.

Set (2) hastheintegral [4], which, by introducingi =
M2 and dWIdE = H,(§)/Hy(0) = h, can easily be

VLASOV et al.

transformed to the form

2 0 2_ 2
U h2—1+4/\[i%\/(u +Un)+w

Loggl
©)
2
— /%“ + un§+ JU.—-U —Ju_a}.

With thisintegral, the problem issimplified and now
one can use (3) together with (2a) or (2b). For z. > z,, it
is more appropriate to use Eq. (2b) and exclude the
divergence due to the space charge of the ions at the
boundary with the anode plasma.

Now, three cases are possible: z. < z; (i.e., h(€) = h,
at&.<§),z=7z(i.e,h(€)=h.andU(§) =Uat§ =& =
&q),and z. >z, (i.e, U() = U, at & > &,). At the point
€ = &, the expression (U(E) + Uy) + 0.5((U(E) + Uy)*—
WA(€)) = 0 always holds. In the first case, U(€,) < U,
and from (3) at & = &, we have

(dU/dE)?

= h’—1+4A[JU,—U(E,) - . JU,—i JOBUZ+U,].

Intherange &, < &€ < &, only the ions exist. Their
current is space-charge-limited; hence, integrating the
Poisson equation from the anode yields (dU/d€)? =
IN ,JU,—U(E,) at & = &.. Joining together the deriva
tives, we come to

h?-1

JU+iJu, + 0.5U2

In the second case, dU/d§ =0 at & = &, = &4 Using
Eq. (3), we again arrive a Eq. (4) for A.

In the third case, the expression

4N (4)

(€ ) + 4A[i (/U + Up) + 0.5((U, + Up)? —WA(E,)

- Jo5U2+U,)-JU,] = 1 ©)

holds for the point & = &.
SinceU =U, a & = &, Eqg. (2b) has an analytical
solution

h? —h2(Eg) = 21 J2(U, + U,) + Uy + U )2 —WA(Ey) .

Substituting h?(€,) from this relationship into (5)
alsoyields Eq. (4) for A.

Thus, irrespective of the sizes of the fast electron
cloud and the space charge layer, theion current density
is given by Eq. (4). It isan analog of the Child-Lang-
muir law for the layer in atransverse magnetic field and
a consequence of the momentum flux conservation law.
Equation (4) implies that the electric fields at the
boundaries of the cathode and anode plasmas are zero
and the ions are accelerated by the “Ampére” force.

TECHNICAL PHYSICS Vol. 46 No. 12 2001
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Given the “demagnetizing” parameter Hy/H,(0),
applied magnetic filed H,, and potential difference U,,
one can determine the ion current density at U, = O,
using (4). In view of the definition of A and Eq. (4), it
is easy to check that the ion current density is given by

Ho—H,(0)

T 8TM /269 /M(L+i/n, +0.5(y,—1)n?) (6)
= J.I(1-1/h?),

where

g Ho 1

"T8nM. B0 140/ +05(y.— 1)’

It follows that the ion current density cannot exceed
J. even in the case of complete demagnetization (when
h, — ). Equation (4) allows the elimination of the
parameter A from the equations and omit the numerical
joining of the solutions at the interface, in contrast to (4).

E CONDITIONS IN THE DOUBLE ELECTRICAL
LAYER UNDER A UNIFORM APPLIED
MAGNETIC FIELD

A solution of set (2) along with expression (3) is
conveniently sought in the functions St) = (h(t)? -

1D/(h; = 1), n(t) = d(t)bo, (1) = ALt o, d/dlt = h(t) =
H,(t)/H,(0), n(0) = 0, 8(0) = 0, and S0) = 0, using t =
H,(0)Z¢, as an independent variable. The integral is
taken fromt =0 until n(t) and S(t) reach unity. By vary-
ingi and h,, we made the conditionsdn/dt =0 and (n +
Ny + 0.5(y, — 1)((n + n,)? =92 =0 be fulfilled at the
No. 12
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pointsn(t) = 1 and S(t) = 1, respectively. To verify the
solution algorithm and compare our results with those
obtained previously, we first solved the problem for
N, = 0. From the definition of the parameter I, it follows
that | = 1 and does not depend on i and that the ion cur-
rent density depends only on the demagnetizing param-

eter hc2 — 1 inthis case. Figures 2 and 3 plot, respec-

tively, i and | vs. h> —1 (curves 1) for y, = 1+ 4 x 104
The curves coincide with those obtained in [4] and indi-
cate the presence of an uncertainty in i in the range of
solutions where the sizes of the fast electron cloud and
the space charge layer are equal (t, Oty). For the given
demagnetizing parameter and ion current density, there
are three alowable values of the space charge layer
thickness and the electron current density. Although the

demagnetizing parameter is small in this range (hg -

1 010°3), the assumption of the constancy of the mag-
netic field (see, e.g., [5]) isincorrect.

Figures 4 and 5 plot, respectively, t. and ty/t. vs.

h? —1 (curves1). Evenat h —1> 0.1, t/t. < 0.1; i.e,
the space charge layer thickness becomes much smaller
than the size of the fast electron cloud, or the cutoff
length. Thus, if J,— J., the fast electron cloud is sev-
eral orders of magnitude larger than the space charge
layer between the anode and cathode plasmas (z; < z. =
P.)- In this case, we can assume that the magnetic field
does not affect the motion of the electrons in the layer;
hence, the solution must coincide with the well-known
solution for abipolar diodeif it isassumed that the elec-
trons both to and from the anode. Then, the parameter i
must be equal to unity. From Fig. 2 (curve 1), we see

thati — 1when h? —=1>0.1.
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It isworth noting that when hf —1lislarge, theions

are accelerated in anarrow layer of asize much smaller
than p,. The majority of the ions form in the magnetic
cutoff regionat z=z, i.e., at arelatively large distance
to the layer where the acceleration takes place. There-
fore, when moving to the layer, some ions may reion-
ize. The estimates of the potential drop acrossthe anode
plasma that take into account gas burning-out and the
effect of the magnetic field on the motion of slow elec-
trons of the anode plasma show that the layer—anode
potential differenceison the order of the anode plasma
electron temperature and is thus insignificant provided
that the demagnetizing parameter is sufficiently large.

When solving the problem for n, = 0, we failed to
find solutions close to quasi-neutral. That is why we
considered the problem where el ectrons enter the diode
with some nonzeroinitial energy. For T.=2¢eV andy, =
1+ 4 x10% n, =102 Let us evauate the alowable
range of the parameter i. Accelerated ions with a space

charge density =A\/, /U, enter the cathode plasma from
the layer. For the quasi-neutrality to be established, the
electron space charge density in the cathode plasma
must exceed this value. Hence,

: '\/1+0'5(Va_1)nn
i1=./N, . 7
r] 1+ (ya_ 1)r]n ( )
This problem was solved with the same algorithm,

starting from relatively large values of h? — 1. Curves2
in Figs. 2-5 represent, respectively, i, I, t;, and ty/t; vs.

h? —1.Ath? —1>0.1, wehavei — 1.1 (Fig. 2). As
hf — 1 decreases, i sharply drops, the drop being even
faster than in the case n, = 0. At t, Oty, there are also
three solutions for i but at somewhat higher hg - 1. At
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h? —=1>0.1,1=0.9 (Fig. 3) and rapidly growsast, —»
t.. At t, Oty, there also three solutions for 1.

The attempt to solve the problem at hZ — 1 < 1073

was afailure. Thisis associated with the fact that when
N, # 0, the electron momentum flux at the cathode
changes. According to the momentum flux conserva-
tion law, thisrequires at least a slight difference in the
magnetic field pressures at the anode and the cathode.

Thesmaller n,, the smaller the ultimate val ue of hc2 -1.

A specific feature of this range of solutions is that
the longitudinal electron velocity first increases with z,
starting from the initial value —v,,, and then drops to
zero, as in the case n, = 0. In other words, the electric
field strength turns out to be sufficient for the electrons
to be accelerated in the longitudinal direction near the
cathode. This class of solutions is hereafter referred to
as the E layer. Figure 6 depicts typica distributions of
the potential n(t) (curve 1); variable St) (curve 2),
which characterizes the variation of the magnetic field;
longitudinal electron velocity v,(t)/v, (curve 3), and
electric field strength (dn/dt)/(dn/dt), . (curve 4).

H CONDITIONS IN THE DOUBLE ELECTRICAL
LAYER UNDER A UNIFORM APPLIED
MAGNETIC FIELD

The analysis of the problem for n,, # 0 showed that
thereis one more class of solutionsthat isradicaly dif-
ferent from the class considered above. If the parameter i
is selected such that it exceeds the value defined by (7)
only dightly, there exist solutionsthat admit a decrease
inthelongitudinal electron velocity with distanceto the
anode (v, > v, 2 0; Fig. 7, curve 3). In this case,
throughout the layer, except for the vicinity of the
anode, there existsasmall excess negative space charge
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whose density is almost constant, as demonstrated by
the electric field distribution (Fig. 7, curve 4). Here, the
size of the fast electron cloud approaches but never
reaches that of the layer. In the narrow near-anode
region, only ions that neutralize the excess negative
charge and provide the fulfillment of the boundary con-
ditionsfor theelectricfield exist. Thisclass of solutions
will hereafter be referred to as the H layer. This class,
corresponding to the case considered in [3] and
obtained directly from set (2) without neglecting elec-
tron inertia, shows that the existence of a quasi-neutral
space charge layer is apossibility. Figures 2-5 (curves 3)

plot, respectively, i, I, t,, and ty/t, vs. hc2 — 1 for the
H layer at n, = 102 As hf — 1 decreases, i somewhat

grows (Fig. 2), while | declines (Fig. 3). At hf -1=0,
the size t, of the fast electron cloud nearly coincides
with that of the layer (Fig. 5) and becomes smaller than

the layer thickness when hf — 1 decreases. Figure 7
depicts typical variations of n(t) (curve 1) and St)
(curve 2) over the layer.

Note that this model is not quite applicableto adis-
chargein crossed fields, since theionization takes place
within the cutoff region, while in the region z > z, the
ions are absent. However, even if al the ions originate
at the point z, the problem is hydrodynamically
described with the same set of equations; asaresult, the
ion current density will grow insignificantly.

GAS IONIZATION IN DISCHARGES
IN CROSSED FIELDS

The above solutions characterize the properties of
the double layer in auniform transversely applied mag-
netic field. It has been shown that the problem has only
the two classes of solutionsdiffering by cathode plasma
parameters if the demagnetizing parameter is suffi-

ciently large (h> —1>2 x 103 for n, = 102 and y, =
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1+ 4 x 10%). The E-layer conditions are realized at a
sufficiently large concentration of the cathode plasma
(i O2), while the H-layer conditions are observed when
the cathode plasma concentration is much lower (at
N, = 107, i = 0.1 or oneorder of magnitudelower). One
can set one or the other conditions through the use of
special cathodes, space charge neutralizers, which pro-
duce a cathode plasma with a desired concentration
irrespective of the basic discharge. In this case, a con-
trollable transition of the discharge from the H-mode to
the E-mode is possible. To apply our results in design-
ing closed-drift accelerators, it only remains to deter-
minethe gasionization probability and to prove that the
neglect of gas—electron coallisionsisvalid.

Consider gas ionization in the E layer when the
demagnetizing value is relatively large and z; < z.. In
thiscase, W(0) =0, W(&y) =0, and h(§y) = h(0) =1. Inte-
grating Eqg. (2b) yields the size of the fast electron
cloud, or the cutoff length:

(8)

, = (ot 0) /va+1} dy
Ro AYa=10 1 oKz /1oy
where 2K2 = (Hg —Hy(0)3/Hg = (1—1/h2) = JJ/(d)).

For 2K* = 1, the density of the ion current from the
anode plasma J, —= J. a z, —= o and the magnetic
field at the cathode H(0) —= 0O, as in [3]. Then, the
problem does not have a stationary solution, which may
cause instability.

At a sufficiently high demagnetization at z; < z,
Eq. (1) is easy to integrate with the use of the solution
to set (2) and the definition of K. Eventually,

_ 21 dy
) = Xo2K
{J(l—yz)(l—ZKle—yz)
= Xo2K*Wy(a),

X(z




1528

100 1 1 1 1 1 1 1 1
0 . . . . . .

Fig. 8.

where
Yy = (A0 J(Ya=DI(Ya+ 1) Z = X/Xo,
Xo = (0:d/MImp)/vy, o = 4o, le(l-le);
le = ¢i/(¢a+dn);

W (a) = /242 -sin‘a(F(a, 0/2) - F(a, U/4));
¢; isthe gasionization potential, F(a, @) isthe elliptic

integral of thefirst kind, and sina = 2K/4/1 + 2K?.The
function Wy(a) is depicted in Fig. 8 (curve 1).

For the ionization probability to be high, the follow-
ing inequality must be met:

lle(O()oiJOA/M/mpa>3 ©)
Vgl '

This condition establishes a correl ation between the
minimal gas pressure at the discharge anode and the
applied magnetic field. At small 2K? = Jy(Jl), P4(a)
tends to 172. This means that the ionization length A; =
1/oiny must be less than half the Larmor radius of the
ions in the applied magnetic field (J, Onyv,, where ng
is the gas concentration at the anode, and | [ 1). As
Jo — Jo 2K? — 1 and W,(a) substantially grows.
For example, if a = 1.554(89°), W,(a) = 2m, i.e,
increases roughly fourfold. Hence, the gas pressure can
be lower than in the case of small demagnetization.

Thus, we have found the conditions when the gas
flow almost entirely ionizes near the cutoff. It iseasy to
check that they are consistent with the assumption that
electron—electron collisions do not affect the motion of
the electrons. Indeed, collisions with neutrals can be
neglected if the condition 2mtp, < Ayismet (A isthefree

path of the electrons) in the E layer at h? — 1 > 10-2.
Comparing this condition with (9), we see that both

X(z) =

VLASOV et al.
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Fig. 9.

conditions hold simultaneously for most substances in
the gaseous state, because the Larmor radius of the
ions, not of the electrons, enters into condition (9) as
the free path. At A\, = 0.1A,, both conditions are satisfied

when /M/m > 120.

Consequently, our results adequately describe dis-
charges with closed electron drift under the E-layer
conditions. To find the characteristics of a specific dis-
charge under these conditions, it is necessary first to
determine from Eg. (6) the related demagnetization
value h. for given magnetic field and gasflow density that
satisfy (9). Then, having determined h,, one can find all
the characteristic of the layer, using the above results of
calculation.

For a cylindrical E layer, the situation is possible
when the cathode radius r 4, lies in the applied mag-
netic field and the anode radiusr < r,. Then, the elec-
trons move toward smaller radii and the magnetron cut-
off surfacesislocated at r < ry,. The azimuth current
arising in the fast electron cloud is now paramagnetic,
unlike the previous case, and enhances the magnetic
field in the region of electron motion. One can readily
show that the size of the fast electron cloud in the limit
case of planar geometry is aso given by expression (8)
but with 2K2 = (HZ — H2)/H? < 1 (H, is the magnetic
field at the cutoff point z). Hence, the fast electron
cloud has a finite size during any enhancement of the
magnetic field. The ionization probability isthen given
by

X(z) = Xo/1-2K?2K?

Ji = = Txo¥(a),
0 (1-y?)(1—2K21—y?)

where W(a) = (4/mcosa(F(a, 172) — F(a, 174)) and
F(a, ©) isthedliptic integral of the first kind.
TECHNICAL PHYSICS Vol. 46
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The curve W(a) isdepicted in Fig. 9. Ata — 172,
W(a) — 0and 2K? and H/H, — . Yet, theioniza-
tion probability may be high if X, is appreciable. With
regard for gas burning-out, it can be easily checked that

Xo = (4vdvy)((adjp) — 1), wherej, = (vy/20,p,) yM/M,
Vs= JeTJ/M, gy = ngvy/2, and ny istheinitial density
of the gas. Hence, X, = 200 and x(z,) = 10°t'\Ha) for
4vdv, =20 and (qyj,) = 10.

Thus, even for W(a) as small as 1072, the ionization
probability remainshigh: P(z,) = 1 —exp(—x(z,)) = 0.95.
The magnetic field grows by several orders of magni-
tudeinthiscase. Thus, it followsthe supposition that an
axial magnetic field may spontaneously be excited in
hollow-cathode discharges. Such discharges may be
used in promising inductive storage devices.

Consider now the gasionization probability intheH
layer. Strictly speaking, it is found by jointly integrat-
ing Eq. (1) and set (2). Since the solutions for the H
layer are close to the solution obtained in [3], we can
take advantage of the fact that the longitudinal velocity
of the electrons is close to that of the ions in this case.
In view of this, integrating Eq. (1) yields

X2K21 %B |e%l_+ i
o - GG G
Mo YTmM O

dy = Xo2K*Wy(r).

Ja—y)(a-2K21-y)

The curves Wy(a) for le = (2) 0.1, (3) 0.07,
(4) 0.025, and (5) 0.004 are shown in Fig. 8. For le =
0.07, the ionization probability in the H layer coincides
with that inthe E layer for small values of the parameter
2K? = JJ(JJ). At higher values of e, the ionization
probability in the E layer is larger than in the H layer
and vice versa. Thisresult is obvious, since the ioniza-
tion cross section drops with increasing €l ectron energy
and the ionization within the layer becomes stronger
than in the magnetron cutoff region.

The collisions with the neutrals can be neglected if
the inequality 22mtp/./n, < Aois fulfilled within the
electron path length in the H layer (this path is propor-
tiona to 2mtp/ ﬂ . Comparing this condition with (9),
one can seethat these conditions cannot simultaneously

be met at n, 0102 Therefore, electron-neutral colli-
sions may play asignificant role in the H layer.
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CONCLUSION

When studying the E [0 H layer, we obtained the
solutions for the one- and two-dimensional double lay-
ers subjected to auniform magnetic field. It was shown
that the problem has only two classes of solutions that
differ by cathode plasma parameters if the demagneti-
zation value is relatively large. Also, it was found that
the E-layer conditions are realized when the cathode
plasma density is large and that the collisions of the
electrons does not affect their motion in this case.

The H-layer regime arises when the cathode plasma
density is much lower. In this situation, electron—neu-
tral collisions cannot be ignored. To qualitatively eluci-
date the effect of the collisions, one should bear in mind
that the longitudinal electron velocity in the H layer
decreases from its initial value to zero because of the
force F,= &(E,— (v,/c)H,) generated by the electric and
magnetic fields. In the H layer, this force appears to be
rather small, so that the approximation E, = (v,/C)H,
applies. Dueto collisions with the neutrals, the compo-
nent v, of the electron velocity changes and the above
approximate equality becomes invalid. An electron
experiences the action of a large accelerating force in
the z direction and is thrown out of the layer to the
anode, moving ballistically, because the thickness of
the layer is much less than the free path of the electron.
Therefore, electron transfer in the H layer is not a dif-
fusion process in the conventional sense. Correct anal-
ysisof the H layer can be performed on assumption that
some fast electrons are merely lost upon collisions.

Thisarticleisthe last work carried out with the par-
ticipation of Dr. Sci. (Phys—Math.), Prof. M.A. Vlasov
and is dedicated to his memory.
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Abstract—The nonlinear interaction of wavesin aperiodic structure placed into amagnetic field is considered.
The structure is comprised of aternate semiconducting and insulating layers. The three-wave interaction tech-
niqueis applied to studying the nonlinear processes. It is shown that nonlinear phenomenain mediawith trans-
lational symmetry and in homogeneous media differ. Conditions for the resonant interaction between the first
and second harmonics are analyzed. It isfound that the second harmonic is generated when the interacting first
gpatial harmonics both co- and counterpropagate, which is possible only in periodic structures. Resonance
events improving the generation efficiency are discussed. © 2001 MAIK “ Nauka/Interperiodica’ .

INTRODUCTION

The method of second harmonic generation is used
for the local diagnostics of structures. In the recent
decade, extensive research on the second harmonic
generation in crystals [1-5], thin films [[6-9], periodic
structures [10-13], etc., has been carried out. One
effect observed in inhomogeneous (in particular, peri-
odic) media is the enhanced generation efficiency at
frequencies near the transmission edge. The reasonsfor
the anomalously high efficiency of the generation of
pump radiation harmonics in a photoionized plasma
have been considered in[14]. Waysto improve the gen-
eration efficiency for waves of different nature in peri-
odic media have been discussed in [15]. In this work,
we study the generation of the second harmonic in a
superconductor superlattice placed into a magnetic
field, using the three-wave interaction method [ 16—20].
The basic assumption in this method is the smallness of
the nonlinear terms. Its advantage is taking account of
the nonlinear terms acting in different layers of the
structure. We report the method for finding coupling
equations, discuss the nonlinear interaction of wavesin
a periodic structure, analyze conditions under which
the first and second harmonics interact with each other,
and explain the considerable enhancement of wave
interaction due to three (cyclotron, Bragg, and nonlin-
ear) resonances.

STATEMENT OF THE PROBLEM.
COUPLING EQUATIONS

Consider a periodic structure where semiconductor
layers of thickness d; and insulating layers of thick-
ness d, alternate. L et the structure be placed into amag-
netic field H, parallel to the OY axis. The 0Z axis runs
perpendicularly to the boundaries of the layers. We will
assume that the structure is homogeneous in the 0X and

QY directionsand put 0/dy = 0, omitting the dependence
on the coordinatey in the equations. Then, the Maxwell
equations are split into equations for two polarizations.
In this work, the polarization with the nonzero E,, E,,
and H, componentsiis studied.

The object of our investigation isthe nonlinear inter-
action of the waves in this superlattice. Using the
method suggested in [18] for a homogeneous medium,
one can reduce a set of nonlinear differential equations
to an algebraic set. For aninhomogeneous structure, we
obtain a set of differential equations that are solved
with the Green function [21]

b
I[?*(Lf)—(i?)*f]dv = f12. ()

Here, L isthelinear differential operator involving the
terms of the linearized set of equations, [ isthetrans

posed operator L, f and f are the eigenfunctions of
these operators, v is the coordinate space where the

operators L and E act, and a and b are the limits of
integration. Asterisk means complex conjugation, and

the writing f * (L f) denotes the scalar product.

This formula means that the eigenfunctions of the
transposed linear differential operator are orthogonal to
the right-hand side of the set of linear differential equa-
tions. Thisanalytical method has been applied to study-
ing nonlinear wave interactionsin periodic structuresin
[19, 22, 23].

In our statement, the nonlinear mechanisms are
related to current nonlinearity in the semiconductor
layers. This nonlinearity appears as nonlinear termsin
the equation of carrier motion and in the continuity

1063-7842/01/4612-1530$21.00 © 2001 MAIK “Nauka/Interperiodica’
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equation. The interaction of electromagnetic waves is
described by the Maxwell equations, the continuity
equation, and the equation of carrier motion:

€,0E, 471
<ot ol
10H,

curlg, = TR

culH, =

e e e
=+ (v grad)v, = aEl + R:[VlHO] + R[VlH]] , (2

n, 1. .
— 4+ = =
5t edIle 0,

J1 = e(ng+ny)vy,

where the bracketed vectors mean the vector product.

Set (2) iswritten for the semiconductor layers (here-
after, subscripts 1 and 2 will refer to the semiconduct-
ing and insulating layers, respectively). For theinsulat-
ing layers, ] = 0and g4, should bereplaced by €. Set (2)
can schematically be written as

Lf = A(f, f), (3)

where H is the bilinear column operator that involves
the nonlinear terms of set (2).
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According to the method developed in [18], the
solution of set (2) can be represented in the form

[

Y Cut(e(@) + ) exp(-int +iky),

kx:—oo

E

(4)

H, Z Ce()(hy(2) + h' ) exp (=it +ikyt),

kX:—Oo

where C,(t) is the lowly varying amplitude of the kth
wave; the components e and h, depend on z, since the
structure isinhomogeneousin the 0Z direction; and @9

and h{*” are the additional fields reflecting the action
of the nonlinear mechanisms.

By virtue of the smallness of the nonlinear termsin
(2), we will assume that the nonlinearity-induced time
variation of the interacting wave amplitudes is slow;
that is,

dInC

The operator L follows from linearized set (2) for
the semiconducting and insulating layers. For the first
layer (Nd < z< d; + Nd),

O
kd _ @ o D
woz OC(A)Z_(A)'Z_| %
o o
.C, 2 . p W
—k< + — —£
Iookx i—=€o—igg 002—(;)2,_,% ©6)

DG+ e 0 0

oS
A Culen + €89

for the second layer (d, + Nd< z< (N + 1)d),

o 0
].cad W k. 0 0
. Ogzticée ¢33, O
[f = E 0z E
ka .C,2 .
7 %oz TwteRg @

D Ci(eo+€5”) D_

D
OCu(ep+ eggd)) O

Equations for finding the function C,(t) (coupling
equation) will be found with the Green formula. Con-
TECHNICAL PHYSICS Vol. 46
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sider integration in formula (1) in greater detail. Inte-
grating dx and dt yields the product of the delta func-

tions 8(w — w)d(kx — k) in terms of linear operators.
Integrating dz yields the difference in the related field
components a the boundaries of the structure. Since the
fields satisfy the boundary conditions, the integrals of the
linear terms vanish. On the left-hand side of (1), only the
termsinvolving the additional fields €2 are left:

de

L(8/52)Cdpi™ = i

Y CeCePu(dr, p)e

Ky = K + kg
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where H; isthe operator consisting only of the nonlin-
ear terms of the semiconducting layer, ¢, isthe column
vector involving the components of the field e, and

(ad) isthe column vector involving the components of
the field e@d),
This set of equation is inhomogeneous. For the

semiconducting layer, the nonlinear terms have the
form

H, = _enogmvl)vl"- __((*)H W )[VlH]
(8)

+iw(v,d)v, - V1(H Hy) - [(V1D)V1Ho]%

D‘ndj

where the parenthesized vectors mean the scalar
product.

To obtain the operator H1, it isnecessary to express
v; and H; through E; and symmetrize the resulting
expression. From equations (2) for the polarization
studied, we find

2

. e e
—iw=E;+—=[E;H]
. m- 1 ZC 1Mo,
' W — W ’ ©)
. C

When integrating dz in the nonlinear terms of (1),
we split the integral J"’ into the sum of integrals over

structure layers, separating aregion of width 29, (o, — 0)
at each of the boundaries:

J’= lim
5, -0,i=04%1, ...

3 =0, +d; O +d; -5, +d
+ J’ J' + J‘ + J’ + .
=3 =5 +dy  §y+d;

whered = d; + d, isthe period of the structure.

Since our structure is periodic, we apply the Floquet
theorem and reduce the integral s of the nonlinear terms
to those over the first period. Then, the periodicity of
the structure will be reflected by the sum

Z exp[i(k + k' —k+2mn/d)7];

n=—ow

n=0=1,...,

which leads to the conservation law for the Bloch com-
ponent of the wave vector:

K +k' —k+2mmn/d = 0. (10)

BULGAKOV, SHRAMKOVA

Here, k isthe so-called Bloch wave number, which is
the “average” of the transverse wave numbers k,; and
k,, of the semiconducting and insulating layers.

L et us assume that the components of the additional
field obey the same boundary conditions as the linear-
ized ones. Then, if the resonance (synchronism) condi-
tions

wWw+w'-w-=0,
ki + K —ke = 0,
21N

kd=0

are met, the equation for the amplitude C, takes the
form [17-19]

dC,
dt
where W, .\ isthe matrix coefficient.

The equations for the amplitudes C, and C,. are
obtained by permuting the subscripts. It should betaken
into account that, along with relationships (11) and
(12), the parameters k, w, and k, are related by the dis-
persion relation for an infinite periodic medium placed
into amagnetic field [24]:

(11)

K+Kk'—

= Wi ke, kCeC, (12)

coskd = cosk,,d, cosk,,d, —

€¢182 |:|j(21|]
2k21k22 Ilfl

|j<22:| 2[]€m ] ;
+ Bl K }smkldlsmkzzdz,

0 0
wherek, = [e—k; andky = [5¢,—k; arethe
c c

transverse wave numbers for the semiconducting and

insulating layers, & = g+ sD lg is the Voigt permittiv-

ity, and g and €, are the components of the permittivity
tensor:

(13)

0 wi(w+iv) O
€I = &x T &4 = sogl_w[((x)p'l(" )2 )(UZ]D’
iv) —
T

Wy
0 . .
W[ (w+iv)® —wi]

€y = &, = —€,, = —i¢

Here, w, isthe plasmafrequency, &, isthelattice part of
the permittivity, wy, isthe cyclotron frequency, and v is
the effective collision frequency.

In [24], dispersion relation (13) was obtained by
using the transmission matrix that relates the fields at
the beginning and at the end of the period.

For the subsequent discussion, we need expressions
for the fields. Their derivation is straightforward and
TECHNICAL PHYSICS Vol. 46
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here is omitted. For thefirst layer (Nd < z< d; + Nd),
Hy: = Aj(cosk,z+ Aysink,2),
for the second layer (d, + Nd< z< (N + 1)d),
Hy, = A(B;cosk,z+ B,sink,,z).

The coefficients A,, B;, and B, are found from the
continuity condition for the tangential field components
at the interfaces and the Floquet theorem:

Bl = COSkzld1COSk22d1+ ——S.nkzzdl
K€¢1
%lenkzldl—lk coskzld1D
€
0, o .
+ A2|:|S|nkzld100$k22d1 - _Snkzzdl
0 Ko€+11
x B,y cosk,d, + ik -2 sink a8
71 2101 xalll 21 15%1
82 = COSkzldlsinkzzd1+ ———COSkszl
K€+,

SDl . |:|
x ka% cosK,; — Ky SNk, di

0. .

+ A,8ink,,d;sink,,d; + e cosk,,d,
] z2¢f1
B(Zlcoskzldl + |k smkzldID D

€1
€ 0
A, = |(i)k—fiDcoskzldlcoskzzd2
Mz
1€s . .
sink,,d;sink,,d,
2€11
kg . ikd U
x22 “0 cosk,, d, sink,,d, — e
K€€ 0

where my, is the element of the transmission matrix:

wE
my, = —|Ek—”s|nk ,d, cosk,d, —

x cosk,,d; sink,,d,

&

ck,,
(15)

_ WEM Ky
C &Kk

g,8nk,,d, sink,,d,.
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Fig. 1. Dispersion relation. £g = 17.8, d; = 0.01 cm, &5 = 2,
d, =0.015 cm, and kd = 2.

The band structure of the spectrum with allowance
for the finiteness of the velocity of light is depicted in
Fig. 1 (curves 1-8). The calculation was made for a
superlattice wherethefirst layer isInSb (g, = 17.8), the
second layer isan insulator (g, = 2),d; =0.01 cm, d, =
0.015 cm, and k,d = 2. The transmission bands are indi-
cated by hatching.

The features of nonlinear interaction due to the peri-
odicity of the structure are as follows.

(1) The matrix element and the synchronism condi-
tion are meaningful only in the transmission bands of
the superlattice.

(2) Thefirst two laws are similar to the synchronism
conditions in a homogeneous medium. The third one
represents the law for the Bloch components of the
wave vector. Theterm (2rm)/d reflects the periodicity of
the structure. This relationship replaces the law for the
z components of the wave vector in homogeneous
media.

(3) The matrix element W . \ iscomplex for a peri-
odic (inhomogeneous) medium and imaginary for a
homogeneous one.

Schematically, the matrix element can be repre-
sented as the sum of four terms of type

coskd, —1 +isinkd,
K ’

fs (16)
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Fig. 2. Dispersion relation.

wherek, =k, + k}; * k}; andf,isacoefficient depend-
ing on the amplitudes of the interacting waves.

The coupling equations have been studied in [20]. It
has been shown that the physical characteristics of the
wave interaction can be obtained by investigating the
dependences of the coefficients W - on the parame-
ters of the structure.

INTERACTION BETWEEN THE FIRST
AND SECOND HARMONICS

Let usanalyze the interaction of the first and second
harmonics with frequencies w= 2w and w'. In thiscase,
the synchronism conditions are as follows:

o= 2w, k, =2k, k= 2K. (17)

To determine k;, and w', we use the set of dispersion
relations

d = : - €i1€2 [Kurf
cosk'd = cosk,,d,cosk,,d, — liedl
z1Y1 z2M2 Zk;lk;z[Q}lD
Keat” 2080 O it A il
* [0 Ky g e [ }S‘nkzldlsnkzzdz,
I (18)
coskd = cosk,d; cosk.,d, — 1152 [EEZADZ
a 2z 2k21k22 |}fllz|

K1 | 2] € Dz] - -
+ === —kK,m7———= |sink,,;d,sink,,d,.
DEZD B:ulsle 1Y1 2U2
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Since gy # €54, k,; # 2K, . Because of this, this set
of eguation cannot be solved analytically. The numeri-
cal solution of this set is depicted in Fig. 1 by continu-
ous curves 1-8. The curvesliein the transmission band.
They al break at k' = 112, since at k' > 172, k > 11, that
is, the second harmonic falls into the opague band.

Since the sign of the Bloch wave number cannot be
found from the dispersion relation, the specific law for
the Bloch numbers yields the new type of interaction:
K+ 2%‘ = k-Kk, (19
that is, the second harmonic is excited as aresult of the
interaction between two first harmonics counterpropa-
gating along the 0Z axis.

Continuous curves 1-14 in Fig. 2 depict the numer-
ical solution of the dispersion relations for the first har-
monicsin view of synchronism condition (19).

Now consider the frequency and field dependences
of the matrix coefficient W, Figure 3a shows the W(w)
and W(H) dependences for curve 7 in Fig. 1; Fig. 3b,
the W(w) and W(H) dependences for the second har-
monic of curve 7; and Fig. 3¢, W(w) and W(H) depen-
dences for curve 5. The curves are normalized to the
maximal values. The matrix coefficient depends on
cyclotron, nonlinear, and Bragg resonances.

() At W' = wy (W=2wy) or W= wy, (W =2w,/2), we
are dealing with the cyclotron resonance for the first or
the second harmonic, which leads to infinite values of
W and W. The divergence of the W(w") and W(H)
dependences in Fig. 3c stems from the increase in the
carrier velocity v; at w= wy [see (9)]. It isapparent that
the divergence is associated with the disregard of dissi-
pation processes. With the dissipation taken into

account, 1/(wﬁ| — o¥) in (9) should be replaced by
U(wh — o — 2ived + v?) ([see (14)].

(i) The value of W also growsif one of the values of
ks vanishes [see (16)]. The situation when k vanishes
can be considered as the condition for nonlinear reso-
nance. Note that the real part of the second factor in
(16) vanishes and the imaginary part equals d, in the
limit k, — 0. Therefore, either ReW (ReW) or
ImW (ImW) may solely have amaximum. The physical
reason for the enhanced wave interaction is that the
energy of the interacting waves turns out to be small at
k,=0.

(iii) Bragg resonance is the resonance associated
with the structure period. Its essence is that the field
amplitudes take infinite values at points where

m, =0 or

my, = 0. (20)

Solutions for these relationships lie in the forbidden
bandsfor thefirst or the second harmonic (since (my; +
m;,, )/2 > 1 or (my; + my,)/2 > 1, where the synchronism

TECHNICAL PHYSICS Vol. 46 No. 12 2001
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Fig. 3. Freguency and field dependences of the nonlinear coefficients: (a) for curve 7 (first harmonic) in Fig. 1, (b) for the second

harmonic of curve 7 in Fig. 1, and (c) for curve 5in Fig. 1.

conditions fail. Therefore, the condition for Bragg res-
onance cannot strictly befulfilled. At the sasmetime, the
field amplitudes within the allowed bands are finite and
depend on how much close the resonance points are to
those meeting synchronism conditions (17) and lying at
the boundary of the bands. Thus, the considerable
increase in the matrix element W at the boundary of the
transmission band is explained by Bragg resonance.

For the curvesin Fig. 3, the maxima of ImW(w) and
ImW(H) and the minima of ImW(w') and ImW(H) are
due to the resonance for the first harmonic (Fig. 3b).
Bragg resonance (Fig. 3c) leads to the increase in
ReW(w), ReW(H), ReW(w'), and ReW(H). The run of
the curves at the high-frequency edges is explained by
the competition between Bragg and nonlinear reso-
nances.

CONCLUSION

We studied the nonlinear interaction of the wavesin
a periodic semiconductor—insulator superlattice placed
into amagnetic field. The nonlinearity isdueto the non-
linear free-carrier current in the semiconductor. We
used the three-wave method, which applies to periodic
structures. It was assumed that the nonlinearity issmall,
i.e., that the energy of nonlinear interaction is lower
than the energy of theinteracting waves. The features of
the nonlinear interaction that arise from the periodicity
of the structure were discussed. The generation of the
second harmonic was considered for the co- and coun-
2001
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terpropagating first harmonics. It was demonstrated
that the amplitudes of the first and second harmonic
change because of cyclotron, Bragg, and nonlinear res-
onances. The competition between these resonances
gives rise to the complex frequency and field depen-
dences of the nonlinear coefficients. Of special impor-
tance isthe fact that for the semiconductor superlattice
placed into the magnetic field, the efficiency of har-
monic generation depends on the magnetic field: the
wave interaction is markedly enhanced at the point of
cyclotron resonance.
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Abstract—The problem of increasing the recording density in magnetic storage devices is considered. It is
shown that nanograi ned magnetic film mediaare candidate material s for magnetic data carriers. For these mate-
rialsto completely meet the requirements for super-high-density magnetic carriers, appropriate structure order-
ing must be set in the films. To thisend, it is suggested to take advantage of the high adsorbability of 3d metal
nanoparticles on high-molecular compounds. To produce the carriers based on these materials with arecording
density of as high as 10'° bit/cm?, nanoparticles of size <5 nm should be embedded in a polymer matrix. To do
this, it is necessary to combine chemical and physical methods for nanocomposite production. © 2001 MAIK

“ Nauka/lInterperiodica” .

INTRODUCTION

It seems quite realistic that science and technology
of the 21st century will deal with nanometer- or even
angstrém-size (quantum) objects, since many of the
conventional  microelectronic  technologies are
approaching or have already reached the fundamental
(classical) limits of miniaturization. This stimulatesthe
search of alternative lines of attack. Sincethe properties
of asolid depend on its chemical composition, atomic
structure, and dimensionality, the transition from a 3D
(massive) body to an object whose dimensions in one,
two, or three directions are as small as severa inter-
atomic spacings leads to a change in the physicochem-
ical properties of the material. The specific properties
of materials structured on the nanolevel (hereafter
called nanostructured materials) provide the basis for
the devel opment of new-generation electron devices as
microelectronics is now steadily passing from the
micro- to the nanometer scale. An exampleisthe break-
through in the recording density of magnetic storage
devices.

THE TRANSITION FROM MAGNETOOPTIC
RECORDING TO LONGITUDINAL MAGNETIC
RECORDING

In 1983, the US Commission on Magnetic Materials
was established with the aim to judge the worldwide
and national levels of research in thefield of magnetism
and outline directions of further development. The brief
report of the Commission wasissued in 1985 [1]. It was
stated, in particular, that fundamental research on the
physics of magnetic phenomenon is of great impor-
tance, since magnetic materialsare “ perfect systemsfor
studying and verifying the basic concepts of the physics
of solids.” On the other hand, it was reported that the
market of devices based on magnetic materials progres-

sively expands. Among new promising applications of
magnetic materials, emphasis was placed on external
magnetooptic computer memories.

This direction is closely related with further
advances in computer technology, whose potentialities
depend on the performance of datawriting, storage, and
processing devices. At that time, optical technology
was considered as a very promising way of increasing
the RAM capacity. As aternative materials (carriersfor
regenerative magnetooptic storage devices), film aloys
of rare-earth and transition metals were brought to the
fore. The parameters of these films met the require-
ments of RAM designers completely [2, 3]. In these
devices, datawriting and reading are carried out with a
laser beam. The recording density is restricted by the
diffraction limit of optical radiations used and amounts
to =108 bit/cm? [4]. The predictions of RAM designers
wereto agreat extent realized: early in the 1990s, mag-
netooptic memory devicesfilled their nichein the com-
puter market [5].

Next item on the agenda was to devise till denser
memories. In 1990, the idea of developing magnetic
memory with a record density of =1.5 x 10® bit/cm?
based on longitudinal recording was put forward [6]. In
1992, the technology of a magnetic memory with a
record density of =1.5 x 10° bit/cm? was el aborated [7].
The new high technologies required novel materials
whose properties depend on appropriately arranged
structural nanoblocks. Let us consider the requirements
for a magnetic carrier of recording density 1.5 x
10° bit/cm?.

Asisknown, magnetically ordered materials consist
of uniformly magnetized regions (domains) and transi-
tion regions (domain walls), where the magnetization
varied from point to point. For a magnetic medium to
be utilized for recording to the maximal extent, domain
walls should be asthin as possible. The wall width Wis

1063-7842/01/4612-1537$21.00 © 2001 MAIK “Nauka/Interperiodica’
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Fig. 1. Distribution of hexagonal grainsin the ZX plane. The
arrows indicate the directions of the easy axes of uniaxial
anisotropy.

a

defined as W = (A/K)Y2, where A is the exchange
parameter and K is the anisotropy constant. The sim-
plest way to makethewall thinner isto decrease A. This
is easy to do in nanograined film materials where mag-
netic particles are separated from each other by a non-
magnetic spacer. Here, the particle size D is of great
importance, since it specifies the signal-to-noise (S'N)
ratio upon reading data. The value of D is calculated by
the formula[8]

S/N = 10logS/D?,

where Sisthe area per bit. For arecord density of 1.5 x
10° bit/cm? and SN = 3040 dB, D = 10-15 nm.

Now let us determine the basic magnetic parameters
(coerciveforce H,, remanent magnetization M, , and the
shape of hysteresisloop) of the nanograined films with
the particles of the nanometer size. Since in longitudi-
nal magnetic mediathe magnetization vector liesin the
carrier plane, a large demagnetizing field arises. The
value of H. should therefore be selected as a trade-off:
on the one hand, it must exceed this demagnetizing
field; on the other hand, the capabilities of the read head
must be taken into account. For the given recording
density, H. = 3000 Oe. The value of M, is determined
by the formula[9]

a = [M,d(h+8/2)/mH]"™,

FROLOV

where a is the width of the transition region between
bits, histhe head—carrier spacing, and & is the width of
the magnetic layer of the carrier.

For a= 13 nm, h=20nm, 8 = 10 nm, M, =500 G.
The carrier al'so must have arectangular hysteresisloop
with a high ratio M,/M,, where M, is the saturation
magnetization. The feasibility of producing nan-
ograined filmswith such magnetic parameters has been
discussed by Zhu and Bertram [10]. They estimated the
effect of the magnetic film microstructure on magneti-
zation reversal and the hysteresis shape. The thin-film
medium is represented as the planar arrangement of
hexagonal nanograins shown in Fig. 1. Here, d is the
width of the film, which coincides with that of the
grains, D isthegrain sizein the ZX plane; d istheinter-
granular spacing; and a = d + D is the lattice constant.
Each of the grainsisasingle-domain particle where the
magnetization is reversed by the coherent rotation of
the magnetic moment. The calculation involves the
coupled dynamic equations with the Landau-Lifshitz
phenomenological damping parameter. In this model,
the effect of the microstructure on magnetic hysteresis
shows up through exchange and dipole—dipole interac-
tions between the particles (Fig. 2). The inclusion of
both interactions leads to an increase in the ration
M,/M, and a decrease in H.. If, however, the dipole—
dipole interaction is significant, magnetization reversal
causes a vortica domain structure to appear and the
quadratic shape of the hysteresis loop becomes dis-
torted. Strong exchange interaction between particles
widens the transition region between the domains.
Thus, it has been shown that the nanograined filmswith
an appropriate microstructure can have parameters nec-
essary for high-density memory applications.

Subsequently, such devices have been created. Fig-
ure 3 shows a typical structure of the carrier used in
advanced memories with longitudinal writing [11]. The
carrier consists of several layers of which we are inter-
ested primarily in the Cr underlayer and the Co mag-
netic layer. The grain size in the magnetic layer
depends on the microstructure of the underlayer
(Fig. 4). The underlayer is usualy made of Cr and
NiAl. As the magnetic layer, Co-based aloys with Cr,
Ta, Pt, etc. admixtures are employed. With such carri-
ers, a recording density of 34 x 10° bit/cm? [12, 13]
has been attained. Memories with a recording density
of up to 1.5 x 10° bit/cm? are predicted to appear in the
former half of the current decade [14]. Several years
ago, the problem of creating memory devices with a
recording density as high as =10 bit/cm? has been
posed [15, 16].

REQUIREMENTS FOR MAGNETIC CARRIERS
WITH A RECORDING DENSITY
OF >10% bit/cm?

Asacarrier for super-high-density memories, quan-
tum magnetic disks have been suggested [15]. In these
TECHNICAL PHYSICS Vol. 46
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disks, bits are single-domain particles in the form of a
column or a strip that are evenly spaced in a nonmag-
netic matrix. The shape and the form of each of the bits
are selected such that their magnetic moments have
only two oppositely directed quantum states of the
same amplitude. Theideaof quantum magnetic disksis
by far very promising but requires much investigation
into writing and reading processes and the devel opment
of the reliable technology.

It therefore seems logical to consider the potentiali-
ties of nanograined magnetic films as a medium for
super-high-density (=10'° bit/cm?) devices. Consider
the requirements for the parameters of the films. Since
the bit size decreases as the recording density grows,
the demagnetizing field in longitudinal-writing media
naturally increases, hence, H, must be no less than
5000 Oe[16]. To keep theratio SN at ahigh level dur-
ing data reading, the size of the magnetic particles must
not exceed 5 nm. This raises the question as to whether
thereisapossibility of obtaining the desired parameters
in the films considered.

It is known that the properties of the nanograined
films depend on the properties of the nanoparticles and
on the interactions between them. Let us see how the
magnetic properties (M, H., and the Curie temperature
Te) vary asthe particle size decreases. The variation of
M in nanoparticles was discussed as early as in the
1960s[17]. By comparing the exchange energy, which
is the energy of magnetic ordering, with the energy of
zero-point oscillation, it has been found that the ferro-
magnetic properties of 3d metal particles of size<l nm
disappear at any temperature. Later, the magnetization
of free 3d metal clusters containing from 10 to
300 atoms was measured. The < 1-nm clusters were
found to be magnetized at temperatures between 100
and 200 K [18], and the magnetization may even
exceed M of the bulk material [19]. This effect is
related to the increased number of localized 3d elec-
trons in the nanoparticles [20].

In the 1980s, works where the effect of the particle
size on the Curie temperature was considered appeared.
Although T, of the nanoparticles is lower than in the
bulk material, it was estimated at 500600 K even for
particles of size 1.0-1.5 nm [21].

Asthe magnetic particle size decreases, the coercive
force becomes more difficult to measure. A typical H,
vs. D dependenceis shown in Fig. 5 [22]. As the parti-
cle size diminishes from 40 to 20 nm, H, grows,
because the particles pass into the single-domain state.
On further decreasing D, the coercive force sharply
drops. Thisis associated with growing thermal fluctua-
tionsin the directions of the magnetic moment M of the
particle. The magnetic moment M tends to align with
the direction of easy magnetization, which isdefined by
the magnetic anisotropy of the particle. For M to devi-
ate from this direction, it is necessary to overcome the
energy barrier KV (V is the particle volume). The mag-
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Fig. 2. Hysteresis loop for volume-disordered anisotropy
axes. (a) Exchange interaction between the grainsis absent,
d/a= 0.5, dipole-dipoleinteraction M/H, = (1) Oand (2) 0.4
(Hy is the anisotropy field); (b) M/H, = 0.4, &/a = 0.75,
exchange interaction is (1) 0 and (2) 0.15.
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Fig. 3. Carrier for longitudinal writing.

netic moment direction starts to noticeably fluctuate
when the mean thermal energy kT (kg is the Boltz-
mann constant) becomes comparable to the energy of
anisotropy. At ks T, = KV (T, is the blocking tempera-
ture), a magnetic particle ensemble subjected to an
external magnetic field and temperature behaves as a
paramagnetic molecular gas with the only exception
that the directions of the magnetic moment of the parti-
cles, not molecules, vary in the particle ensemble. This
phenomenon has been called superparamagnetism[17].
Inthis case, the temperature dependence of the coercive
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Fig. 5. Coercive force vs. Fe grain size. The particles were
deposited in the (1) O, and (2) N, atmosphere.

forceisgiven by [11]
Heol 1 - (T/Tp)"Y.

Asfollows from this expression, the coercive force
can beincreased by increasing the temperature of tran-
sition to the superparamagnetic state. To do this, one
must raise the magnetic anisotropy constant of the par-
ticles. This can be done in three ways. (1) by using
materials with a high crystallographic anisotropy (Co—
Sm, Co—P, and like aloys), (2) by varying the shape of
the particles (from spherical to elongated [23]), and (3)
by inducing the anisotropy in a particle ensemble via
exchange and dipole—dipole interactions. While the
first two approaches have already been applied in pro-
ducing novel magnetic carriers, the last one has not yet
been implemented. For example, the effect of exchange
and dipole-dipole interactions on the hysteresis loop
has been considered only for the case of a one-layer
nanostructured film [10]. At the same time, the interac-
tion between magnetic particles has received much
attention. Let us address ourselves to the results
obtained in [24].

In [24], the conditions for ferromagnetic ordering in
a set of single-domain particles interacting with each
other are found in the mean field approximation. The

H, =

FROLOV

set is comprised of spherical ferromagnetic particles of
radius D/2 embedded in a solid nonmagnetic matrix.
The distribution of the particles in the matrix is smu-
lated under the assumption that their centers occupy
(with a praobability p) the sites of the tetragonal lattice
having the periods d, (along the X and Y axes) and d,
(along the Z axis, which isthetetrad axis). It isassumed
that the interaction between the particles is magnetic
dipole, the particles are uniaxial, their axes of easy
magnetization are perpendicular to the XY plane, and
the dynamics of the magnetic moment for any of the
particlesisdescribed by the stochastic LandauL ifshitz
eguation.

It has been established the ferromagnetic ordering in
this system takes place at d,/d; < 1. Asthe radius of the
particles grows, the superparamagnetic—ferromagnetic
phase transition temperature T, rapidly approaches the
Curie temperature of the bulk material. For example,
for a set of single-domain Co particles (p = 1, d,/d; =
0.5, and d, = 3D/2), theratio T, /T changes from 0.25
to 0.7 with D/2 varying from 2.5 to 3.5 nm.

The physical reason for the presence (at d,/d; < 1)
or absence (d,/d; = 1) of ferromagnetic ordering in this
system is the competition between magnetic dipole
interactions between the particles. The particles sur-
rounding some arbitrary chosen one can be subdivided
into two groups according to their positions. Those of
the first group produce a mean magnetic dipole field at
the central particle chosen, this field being parallel to
the magnetization vector, while the particles of the
other group produce an antiparallel field. Ferromag-
netic ordering occurs when the particles of the first
group make a major contribution to the total dipole
field, which takes place at d,/d; < 1.

The result obtained indicates that a certain structure
ordering in a set of interacting magnetic particle sub-
stantially raises the superparamagnetic—ferromagnetic
phasetransition temperature. With the beneficial effects
due to the first and second approaches added, one may
expect a significant rise in this temperature even for
<5 nm particles.

From the aforesaid, it can be concluded that nan-
ograined magnetic films with an ordered arrangement
of the nanoparticles can meet the requirements for lon-
gitudinal recording carriers with a recording density
above 10 bit/cn??.

FORMATION OF AN ORDERED STRUCTURE IN
NANOGRAINED MAGNETIC FILMS

Ways for tackling the problem should be looked for
in the new field of chemistry, so called supramolecular
chemistry [25]. The subject of supramolecular chemis-
try is the synthesis and study of molecular ensembles
(including clusters) with the self-organization proper-
ties. While conventional chemistry deals largely with
reactions that break or produce vaence bonds,
supramolecular chemistry studies almost exclusively
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Fig. 6. Au nanoparticles are assembled into the (a) bce and (b) t-fec lattice.

nonvalent interactions, such as weak hydrogen bonds,
electrostatic interaction, etc. The energy of these bonds
are one to two orders of magnitude lower than the
energy of valence ones; however, when combined,
many such bonds may produce associates that are sta-
ble and at the same time readily change their structure.

Metal nanoparticles are highly reactive and have the
developed surface. Accordingly, they are involved in a
variety of spontaneous processes. To improve their sta-
bility isabasic challenge. For this purpose, various sta-
bilizers are employed. One widely used approach is to
stabilize metal nanoparticleswith high-molecular com-
pounds. The result is composites where ultradisperse
particles or clusters are randomly distributed in a poly-
mer matrix [26].

In recent years, the ensembles of passivated metal
nanoparticles with the self-assembly properties have
received much attention. Luedtke and Landman [27]
studied the structure, dynamics, and thermal dynamics
of ensembles of akyl siloxane—passivated gold nano-
particles. The position and the concentration of the
monolayers passivating the faces of the gold nan-
ograins indicated that the monolayers are assembled
like molecular packets of preferred orientation. On
heating, this ordered state reversibly passes to the ran-
dom intermolecular distribution. The equilibrium
arrangement of adsorbed nanograins depends on the
length of a molecular chain involved in passivation. If
passivation is through a chain of Au,44(C,HgS)s, mole-
cules, the bec superlattice forms at room temperature
(Fig. 6a), which transforms into the fcc one on heating.
At T = 300 K, the equilibrium superlattice of
Auy0(CoH5S)g, Nanograins represents the tetrago-
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nally distorted fcc structure (t-fcc in Fig. 6b). The
strength of the superlattices is due to the interaction
between packet molecules. The superlattice parameters
area=2.9nmforthebccanda=b=4.3nm,c=5.1nm
for the t-fce. Such ordered structures may be stable up
to T =800-900 K [28].

Subsequently, Yin and Wang [29] produced super-
lattices based on 3d metal nanograins. However, their
technology concealed the danger of oxidizing 3d metal
nanoparticles. To refine the resulting mixture, the metal
particles were extracted by magnetic separation. There-
fore, superlattices based on CoO nanoparticles were
studied. The particles had the form of atetrahedron (the
edge length =4.4 nm) and form the fcc superlattice
(with the parameter a = 12 nm). On heating to 600°C,
the ordered structure breaks down, and a mixture of
Co,C and Co4C nanograins instead of CoO results.

The material s described above were produced by the
chemical method (the solution reduction of the metal
compounds in the presence of stabilizers). This method
isinappropriate for producing purely magnetic materi-
als. Therefore, the need for physical methods (phase
transitions of the first order in the absence of chemical
reactions) to obtain nanograined magnetic films has
emerged. Here, condensation methods have received
the widest acceptance. Their essence is the assembly of
the nanoparticles from individual metal atoms with the
use of molecular or cluster beams. The atoms are then
grouped together to produce a cluster that becomes a
nucleus of the new phase once it has reached a certain
size and exhibited the clear-cut physical interface.

At first glance, the cluster beam technology seems
to be the most adequate solution to this problem. Mate-
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Fig. 7. Setup for evaporative deposition of the films from a
neutral cluster beam. |, cluster generation chamber; 11, clus-
ter transport tube; I, chamber of cluster ion detector;
1V, deposition chamber; 1, pulsed laser; 2, target; 3, tube
and valve for pulsed injection of helium; 4, nozzle; 5, skim-
mer; 6, cluster flux; 7, excimer laser; 8, accelerating grids;
9, cluster ion flux; 10, detector; 11, substrate; 12, evaporator
of matrix material; 13, ion beam for cleaning the substrate;
14, Auger spectrometer; and 15, diffractometer.

Fig. 8. Setup for evaporative deposition of the filmsfrom an
atomic beam. 1, Vacuum chamber; 2, pulsed laser; 3, target
(cathode); 4, circular electrode (anode); 5, substrate;
6, capacitor bank; 7, bank charger; 8, to pump; and 9, work-
ing gasinlet.

rials thus obtained are thin films where clusters are
embedded in an inert matrix. This technology has been
applied by Perez et al. [30, 31]. They used alow-energy
cluster beam to deposit nanograined films (including
films of 3d metals). The associated setup is depicted in
Fig. 7.

The generation of clusters is the most effective
under nonequilibrium conditions, when the gas con-
denses into the bulk phase by cooling and the process
ceases at the intermediate stage. Such conditions are
the easiest to set when the gas or vapor freely flows out
of anozzle and expandsto form acluster beam. Thetar-
get materia is evaporated by alaser shot. Atoms evap-
orated are mixed with a buffer gas flow, and the subse-
guent expansion of the mixture into a vacuum through
anozzle leads to the formation of clusters. The mass of
the clusters is measured with a time-of-flight mass
spectrometer. Before the measurements, the clustersare
irradiated by an excimer laser, ionized, accel erated, and
directed to the measurement chamber. The neutral clus-
ter flux strikes the substrate placed in the evaporation
chamber.

FROLOV

The character of cluster—substrate interaction
depends on the particle energy [32]. If the energy islow
(<1 eV/atom), the cluster, when touching the surface,
behaves as aliquid drop: initiadly, it adheres to the sur-
face and produces a planar contact. Then, the surface
(outer) atoms of the cluster spread over the surface due
to diffusion, forming a thin film. When the cluster
energy is high, the collision with the surface causes an
appreciable shift of adjacent atoms, which resultsin the
erosion of the surface material, followed by its evapo-
ration. Therefore, low-energy cluster beams are used
for depositing thin films. If several materials are sput-
tered simultaneously, a complex ensemble of solid
clusters embedded in the matrix will condense. With
this approach, nanograined films of various materials
have been obtained in [30, 31, 33, 34].

However, the condensation of low-energy cluster
beams to obtain nanograined films of 3d metals is a
very complicated technology. Moreover, it does not
have any obvious advantages over other simpler pro-
cesses. The point isthat the nanograin size in the result-
ing film depends largely on thermodynamic conditions
under which the condensate forms rather than on the
vapor flux type (atomic or cluster) [30, 31]. Asaresult,
the nanograins have the same size when the films are
deposited from atomic and cluster beams, all other
things been equal .

To obtain nanograined magnetic films, we have sug-
gested the method of pulsed plasma evaporation at a
pressure of 107 torr [35—40]. Our setup is shown in
Fig. 8. The method features a high condensation rate
(~10% nm/s) at a pulse duration of ~10~* sand at acool-
ing rate as high as ~10® K/s. This approach has turned
out to be very efficient, since high vapor overcooling is
the necessary condition for obtaining nanocrystalline
systems [32]. In our method, a plasma is generated
between the water-cooled anode and a 3d metal target
being sputtered when a high-capacitance capacitor
bank is discharged in the target vapor. An initial small
amount of the vapor is produced by the laser evapora-
tion of the target. The pulsed radiation of an LTI-207
solid-state laser partially evaporates the cathode mate-
rial, producing the medium through which an electric
current passes. The atoms evaporated are ionized in the
discharge plasma. Theresulting ions of the target atoms
bombard the cathode, knocking out anew portion of the
atoms. The evaporation process lasts for atime exceed-
ing the pulse width by three or four orders of magni-
tude.

The novelty of our method is the proper choice of
the ultimate dispersion of the crystalline structure when
the number of originating nuclei islarge and the radius
of acritical nucleus coincides with that of coalescence.
Films obtained with this method grow continuous,
starting from thicknesses of 2 to 3 nm, and are com-
prised of nanograins of approximately the same size.
This stems from the in situ measurements of the resis-
tivity and the examination of the structures in tunnel
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and high-resolution transmission el ectron microscopes.
The parameters of the 3d metal films obtained with our
method are similar to those of the films produced by the
cluster beam technology: the grain sizes are equal, the
local anisotropy constant is large, and the exchange
parameter isrelatively low.

Note, however, that the nanograined films of 3d met-
als obtained by the condensation of cluster and atomic
beams have alow coercive force obviously because of
the superparamagnetic effect. To rise the temperature of
this transition, the films must be appropriately ordered.
The ordering may be accomplished by taking advan-
tage of the high adsorbability of the nanoparticles on
high-molecular compounds. For example, one may
deposit the metal nanoparticlesin an appropriate atmo-
sphere or sputter the metal and the polymer in parallel.

In this case, the new phase forms through the phase
transition, but the synthesis of the final product involves
chemical reactions [26]. Thin composite films may be
prepared under conditions when the polymerization of
related compounds and the vacuum evaporation of met-
als proceed concurrently. For example, the metalic tar-
get is sputtered in the glow discharge plasma of a poly-
mer or compounds that will be used as matrices are
sputtered in metal vapors. There can be versions where
the vapors of a metal and of an organic solvent are
codeposited onto a cooled substrate and the resulting
condensate is heated to a certain temperature. In most
of these cases, the material grows disordered. It
becomes clear that the synthesis of structurally homo-
geneous nanocomposites is impossible if the matrix is
not specially prepared. Therefore, a number of prob-
lems related to the vacuum condensation of the metal-
lopolymeric phase and to the examination of its struc-
ture should be solved before the reliable technology of
nanograined magnetic films with orderly arranged
nanoparticles that combines physical and chemical
methods is developed.

CONCLUSION

Thus, we showed that nanograined magnetic film
mediawith nanoparticles of size <5 nm are competitive
with magnetic quantum disksin the production of high-
density magnetic memory devices.

The temperature of transition to the superparamag-
netic state can beincreased if certain structure ordering
is established in these materials. To do this, one can
take advantage of the high adsorbability of the nanopar-
ticles on high-molecular compounds. In principle, the
problem can be solved by chemical methods; however,
dry (solution-free) processes for the formation of nan-
ograined structurally ordered magnetic fields seem to
be more appropriate for applications. Therefore, it is
suggested to use technologies of vacuum deposition
that combine physical and chemical methods.

TECHNICAL PHYSICS Vol. 46

No. 12 2001

1543

Note, in conclusion, that ordered nanocomposites
are not only of applied interest but also offer consider-
able scope for fundamental research.

REFERENCES

R. M. White, J. Appl. Phys. 57, 2996 (1985).

L. V. Burkova and G. I. Frolov, Zarubezhn. Elektron.,
No. 9, 3 (1987).

3. G. |. Frolov, in Magnetic Properties of Crystalline and
Amorphous Media (Nauka, Novosibirsk, 1989),
pp. 218-234.

4, K. S. Aleksandrov, G. P Berman, G. |. Frolov, and
V. A. Seredkin, Proc. SPIE 1621, 51 (1991).

5. M. D. Stoun, PC Magazine (USSR), No. 2, 11 (1991).

6. T. Yogi, C. Tsang, T. A. Nguyen, et al., IEEE Trans.
Magn. 26, 2271 (1990).

7. E. S. Murdock, R. F. Simmons, and R. Davidson, |EEE
Trans. Magn. 28, 3078 (1992).

8. J. C. Malinson, |IEEE Trans. Magn. 5, 182 (1969).

9. M. H. Kryder, W. Messner, and L. K. Garley, J. Appl.
Phys. 79, 4485 (1996).

10. J. G. Zhu and H. N. Bertram, J. Appl. Phys. 63, 3248
(1988).

11. M. E. McHenry and D. E. Laughlin, Acta Mater. 48 (1),
223 (2000).

12. D.N. Lambeth, E. M. Velu, G. H. Bellesis, et al., J. Appl.
Phys. 79, 4496 (1996).

13. H. Kisker, E. N. Abara, Y. Yamada, et al., J. Appl. Phys.
81, 3937 (1997).

14. 1. Okamoto, I. Kaitsu, H. Akimoto, et al., in Digests of
Intermag Conference, Korea, 1999, AA-03.

15. S. Y. Chou, M. S. Wei, P. R. Kraus, and P. B. Fischer,
J. Vac. Sci. Technol. B 12, 3695 (1994).

16. E. S. Murdock, P. J. Ryan, J. F. Casto, et al., in Digests
of Intermag Conference, Korea, 1999, BA-02.

17. S. V. Vonsovskii, Magnetism (Nauka, Moscow, 1971,
Wiley, New York, 1974).

18. W. A. Heer, P. Milani, and A. Chatelain, Phys. Rev. Lett.
65, 488 (1990).

19. J. P.Bucher, D. C. Douglass, and L. A. Bloomfield, Phys.
Rev. Lett. 66, 3052 (1991).

20. G. Gantefor and W. Eberhardt, Phys. Rev. Lett. 76, 4975
(1996).

21. K. Kimura, Phys. Lett. A 158, 85 (1991).

22. C.-M.Hsu, H.-M. Lin,and K.-R. Tsai, J. Appl. Phys. 76,
4793 (1994).

23. H. Aharon, J. Appl. Phys. 41, 5891 (1994).

24. S. 1. Denisov, Fiz. Tverd. Tela (St. Petersburg) 41, 1822
(1999) [Phys. Solid State 41, 1672 (1999)].

25. A. F. Pozharskii, Sorosov. Obraz. Zh., No. 9, 32 (1997).

26. A. D. Pomogailo, A. S. Rozenberg, and I. E. Uflyand,
Nanoparticles of Metals in Polymers (Khimiya, Mos-
cow, 2000).

27. W. D. Luedtke and U. Landman, J. Phys. Chem. 100,
13323 (1996).

28. S. A. Harfenist and Z. L. Wang, J. Phys. Chem. 103,
4342 (1999).

.



1544

29.

30.

31

32.

33.

34.

35.

J. S.Yinand Z. L. Wang, J. Phys. Chem. B 101, 8979
(1997).

J. P. Perez, V. Dupuis, J. Tuaillon, et al., J. Magn. Magn.
Mater. 145, 74 (1995).

A. Perez, P. Médlinon, V. Dupuis, et al., J. Phys. D 30, 709
(2997).

B. M. Smirnov, Usp. Fiz. Nauk 167, 1169 (1997) [Phys.
Usp. 40, 1117 (1997)].

J. Tuaillon, V. Dupuis, P. Melinon, et al., Philos. Mag. A
76, 493 (1997).

V. Dupuis, J. Tuaillon, B. Prevel, et al., J. Magn. Magn.
Mater. 165, 42 (1997).

G. I. Frolov, V. S. Zhigaov, S. M. Zharkov, and
I. R. Yarullin, Fiz. Tverd. Tela (St. Petersburg) 36, 970
(1994) [Phys. Solid State 36, 526 (1994)].

FROLOV

36.

37.

38.

39.

G.l. Frolov, O.A. Bayukov, V. S. Zhigalov, et al., Pis ma
Zh. Eksp. Teor. Fiz. 61, 61 (1995) [JETP Lett. 61, 63
(1995)].

G.l.Frolov, V. S. Zhigalov, A. . Pol’ skii, and V. G. Pozd-
nyakov, Fiz. Tverd. Tela(St. Petersburg) 38, 1208 (1996)
[Phys. Solid State 38, 668 (1996)].

V. S. Zhigalov, G. |. Frolov, and L. |. Kveglis, Fiz. Tverd.
Tela (St. Petersburg) 40, 2074 (1998) [Phys. Solid State
40, 1878 (1998)].

V. S. Zhigaov, G. I. Frolov, V. G. Myagkov, et al., Zh.
Tekh. Fiz. 68 (9), 136 (1998) [Tech. Phys. 43, 1130
(1998)].

G.l.Frolov,V.S. Zhigaov, L. |. Kveglis, et al., Fiz. Met.
Metalloved. 88 (2), 85 (1999).

Trandated by V. Isaakyan

TECHNICAL PHYSICS Vol. 46 No. 12 2001



Technical Physics, Vol. 46, No. 12, 2001, pp. 1545-1548. Trandlated from Zhurnal Tekhnicheskor Fiziki, Vol. 71, No. 12, 2001, pp. 58-61.
Original Russian Text Copyright © 2001 by Ginzburg, Rozental’, Peskov, Arzhannikov, Sinitskii.

RADIOPHYSICS

The Simulation of a Free-Electron Laser Amplifier
with a Ribbon Relativistic Electron Beam

N. S. Ginzburg, R. M. Rozental’, N. Yu. Peskov,
A.V. Arzhannikov, and S. L. Sinitskit
Institute of Applied Physics, Russian Academy of Sciences, ul. Ul’yanova 46, Nizhni Novgorod, 603600 Russia
e-mail: ginzburg@appl.sci-nnov.ru
Received March 19, 2001

Abstract—An amplifier based on a high-power free-electron planar laser operating at a wavelength of 4 mm
is simulated. The system is built around the U-3 accelerator, which forms a ribbon relativistic electron beam
with an energy of up to 1 MeV and a total operating current of up to 2 kA. The simulation uses various
approaches, including the direct numerical simulation of the Maxwell equations and particle motion equations
by means of the PIC-code KARAT. The approaches are shown to give close results. © 2001 MAIK

“ Nauka/Interperiodica” .

INTRODUCTION

The provision of arelatively high integral radiation
power at amoderate energy density (the energy divided
by the cross section) is one obvious advantage of using
high-current ribbon relativistic electron beams (REBS)
for the generation and amplification of microwave radi-
ation [1-3]. The chalenge hereisthe spatial coherency
of radiationsfrom different parts of the beam. For oscil-
latory circuits, this problem can be solved by applying
two-dimensional distributed feedback based on planar
Bragg structures with the double-period corrugation of
the sidewalls[4, 5].

It has been shown [6] that two-dimensional Bragg
arrays are al so appropriate for introducing the radiation
into an amplifier fed by an REB. In this case, the energy
can be uniformly distributed over the cross section of
the beam and the phase front of the output radiation can
be made amost plane. The amplifier simulated is now
being developed on the basis of the U-3 accelerator
(Institute of Nuclear Physics, Siberian Division, Rus-
sian Academy of Sciences), which forms aribbon REB
with an energy of upto 1 MeV and atotal operating cur-
rent of up to 2 KA.

In this work, the amplification process is simulated
with various approaches. In Section 1, we consider the
complete unaveraged set of self-consistent equations
that describe the interaction of the particles moving in
the field of a planar undulator and in the guiding mag-
netic field with the TEM mode of a planar waveguide.
In Section 2, these equations are averaged under the
undulator resonance condition and the linear and non-
linear stages of the amplification process are studied
based on these equations. Good agreement with the
simulation with the unaveraged equations is demon-
strated. In Section 3, we simulate a system whose
geometry is close to the real geometry of the amplifier

being developed, using the two-dimensional version of
the PIC-code KARAT. All the approaches are shown to
give similar results.

1. BASIC MODEL AND EQUATIONS

L et us assume that aribbon el ectron beam having an
initial velocity vy = vz, is transported in the field of a
planar undulator and in a uniform guiding magnetic
field H, = Hyz, through a planar waveguide made by
two parallel metalic planes that are a apart along the
y axis. The system is assumed to be homogeneous
along the x coordinate. We al so assume that the electron
beam excites the TEM mode of the waveguide. The
periodic undulator field and the field of the operating
mode are defined by the vector potentials

A, = Re{ A,cosh(hy)e™xg ,
A, = Re{ A(2)e“Pyg,

where A(2) is the dlowly varying amplitude of the sig-

nal wave; h = 217d, d is the undulator period; k = w/c;
and X,, Yo, and z, are the unit vectors of the Cartesian
system.

Using the excitation equations and the equations for
el ectron motion, we can obtain the self-consistent set of
equations that describes electron-wave interaction in a
one-way transmission-type amplifier:

(D)

2m
d . P, Siq-
ai"z_s - |JOJ’E"e =D, (2a)
z
0
P, P,y ~ -
Tk = U+ o) + (20)
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dP,
- —lEy——(HZ+H )+ H3,
(2¢)
dy _i,”’s dy Pyg Y
dz~ P, ” dz P,dz P,
P,= Jy'-1-P:—P; (2d)
with the boundary conditions aJ,;-o = a3, Pyz-=0 =

Plz=0=10, Yk=0= Yo. Ylz=0 = Ko, @d T|z-¢ = To [
[0, 2m). Here, Z=kzand Y = ky are the longitudinal and
transverse coordinates, respectively; y, is the coordi-
nate of beam injection into the interaction space; T = wt
istime; Py, , = py y, /MC are the normalized compo-
nents of the electron momentum;

E5 = -H; = Im{a " ?},

—Im{ F]kaucosh(ﬁkY)eiﬁkZ} ,

T
<
1]

_Re{ hka,sinh(heY)e™3 |

&
I

Ho = eHy/mycw

are the normalized field components; hy = h/k and

s= €A, /myc? are the amplitudes of the undulator
field and signal wave field; J, = 2¢j/mycwra is the cur-
rent parameter; and j, isthe linear current density.

In the equations of motion, time differentiation is
replaced by differentiation with respect to the longitu-
dinal coordinate: d/dt = v,d/dz.

The derivation of set (2) requires neither the syn-
chronism conditions nor conditions far away from
cyclotron resonance; hence, set (2) has afairly genera
character but averaging over fast oscillations in it is
absent. This complicates the analysis, in particular, the
elaboration of alinear theory. However, these equations
may help to check the accuracy of results obtained with
the averaged equations. Set (2) isintermediate in accu-
racy between the direct numerical simulation of the
Maxwell equations (for example, using the PIC-code
KARAT; see Section 3) and the approach based on the
averaged equations (Section 2).

2. AVERAGED EQUATIONS

To obtain the averaged equations, we will consider
the interaction of the electrons with the operating wave
under the undulator synchronism conditions

w-hv,=Q, ©)

where Q = h v, isthe oscillation frequency of the elec-
trons in the undulator field (bounce frequency).

We assumethat the signal el ectromagnetic wave and
the undulator field are far from cyclotron resonance

GINZBURG et al.

with the electrons;

|w—hv—wy| T > 2m,

(4)

AV —wy| T > 2m,

where wy = eHy/mycy, is the gyrofrequency, v/ is the
longitudinal velocity of the electrons, and T isthe char-
acteristic time of interaction.

Approximately integrating equations of motion (2b)
and (2c) under these assumptions, we find the ampli-
tude of transverse electron oscillations in the resulting
field of the signal wave and the undulator:

_ e [kiA(1/B— 1) ™™
T 2c 1-u-g

klA*(l/B” 1)@=
h l-u+g

)

_ Ajcosh(hy)e™ LA cosh(hy)e™™
1-u-g l1-u+g %

wherep, = p, +ip,, 9= w,/Q isthe cyclotron-to-bounce
frequency ratio, and u = 1 — yly, is the relative change
in the electron energy. Asterisk means complex conju-
gation.

Substituting (5) into excitation equation (2a) and

energy variation eguation (2d) and averaging over fast
oscillations, we get

dog 1 [-é
- = e 'do
9z I —u+ o
0 & (6)
dui _ g 1
dz ~h-t-g 1- u+d3Re{a aee}

where o, = aJ2y, is the amplitude of the operating

wave, o, = a,cosh(hyy)/2y, is the normalized field of
the undulator, 1, = Jy/4y, is the current parameter, and

8 = wt — (k + h)zisthe phase of the electrons relative
to the combinational wave. Tilde means averaging.

Writing the equation for the electron phase in the
form

—(k+h) (7)

and putting /B, = 1+ 1/2y* + Bé /2 inthe ultrarelativis-
tic limit, we use expression (5) for transverse electron
oscillations and average over fast electrons. Eventually,
we come to the self-consistent set of equations (tildeis
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omitted later on)

_ 1
IO“IEiL u-g 1-u+dJ

du _ 1
dz ~ O-u-g 1- u+d]Re{acxea}

Ue%de,,

de _ 1u@-u) B
dZ  yg2(1-u)® 2
1 + 1 0

2 1]
u-g)” (1-u+g)

1 4+ 1 5
{1-u-g)° (1-u+g)
with the boundary conditions ag,-o = g, Ulz-g = 0,
Bl,-0 =6, O [0, 2m). Here, A = (1 + hy) — 1/B, is the
undulator synchronism detuning.

Linearizing set (8) in the small-signal approxima-

tion and representing a solution in the form e7¢%, we
arrive at the dispersion relation

M—Ar’+br+1 =0, 9)

-4, (8)

o= (ad o

—2im{a*ae? H

where A = (A— B2, /2)C, b= 4C/u(1 - g,

1/3

2 U
C= mmo|au| u—% (10)
(1-99)
is the Pierce parameter, and
1 1+3¢°
p= 5420/ (12)
Yo (1-99)

istheinertial grouping parameter.

In the range of parameters that meets the condition
of the designed experiment, the cyclotron frequency
exceeds the bounce frequency and b is negative. Figu-
re 1 plots the optimal detuning and the maximal incre-
ment against b. The increase in the absolute value of b
decreases the maximal increment and shifts the optimal
detuning toward negative values.

The nonlinear stage of the interaction was simulated
for the parameters close to the conditions of the
designed experiment based on the U-3 accelerator.
A 12-cm-wide ribbon electron beam with an energy of
about 900 keV and a total current of 2 KA is to be
injected through a 1 x 20-cm rectangular waveguide
into thefield of aplanar undulator with afield period of
4 cm and an amplitude of the transverse magnetic field
component of 1.5 kOe. The strength of the guiding
magnetic field is 11 kOe. It is assumed that the beam
will interact with one of the lower H modes. At the
point of beam injection, the field configuration of this
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Fig. 1. Optimal detuning and maximal increment vs. b.
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Fig. 2. Optima relationships between the guiding and
undulator magnetic fields and the dependence of the maxi-
mal gain on the undulator field under the optimal condi-
tions. Continuous curves, unaveraged eguations, dashed
curves, averaged equations.

mode is close to that of the TEM mode of the planar
waveguide. A 1-MW 75-GHz gyrotron is used as an
external signal source.

Figure 2 shows the optimal (in terms of gain) rela
tionship between the magnetic fields at the nonlinear
stage of theinteraction for the averaged and unaveraged
equations. Here, the dependences of the maximal gain
on the undulator magnetic field under the optimal con-
ditions are also depicted. It is seen that the simulations
using the averaged and total equations give nearly the
same results. The gainis maximal throughout the entire
length of the interaction space, 90-100 cm, reaching
24-25 dB, which corresponds to the output power 250—
300 MW and the efficiency 14-17%.

3. SSMULATION OF THE AMPLIFICATION
PROCESS WITH PIC-CODE KARAT

We additionally simulated the planar model of the
ubitron—amplifier with the two-dimensional version of
the PIC-code KARAT. This code allows us to directly
solve the Maxwell equations jointly with the equations
of macroscopic particle motion.

Figure 3 demonstrates the gain vs. longitudinal
coordinate dependences obtained from the solutions of
the averaged and unaveraged equations, also by the
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Fig. 3. Variation of the gain with the longitudinal coordi-
nate: 1, averaged equations; 2, unaveraged equations; and
3, KARAT code.

KARAT simulation. In the last case, the gain reaches
22 dB, which corresponds to an output power of 160—
170 MW and an efficiency of 9%. The lower gain com-
pared with the other approaches can be explained by the
effect of low-frequency (static) and high-frequency
space charges. Specifically, the static space charge must
cause the separation of the electrons by longitudinal
velocity. Moreover, the analysis of the averaged and
unaveraged equations shows that the gain markedly
drops when the relationship between the magnetic
fields is not optimal. One can suppose that the same
sensitivity takes place in simulating with the KARAT

GINZBURG et al.

code. In this case, the exact optimal values of the fields
are very difficult to find.
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Abstract—A combined el ectromagnetic deflector consisting of four or eight el ectrodes that simultaneously act
as poles is proposed. The distribution of the potential in such systems is obtained, and the parameters of the
base beam trajectory under achromatic operating conditions are calculated. New (nonclassic) relationships
between the el ectrostatic and magnetic components of the field that provide alower residual chromatic aberra-
tion and a higher deflection linearity are found. © 2001 MAIK “ Nauka/Interperiodica” .

In scanning electron microscopes, €lectron-beam
tubes, secondary-ion and atomic mass spectrometers,
etc., araster on the sample surface is produced mostly
by electrostatic systems with colocated deflection cen-
ters, which are called deflectors. The deflectors do not
defocus (in thefirst approximation) the charged particle
beam (i.e., they do not affect the beam divergence). An
electrostatic deflector is made as a cylinder or a cone
split along its generatrix [1, 2] into an even number of
planar electrodes placed on the sides of a rectangular
(square) box [3] or as a split plane capacitor [4].

Many devices and installations must provide the
same deflection for nonmonoenergetic beams. As is
known, achromatic systems employ mutually orthogo-
nal electrostatic and magnetic fields. We will write the
achromatism condition in the first approximation for
the general form, starting from the trajectory equation
without specifying the types of the fields. The con-
straints are the following: (i) the electrostatic and mag-
netic fields exert the same action (deflection, focusing,
or aberration correction) on the charged particle beam,
(i) the mutually orthogonal transverse (with respect to
the particle motion) electrostatic and magnetic fields
occupy the same space, and (iii) the longitudinal parti-
clevelocity within thefield region is constant. Then we
come to the first-order nonrelativistic achromatism
condition by differentiating the right-hand sides of the
projections of the trgjectory equation on the xz and yz
planes with respect to energy and equating the resulting
expressions to zero:

vic = 2E/H, = —2E,/H,. 1)

Here, v isthe charged particle vel ocity, cisthe velocity
of light, and E and H are the intensities of the oppo-
sitely directed electrostatic and magnetic fieldslying in
the respective planes.

The purpose of this work is to theoretically study
combined deflectors exhibiting a transverse chromatic
aberration that can controllably be varied in magnitude
and sign. Such deflectors are designed as a magnetic
cylinder split along its generatrix into four or eight
closely spaced parts. The electrodes simultaneously act
asthe pole tips of the magnet. Figure 1 showsthe cross
sections of the combined deflectors consisting of four
or eight electrodes—poles. In the four-element system,
only two pairs of the basic electrostatic (+V,, +V,) and
magnetic (FW,, £W, ) potentials are applied (Fig. 1a),
while the eight-element system parts use additional
potentials defined by the coefficient a (Fig. 1b) in order
to improve the field uniformity. The coefficient a has
been obtained in [1] from the condition that the coeffi-
cients of the third and fifth harmonicsin the expansion

of the potential vanish (a= /2 —1).

We obtained closed-form expressions for the distri-
bution of the deflecting potentia taking into account
results from [5, 6]. For an infinite cylinder split into
four identical parts along its generatrix (Fig. 1a), the

y y
W, . 2z
-1 A DR
AN W BN
R g <L
Wy+aW,, °° ON\-W+aW,
W, /—v v, \ny / —V,+aV, v\+avy\ ’
' 0 x S VeV, [0 Ve—av, x
\ / Wy—aW,\ >z & S/,W_ aw,
-V e | A N 4
S~ | — ‘XQ\J /0\}]\;
W, % N

Fig. 1. Combined electromagnetic deflectors with (a) four
and (b) eight identical electrodes—poles.

1063-7842/01/4612-1549%$21.00 © 2001 MAIK “Nauka/ Interperiodica’



1550

YE/YMm
0.5 !
0.4 5
031 3
0.2F

T 1 I I I I

0 02 04 06 08 10 vy

Fig. 2. Ratio of the electrostatic and magnetic power com-
ponents versus field power of the combined deflector that
provides (1) the first-order achromatism and (2, 3) an
expanded achromatism region.

distribution in the Cartesian coordinates has the form
®(4)
= U (V, + Vy)arctan[ /2(x + )/ (1= X" = y)]

2
+ (V= Vyarctan /2(x - y)/(1-X" = y*)]} . @

Hereafter, the coordinates are normalized to the
radius R of the cylinder. For an eight-electrode deflector
(Fig. 1b), we have

®(8) = (1-a)P(4)
+ 2a/T{ V. arctan[ 2x/(1 — X* — y*)] A3)
+Varctan[ 2y/(1 - x* —y)]} .

Ata=0, expression (3) turnsto (2).

For a deflection system with combined electrodes
and poles, expressions for the magnetic scalar poten-
tials can be obtained from formulas (2) and (3) by
changing V, to (W) and \, to W,. Inthis case, the el ec-
trostatic and magnetic forces act in opposite directions.

Earlier [2], nonuniform electrostatic fields of the
four- and eight-electrode deflectors were calculated as
a function of distance to their axes with formulas (2)
and (3). It should be noted that in magnetic systems
with apparent poles, the nonuniformity of the magnetic
fields is the same as that of the associated electrostatic
fields. Since the deflection aberrations depend on the
field, these data can be used to estimate the deflection
angle, which is defined by the maximum admissible
field nonuniformity.

Inthe plane of an object |ocated outside thefield, the
distance from the base beam trajectory to the axis of the
system; the angle of trgjectory inclination to the axis;
and the chromatic aberrations, which are the same in
the horizontal and vertical planes in the first approxi-

OVSYANNIKOVA et al.

mation, have the form

S
As, = (Ye—Ywu/2)At/e,,

S1 = Y9, As, = (Ye—Yum/2)gAele,,

(4)

wherey =y, — Ve iSthe power of the combined el ectro-
magnetic deflector field, which is equal to the tangent
of the base beam trgjectory inclination, and yz and yy,
are its electrostatic and magnetic components:

Ve = (KgeV/2¢,)(L/IR),

5
Vv = KlMeWc_l(Zmeo)_llz(L/R). ©

Here, €, is the initial energy of the particles with a
charge e and a mass m, At is the change in the particle
energy, g isthe distance from the deflector center to the
object, L isthe effectivefield length, and K, isthe coef-
ficient before the first harmonic in the expansion of the
potential. For the deflectors with four electrodes—poles,

Kye = Ky = 24/2 /1T, for the deflectors with eight elec-

trodes—poles, K = Ky = 8(+/2 — 1)/1t. Formulas (1)
show that the chromatic aberration can controllably be
varied in magnitude and sign. Itisabsent when the elec-
trostatic power is half as large as the magnetic power.

The trgjectory of the charged particle beam in the
combined deflecting systems was calculated with the
original program DEF. The program solves a system of
second-order differential equations that contain the
potentials and the field intensities determined from
exact potential distributions (2) and (3). Thefield distri-
bution along the deflector axis was specified by empir-
ical formulas obtained in[2]. We studied short and long
deflectors with four electrodes—poles, because they
exhibit stronger aberrations than the deflectors with
eight electrodes—pol es (other factors being equal).

The conventional relationship between the electro-
static and magnetic power components, Ye/yy = 1/2,
provides achromatism only for small deflections (less
than 7°). At larger deflections, the residual aberration
sharply grows. We showed that the achromatism region
can be expanded by choosing another value of yg/yy.
Figure 2 plotstheratio of the electrostatic and magnetic
components against the field power of the achromatic
deflector that provides the same deflection at the exit
from thefield region asthe el ectrostatic deflector. Inter-
estingly, this dependence is the same for the deflectors
of lengths| = 2R and 4R. Curve 2 in Fig. 2 refersto the
case when the electrostatic component of the achro-
matic deflector field power isequal to thefield power of
the purely electrostatic deflector (conditions 2). Curve 3
was abtained by varying the electrostatic and magnetic
components simultaneously (conditions 3). It is seen
that, at large deflections, the ratio ye/yy, is significantly
different from the classical value (curve 1, conditions 1).
Note that, under achromatic conditions 2 and 3, the
electrostatic and magnetic components of the deflector
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field power are smaller and the deflections are larger
than those under conventional conditions 1.

Figure 3 illustrates the chromatic aberration of the
coordinate, As, and of the deflection angle, As, for the
short deflectors at an energy spread Ae/e, = 5%. Curves 1
refer to the electrostatic deflector; curves 2, to the mag-
netic deflector. The residual chromatic aberration for
conditions 2 and 3 is illustrated by curves 4 and 5,
respectively. Figure 3 shows that the conditions sug-
gested are much better than the conventional achro-
matic conditions (curves 3). The new conditions also
expand the achromatic region of the longer deflectors.
In this case the residual aberrations, appearing with
increasing deflection, are 4-10 times lower than those
under the conventional conditions.

Figure 4 plots the coordinates and deflection angles
of the base beam trajectory in the horizontal and verti-
cal directions at the exit from the field region for the
shorter (I = 2R, L = 2.56R) and longer (I = 4R, L =
4.34R) electrostatic, magnetic, and achromatic deflec-
torsversustheir field powersfor g, = const. These plots
are seento beamost linear and identical for all types of
the deflectors when the deflection angleis smaller than
7°. 1t should be noted that the maximum achievable
deflection angle is approximately inversely propor-
tional to the deflector length and issmaller in the longer
deflector, because the beam reaches the electrodes
faster. Furthermore, in the longer deflectors, the deflec-
tion nonlinearity under the weak (strong) conditionsis
higher (lower) than that in the shorter devices.

On the whole, the nonlinearity of angular and coor-
dinate deflections in an achromatic deflector is lower
than in electrostatic and magnetic deflectors. In a con-
ventional achromatic deflector, the nonlinearity is so
high that it limits the maximum achievable linear and
angular deflections. In particular, in the shorter deflec-

tor, Sy = 1.25R and s, = 0.3.

Generally speaking, the total deflection nonlinearity
is the sum of the deflection aberrations due to the dif-
ference s— s, at g5 = const and the chromatic aberra-
tions. When Aeg/e, < 5%, the deflection aberrations are
significantly higher. Therefore, when the raster is
formed on the working area as large as 0.7 of the aper-
ture or more, the four-electrode achromatic deflectors
are inappropriate and the deflectors with eight elec-
trodes—poles, in which the deflection aberrations are to
agreat extent corrected, should be used.

The achromatic conditions found are of interest in
devicesthat scan an object not over the entire raster but
over asmall region at alarge angle of incidence. Asan
example, consider the scanning of an object in the plane
located parallel to the deflector axis at a distance s =
1.2R with the field power varying in the range Ay =
+0.1. Thedeflection nonlinearity is characterized by the
ratio { = dz/dy where dz is the change in the longitudi-
nal coordinate at the extreme points of the above range
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Fig. 3. Chromatic (a) coordinate and (b) angular aberrations
of the shorter deflectors at the exit from the field region for
the base beam trgectory: (1) electrostatic deflector,
(2) magnetic deflector, and (3-5) achromatic deflectors.
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Fig. 4. Coordinates and deflection angles of the base beam
trajectory versus field power of the shorter (solid lines) and
longer (dashed lines) deflectors: (1-5) the sameasin Fig. 3.

of y. Thedeflectionislinear if { = 1. Inour calculations,
therelative changeintheinitial energy was Ag/e, = 5%.
Theresults are summarized in the table, where Azisthe
scan dimension.

As follows from the table, the deflectors with an
expanded achromatic region (conditions 2 and 3) are
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Table
Condition % S AZIR 13
1 0.50 0.30 0.70 1.8
2 0.46 0.32 1.40 13
3 0.44 0.33 150 13

the best in terms of deflection nonlinearity and scan
dimension.

CONCLUSIONS

(1) Achromatic systems that deflect the beam in
arbitrary directions are suggested. They have the form
of acylinder split into an even number of partsthat are
used simultaneously as poles and el ectrodes.

(2) First-order achromatic conditions are written in
the general form for deflecting, focusing, and correct-
ing systems with transverse electromagnetic fields.

(3) A program for calculating the parameters of
finite-length combined electromagnetic deflecting sys-
tems is developed. It involves exact potential distribu-
tions (in the two-dimensional approximation) and the
edge-field model proposed.

(4) The base beam trgjectory parameters, including

the chromatic aberration, are calculated for a deflector
with four electrodes—poles.

OVSYANNIKOVA et al.

(5) A method for expanding the achromatic deflec-
tion region that uses an other-than-conventional rela-
tionship between the el ectrostatic and magneti c compo-
nents of the combined deflecting field power is put for-
ward.

(6) Operating conditionsthat expand the achromatic
region and provide a deflection nonlinearity signifi-
cantly lower than in aconventional first-order achromat
are found numerically.

(7) It is shown that these conditions are appropriate
for the discrete scanning of samples.
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Abstract—A procedure for calculating the potential and field of multipole lenses in which the central part of
the poles has the form of anideal curveis presented. The procedure is based on the method of conformal map-
ping. The properties of these lenses are compared with those whose poles have apolygonal profile. It is shown
that sufficiently wide ideal-center poles provide a better field quality than polygonal poles. © 2001 MAIK

“Nauka/Interperiodica” .

INTRODUCTION

Modern techniques for the formation and transfer of
charged particle beams widely use quadrupole (the
number of pole pairs P = 2), sextupole (P = 3), and
octupole (P = 4) lenses [1-3]. The quality of the lens
field requirements for which have recently become
much more stringent depend primarily on the pole
geometry. For any P-lens, there exists atheoretical pro-
file providing the “ideal” field: linear for a quadrupole,
quadratic for a sextupole, and cubic for an octupole.
Theideal profiles are however unfeasible, because they
do not leave room for winding and flux closure, and
real-lens fields always contain undesirable higher har-
monics[2, 3].

In modern practice of searching for “good” profiles
[2-4], there has appeared the tendency to construct
lenses of two types: (1) the broken ideal profile is ade-
quately approximated (for example, by a circular arc)
and (2) the lens profile is polygonal (or admits the
approximation by a polygon).

The early successful attempt to design lenses of the
latter type has been undertaken in [4], where the planar
profile of a quadrupole lens with the suppressed sixth
(the first minor) harmonic of the potential has been
found using conformal mapping. Note that the number
of the vertices of a polygon to be determined was only
two. The computing procedure applied in [4] has
recently been extended [5], so that alens sector (a part
of the cross section belonging to one pole) could be
approximated by a polygon with morethan ten vertices.

In thiswork, we elaborate upon designing multipole
lenses and consider lenses of the first type where the
central part of the pole is a strictly ideal curve. The
angular size of this part and the shim geometry are
selected such that they provide the high quality of the
field. In Section 3, lenses of both types are compared
and their applicability domains are indicated.

It should be noted that the field quality is conven-
tionally estimated by two parameters. the maximal
(within the operating aperture) deviation of the field
from the ideal one and/or the amplitude of the first
minor harmonic of the potential. To date, it has
remained unclear which of these parameters is of
greater importance; therefore, we perform optimization
by either parameter separately (Section 3). The condi-
tions usually adopted for analytical methods are
assumed to be met; that is, the lens is long and totally
symmetric and iron does not saturate.

1. MAPPING OF A LENS SECTOR

Figure 1 exemplifies a quadrupole sector where the
central part of the poleisan ideal hyperbola. Thiscurve
cannot be approximated by a polygon, as was done in
[5], because a broken line with arelatively small num-
ber of verticesinstead of the hyperbolawill heavily dis-
tort the field configuration. We proceed as follows. It
can be shown (see Appendix 3 in [5]) that the function

3(2) = n(2) +i&(2) = (zexp(=iap))",
op = T(P-2)/4P

maps a sector of anideal lens onto aband (digon) inthe
plane of an intermediate variable &. The exponential in
(1) makes the bisectrix ¢ = 174 of the first quadrant on
the z plane the line of symmetry of the sector for any
number of pole pairs. With mapping (1) applied to a
sector of any rea P-lens, the & plane will contain a
closed figure whose central part is the exact map of the
ideal portion of the profile, i.e., a straight horizontal
segment (all other sections being curved in the general
case (Fig. 2). This figure can be fairly accurately
approximated by a polygon with the total number of
vertices 2M + 1, since such an approximation is tangi-
ble only at the periphery of the lens.

(D
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Z=X+iy

0 X

Fig. 1. Sector of a quadrupole with the ideal central part of
a pole. The thickness of the lines indicates to the scalar
potential distribution along the sector boundary.

The upper half-plane of the complex variable w =
u+ iv is mapped onto this polygon with the Christof-
fel-Schwartz integral, which, in view of the symmetry
of thisdomain, iswritten as[5, 6]

W M

8(e) = Cof [ (@'~ &) "dw+C;, (2

WM =1

where 3,,= a,,— 1, a,, are angles interior with respect
to this domain (measured in terms of 1), and a,, are
points on the real axisu of the plane w that are the maps
of the vertices A, of the polygon.

The conformal mapping procedure completely coin-
cides with that employed in [5] for a polygonal profile
and allows us to find all parameters entering into map-
ping (2). However, the construction of the potential and
induction distributions, aswell as of the potential spec-
trum (see the Appendix), is made in another way
because of the presence of the intermediate mapping
onto the o plane.

2. MAGNETIC FIELD INDUCTION
AND POTENTIAL DISTRIBUTIONS

The complex magnetic potential of a P lens on the
intermediate o plane can be represented in the form [5]

P(8) = B(3) +iF(d) = p06E[L+ anézﬁ
O £ O

where 9(3) and F(d) are the vector and scalar mag-
netic potentials, respectively [2].

VECHESLAVOV, GRIGORYEVA

We are dealing with the scalar potential (), the
distribution of which over the lens sector is shown in
Fig. 1. Onthe pole surface, & =1 (thick lines); near the
winding, the potential fallsto zero (variable-width line)
and is zero aong the remaining part of the sector
boundary (thin lines). Expression (2) maps this distri-
bution onto the real axis u of the plane w. Calculations
show that the winding region is small, so that the actual
distribution F(u) iswell approximated by an equival ent
rectangle (Fig. 3bin [5]):

F(u) = 1,

—a,su<a, F(u) =0,

(4)

[ul >a,.

Upon mapping the plane w onto the intermediate
plane §, the imaginary axis 0 < v < o transforms into
the segment 0 < x < 1 of the imaginary axisn; this seg-
ment, in turn, is the map of the unit segment from the

lens center to the pole center x =y = 1/./2 onthezplane
(Fig. 1).

In terms of the variables u and v, the potential
Z(u, v) at any point of the upper half of the planewand
the potential distribution % (v) along the semiaxis 0 <
v < o are given by formulas (9) and (10) in [5]. The
method of constructing the induction distribution along
the lens bisectrix and along the boundary of the lens
sector is also totally applicable to our case. However,
the return to the initial plane z must include the vari-
ables of the intermediate plane &; therefore, the induc-
tion distribution for the ideal central part of the pole
somewhat differs from those obtained in [5] for the
polygonal profile.

The dependence v () entering into the potentia dis-
tribution % (v (X)) along the semiaxis0< v < w0 isfound
from the equation

dv 1 = > B
ax —mm[ll(V xX)+ay) -, ©)

which is abtained by substituting x for p — X in for-
mula (12) in [5].

The induction distribution along the unit segment
from the center of thelensto that of the pole on the ini-
tial plane zin view of the equality X = p” is given by

_ dF _ dFdvdx
B(P) = dp dv dx dp
2 —Bm p_ 1 ©)
= v +a m
Ttv(x)+a|C||_|[ 0 +ax P

Essentially, the calculation of the %B(p) along the
bisectrix of the sector is performed by jointly using for-
mulas (5) and (6). From (6), one can find the exact
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induction value at the center of the pole, assuming that
v=0,

M

- 2P0 1 Oy o2

Bo=r = Sl 1 0
m=

and also determine the induction near the lens center
from the conditionsp — O and v — oo,

2Pa, p_1
— . 8
Comparing (8) and (3) in view of (1), one can find

the exact value of the coefficient for the first potential
harmonic:

%pﬂo =

2 a,
=z 2 9
Po n|C0| ©)

To construct the second distribution of the induction
%RB(s), i.e., from the lens center along the sector bound-
ary (Fig. 1), we must obtain relationships similar to (5)
and (6) (the coordinate sisreckoned from the lens cen-
ter; s=yfor aquadrupole). The procedureisasfollows.
The left-hand boundary of the sector on the plane zis
mapped onto the segment Ay, < 0 < 0 of thereal axis§
on the intermediate plane d. This segment, in turn, is
mapped onto the segment a,, < u < o of the real axisu
on the plane w, where only the v component of the
induction is nonzero. Asin [5], we have

RB,(u,0) = -lim=— = —

The dependence u(o) entering into thisexpressionis
found from the equation

M
du _ 1 2, N 2y Pn
which is obtained by substituting u(o) for s — o in
formula (20) in [5].

Thefina distribution of theinduction along the sec-
tor boundary is given by

dudo _
dods

2a, P
MCq u’(0) —a’

B(s) = B,(u,0)
M (12)
<M [WX(0)—a] "t

and is calculated together with (10). Note that the valid-
ity of formulas (8) and (9) can be confirmed from (11)
in the limit u(g) — co.

Of two distributions (6) and (11), we take into
account that giving the greatest (within the working
aperture) deviation of the field from the basic one.

It has been noted above that the parameter to be min-
imized can also be the relative amplitude of the first
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Fig. 2. Map of the lens sector (Fig. 1) on the intermediate
plane &. Dashed line, map obtained with function (1); con-
tinuous line, polygonal approximation of this map.

minor harmonic of the potential. In the appendix, we
describe the recursive procedure for calculating the rel-

ative amplitudes of the higher harmonics p, (n < N)
appearing in (3) upto any order of N. For N> 1, thiscan
be done only by invoking computer analysis tools [7];
for N = 1, however, the computations are smple and the

exact expression for p, in our case hasthe form

M
~ 1 U 0
e

1 O

(12)
3C20

m=

Note in pass that the similar characteristic for a
polygonal profile (which isabsent in [5]) is given by

bl = —(P|Co|

o p O

2P b 2

) 3-2p+12fma~g-
m=

3. COMPARISON OF THE LENSES

Based on the algorithms used here and in [5], we
have developed the MULTIPOL software suite, which
makes it possible to interactively design and optimize
lenses with any number of pole pairs. With this suite,
we have gathered a large data array for designing qua-
drupoles and sextupoles whose profiles have both the
ideal and polygonal central parts. One basic input
parameter for the calculation is the total relative angle
of apoleof aP lens (Fig. 1):

Wp = PW./T. (13)

In al the cases, the program automatically (without
theintervention of an operator) selected the shim length
and slope so as to minimize either the maximal (within
the working aperture r, < 0.9) deviation dB/B of the

field from the ideal one or the relative amplitude p, of

the first minor harmonic. For polygonal profiles, the
adjustable parameters T, and T, were also automati-
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(b)
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Fig. 3. Maximal relative deviation of the field from the ideal one for (a) quadrupoles and (b) sextupoles. Continuous line, profile
with the ideal central part of apole; dashed line, polygonal profile. Wp istherelative angle of the pole [see (13)].

cally selected in order to correct the radial and angular
coordinates of the vertices (see Section 3 in [5]). The
total number (2M + 1) of the vertices of the polygons
approximating the sector of the second type [5, Fig. 2]
was found to be 21 for both the quadrupoles and sextu-
poles.

CONCLUSION

For the optimization with respect to 0B/B, the pole
width is an important factor in deciding between the
lenses, as follows from Fig. 3. The profiles with the
ideal central part provide the better field quality when

the poles are wide, Wr = 0.65, while the polygonal

poles are better to use when the poles are narrow. For
the optimization with respect to the amplitude of the

first minor harmonic of the potential p, , thesituationis

rather ambiguous; however, the presence of the profiles
where this harmonic is suppressed is beyond question.

It should be also noted that the narrower the pole,
the higher the fraction of the shim (the difference
between the total angular size of a pole and that of its

ideal or polygona part). For example, at qu = 0.75,

this fraction was about 10% in al the cases; for q—'p =
0.4, it grew to 30%. It appears that using shims of a

shapemoreintricatethanin Fig. 1 will improve the per-
formance of narrow-pole lenses.
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APPENDIX

The Potential Spectrum of a Lens
with the Ideal Part of a Pole

With relationships (3) and (9), the relative distribu-
tion of the potentia within a segment x along the axis
of symmetry of the lens (Fig. 2) can be represented in
the form

F(u) = Fp,

_ @G’ o @G s (A1)
3 5
Here, the new variable
|Cql
= 4 A2
H(X) V00 (A2)

isintroduced and is assumed that the inequality v > a,
isfulfilled [see (4)]. The dependence () isaso found
TECHNICAL PHYSICS Vol. 46

No. 12 2001



CHARACTERISTICS OF MULTIPOLE LENSES

in the form of aseries:

M
W= x[L+6()1, 800 = 5 ax™.  (A3)
n=1

The second expression in (A3) is assumed to be a
small correction: |6(x)| < 1.

From definition (A2), wefind

d IColdv _ a7 P
_u':__o_: |_I|:1+|j'l_nﬂi| ,
dx ~ v2dx 117 Hcd
where dv/dy is defined by formula (5) and the geomet-

ric equality Zm: . Bm =—1istaken into account.
Using the binomial expansion of the right-hand side
of (A4) with regard for (A3) and grouping the terms,
one can obtain a series in X with the coefficients con-
taining the unknown quantities a,. On the other hand,

the derivative du/dx in the form of series can be
deduced directly from basic definition (A3):

dut _
dx

Comparing the coefficients before the equal powers

of x in relationships (A4) and (A5) and using the exact

(A4)

1+ 3a,%° +50,X" + ... (A5)

TECHNICAL PHYSICS Vol. 46 No.12 2001

1557

values of py and |Cy|, we can recurrently determine the
parameters a,, (n =1, 2, ...) appearing in (A3). This
allows the construction of dependence (A2) for p(x) in
the explicit form and finding the amplitudes p, (n=1,

2, ..., N) of the potential harmonics in series (3)
through (A1).
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Abstract—A quantitative study is carried of a metal cooling process in agqueous and water-polymer cooling
liquids. In the study, an original spherical hot probe with a heat-insulated stem is used to simulate the cooling
conditions of the operating part of the probe and to correspond to the cooling conditions of an isolated sphere.
It has been shown that in this case the process consists of distinct consecutive stages, each of which can be stud-
ied separately in a quantitative way. The cooling process in al stages is described with a simple exponential
relationship containing two parameters. One of these is the effective temperature of the cooling medium; the
other is a time constant of the cooling process uniquely related to the heat dissipation coefficient. In the film
boiling stage the effective temperature can be much lower than the nominal temperature; moreover, for cooling
in cold water it is found to be lower than the absolute temperature, which indicates the dominant contribution
of convection to the heat dissipation. The effective temperature of the medium is a monotonously increasing
function of the nominal temperature and rises with rising liquid viscosity. Dependence of the cooling process
time constant on the liquid temperature isinfluenced by two competing processes affecting convection, namely,
by variations with temperature of the density and viscosity of a liquid. The effect of diminishing density

becomes prevalent at temperatures of the liquid above =80°C. © 2001 MAIK “ Nauka/lInterperiodica” .

INTRODUCTION

Quenching is one of the widely used technological
procedures for imparting required mechanical proper-
tiesto articles made of metal. Quenchinginliquid cool-
ing mediais a very complicated process. It involves a
large number of physical processestaking placein both
the metal being quenched and the cooling liquid. In the
metal various phase transitions can be taking place, as
well as the fixation of metastable high-temperature
crystal structures, microvolumetric deformations under
the effect of internal micro- and macrostresses, and so
on. For liquids typical processes are the phase transi-
tionsfrom liquid to steam state (boiling) and vice versa,
chemical decomposition of organic components, and
well-developed convective flows. During quenching,
the cooling liquid becomes inhomogeneous and the
temperature distribution becomes involved; locally, the
liquid represents a two-phase system, namely, lig-
uid/steam or liquid/gaseous decomposition products
(quenching in organic oils). Theliquid boiling can be of
different types: bubble and film boiling or in the form
of fronts of changing boail types moving along the sur-
face of the item being quenched. The picture is further
complicated by the fact that the articles to be quenched
nearly always have a complex form, the cooling being
strongly affected by their form; moreover, the same
article will cool differently depending on the orienta-
tion, inwhich it isimmersed in the liquid.

The complete study of such complex interrelated
processes poses problems, to say the least, and is often

practically impossible. In these circumstances it is
expedient to resort to the opportunities offered by
model investigations, in which aparticular factor can be
isolated and analyzed.

The present work is an experimental study of the
cooling process under conditions simulating cooling of
an isolated sphere in agueous and water-polymer cool-
ing liquids. With an article to be cooled having the form
of a small sphere it is possible to ensure a maximally
uniform cooling, such that the temperature gradient in
the metal bulk can be neglected, and to have the various
stages of the process occur one after another (film
boiling, bubble boiling, and then the convective heat
transfer).

EXPERIMENTAL

In this study we used a spherical polished hot probe
20 mm in diameter, with a heat-insulated stem and a
central thermocouple made of nickel or an X18H9T
stainless steel (Fig. 1) [1]. It can be seen that the design
of the hot probeis standard except for its stem. Usually
the stem is the element that causes nonuniform cooling
of the hot probe because of enhanced heat dissipation
fromitssurface (low heat conduction and large surface-
to-volume ratio). In our case the surface of stem 3 is
insulated from the cooling liquid 5 with a thin protec-
tivetube 4. Thissimple design eliminatesintensive heat
dissipation by the stem surface and makes the cooling
conditions of the (spherical) working part 1 of the hot
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probe similar to those for an isolated sphere. The sphere
surface was stabilized by keeping the hot probe in an
oxidizing atmosphere at a temperature of 1100°C for
1 h. A chromel—alumel thermocouple with spaced junc-
tions (7, 8in Fig. 1) isused. Theinitial probe tempera-
ture in most experimentsis 695°C.

The measurement setup schemeis also typical. The
hot probe is heated in a tube heater to a temperature
higher by 15°C than the initial temperature and then is
positioned above the cuvette with the liquid under
study. After cooling to the initial temperature of the
experiment, the hot probe is lowered into the cuvette at
a constant velocity of =50 mm/s. Variations of the hot
probe temperature during cooling are registered by a
K SP4 eectronic recording potentiometer. The volume
of the cuvette for aliquid under study is800 ml; thelig-
uid temperature is maintained with afixed value by an
electronic regulator with an accuracy of +£2°C. Immedi-
ately prior to measurements the magnetic stirrer main-
taining uniform temperaturefield in theliquid isturned
off and the measurements are carried out with theliquid
at rest.

The simulative cooling mediawere distilled water, a
1% solution of sodium salt of carbomethylcellulose and
dispersions of supermoistureabsorbent based on par-
tially substituted cross-linked co-polymer of poly-
acrylic acid and polyacrylamide with a swelling index
of 1000 g/g[2, 3] in various concentrations. The choice
of these mediais based on the following considerations.
Carbomethylcellulose, aswell as polyacrylic acid, their
saltsand co-polymers, arewidely used asthickenersfor
water-polymer quenching liquids[4]. The usefor thick-
eners of supermoistureabsorbents, sparsely linked co-
polymers (gels) of polyacrylic acid with a swelling
index of up to 6000 g of water per 1 g of polymer, inthe
form of aqueous gel dispersions, makes it possible to
lower the polymer concentration by more than an order
of magnitude, down to 0.01% [5]. Advantages of the
lower polymer concentrationsin aquenching liquid are
obvious and need not be explained. For quenching, an
aqueous dispersion of ground gel with particle sizesin
the swelled condition of a few millimeters or less is
used. A large volume of such a dispersion has rheolog-
ical properties similar to those of aviscous-flowing lig-
uid; its viscosity is higher than that of a solution of a
linear polymer of the same concentration by a factor
of 10-100.

RESULTS AND DISCUSSION

Before presenting the measurement results we
would like to consider qualitatively the process of cool-
ing of the hot probe with a heat-insulated stem. If the
bath temperature is higher than 10-15°C, then, as soon
asthe hot probeisimmersed in theliquid, asteam layer
of athickness of about 1 mm forms around its spherical
working part (in cold water, the formation of a stable
steam layer does not take place). No contact between
the liquid and the sphere takes place during immersion.
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Fig. 1. Schematic of the hot probe: 1—(spherical) working
portion; 2—spherical steam layer, surrounding the hot
probe in the film boiling stage; 3—stem of the hot probe;
4—heat-insulating tube protecting from contacting the
cooling liquid; 5—cooling liquid; 6—free surface of thelig-
uid; 7—electrode of the thermocouple; and 8—ceramic
tube.

Because the heat capacity of the heat-insulating tube
protecting the stem from contacting the liquid and from
cooling is low, its temperature drops significantly
already during subcooling of the hot probe performed
before starting the experiment. Therefore after immer-
sion of the sphere the liquid contacts the heat insulation
of the stem isolating the spherical steam layer from the
atmosphere and no steam |oss occurs. At water temper-
ature above 40°C the steam layer is stable enough (life
timemorethan 10 s), at the steam surface waves can be
seen with naked eye. Destruction of the steam layer as
a result of the hot prabe cooling occurs explosively,
practically simultaneously over the entire sphere sur-
face, and is accompanied with a loud popping sound
(ashort intermediate stage is observed only under cool-
ing in water at a temperature close to the boiling point
or in solutions with a high concentration of polymer).
Such a behavior is an evidence of the high uniformity
of the cooling process. There is no intermediate stage
between film and bubble boiling regimes. Duration of
the bubble boiling stage is short, not exceeding a few
seconds. Transition from the bubble boiling to convec-
tive heat exchangeis dightly veiled, and for sometime
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Fig. 2. Cooling curves of a hot probe for cooling in disper-
sions of supermoistureabsorbent of different concentrations
at a temperature of 20 + 0.2°C. Polymer concentrations
in percent: 1—0.1; 2—0.08; 3—0.07; 4—0.06; 5—0.05;
6—0.045; 7—0.04; 8—0.035; 9—0.03; 10—0.025; 11—0.02.
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25

t,°C

700

600

500

400

300

200

100

50

75

100

represent experiment numbers.

ALESHIN et al.

(1-2 9) regions of different cooling stages can exist on
the hot probe surface. Thisis caused by different cool-
ing conditions in the lower half of the sphere, whichis
washed by the upward flow of cool liquid, and in the
upper haf, which is washed by a dightly warmer
liquid.

Examples of the hot probe cooling curves with dis-
persions of supermoistureabsorbent in distilled water at
anominal bath temperature of t, =20 £ 0.2°C with dif-
ferent polymer content are given in Fig. 2. Note the
characteristic feature of the cooling curves: they have a
kink corresponding to the explosive transition from
film to bubble boiling. The only exception is curve 11
for a dispersion with maximum gel concentration,
where the quantity of water in the space outside the par-
ticlesis minimal, practically all water being bound by
the gel particles. The dlight spread of the kink is
explained by the delayed temperature reading from
thermocouple because of the temperature difference
between the surface and the center of the spherical part.
Figure 3 illustrates reproducibility of the cooling pro-
cess in distilled water for a series of experiments at a
bath temperature of t, = 65+ 1°C. It can be seen that the
reproducibility of cooling curves in the film boiling
stage is rather high, with some curves nearly coincid-
ing. By shifting the curves along time axis regions of
the bubble boiling and convective heat exchange can be
aligned. Most of the scatter of the measurement results
comes from the slightly stochastic nature of the transi-
tion from filmto bubble boiling. Irreproducibility of the
transition timeis dueto the whole complex of neglected
experimental factors, the main factors being the state of
the oxide film on the hot probe surface and concentra-
tion of gases dissolved in the water. Thisirreproducibil-
ity isfairly small; scatter in duration of the film boiling
isusually within £10%. Raising the bath temperaturet,
makes the cooling slower; the initial cooling rate in
water in the region of film boiling drops by about half
as ty is increased from 25 to 97°C. At the same time
total cooling time of the hot probe from an initial tem-
perature of 695 to 200°C rises by afactor of nearly 16,
which isan evidence of the dominant role at high water
temperatures of the film boiling stage duration and
higher stability of the steam layer.

Variation with time of the hot probe temperature in
all stages of the cooling process, namely, in thefilm and
bubble boiling and convective heat exchange, can be
approximated with high accuracy by an exponentia
relationship with constant parameters during stages

t = Ater@XP(T/To) + tay. (1)
Here, ty is an effective temperature of the medium;

Atisff has a sense of an initia effective temperature dif-

ference between the hot probe and the liquid, Aty =
(t — ts), t; being the hot probe initial temperature; we
recall that in our experiments t; = 695°C and 1, is a
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parameter having the dimension of time. The difference
between values calculated by Eq. (1) and the measured
data usually do not exceed +2°C; only rarely the differ-
ence exceeds£3°C, whichisalso within the experimen-
tal error.

The obtained curves are scanned and digitized with
the WINDIG program and then approximated using
ORIGIN software. In this case the fitting is carried out
using both parameters of Eq. (1), i.e, ty and 15. Some
curves have been fitted manually using only one fitting
parameter ty;, choosing its value in such a way as to
make the dependence of In[(t — t«)/(t; —ts)] ON T a
straight line. Agreement between results of manual and
computer approximations is good. Excluded from pro-
cessing are small portion of the cooling curve near the
kink point corresponding to transition from film to bub-
ble boiling and a temperature region 105-100°C corre-
sponding to transition from bubble boiling to convec-
tive heat exchange, when, as mentioned above, differ-
ent stages of the cooling process coexist at the hot
probe surface for 1-2 s.

As mentioned above, the cooling process in any of
the stages is described with sufficient accuracy by rela-
tionship (1) with constant parameters over the stage
duration. This statement does not mean that the heat
exchange conditions remain actually the same from the
beginning till the end of any of the stages. Rather, this
means that the change of the conditionsis fairly small
and can be studied only after considerable improve-
ment of the measurement accuracy, enough to make the
error at least an order of magnitude less than in our
experiments. Such ameasurement accuracy isquite dif-
ficult to achieve.

Dependences of parameter 1, and the effective
medium temperature ty; on the nominal bath tempera-
turet, for distilled water in different cooling regimes—
film boiling, bubble boiling and convective hesat
exchange—are shown in Figs. 4-6.

It can be seen that the dependence of ty on t, for all
cooling stages has a qualitatively similar character and
represents a monotonically increasing function, as
could be expected. A large difference is evident
between ty and t, in the first two stages of the process;
the values of these quantitiescome closer only at t, —»
100°C, i.e., asthe cooling bath temperature approaches
the boiling point. The equality of t and ty isshown in
Figs. 4-6 with dash-dot curves. The most significant
difference between t; and ty isfound in the film boiling
stage under cooling in cold water.

Let ustry to elucidate the physical nature of param-
eter ty, effective medium temperature, which is one of
the two parametersin Eqg. (1), and the nature of the dif-
ference between t and ty. For this purpose, consider
schematically the temperature distribution around the
hot probe for cooling, for example, in the film boiling
stage (Fig. 7). It is natural to assume that the tempera-
ture at the steam-liquid interfaceis practically indepen-
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to for distilled water in the film boiling stage. Triangles—
parameters cal culated by cooling curvesfor a stainless steel
probe. Dash-dot curve corresponds to equality of the effec-
tive and nominal bath temperatures.
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Fig. 5. Sameasin Fig. 4, for the bubble boiling stage. Points
and squares—parameters calculated from curves in Fig. 3.
Dash-dot line a—water boiling point.

dent of the liquid temperature away from the hot probe
(bath temperature t). It should be close to the boiling
point, or, to be precise, to the maximum water overheat-
ing temperature t*. The nominal liquid temperature in
the bath controls the temperature lowering in the direc-
tion away from the steam layer surface. In the absence
of convection the temperature lowering at some fixed
moments of time can be tentatively represented by
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Fig. 7. Schematic temperature distribution in the zone close
to the hot probe in the film boiling stage: 1—temperature
distributions without convection at successive moments of
time; 2—same with convection; 3—temperature distribu-
tion without convection, in amedium at atemperature equal
to teff-

curves 1. Convection changes the temperature distribu-
tion, appreciably reducing the width of the zone of
heated liquid (curve 2). Of course, because of convec-
tion occurring in the form of jet flows, another effect of
convection will be the emergence of nonuniform tem-
perature distribution; but this effect will not be dis-
cussed here. It appears that in afairly large region next
to the steam layer surface curve 2 will be close to

ALESHIN et al.

curve 3, which is atemperature distribution in the lig-
uid in the absence of convection but with theliquid at a
temperature tg < ty. SO, it is reasonable to assume that
the effect of the convective flows can be accounted for,
in the first approximation, by introducing an effective
temperature ty; of the liquid. The more intensive the
convection, the larger the difference should be (ty; —tg).
The driving force of convection is the lowering of the
liquid density with rising temperature. The greater the
density difference, which isuniquely related to the tem-
perature gradient over the bulk of the liquid, the more
intensive are the convective flows. Hence, the raising of
liquid temperature t, should cause weakening of the
convective flows and reduction of the difference
between t; and t,, which is observed in the experiment
(Fig. 4). Extremely low values of ty4 at t — 0°C
attract attention. In this case ty < 0 K; i.e., below the
absolute zero, which is an evidence of the dominant
role of convection under cooling through the steam
layer in cold water. The second factor determining
development of the convective flows is the viscosity of
the liquid. With rising temperature the viscosity of the
liquid drops; so, thisfactor should counteract the rate of
weakening of convection with rising temperature of the
liquid.

For cooling under conditions of bubble boiling the
temperature distribution near the probe is essentialy
different. Theintensive movement of the steam bubbles
and mixing of the liquid cause formation about the hot
probe of alayer of hot liquid having anoticeably higher
temperature than the nominal bath temperature. As a
consequence, ty also rises (Fig. 5). For this reason in
the bubble boiling regime ty; > t; and at t, — 100°C
the liquid near the hot probe is overheated and ty; >
100°C. High values of ty do not signify that the role of
convection in this stage is negligible. It should be
emphasized once again that the actual temperature in
the heated zone near the hot probe is higher than the
effective temperature but the excessis not ashigh asin
the film boiling stage. The water overheating above the
boiling point near the hot probe in the bubble boiling
regime can be observed directly using a thermocouple.

In the regime of convective heat exchange, as could
be expected, the temperature in the area around the hot
probe overheated in the previous stage drops down, t
diminishes, and over the entire temperature range
exceeds the nominal bath temperature only by a few
degrees (Fig. 6).

The second parameter in Eq. (1), T, which has a
dimension of time, is a time constant of the heat
exchange process, and is directly related to the heat
transfer coefficient of asphere of small radius (the tem-
perature difference over the sphere radius can be
neglected) in accordance with the following equation [6]

_ pCcR

T, = &=,
3a
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where a isthe heat transfer coefficient, p isthe material
density, cisthe specific heat, and Risthe sphereradius.

As was aready mentioned, in the zeroth-order
approximation 1, and, correspondingly, the heat trans-
fer coefficient in each regime can be considered as hav-
ing some characteristic value which changes only
weakly when t, is changed (Figs. 4-6). For the film
boiling stage the characteristic values are in the range
To = 6090 s and with rising t, the characteristic time of
the process 1y(ty) first diminishes and then, near the
water boiling point, has a slight minimum. These high
values of 1, are explained by the relatively low rate of
heat transfer through the steam layer. Thedecreaseint,
indicates that with increasing bath temperature the heat
transfer coefficient becomes greater. This does not
mean that the cooling rate is rising with the bath tem-
perature. The increase in the heat transfer coefficient is
by far overridden by the decrease in the effective tem-
perature difference between the object and the cooling
liquid. Presumably, the reason for this behavior of 1, is
the decrease in the viscosity of water with temperature
causing intensification of the convective flows. On the
other hand, at higher water temperatures the maximum
possible density differences of nonuniformly heated
volumes are less. The experiment indicates that at tem-
peratures below 80°C the overal effect isin favor of
“viscosity” because the density of water hasarelatively
weak dependence on temperature. Analysis shows that
the temperature dependence of T, in the range of low
temperatures follows the usual exponential relation-
ship; estimates of the apparent activation energy are
about half of the value for the temperature dependence
of the density of water.

As could be expected, the lowest values of 1, have
been observed in the bubble boiling regime, where mix-
ing is intensive. Typical values for a nickel hot probe
arein arange of 1-2 s and for a hot probe of stainless
steel having low heat conduction 3—4 s. Note that the
dependence of measured T, values on the probe mate-
rial is apparent only in the bubble boiling regime. In
this regime 1(t,) is a weakly increasing function, cor-
responding to some degree to the behavior of thisfunc-
tion in the film boiling regime at high bath tempera-
tures, t, > 70°C, because in the bubble boiling regime
t« isaso high, exceeding 80°C.

For cooling in the regime of the convective heat
transfer typical values of 1, are intermediate, being
equal to 6-11 s. Qualitatively, the dependence of 1, on
ty shows the same behavior asin the stage of film boil-
ing, with the relative growth of 1, starting at t, > 70°C.

The above data suggest the following a priori con-
clusions about the effect of thickeners added to water
on the cooling curve parameters. From general consid-
erationsit is clear that any additive that increases vis-
cosity and suppresses convective flowswill causelocal-
ization of the heat transfer process and growth of local
temperatures near the solid being cooled. This should
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Fig. 8. Dependence of tg on the bath temperature ty for
cooling in a 1%-solution of carbomethylcellulose: 1—film
boiling; 2—bubble boiling; 3—convective heat transfer.
Dash-dot curve corresponds to equality of the effective and
nominal bath temperatures. Dash line a—water boiling
point.

Tp, S
60
\-\.\_._.__’1.’/.’
50F
401
BO_N
20
10
2
—Oor—C—O0—0—"0——0—
0 10 20 30 40 50 60
tg, °C

Fig. 9. Dependence of 1y on the bath temperature tq for
cooling in a 1%-solution of carbomethylcellulose: 1— film
boiling; 2—bubble boiling; 3—convective heat transfer.

lead among other things to higher ty; values. It is aso
known that the thickening additives form two classes,
solutions and dispersions. The main distinction of adis-
persion isthe availability in the space between disperse
particles of pure water, which has low viscosity and is
capable of transferring heat by convection.

We studied the effect of an added linear polymer on
parameters of the cooling curve for the case of 1%-
solution of sodium sat of carbomethylcellulose



1564

-100

-200

-300

-400

—500 I I I
2.2 5.0 7.5 10.0

C x 107, g/cm3

Fig. 10. Dependence of tg on C-concentration of polymer
for aqueous dispersions of supermoistureabsorbent: 1—film
boiling; 2—bubble boiling; 3—convective heat transfer.
Dash line a—water boiling point.
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Fig. 11. Dependence of 1y on C-concentration for agueous
dispersions of supermoistureabsorbent: 1—film boiling;
2—bubble boiling; 3—convective hesat transfer.

(Figs. 8, 9). It can be seen (Fig. 8) that in this case for
al cooling regimes ty; > t,, as expected. For the film
boiling and convective heat transfer dependences of the
effective temperature on bath temperature are practi-
cally straight lines. With increasing t, they tend to the
boiling point of water and approach the straight line
ts = to. IN the bubble boiling regime ty > 90°C and
weakly variesfrom t,. Thisindicates alocalized highly
heated region, whose temperature does not depend on
the nominal temperature of the cooling bath. Variation
of Ty with tyisweak in all regimes (Fig. 9). In the film

ALESHIN et al.

boiling adlight minimum in 1, is observed at 40-45°C.
It corresponds to ty = 60°C, which is somewhat |ower
than in the case of distilled water (80°C). Absolute val-
ues of 1, are close to those observed for water at high
bath temperatures, though lower by 56 s. This rather
unexpected result is, evidently, related to the specific
effect of the polymer additive on the characteristics of
the steam layer surrounding the hot probe, due to which
the higher viscosity of the liquid did not cause an
increase in the thickness of the steam layer and growth
of t,. Elucidation of the relation of this effect to physi-
cal characteristics of the solution requires a separate
study. It is possible that a certain role can be played by
different character of convective jet flows near walls of
the spherical steam layer and lower turbulence in
microscopic regions. It isremarkabl e that the growth of
viscosity of the liquid did not cause any increase in T,
in the bubble boiling regime: 1, = 1.2-1.5s. Thereason
is probably the same as the noted above decrease in 1,
in the film boiling regime and related to different con-
ditions at the boundary of the steam layer. Also, in the
convective heat transfer regime an amost two-fold
increase of 1, is observed compared with values typical
for pure water, which appears to be a natural conse-
guence of the higher viscosity. With rising temperature
Ty is decreasing as a consequence of the lowering of
solution viscosity with temperature.

Consider now the effect on the cooling curve param-
eters of additions of supermoistureabsorbent in differ-
ent concentrations (Figs. 10, 11). It is seen in these fig-
ures that increasing the polymer concentration causes
changes in the cooling curve parameters similar to
those resulting from changes brought about by raising
the cooling bath temperature (cf. Figs. 10 and 4-6),
which can be explained by gradual localization of the
cooling process and by growth of the heated zone tem-
perature near the hot probe. In the film boiling regime
the time constant 1, is closeto valuestypical of water at
moderate temperatures, 55-65 s. It could be expected
that at low concentrations of the polymer additive and a
bath temperature of about 20°C, when the effective
temperatures are very low, ty < —200°C, larger values
of thetime constant, 1, > 70 s, characteristic of cooling
in cold water will be observed. The possible reason for
the difference in 1, may be the effect of polymer
destruction products on the surface tension at the lig-
uid-steam interface. Under convective heat transfer T,
values are close to the values for the linear polymer
solution and increase with the concentration of the
polymer additive. This means that the viscosity
increase with concentration overrides the lowering of
viscosity caused by the local temperature rise and, cor-
respondingly, t«, because of gradual localization of the
cooling process.
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CONCLUSION

The data presented demonstrate the fruitfulness of
the adopted simulation approach to the study of the
cooling process. It has been shown that the cooling pro-
cess at any stage can be described by asimple exponen-
tial relationship with two parameters. Such a relation-
ship is characteristic of the heat transfer under condi-
tions of convection [5]. It is essentia that, with the
accuracy of fitting the experimental data of £3°C, the
equation parameters can be considered constant over a
stage. The first parameter has a dimension of time and
is uniquely related to the heat transfer coefficient. The
second parameter has a dimension of temperature and
its physical meaning isthat of the effective temperature
of the cooling bath. Due to convection, the effective
(apparent) temperature of the cooling bath islower than
the actual temperature of the liquid near the object
being cooled. An especially large differenceis observed
in the film boiling stage, prior to formation of the zone
of heated liquid. The intensive build up of this zone
takes place in the bubble boiling stage.

When cooling proceeds under conditions of harden-
ing of articles of complex shape, an important factor
determining the course of the entire cooling processis
the processinhomogeneity, i.e., coexistence at different
regions of the surface of different stages: film boiling,
bubble boiling, and convective heat transfer. It is natu-
ral to think that this general case can be considered in
the first approximation as a sum of contributions from
individual processes with weighting coefficients equal
to afraction of the surface, on which a processis dom-
inant (not taking into account the fact that the tempera-
ture is nonuniform over the metal bulk).
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To conclude, we note that on the basis of the per-
formed experiments we were able to suggest an effec-
tive scheme for quantitative description of the cooling
curves. Regrettably, no criterion could be found for
transition from film to bubble boiling, the search being
aggravated by the dependence of the temperature of this
transition on many factors difficult to control. One of
the most important among them is the state of the sur-
face of the article being cooled, in particular, the thick-
ness and fine structure of the oxide film. It isfound that
an increase of the film thickness makes the stability of
film boiling lower and raises the break-up temperature.
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Abstract—The stability of Mott conventional spherically symmetric and retarding-potential conical polarime-
ters are compared for the case when the position of the electron beam at their inputs is changed. The primary
electron energies are 500 and 1600 eV. When the electron beam is shifted by 0.6 mm, the count rate of the
former polarimeter remains unchanged, while for the latter, it changes by =7 and =18% for the energies 1600
and 500 eV, respectively. Thisinstability may cause errors in measuring the degree of polarization of the elec-

tron beam. © 2001 MAIK “ Nauka/lInterperiodica” .

INTRODUCTION

Currently, the spin polarization of an electron beam
is usually measured by sputtering high-energy elec-
trons by gold films [1, 2]. In Mott polarimeters, the
electron beam is accelerated to energies of 20120 keV
and the electrons sputtered are recorded with two (or
four) detectors arranged at an angle of 120° to each
other symmetrically about the beam. Because of the
interaction of the electron spin with its orbital moment,
the effective cross section of theinteraction for the elec-
trons with opposite spins is different. In other words,
the spin-orbital interaction causes left—right asymmetry
of scattering A g, which can be defined as the normal-
ized difference between the signals of the left, N, , and
the right, Ny, detectors:

Alr = (NL=Ng)/(N_+ Ng). )
Then, the beam polarization is given by theratio
Po = ALr/Sar, ()

where Sy is the effective Sherman function, i.e., the
asymmetry that should be observed at 100% polariza-
tion of the electrons.

There are two types of high-voltage Mott electron
polarization analyzers.

(1) A conventional Mott detector [3, 4] represents a
linear accelerating column and a scattering chamber.
Thelatter isunder ahigh potential and includesthe tar-
get and two (or four) silicon surface-barrier (SSB) or
passivated implanted planar silicon (PIPS) detectors.
When moving in the drift space, the electrons scattered
are recorded and energy-selected by the detectors.

Another version of conventional polarimeters is a
spherically symmetric field-free device [5, 6]. Here, the
beam is accelerated between the spheres and the elec-
trons scattered also move in the drift space and are
energy-selected with SSB or PIPS detectors.

(2) Retarding-potential polarimeters [7—9]. The
name of these devices reflects the essence of the
method by which the electrons are selected by energy.
When moving in adecelerating field, the particles scat-
tered by agold foil arerecorded by electron multipliers
or by microchannel plates that are under a near-ground
potential.

At present, when interest in experiments on spin-
polarized electron spectroscopy has significantly
increased, there is no agreement among researchers
regarding the advantages and disadvantages of one or
the other type of the polarimeters. Such parameters of
spin analyzers as efficiency, dimensions, design sim-
plicity, cost, etc. are compared. Unfortunately, one
more basic point, namely, the sensitivity of the count
rate and the symmetry to achange in the el ectron beam
position on the Au fail, as well as to changes in its
diameter and density, is usually overlooked. It is how-
ever known that the position and the form of the beam
do not remain constant during experiments, which may
lead to false asymmetry (A r). For example, upon
studying the magnetic properties of materials, it isoften
necessary to reverse the magnetization in opposite
directions, which distorts the trajectories of both pri-
mary (if the excitation is due to electrons) and second-
ary beams. Next, the magnetization of the targets may
change during temperature measurements, which also
affects the electron trajectories. Moreover, if before
entering a Mott detector, the electron beam passes
through any energy analyzer, it may leave the analyzer
at different angles and its density in the cross section
will depend on its energy.

Note that the count rate stability is of primary
importance in this case although the asymmetry is a
normalized quantity. It may appear at first glance that a
change in the count rate due to a change in the primary
beam parameterswill be compensated for if formula (1)
is used to calculate the asymmetry of scattering. In
practice, however, thisisnot alwaysthe case, since con-
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Characteristics of the Mott polarimeters of two types
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Parameters Conventional spherically symmetric polarimeter Retarding-potential conical polarimeter
Efficiency 25x 10 45x%10°
Dimensions 450 x 250 mm 135 x 100 mm

feedthrough required
Maximal count rate

Self-calibrationcapability
(rather conditional)

Independent vacuum system. No high-voltage

10° count/s at a detection efficiency of 80%.
4 x 10° count/s at a detection efficiency of 100%

By extrapolating to high discrimination level [10]

It is necessary to placeit inside the vacuum
system or use a separate vacuum chamber.
High-voltage feedthrough required

5 x 10* count/s

By extrapolating to the zero energy losses[13]

ditions for electron scattering into different detectors
may change because of the uncontrollable variationsin
the angle of incidence onto the gold foil or because sites
of beam—foil interaction alter.

Yet, the sensitivity of various Mott polarimetersto a
shift of the electron beam on the target, aswell asto the
variation of its diameter and density, has not been
explored.

In this work, we studied the count rate of two Mott
detectors operating under identical conditions as a
function of the beam shift at their entrance.

MOTT DETECTOR DESIGN

We have developed and studied two Mott polarime-
ters—conventional spherically symmetric and retard-
ing-potential conical devices, which are currently used
in basic research [10-12]. The table lists a number of
their operating parameters that are the most important
for the users.

Figure 1 shows the design of a spherically symmet-
ric field-free polarimeter. Its basic components are two
metallic polished semispheres with the center in com-
mon. The outer semisphere is under the ground or a
near-ground potential. The inner one is under a poten-
tial of 60 kV. It isfixed by two series-connected cylin-
drical ceramicinsulatorsthat can withstand avoltage of
=80 kV. An electron beam whose polarization is to be
determined is directed to the intersphere region through
a circular diaphragm. Then, being accelerated by the
strong spherical field, it enters the inner sphere, inside
which four large-area silicon detectors, an Au target,
and guiding diaphragms are arranged. The scatterer isa

800-A-thick Au layer deposited on afree thin Formvar
(polyvinyl formal resin) film. The scattered electrons
pass through holes in the diaphragms and are recorded
by the detectors.

In this polarimeter, electron selection by energy is
performed with the PIPS detectors. The pulse ampli-
tude at their output is proportional to the electron
energy. Once the pul ses have been appropriately ampli-
fied and discriminated, their repetition rate can be
assumed to be proportional to the number of elastically
scattered electrons. For the PIPS detectors equipped
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with special charge-sensitive amplifiers, the energy res-
olution is =10 keV. To decrease the input capacitance,
the spacing between the detectors and the amplifiers
was minimized. The amplifiers are mounted in a spe-
cialy designed cylindrical case and placed inside the
polarimeter. The electrical feedthroughisinthevicinity
of the detectors. The amplifiers are under an operating
potential as high as=60 kV. For further processing, the
signals are transferred to the input of driver amplifiers,
which are under the ground potential, via a fiberoptic
system. Theamplifiersarefed with aspecially designed
70-kV power supply measuring 300 x 200 x 150 mm.

The design of aretarding-potential conical polarim-
eter is depicted in Fig. 2. The basic components of the
analyzer are two metalic hollow polished truncated
cones. Theouter coneisunder the ground potential, and
theinner oneisunder apotential of 30 kV. The electron
beam passes through a diaphragm with a circular hole,
is accelerated by the strong field, and enters the region

O S0 NN D

——10

Fig. 1. Conventional spherically symmetric polarimeter:
1, electron bean; 2, input windows; 3, semispheres; 4, four
PIPS detectors; 5, CF-200 flange; 6, gold foil; 7, vacuum
feedthrough; 8, ceramic insulator; 9, four amplifiers, and
10, CF-63 flange.
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Fig. 2. Retarding-potential conical polarimeter: 1, electron
beam; 2, input window; 3, diaphragms; 4, four channel elec-
tron multipliers; 5, gold foil; and 6, insulator.

Fig. 3. Experimental scheme: 1, electron gun; 2, sample;
3, detectors; 4, gold foil; and 5, polarimeter axis.
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Fig. 4. Normalized count rate vs. el ectron beam shift d rel-
ative to the Mott polarimeter axis (the Z axisin Fig. 3) for
energies of 1600 and 500 eV. (a) Retarding-potential pola-
rimeter and (b) conventional polarimeter.
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bounded by the smaller cone. A 100-um-thick gold foil
is placed inside the cone. Electrons scattered by the foil
through an angle of +120° |eave the inner cone through
symmetrically arranged diaphragms and fal into the
decelerating electric field. Here, the scattered electrons
slow down and those having lost a small amount of
energy due to inelastic collisions pass through dia-
phragms located on the inner surface of the large cone
and detected by channel electron multipliers. In our
case, the range of energy losses AE dueto inelastic col-
lisons was 300 eV. The amplifiers were under the
ground potential.

RESULTS AND DISCUSSION

The stability of the devices was checked with an
experimental scheme shown in Fig. 3. The scattering
geometry was typical of real experiments on spin-
polarized electron spectroscopy. The excitation was
carried out with an electron gun 60 mm distant from the
Al sample. Polycrystalline Al was employed in order to
exclude undesired effects associated with spin—orbital
interaction and crystallographic ordering of the sample.
Electrons scattered through 90° were detected by the
Mott polarimeter. The experiments were performed
with the devices of both types: first with one device and
then with the other (the positions of the devices were
the same). The polarimeters were placed in such away
that their input conditions were identical. When com-
paring their performance, we did not use any electron
optics at the input. In both experiments, the potentials
across the input elements were equal to zero. The
energy selection of the Al-scattered electrons was
absent. The arrangement of the polarimeters was such
that the plane of second scattering (by the Aufoil) made
an angle of 45° with that of theinitial scattering (by the
Al sample).

The electron beam was scanned perpendicularly to
the plane of initial scattering (along the Z axis, Fig. 3).
The shift of the beam on the surface of the Al sample
was =1 mm.

The results of the experiments are shown in Fig. 4.
Squares and circles correspond to the opposite scan
directions. The results for the normalized count rates at
primary beam energies of 500 and 1600 eV are pre-
sented, since they are the most typical. Similar mea-
surementswere made for many other energies. Itisseen
that, asthe primary electron beam shifts by 0.6 mm, the
count rate of the conventional spherical polarimeter
remainsfairly stable, while that of the retarding-poten-
tial device changes by =18 and =7% for the energies
500 and 1600 eV, respectively. It is also seen that the
curvesrun in a different way. The curve corresponding
to 500 eV is symmetric about the zero shift, while that
corresponding to 1600 eV is asymmetric. It is not the
goal of this work to comprehensively analyze the
behavior of these dependences. Wetry merely to find an
explanation for the low sensitivity of the conventional
spherically symmetric polarimeter to the shift of the
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electron beam at itsinput compared with the retarding-
potential device.

In our opinion, the basic reasons for this difference
are asfollows (in order of increasing significance).

(1) The presence of aretarding potential may con-
siderably affect thetrajectories of electrons scattered by
the Au foil, which is not the case in the conventional
polarimeter, where the electrons scattered move in the
drift space.

(2) The spherical accelerating field in a free-field
polarimeter focuses the electron beam on the Au fail
well unlike the analyzer of the other type.

Thus, when designing an experimental spin ana-
lyzer, one must be guided not only by such parameters
as efficiency, dimensions, or design simplicity. It
should also be taken into account that the count rate
and, consequently, the asymmetry of scattering may
sometimes change when the el ectron beam shifts at the
input or when its diameter or density changes. Obvi-
ously, the electron beam polarization measured will be
inerror in this case.
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Abstract—The discontinuity length is found when a high-frequency gasdynamic perturbation propagatesin a
thermodynamically nonequilibrium gaseous medium. © 2001 MAIK “ Nauka/lInterperiodica” .

The gas dynamics of thermodynamically nonequi-
librium media, such as vibrationally excited gas,
nonisothermal plasma, chemically active mixture, etc.,
is presently the subject of much experimental and theo-
retical investigation. It is known that the second (vol-
ume) coefficient of viscosity in these media may be
inverted, so that the medium becomes acoustically
active[1, 2]. The acoustic activity of the media consid-
erably changesthe configuration and dynamics of prop-
agating nonlinear waves.

The length of discontinuity L is one basic charac-
teristic of nonlinear acoustics. In particular, this param-
eter specifies the effective length within which plane-
wave approximations apply, for examples, to problems
like the self-action of sound or the dissipation of acous-
tic waves by waves of another nature. It has been shown
[2] that the discontinuity length in acoustically active
mediais smaller. In thiswork, we suggest asimple for-
mulafor Ly obtained by the method developed in [3].

Up to quantities of the second order of smallness,
the propagation of high-frequency perturbations in a
relaxing medium is governed by the Burgers equation
with a source given by [1-3]

VY + l'IJooVVZ = U'VZZ - aOOUOOVl (1)

where V is a perturbation of the gasdynamic velocity in
an acoustic wave (equations for the perturbations of
other parametersaresimilar), Z=X—-u,t,y=0t,0< 1
is a quantity of the first order of smallness, X and t are
coordinate and time, W, = (y., + 1)/2 is the hydrody-
namic nonlinearity coefficient, y., isthe adiabatic expo-
nent, | isthe dissipation factor dueto viscosity and heat
conduction,

_ E,Ch
O = 2 3.2
2p0CVoouooT
is the high-frequency dissipation factor due to relax-
ations with arelaxation time t in the medium, p, isthe

density of the medium, C,, and C,,, are the equilibrium
and frozen heat capacities at constant volume, u,, isthe

frozen speed of sound, and &, is the low-frequency sec-
ond coefficient of viscosity. In a nonequilibrium
medium, &, < 0 may be negative, hence, the acoustic
activity of the medium; i.e, a,, <O.

With theinitial perturbation represented in the form
V(y = 0, 2) = Vysin(wZ/u,,), where w is frequency, the
solution of Eq. (1) at p —= Oisgiven by
= arcsinf — BLe[l—exp(—amumy)], 2

o0 00 g

wZ

where B = Vexp(a,u.y)/Vo and Lg = u’ W Vywisthe
well-known expression for the discontinuity length at
0, =0[3].

Itiseasy to check that expression (2) isthe solution
of Eq. (1) for both a,, > 0and a,, < 0. According to (2),
the discontinuity starts forming at

1

[1-exp(-a.u.y)] =1,

e
A,Llg

hence, the discontinuity length

In(1-o,L3)

L,=
d a,

Thus, knowing theincrement a.,, one can easily find
the value of Ly when the initial high-frequency gasdy-
namic perturbation propagates in an acoustically active
medium.
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Abstract—The magnetic properties of atwo-phase fiber composite are theoretically studied. One of the phases
is aferromagnet with a highly nonlinear field dependence of the local magnetic permeability and a negligible
hysteresis loop. The dependences of the effective magnetic permeability (both along and across the fibers) on
the external magnetic field and on ferromagnetic phase concentration are found. A steep rise in the effective
transverse permeability is revealed near the percolation threshold. © 2001 MAIK “ Nauka/Interperiodica” .

Magnetic composites are now attracting consider-
ableinterest (see, e. g., [1-5]). Thisisin great part due
to thefact that the potentialities offered by pure (single-
phase, uniform in composition, and homogeneous)
materials have been substantialy exhausted. In many
cases, composites acquire properties that are lacking in
the initial materials. In the new-material technology,
emphasis is currently on the synthesis of macroscopi-
cally inhomogeneous media with properties controlla-
ble over awide range (see, €. g., [6]).

Inhomogeneous media are usually characterized by
effective coefficients; in our case, the effective mag-
netic permeability is of interest. For composites with a
random structure, the calculation of the effective coef-
ficients is difficult and is possible only in certain
approximations. According to the arrangement of the
phases, the degree of disorder, etc., the effective coeffi-
cients may differently depend on the concentration and
external fields. The nonlinearity of the local magnetic
permeability, which is (by definition) an inherent char-
acteristic of ferromagnets, presents another problem in
the calculations. For example, the direct numerical sim-
ulation of atwo-phase strongly inhomogeneous nonlin-
ear medium is extremely cumbersome and is made, if
possible, only by invoking the grid methods, where the
inclusions are specified by the nodes of aregular mesh.
Adequate methods that allow the reasonably accurate
description of nonlinear composites have been devel-
oped only recently [6].

In this study, we consider a composite consisting of
circular ferromagnetic filaments (first phase) embedded
in anonmagnetic matrix (second phase). Either phaseis
characterized by local magnetic properties. The nonlin-
earity of the ferromagnetic phase permeability is essen-
tial and governs the magnetic properties of the medium
as awhole. The second phase is paramagnetic or dia-

magnetic, and its permeability can be set equa to I,
with a good accuracy. The effective permeability will
be studied in relation to the phase concentration and the
external magnetic field. The ferromagnetic phase is
considered to have a nearly zero hysteresis loop (see,
e.g., [4]). Themodd of the compositeis shownin Fig. 1.

The magnetic properties of thefirst phase are speci-
fied by the dependences pu; = y;(H) (Fig. 2) and

B = u(H)H. D

To characterize the magnetic properties of the mate-
rial as a whole, one uses the effective values, which
relate (by definition) the volume-averaged magnetic
field strength and induction:

[(BO = u %(HD HO 2

where, eveninthelinear case, p®isatensor whose prin-
cipal axes are directed along and perpendicular to the
cylindrical inclusions.

Hy
Ho

Fig. 1. Fibred two-phase magnetic composite. Fibers are of
acircular section, and the circle centers are distributed ran-
domly. The bulk concentration of the ferromagnetic phase
(black areas) isp.

1063-7842/01/4612-1571$21.00 © 2001 MAIK “Nauka/Interperiodica’
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Fig. 2. (a) Magnetic behavior B = p;(H)H and (b) the local
permeability of the ferromagnetic phase.

In the principal axes, thistensor is diagonal and has

the longitudinal component uﬁ “aong” and two equal

transverse components pg “perpendicular” to the

inclusions. In what follows, we will consider the paral-
lel and perpendicular relative orientations of [HJand
ferromagnetic fibers.

The composite is assumed to be macroscopically
inhomogeneous with the coordinate-dependent local
permeability p = u(r). In our case of the two-phase
medium, p(r) = py(H(r)) in the ferromagnetic phase
and pL = 4, in the nonmagnetic one. We al so assume that
the compositeis sufficiently large, so that any randomly
occurred paralel arrangement of the ferromagnetic
fibers can be considered as the self-averaging of the
material properties [7]; in other words, the effective
properties of different reaizations are indistinguish-
able. Finally, we restrict our analysis to the stationary
case; i.e., we assume that B(r) and H(r) obey the Max-
well equationsin the form
curlH = 0.

divB = 0, 3

The calculation of the longitudinal component uﬁ

presents no difficulties. Under the assumption that [H [
is parallel to the fibers, Eq. (3) givesfor the local mag-
netic field H, = Hp; that is, the local magnetic field

BAKAEYV et al.

strength in both phases equals [H [}, Using this circum-
stance, one can average the local relation

By(r) = u(r. HpH, )
over the volume:
Bi= P (HYHH 5

= (pu(HP + (1-p)u) HE

where p is the concentration of the ferromagnetic
phase.

Equation (5) immediately yields the expression for
the effective permeability along the fibers:

Hy(CHD = ppy(THD + (1 p) M, (6)

The determination of the transverse component is
reduced to solving the two-dimensional problem with
randomly distributed circular inclusions. For the linear
case, such aproblem in terms of dielectric permittivity
was posed by Maxwell [6, 8] and solved in the approx-
imation of solitary inclusions. In this approximation,
the concentration of the inclusions, for instance, of the
first phase, is assumed to be so small that they do not
interact with each other [9]. It is evident that, in real
composites, this approximation generally fails. The
interaction between the inclusions in the linear case is
best accounted for by the Bruggeman-Landauer (BL)
approximation of self-consistent field [8, 10]. This
approximation does well for not too high inhomogene-
itiesin the entire range of concentrations except for the
vicinity of the percolation threshold (at high inhomoge-
neities), where the methods of percolation theory
should be applied. It isworth noting that the problem of
effective values has no general solution: at different
concentrations, arrangements, and distributions of
inclusions, as well as at different local dependences,
various rel ationships may take place. Only in particular
cases (small concentrations of inclusions, concentra-
tions near the percolation threshold, specific arrange-
ments of the phases in the two-dimensional case, etc.),
the problem has a general, while approximate, solution
that depends on a small number of parameters, e.g., on
the dimension of the problem.

To derive the effective transverse permeability pg,

we use the BL approximation maodified for the nonlin-
ear case [11, 12]. Following [11, 12], we consider the
local field inside the nonlinear inclusions as constant.
With this assumption, the nonlinear phase will be char-

acterized by the constant permeability [,
by = Qu(HE)G, (7)

where averaging [..[j is carried out over the volume of
theinclusions.

Since now the medium consists of two “linear”
phases with W, and [1; , the effective permeability can

TECHNICAL PHYSICS Vol. 46 No. 12 2001
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1

HE/Ho (a)

Fig. 3. Volume-averaged magnetic induction and u% as
functions of the volume-averaged magnetic field (H0

be found from the conventional BL formula[8, 10, 13]

e = 3(1-2p) (1~ i)
®)

1 _ _
+5A(1=2D) (Hp— ) + Aptzfls
Asiswell known [7], for samples of a size exceed-
ing the typical self-averaging size (correlation radius),
(BH = [BMH Glhence, with regard for (2) and (7) [11, 12],
(H*op°
p oy
After the substitution of p, = py(Hp) for py, =

HG = 9)

M (Hp)G, we approximate [i; asafunction of (H23:

i = Ou(Hp)d = py(/ THEO).
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This approximation has proved to be valid in calcu-
lating the effective conductivity of nonlinear two-phase
composites [11, 12] with a highly nonlinear |-V char-
acteristic [14, 15]. Substituting (10) into (8) and (8) into

(9) yields the equation for CHZ0:

(11)

+

21, — (1-2p)" (1~ 1) }
«/(1— 2D)* (Mo — Hy)° + 4p,f,

Substituting CHZ [ determined from (11) into (10),
we obtain the effective permeability of a nonlinear
composite as a function of the concentration, parame-
ters of the local function of the nonlinearity p, =
M;(Hp), and externa magnetic field (HL] The depen-
dence of the effective permeability for the particular
local functionisplottedinFig. 3.Atp=1and p=0, the

permeability pf (IH D becomes, asit must, that of the

ferromagnetic and nonmagnetic phases, respectively.
Similar to the conventional BL approximation, its

nonlinear generalization leads to the percolation-like

behavior of p. Asseen from Fig. 3a, at particular val-

ues of MH-{(such that p;, (HCp = 1)/yy > 1), the effec-

tive permeability abruptly increases as the concentra-
tion passes over the threshold. The quantitative descrip-
tion of the near-threshold region, for example, the
determination of the critical exponents and their depen-
dences on [H[Jis possible only within the framework
of the percolation theory [16]. Note a so that the exter-

nal field H- [, a which pg (p = const) shows a max-
imum is concentration-dependent, (HL.. = f(p).
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Abstract—The effect of small thermal fluctuations on a single-contact interferometer is analyzed. A relation-
ship between the dispersion of magnetic flux fluctuations, geometrical inductance of the interferometer, and
external magnetic flux is found. © 2001 MAIK “ Nauka/Interperiodica” .

INTRODUCTION

It is known [1] that a single-contact quantum inter-
ferometer relies on radically new effects appearing
when a Josephson contact is closed to form a supercon-
ducting ring. The state of a single-contact interferome-
ter is described by the equation

@+1sno = @, (1

where @, = 2P/ P, is the external magnetic flux nor-
malized to the magnetic flux quantum ®, = Atte, | =
L/L. in the geometrical inductance normalized to the
Josephson inductance L. = ®y/2m, and |, isthe Joseph-
son critical current.

The shape of the @(¢,) dependence strongly depends
onthevaueof I: at | < 1, the dependenceis nearly lin-
ear, while at | > 1, it becomes uncertain. At a large
inductance, | > 1, the interferometer has 2N (N = I/m)
stationary states and can be used as a basis for con-
structing memory cells. Several versions of such a
memory have aready been implemented in experi-
ments [2]. In [3], a reversible data-processing device,
parametric quantron, with an extremely low dissipated
energy (much smaller than a dissipated thermal energy)
has been suggested. Another important application of a
single-contact interferometer is a high-sensitivity mag-
netic sensor incorporated in an rf SQUID. Recent
works regarding the use of the interferometersin quan-
tum computers [4] are aso worth noting, since these
devices are real macroscopic systems that have two
guantum states under certain conditions.

The discovery of high-temperature superconductiv-
ity [5] has opened new avenues for superconducting
electronics. Thetransition from helium to nitrogen tem-
peraturesin cryoel ectronics makesit possible to extend
the application of superconducting electronic devices
(including single-contact interferometers). At the same
time, the operation at nitrogen temperatures runs into
serious problems, since thermal fluctuations grow with
temperature. Asisknown, the effect of thermal fluctua-

tions on the Josephson device performance can be char-
acterized by the dimensionless parameter

y = KT/E; (29)

(where KT is the thermal fluctuation energy and E; =
nlJ2eis the Josephson binding energy) or

y = I{/lg, 11 = 2ekT/A. (2b)

Thermal fluctuations are considered to be small if
vy << 1 In this case, thermal activation is appreciable
near the critical current. I ntense fluctuations, which are
observed at y > 1, will not be considered in this article.
For the efficient operation of Josephson devices, the
critical current |, considerably exceed the thermal cur-
rent I4; in other words, the parameter y must lie within
someinterval. The thermal current is estimated as

I:(MA) = 0.084T (K).

At helium temperatures, Iissmall (I+=0.2 pA), so
that the condition y < 1isreadily fulfilled. At nitrogen
temperatures, |+ approaches 3.2 pA and the necessary
value of the critical current must grow. However, an
increase in the critical current also faces a number of
problems. For example, the power

P =1V, = 1,28(T)/e,

dissipated upon switching Josephson tunnel contacts
into the resistive state may significantly grow, since the
energy gap of high-temperature superconductors is
much larger than in the low-temperature material.

Basically, thermal fluctuations at nitrogen tempera-
tures can be suppressed by carefully designing the
geometry of both the contactsthemselves and their con-
nections to obtain desired properties. This issue calls
for special consideration and is beyond the scope of this
work. Recently, the effect of intense fluctuations (y > 1)
on single-contact [6] and double-contact [7] interfer-
ometers has been studied. In those works, the theoreti-
cal grounds of the interferometer operation under

1063-7842/01/4612-1575%$21.00 © 2001 MAIK “Nauka/Interperiodica’
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strong fluctuations have been put forward. We assume
that the fluctuations are small and consider the different
variations of the magnetic field applied to asingle-con-
tact interferometer. Such experiments could also help to
elucidate the noise properties of devices based on gran-
ulated high-temperature superconducting films, since
single-contact interferometers are basic elements in
simulating these media.

BASIC EQUATIONS

The effect of fluctuations on a single-contact inter-
ferometer can be studied with the Fokker—Planck equa-
tion for probability density [1]. For the probability den-
sity near the bottom of a potential well, we have

00 [

a(o,v) = exp(-G(eo, v)/kT)/IdcpIdv 3

x exp(=G(o, v)/KT),

where G(¢, v) isthe energy of asingle-contact interfer-
ometer [1]:

G(p v) = CViv7/2 @
+ Pl /21(1 - cos@+ (@ — @)°/21);

v = VIV, Visthe voltage across the Josephson contact;
V. is the characteristic Josephson voltage: V. = I Ry;
Ry is the normal resistance of the contact; and C isthe
contact capacitance.

If theinductanceissmall, thefluctuations of the crit-
ical current of the Josephson contact are neglected, so
that only the last term remains. The same approach
alows us to calculate the lifetime of the metastable
state and fluctuations near the absolute minimum [1].
Asaresult, the thermal fluctuation factor y given by (2)
and its dependence on the magnetic field are absent in
the final expressions. In our analysis, we take into
account this disadvantage and calculate the magnetic
flux fluctuations. With Eq. (1) for the interferometer
state, the dispersion of the magnetic flux fluctuationsis
expressed as

507G = (singl(cosp+1™))’8le/1;,  (5)

where the phase @ is given by Eq. (1)

It should be noted that the similar equation for the
fluctuations has been used in [8]. The dispersion of the
fluctuations of the Josephson critical current depends
on the McCamber capacitance parameter [ =

21 R, C/®d, and on the rate of increase of the current
through the contact a = d(I/1.)/d(t/®y/21d Ry).

ASKERZADE

(1) Small-Inductance Interferometer

For small inductances, the parameter o depends on
the rate of change of the externa flux by virtue of

Eq. (1):
o = cos(@.(t))de/dt. (6)

For slowly varying fields (i.e., for a low rate of
increase of the current through the contact) and small
fluctuations,

a<3y/2)* <1, @)

the dispersion of the delay time depends on the rate of
increase of current and capacitance parameter only
dightly [9, 10]. This is explained by the specific
dynamics of the Josephson phase when the rate of
increase of the current islow. When deriving these for-
mulas, we assumed that the fluctuations have enough
time to thermally activate the system through the
slowly lowering energy barrier. Multiplying the for-
muladerived for the dispersion of the delay time by a?,
we obtain the critical current dispersion:

5/2 43

Fo = (81217 O(3yInCy/2°%) "8, (8)

where C; isdefined as[9, 10]

_ yAma a B<1

Co=10 (8a)
® " m3y2)®ena a B> 1.
Thus, in view of (5)—(8), thefinal expression for the
magnetic flux dispersion at low rates of increase of the
current has the form

(3Da/D2) = 12sin*,F,. )

When the rate of increase is high (a > (3y/2)3) or
the fluctuations are small, the switching process is
affected insignificantly; in particular, a slight depen-
dence on a arises. Multiplying the associated formulas
for the delay time dispersion in the cases of a tunnel
contact [11] and a hysteresis-free junction [10] by a?,
we come to the expression for the critical current dis-
persion:

F, = (81217 = 003y *a™ a B> 1,

11.9ya™ a B<1.

The formula for the magnetic flux dispersion is
obtained by substituting F; for Fyin (9).

(10)

(2) High-Inductance I nterferometer

At high inductances, severa stationary states may
be observed. Of them, that with the least potential
energy is the most stable, while the other are metasta-
ble. Thelifetimes of the metastable states are estimated
by the formulas given in [12]. To estimate the magnetic
flux fluctuations near the absolute minimum in formu-
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la(5), we must take into account the relationship sing=
@J/I, which is obtained from the equation for the inter-
ferometer state at high inductances. Inthiscase, therate
of increase of the current is given by a = dgJ/dt/l. At a
low rate of increase of the current through the contact
and small fluctuations, i.e., when the condition (7) is
met, we have for the magnetic flux dispersion:

BOD2) = (@l 1P- gt +1) F. (11)

When deriving this formula, we used Eg. (5) and
Egs. (1) and (8) for the interferometer state. If the cur-
rent through the contact grows rapidly, a > (3y/2)?3, the
expression for F; should be applied instead of that for
Foinformula(11).

Unlike the low-inductance limit, at large I, switch-
ing into the adjacent stationary state takes place as the
external magnetic filed increases. Near such switchings,
the denominator in the expression sing/(cose + 1) tends
to zero and the effect of the fluctuations near these
threshold points changes. Using the formulas for the
threshold values of the phasesin Eq. (1), aswell asthe
results obtained in [12], we find in the low-rate limit:

o
(5D%/ DY) -

= ({I"=[(2=1)"(29) "2 =11} 181(1° = 1)) FE?,

where @ = |00 " — @), @0 " =T+ 17— 1 +arcsinl -
102 (n isthe state number).

When deriving this equation, we used the expres-
sions for the barrier height and for the small-amplitude
oscillation frequency of asingle-contact interferometer
near the threshold points (Chapter 6 in [1]). At high
rates, formula (12) holds but the rate dependence arises,
so that the expression

F;l_lz = 0.17a 3/8[3_3/8\/1/2
3.44q 7/ 18y1!2

a p=1 (12a)

a p<1
should be used instead of Fg~.

DISCUSSION

Comparing formulas (9) and (11), we see that the
effect of the fluctuations for a low-inductance interfer-
ometer is quadratically small. In this case, the Joseph-
son contact is shunted by the interferometer inductance
and the fluctuations turn out to be smal, because a
major part of the fluctuation current passes through the
inductance. This becomes clear if a single-contact
interferometer is viewed as parallel-connected contact
and inductance that are fed by a current source with a
current strength ®/L. For large inductances, the effect
of the source is negligible and the interferometer
behaves as a single contact with agiven current |, = dJL.
As follows from (12), the effect of the fluctuations is
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enhanced near the threshold points. At these points, the
effect of the Josephson inductance grows and the fluc-
tuation contribution is distributed among the ring and
contact inductances. Such aconclusion isin qualitative
agreement with the data obtained for the hysteresis-free
conditions (Chapter 14in[1]). In[14], it was noted that
the phase jumps near the threshold points enhance the
fluctuations.

It is known that the SQUID sensitivity is character-
ized by the parameter

E, = 3D/2LAf,

where d® is the external magnetic flux change equiva-
lent to the SQUID intrinsic noisein aband of measure-
ment Af and L istheinductance of the sensor (single- or
double-contact interferometer).

The formulas for 6532/6133 derived above can be

used for estimating the SQUID energy sensitivity. The
careful calculation of the output characteristics of rf
SQUIDs is beyond the scope of this work. However,
these formulas allow us to make tentative conclusions.
For aslowly varying external magnetic flux, the energy
sensitivity degrades with decreasing frequency [see
(9)], because the logarithm increases when the parame-
ter a O Q in the denominator decreases (Q [ dg/dt).
This statement qualitatively agreeswith theformulasin
Chapter 14 from [1], aswell aswith formula (30) in [6]
deduced in the small fluctuation approximation. This
approximation is obtained at L/Lp — O and y — 0.
According to [6], this case corresponds to the adiabatic
limit and the output energy sensitivity drops with
decreasing pump frequency. To improve the sensitivity,
it isadvantageousto raise the pump frequency. Because
of this, the transition to super-high-frequency SQUIDs
seems to be topical. However, the drastic decrease in
the energy sensitivity at pump frequencies on the order
of the Josephson junction characteristic frequency, w =
w, (Q = 1), is due to the change in the single-contact
interferometer dynamicsand, consequently, inthe mag-
netic flux dispersion at high rates of increase of the cur-
rent. This corresponds to the nonadiabatic limit [6]. As
follows from (10), the sensitivity dropsas Q¥4 at B > 1
and as Q7 at B < 1. In the nonadiabatic limit, the sen-
sitivity also decreases with increasing Q = 1, according
to[6].

Thus, we have analyzed the effect of small thermal
fluctuation on the performance of a single-contact
interferometer and related the magnetic flux fluctuation
dispersion to the geometric inductance and externa
magnetic field.
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Abstract—A method is proposed for calculating an external source that formswhen hard radiation is absorbed
by matter. The relevant electrodynamic problem is solved by numerical modeling. It is shown that the current
density vector can be localized in space and time. © 2001 MAIK “ Nauka/Interperiodica” .

The investigation of electromagnetic waves accom-
panying the absorption of gamma-ray photons by mat-
ter implies a calculation of the macroscopic current
density vector, i.e., an external source for the el ectrody-
namic problem. The objective of this paper is to con-
sider the formation of a current pulse during the irradi-
ation of a gas medium by a collimated beam of hard
radiation. The method of calculation is described, and
the spatiotemporal structure of electromagnetic wave
sources moving at the speed of light is calculated. The
methods of numerical modeling are applied. The
numerical code is devised with the use of the GEANT
software package [1], which is widely utilized in
nuclear and high-energy physics. Account is taken of
the main processes of the interaction of photons with
matter (photoabsorption, Compton scattering, and pair
production), as well as of the secondary effects of the
interaction of delta-el ectronswith matter and ionization
processes induced by the secondary electrons. Elec-
trons with energies lower than ten kiloel ectronvolts are
not taken into consideration. The input to the code
includes the data on the elemental composition of the
absorbing region and its geometry, as well as on the
spatiotemporal distribution of the primary gamma-ray
photons and their momenta. Thiswork is motivated by
recent studies on the formation of highly directed,
strongly localized (in both space and time) electromag-
netic waves by sources propagating at the speed of light
[2-8]. Note that, in [2-8], the sources (the current den-
sity vectors) were specified heuristically rather than
calculated. In calculations of the electromagnetic radi-
ation from nuclear explosions [9, 10], the current den-
sity was determined using a simplified model. It was
assumed that the electrons produced during absorption
of gammaray photons by matter keep their initial
velocity unchanged along the path of propagation and
then stop abruptly. The spread in vel ocities and g ection
angles of the electrons, as well as secondary effects,
were neglected. These simplifications had to be made

because, at that time, there were no adequate computers
and numerical methods.

A schematic of the numerical experiment is shown
in Fig. 1. The geometry of the problem is chosen to sat-
isfy the requirements imposed on the spatiotemporal
structure of the source by the familiar solutions to the
electrodynamic problem of the formation of directed
waves [4-8]. A homogeneous absorbing medium is
bounded by acylindrical surface and by two planesthat
are orthogonal to the cylinder axis, along which a spa-
tiotemporal o-pulse of primary radiation propagates.
The origin of the coordinate system is chosen to be
located at the point O(x =0,y =0, z= 0), which liesin
one of thetwo planes. The z-axisisassumed to coincide
withthe cylinder axis. Theinitial instant is chosen to be
the time at which agammarray pul se passesthrough the
boundary of the absorbing region. The results presented
below were obtained for 10-MeV gamma-ray photons
propagating through air at a pressure of 10 atm. In
Fig. 1, the electron trgjectories are shown by the solid
lines, and the trgjectories of gamma-ray photons are
represented by the dashed lines. We can see that the
electrons are concentrated near the z-axis.

The spatiotemporal distribution of the current den-
sity j(r, t) is determined by the current density vectors
Jav, (r, t) in the volume elements AV, ((x, % + AX), (¥,
v, + Ay), (z, z + A2)) in space. In each of the elements,

the current density vectors of individua electrons is
summed:

N;

- _1

JAVi(rlt) - AV Zlev(raV t)!
a=

where AV = AXAyAz, v(r,, t) and r (X, Y, z, t) are the
velocities and coordinates of the electronsin an absorb-
ing medium at thetimet, and N, is the number of elec-
trons in the volume element AV,.

1063-7842/01/4612-1579%$21.00 © 2001 MAIK “Nauka/Interperiodica’
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Fig. 1. Schematic of the model experiment. A 20-m long
and 20-m-diameter cylindrical region is filled with air at a
pressure of 10 atm. The energy of the primary gamma-ray
photonsis 10 MeV. The solid lines are the el ectron trajecto-
ries, and the dashed lines are the trajectories of gamma-ray
photons. The upper frame presents the region around the z-
axison an enlarged scale.

The centers of the volume element AV, are assigned
the vectors j »y, (r, t). The histograms describing trans-

versedistributions of the z-component j(r, t) of the cur-
rent density vector at fixed t and z are shown in Fig. 2.
For the above parameters of the model experiment, the
half-width AR, of thedistribution j(r, t) issmaller than
60 cm. Thisvalue of AR; is an estimate of the extent to
which the forming source islocalized in the transverse
direction at the chosen observation time.

Figure 3 shows how the shape of the current pulse
changes from cross section to cross section along the
absorbing region. For the above parameters of the
medium and for the above energy of the primary radia-
tion, the pulse duration T at a level of 0.1 of the peak
amplitudeisshorter than 2 ns, which correspondsto the
spatial extension AZ, = cT < 60 cm (where c is the
speed of light). This value of AZ, is an estimate of the
spatia localization of the current along the z-axis. In
Fig. 3, we can a so seethat the current pul se propagates
at the speed of light.

The above estimates of the longitudinal and trans-
verse localization of the pulse enable us to draw the
following conclusion: for the chosen parameters of the
model experiment, theirradiation of agas medium by a

VALIEV

J,x 1012

~10 X, m

Fig. 2. Histograms of the transverse distributions of the z-
component j(r, t) of the current density vector at the time
t =500 ns in the cross sections separated by a distance of
0.2 m aong the z-axis.

collimated gamma-ray beam during the time interval
under consideration leadsto the formation of aspatially
localized region that propagates at the speed of light
and in which j(r, t) # 0. Hence, a simplified model in
which the external source is represented by a delta-
pulse of the current propagating at the speed of light
along a straight line [7] can be employed in electrody-
namic calculations of directed electromagnetic waves.

The method proposed here for calculating the cur-
rent density vector j in electrodynamic problems can be
used to model other sources propagating at the speed of
light (in particular, the sources that giverise to directed
waves [5, 6, 11]) by specifying the required distribu-
tions of the coordinates and momenta of the primary
gamma-ray photons.

The proposed method for calculating the current
density vector j can also be used to determine the shape
of acurrent pul se propagating faster than light (asuper-
luminal source of radiation). An example of the forma:
tion of a superluminal source was given in [12], in
which the front of a hard radiation pulse was assumed
to be incident at an angle to the symmetry axis of an
extended absorbing region.
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Fig. 3. Waveforms of the current pulsein different cross sec-
tions of the absorbing regionsfor 10-MeV primary gamma-
ray photons.

The main results of the present work can be summa-
rized as follows. A method is proposed for simulating
an el ectromagnetic wave source that formsin the inter-
action of hard radiation with matter and propagates
with aspeed that isequal to or greater than the speed of
light. The transverse and longitudinal localization of
the current density vector in agas medium irradiated by
a collimated gammarray beam is estimated under the
conditions chosen for the numerical experiment. The
use of a model in which the external source is repre-
sented by a delta-pulse of the current propagating at the
speed of light along a straight line isjustified.

TECHNICAL PHYSICS Vol. 46 No.12 2001
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Abstract—Electrical and optical characteristics of a positive corona discharge in He/Xe(Kr)/SFg/CCl, mix-
tures, which are of interest for the use in multiwavel ength excimer radiation sources, are studied in the needle—
grid electrode configuration. Thelength of the discharge, which isusually used to pump repetitive high-pressure
multiwavelength radiation sources, is equal to the length of the electrodes of an excimer laser or lamp pumped
by a transverse electric discharge. The discharge current—voltage and frequency characteristics, panoramic
emission spectra, and the dependences of the relative emission intensity from the hal ogenides and excited noble
gas atoms on the corona discharge current are investigated. The main processes resulting in the production of
halogenides, as well as xenon and krypton excited atoms, in the generation regions of a corona discharge are

studied. © 2001 MAIK “ Nauka/Interperiodica’ .

INTRODUCTION

Pulsed corona discharges (CDs) in the mixtures of
noble gases with halogen-containing gases are widely
used for the UV preionization of electric discharge—
pumped excimer (RX*) lasers[1, 2]. The steady-state or
guasi-steady-state CDsin active media of the RX lasers
arestudied lessextensively. A CD with alength approx-
imately equal to the length of an RX laser active
medium can be used to pump the active media of high-
pressure gas lasers [3]. The studies carried out with
He/Xe(Kr)/HCI mixtures showed that, for negative sup-
ply voltage at the needle—grid electrode system, this
type of discharge can be used to pump the laser active
medium, whereas, for the positive voltage, a streamer
corona arises, which makes the discharge unfit for
pumping [4]. A multielectrode negative CD in
He/Xe(Kr) mixtures, whose composition is similar to
those used in multiwavel ength radiation sources based
on the noble gas chlorides (with low-corrosive CCl, as
a halogen donor), was studied in [5].

Here, we investigate the production of halogenides
and xenon (krypton) excited atoms in the generation
regions of a positive CD in He/Xe(Kr)/SF/CCl, mix-
tures and its electrical characteristics.

EXPERIMENTAL SETUP

The electrode system consists of 12 needles
arranged in a row and a grid made from 0.15-mm-
radius nickel wires. A radius of the needle apex is
0.5 mm; the needle—grid distanceis 2 cm. The electrode
system is mounted on a dielectric flange and set into a

high-pressure chamber. A positive dc voltageis applied
to the needles. A more detail ed description of the exper-
imental facility is presented in [4, 5].

In our experiments, the CD has the form of bright
generation regions near the needle apexes, while the
bulk of the discharge gap is dark. At elevated voltages,
when a breakdown is going to occur, the generation
regions near the grid also arise. Theincreasein the sup-
ply voltage results in the onset of a streamer at one of
the needles. The optical characteristics of the discharge
plasma are studied throughout the entire aperture of the
CD. The main emission sources are the generation
regions near the needle apexes.

ELECTRICAL CHARACTERISTICS

Figure 1 shows the typical current—voltage charac-
teristics of apositive CD in the mixtures of noble gases
with SFz and CCl,. The maximum CD current in the

I, pA

200 -

100 -

O nl | | | | |

| |
U,kV
Fig. 1. Averaged current-voltage characteristic of a positive

CD in the (1) He/Xe/SFg/CCl, = 300/1.6/0.2/0.02-kPa and
(2) He/Kr/SFg/CCl 4 = 300/13/0.2/0.02-kPa mixtures.
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noncontracted stage of the discharge and the minimum
discharge ignition voltage are attained with xenon-con-
taining mixtures. The difference of the current—voltage
characteristic from the dependence | = a(U — Up)?,
which is characteristic of aCD [6], isrelated to the sig-
nificant content of heavy noble gasesin the mixture and
the resulting nonlinearity of the discharge [7]. Under
these conditions, the discharge acquires some proper-
ties of aglow discharge.

A hysteresis in the current—voltage characteristic
was almost absent, although it occurred in CDs in two-
component mixtures like He/Xe(Kr) [8]. Thisisrelated
to the decrease in the density of the excited heavy noble
gas atoms that participate in quenching reactions with
Sk, and CCl, molecules (including the production of
RCI* and RF* excimer molecules) [9, 10].

Since the pumping rate of a gas mixture in an elec-
tric discharge scalesas v ~ (1)Y2[11], itismaximum in
xenon containing mixtures with the lowest content of
halogen-containing molecules. In mixtures under
study, the maximum CD current is determined by the
density of halogen donors and depends only slightly on
the ballast resistance in the supply circuit.

A typical waveform of the CD current pulse and
dependence of the pulse repetition rate on the power
supply voltage are shown in Fig. 2. During almost the
entire discharge phase, the CD current is continuous,
being superimposed by a set of submicrosecond pulses
with a repetition rate of 1-225 kHz. The maximum
amplitude of the current pulses (~1 mA) isattainedin a
CD in He/Kr/SF4/CCl, mixture, whereas in the xenon-
containing mixtures it no higher than 0.15 mA. Since
the mixtures under study only differ by the content of
heavy noble gas atoms, the CD current pulses seem to
be related to the drift of positive ions (such as Xe* or

Xe, ) through the peripheral zone of the CD toward the

metal grid. The ratio between the current amplitudesis
approximately equal to the ratio between the krypton
and xenon atom densitiesin the mixture. The maximum
repetition rate of the CD current pulsesis attained with
krypton-containing mixtures. In the entire range of the
parameters where the discharge is stable, the repetition
rate gradually increases with the power supply voltage.

OPTICAL CHARACTERISTICS
AND PLASMA PROCESSES

The studies of the panoramic emission spectrafrom
the CD plasmashow that, inthe UV spectral region, the
most intense are the KrCl* 222-nm, KrF* 249-nm,
XeCl* 308-nm, and XeF* 351-nm bands, whereas in
the near IR region, these are the spectral lines corre-
sponding to the transitions Kr(5s-5p) and Xe(6s-6p).
Just a few emission lines from the Xe(6s-7p) and Kr
(5s-6p) transitions are observed in the visible spectra
region. There are no emission lines from the high-lying
levels of the Kr and Xe atoms, aswell asfrom their sin-
gle-charged ions.
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Fig. 2. (8 Waveform of the CD current in the
He/Kr/SFg/CCl 4 = 300/13/0.2/0.02-kPamixture and (b) the
repetition rate of the current pulsesvs. power supply voltage
for (1) He/Xe/SFg/CCl 4 and (2) He/Kr/SFg/CCl 4 mixtures
at U =13kV.
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Fig. 3. Average intensities of the excimer molecule emis-
sion bands in (1, 2) He/Xe/SFg/CCl, and (3, 4)
He/Kr/SFg/CCl, mixtures vs. average CD current:
(1) XeF(B-X) 351-nm, (2) XeCl(B—X) 308-nm, (3) KrF(B—X)
249-nm, and (4) KrCl(B—X) 222-nm bands.

Figure 3 shows the relative intensities of the emis-
sion bands from excimer molecules versus the CD cur-
rent. The dependences are linear for the mixtures with
a low content of heavy noble gas atoms and deviate
from being linear at a higher content.

The most intenseisthe KrCl 222-nm emission band.
Comparing the production efficiency of the xenon and
krypton chlorides and fluorides in the four-component
mixtures, we can see that the emission intensity from
noble gas chloridesis higher by more than one order of
magnitude than that from the noble gas fluorides.

The dependences of the intensities of the emission
lines from the excited xenon and krypton atoms on the
CD current are shownin Fig. 4. They arelinear and cor-
relate with the dependences of the emission intensities
from excimer molecules on the discharge current. For
the same currents, the ratio between the emission inten-
sities of Kr and Xe atomic spectral lines is approxi-
mately equal to the ratio between the atom densities in
the CD plasma. In view of such behavior of the emis-
sionintensitiesfromthe RCI*, RF*, and R(s—), we can
suppose that, in the CD generation regions, the excimer
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Fig. 4. Intensities of the emission lines from xenon and
krypton atoms vs. CD current: (1) Xe(6s-6p) 832-nm line
(He/Xe/SFg/CCl 4 mixture) and (2) Kr(5s-5p) 810-nm line
(He/Kr/SFg/CCl 4 mixture).

molecules form viathe “harpoon” reactions like
R(np, ns) + (CCl,, SF;) — RCI* (RF*) )
+ products.

According to [9, 10], the rate constant for reaction (1)
with the participation of SF; molecules is almost zero
(the corresponding branching ratio for the quenching
reaction resulting in the production of an excimer mol-
ecule is 0.02); hence, the emission intensity from RF*
molecules is much lower than that from RCI* mole-
cules. Under our conditions, RF* molecules can also
form in secondary processes with the participation of
light radicals that are produced due to either the disso-
ciation of SF; moleculesin aCD or ion—on recombina-
tion.

In CCl,-containing mixtures, RCI* molecules can
be produced via direct reactions (1) with the participa-
tion of CCl, molecules, the reactions involving Xe(6p)
atoms being the most efficient. The branching ratio for
the quenching of Xe(6p) by CCl, molecules with the
production of XeCl(B) amounts to 0.6-0.7, whereas,
for metastable atoms, it is much less (about 0.24) [9].

In producing RX* in the generation regions of aCD,
ion-ion recombination is of lesser significance than the
“harpoon” reaction due to both the truncating the elec-
tron energy distribution function on the high-energy
side and the low densities of the positiveions of anoble
gas as compared to the density of the excited R (ns, np)
atoms [11, 12]. Moreover, the electron temperature in
the CD generation regions can be too high for the

recombination of Cl- (F) ionswith R* (R} ) ions to be
efficient.

The main process resulting in the production of
Xe(6p, 7p) and Kr(5p, 6p) atoms can be the direct elec-
tron-impact excitation of noble gas atoms, which
agrees with both the linear dependence of the R line
emission intensities on the discharge current and the
values of the effective cross sections for the electron—
impact excitation of np levels of Xe and Kr [13, 14].

SHUAIBOV et al.

The dissociative recombination of R, molecular ions

with electrons [15] can be another efficient mechanism
for populating the R(np) levels; however, its efficiency
is reduced by the high electron temperature in the hot
regions of the CD.

In the discharge under study, the current density and
the gas flow rate are limited by the onset of an instabil-
ity resulting in the formation of a cathode streamer. The
streamer arises near one of the needles at an elevated
power supply voltage. In the uniform phase of the dis-
charge, the CD current density increases as the concen-
tration of hal ogen-containing moleculesin the gas mix-
tures decreases.

CONCLUSION

The characteristics of a positive multielectrode CD
in the mixtures of noble gases with SF; and CCl, and
the processes resulting in the excitation of atoms and
molecules are investigated. It is shown that this dis-
charge is characterized by low energy consumption
(W< 1 W) and can be used to pump multiwavelength
excimer radiation sources. The excimer molecules and
excited noble gas atoms in the generation regions of a
corona discharge are produced mainly via harpoon
reactions and direct electron impact, respectively.

REFERENCES

1. G. J Erngt, A. B. Nieuwenhuis, and K. M. Abramski,
|EEE J. Quantum Electron. 21, 1127 (1985).

2. R. S. Taylor and K. E. Leopold, J. Appl. Phys. 65, 22
(1989).

3. A.l. Baranov, K. V. Gurkov, M. |. Lomaev, et al., Prib.

Tekh. Eksp., No. 4, 108 (1994).
4. A.K. Shuaibov, L. L. Shimon, and I. V. Shevera, Kvan-
tovaya Elektron. (Moscow) 24, 20 (1997).

5. A. K. Shuaibov, Zh. Tekh. Fiz. 68 (5), 48 (1998) [Tech.

Phys. 43, 522 (1998)].

P. L. Henson, J. Appl. Phys. 52, 709 (1981).

A.A.Belevtsev and L. M. Biberman, Beitr. Plasmaphys.

23, 803 (1983).

8. A. K. Shuaibov, A. I. Dashchenko, I. V. Shevera, et al.,
Fiz. Plazmy 23, 960 (1997) [Plasma Phys. Rep. 23, 886
(2997)].

9. J E. Velasko, J. H. Kolts, and D. W. Setser, J. Chem.
Phys. 65, 3468 (1976).

10. J. K. Ku and D. W. Setser, Appl. Phys. Lett. 48, 689
(1986).

11. I. P. Vereshchagin, Corona Discharge in Electronic and
Ionic) Process Equipment (Energoatomizdat, Moscow,
1985).

12. V. D. Peskov, Zh. Tekh. Fiz. 45, 2544 (1975) [Sov. Phys.
Tech. Phys. 20, 1584 (1975)].

13. PV. Fel'tsanand I. P. Zapesochnyi, Ukr. Fiz. Zh. 13, 205
(1968).

14. P. V. Fel'tsan, Ukr. Fiz. Zh. 12, 1405 (1967).

15. V. A. lvanov, Khim. Fiz. 9, 1454 (1990).

No

Trandated by N. Ustinovski?

TECHNICAL PHYSICS Vol. 46 No. 12 2001



Technical Physics, Vol. 46, No. 12, 2001, pp. 1585-1587. Translated from Zhurnal Tekhnicheskor Fiziki, Vol. 71, No. 12, 2001, pp. 98-100.

Original Russian Text Copyright © 2001 by Voronin, Semenov.

BRIEF

COMMUNICATIONS

Positioning of the Arc Discharge Channel
in Vacuum Arc Facilities

A.V.Voronin and A. A. Semenov

| offe Physicotechnical Institute, Russian Academy of Sciences,
Politekhnicheskaya ul. 26, . Petersburg, 194021 Russia
e-mail: voronin.mhd@pop.ioffe.rssi.ru
Received April 9, 2001

Abstract—The behavior of an electric arc in amagnetic field is studied theoretically and experimentally. It is
found that the arc behavior can be governed by the ponderomotive interaction of the arc with current-carrying
elements. In anonuniform magnetic field, the behavior of the arc depends on the Hall currents and the diamag-
netic properties of itsplasma. It is shown that the position of the arc channel between the end faces of cylindrical
electrodes can be controlled by nonuniform magnetic fields. The methods and devices considered in this paper
allow one, in particular, to control arc heat sources used in the heat treatment of metals. © 2001 MAIK

“Nauka/Interperiodica” .

INTRODUCTION

Electric arc finds wide application in many indus-
trial processes. Usually, a free arc chaotically moves
between electrodes, and its behavior and characteristics
are unpredictable. For example, in vacuum arc furnaces
for metal melting, the arc can reach the crucible walls,
which may adversely affect the metal quality or even
cause an accident. The available ways of arc position-
ing are inadequate [1, 2], since they either control the
arc source parameters that only indirectly specify the
arc position or minimize the detrimental effect of the
uncontrollable interaction between the arc and the sur-
rounding members. The strict positioning of the arc
channel between the electrodes is therefore necessary.

In this paper, we consider the possibility of control-
ling the position of dc and ac arcs[3]. If an arc is con-
sidered as a current-carrying conductor, then the pon-
deromotive interaction between the arc current and the
current leads can be used to stabilize the position of the
arc channel. On the other hand, an arc can be viewed as
a plasma conductor and plasma properties can be
employed for arc control.

THE USE OF PONDEROMOTIVE INTERACTION
BETWEEN CURRENT LEADS AND ELECTRIC
ARC TO STABILIZE THE ARC POSITION

The use of nonuniform magnetic fields generated by
the currentsin the electrodes and other external current
leads to stabilize the arc channdl position seemsto bea
simplest and most attractive way for arc control [4].

Previously, we considered the ponderomotive inter-
action between the arc current and the current of the
electrodes made in the form of coaxia semi-infinite
cylinders separated by the arc gap. The arc was consid-

ered as an infinitely thin linear current-carrying con-
ductor perpendicular to the electrode end faces. We
derived the expression for the force acting on the unit
length of the conductor with the current passing
between the semi-infinite cylindrical electrodes. This
forceis equal to zero if the conductor in the arc gap is
coaxia with the electrodes. However, the radial force
expulsing the conductor out of the arc gap appearsfor a
distance between the conductor and the axis as small as
desired. This force increases with distance to the axis
and depends on the length of the gap only slightly.

Thus, the position of the arc between long coaxial
cylindrical electrodes has been shown to be unstable.
The destabilizing radial force can be diminished, for
example, by using a coaxial current lead.

Now, consider the ponderomotive interaction of a
current-carrying conductor placed between the bottom
of aconducting crucible and the end face of a semi-infi-
nite conducting cylinder (Fig. 1). In this geometry, the
cylindrical electrode, the crucible bottom with a con-
ductivity o, and the crucible wallswith a conductivity o,
are current leads. As before, the arc is considered as an
infinitely thin current filament perpendicular to the
electrode end face and the crucible bottom. It is
assumed that the current distribution in the electrode
occurswithin aninfinitely thin layer of itsend face. The
current distributions across the crucible walls and bot-
tom are neglected; i.e., the currents were assumed to be
surface.

In the expression for the radial force F,, acting on
the unit length of the conductor with the current passing
between the crucible bottom and the el ectrode face end,
the relationship between the bottom and wall conduc-
tivities of the crucible is of importance [4]. For a mag-
netic field produced by coaxia electrodes, one can dis-

1063-7842/01/4612-1585%$21.00 © 2001 MAIK “Nauka/Interperiodica’
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5 4

Fig. 1. Coaxia arrangement of the electrodes: 1, current
source; 2, cylindrical electrode; 3, cruciblewall; 4, crucible
bottom; and 5, arc channel.
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Fig. 2. Radia force f,,, acting on the unit length of the cur-
rent-carrying conductor between the coaxial vs. distance to
the electrode axis (f, = 10'FR/I %, where |l isthe discharge
current in units of A; Ry in m; and Fp, in N/m) for the case
op << oy R/R, = (1) 0.5, (2) 0.7, and (3) 0.9.

200 mm

(a) (b)

Fig. 3. Foil melted when (a) o, = 0, and (b) 6, << Oy,

tinguish three important cases that specify the arc
behavior: (i) o,, < oy, (ii) g, = oy, and (iii) o, < G,

Asfollows from the calculations, the first two cases
are qualitatively similar to the coaxial-electrode prob-
lem considered above. For the bottom conductivity

VORONIN, SEMENOV

much smaller than that of the walls (o, < g,), it was
established that, for R/R, = 0.9 (R, is the electrode
radius and R, is the inner crucible radius) there is the
range 0 < R< 0.75R,, where the force F,, acting on the
arc is directed toward the system axis; i.e., the equilib-
rium position is stable (Fig. 2). In practice, this caseis
observed, for example, when titanium melts in copper
crucibles.

The sabilization of the arc channel position was
tested experimentally by melting aluminum foils kept
close against the end face of the upper electrode. The
foils melted under the conditions when the crucibl e bot-
tom conductivity was equal (Fig. 3a) and much lower
(Fig. 3b) than that of its walls. The experimental data
confirmed the cal culations. Aswas expected, in thefirst
case, we observed the traces of the random movement
of the arc channel over end face of the electrode up to
its periphery. Another picture was observed in the sec-
ond case. It is seen that the arc channel is confined by
the region whose radius is smaller than the upper elec-
trode radius.

THE POSITIONING OF THE DC ARC CHANNEL
BY MEANS OF A NONUNIFORM MAGNETIC
FIELD

An €electric arc is a plasma conductor and, hence,
can be controlled by using the plasma properties, in
particular, plasma diamagnetism. However, when
studying the behavior of plasmaconductorsin spatially
nonuniform magnetic fields, we came across aphenom-
enon that is paradoxical from the viewpoint of plasma
diamagnetism. A plasma column of adc arc may have
astable position in the region of both the minimum and
the maximum magnetic field, depending on the current
direction in the plasma column. In this case, the condi-
tion of magnetization necessary for diamagnetic inter-
action may not be satisfied.

The review of papers devoted to electric arcs has
revealed experimental evidence for arc stabilization in
the region of the maximum magnetic field. However, no
satisfactory theoretical explanation has been given
[5, 6].

Such behavior of an arc discharge has been
explained by taking into account the Hall effect, which
shows itself as the appearance of an extra current per-
pendicular to the electric and magnetic fields applied
[7]. It is the interaction of the Hall current with the
external magnetic field that governs the arc behavior.
The experiment confirming the theoretical prediction
has been carried out [§].

THE POSITIONING OF AN AC ARC BY USING
THE DIAMAGNETISM OF ITS PLASMA

As has been shown [8], the direction of the force
caused by the Hall currents depends on the current
direction in the arc. In ac arcs initiated in nonuniform
No. 12
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Ol
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Ol
Fig. 4. Arc plasma in the magnetic field of the anti-

probkotron: 1, electrodes; 2, current-carrying coils;, and
3, arc.

S,
i

magnetic fields, the Hall force averaged over the arc
current period is equal to zero and the diamagnetic
effect becomes appreciable. Therefore, it can be used to
act upon the arc plasma column [9].

If the magnetic field in the gap increases from the
axis of the electrode to its periphery, the arc channel
must be within the region where the magnetic field
intensity B isminimal. The arc can then be displaced by
shifting the minimum of the magnetic field intensity.
Arc confinement by plasmadiamagnetismispossibleif
the electronic component of the plasma is magnetized.

The calculations of diamagnetic forces F,4 confining
the arc, as well as relevant experimental data, showed
that arc confinement is effectivein the magnetic field of
an antiprobkotron. The magnetic field was produced by
two short electromagnetic coils with oppositely
directed currentsthat were placed coaxial with the elec-
trodes and symmetrically relative to the arc gap.

The excited plasmaof an ac arcinthe magneticfield
of the antiprobkotron is shown in Fig. 4. One can see
the sharp-boundary arc channel, which is coaxial with
the electrodes. The region of the maximal pinch corre-
sponds to the position of the maximum magnetic field
gradient.

CONCLUSION

It has been found theoretically and experimentally
that the arc behavior in anonuniform magnetic field can

TECHNICAL PHYSICS Vol. 46 No.12 2001
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be controlled by plasma diamagnetism, Hall currents,
and the ponderomotive interaction of the arc with cur-
rent-carrying elements. The possibility of positioning
the arc channel between the end faces of cylindrical
electrodes by means of nonuniform magnetic fields has
been shown. The current lead arrangement and param-
etersthat allow the ponderomotiveinteraction of thearc
with current-carrying elementsto be used for arc stabi-
lization have been suggested. The arc channel can be
localized at agiven point of the arc gap by using plasma
diamagnetism. The position of a dc arc can be con-
trolled by a nonuniform magnetic field in view of Hall
currents. The methods and devices considered alow
one, in particular, to control arc heat sources during the
heat treatment of metals.
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Abstract—The failure of quartz single crystals and piezoelectric ceramics under the action of =80-ns-wide
stress pulses is experimentally investigated. Spalling-induced microfailures in the piezoelectrics are found to
produce el ectromagnetic pulses 2-10 nswide. The occurrences of the el ectromagnetic radiation and the micro-
failures correlate. The study of the structure of these electromagnetic pulsesin combination with fractography
data may gain much real-time information on the failure of brittle materials under impact loads. © 2001 MAIK

“Nauka/Interperiodica” .

The electromagnetic radiation pulses recorded dur-
ing earthquakes and the geophysical survey of oreswith
piezoelectric properties, as well as in the laboratories,
have a characteristic width, as arule, of above (2-3) x
107 s [1-3]. In these cases, the impact load duration
exceeds 106 s,

At the same time, when the dynamic strength and
the elastoplastic properties of the materias are tested
by submicrosecond (50-250 ns) impact loading [4-6],
individual short (2-10 ns) electric current pulses or
trains of these pulses are frequently recorded by piezo-
electric transducers along with stress pulses.

Typical signals waveforms upon loading X-cut
guartz specimens are presented in Figs. 1la-1c. When
the load stress was above =150 MPg, the signals arose
at different time moments and often their appearance
coincided with the edge of the stress pulses. The piezo-
electric plates retained their sensitivity and remained
macroscopically intact. Upon reloading, the number of
the pulses grew (Fig. 1¢), the sensitivity of the plates
dropped, and microcracks appeared. The electrical sig-
nals from the plates and from a loop-shaped antenna
arranged around the lateral surface of the plates and ter-
minated by a wave impedance of 50 Q were studied.
The signals detected by the antenna and caused by the
magnetic component of the field were found to appear
simultaneously with the pulses from the piezoelectric
transducer.

The reason for the short electrical pulsesis the for-
mation of new surfacesasaresult of microfailures. This
effect givesriseto local polarization gradients and high
local electric fields. Electrical breakdown is apparently
the most effective mechanism of electromagnetic pulse
generation in piezoelectrics. For these materials, both
estimated and measured values of the electric field

strength at crack mouths are on the order of
105-108 V/m, which sufficesto initiate electrical break-
down [6].

In the experiments, the diameter of the loading area
exceeded the dimensions of the piezoel ectric transduc-
ers. Therefore, the appearance of the electromagnetic
pulses at the edge of the compression pulseis not asur-
prise and is due to microfailures near the lateral surface

[

(a)

sy .

100 ns

| I—

[0.5 A% ®)

50 ns

| I

[0.5 v

50 ns

| I

"

Fig. 1. Waveforms of signals from X-cut SiO, piezoelectric
transducers (R = 50 Q) obtained with an S7-10B oscillo-
scope.
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Fig. 2. Waveforms of signals upon spallation obtained with an TDS-754C-type oscilloscope: (a, b) X-cut SiO, specimen (24 x
3.65 mm); (c, d) TSTBS-3 piezoelectric ceramic specimen (24 x 5.68 mm); (b, d) magnified fragments of the oscillograms when
the pulse reaches the free surface; (1, 3) waveforms of the current for the piezoelectric specimens; and (2, 4) waveforms for the

inductive transducer.

of the transducers when the unloading wave passes.
Moreover, as is known, the surface strength of brittle
materials, such as quartz, becomes much lower than the
bulk value after processing.

It would be of interest to correlate the occurrence
and the evolution of the el ectromagnetic pulseswith the
spalling processes in the case of submicrosecond
impact loading.

To separate in time the damage of the lateral sur-
faces and the spalling, larger diameter specimens were
investigated. They were X-cut single-crystal quartz
plates 24 mmin diameter and 3.65 mm thick, aswell as
plates of TSTBS-3 piezoeectric ceramics (24 x
5.68 mm). The diameter of the loading areawas 8 mm.
For such specimens, the unloading wave originates on
the lateral surface more than 1076 s after the longitudi-
nal wave has reached the free surface.

The specimenswere stressed by =80-ns-wide pulses
excited when a pulsed laser irradiated a thin aluminum
layer pressed against a titanium acoustic waveguide
being in contact with the specimens. To provide plane
stressing, the laser energy was uniformly distributed
over theirradiated area.

The transducers operated under the short-circuit
conditions (R =50 Q). The current from the piezoelec-
tric specimen was determined simultaneously with the
signal from the six-turn induction coil of diameter

TECHNICAL PHYSICS  Vol. 46
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27 mmwound around it. The temporal resolution of the
reception path was 2 ns.

In Figs. 2aand 2b, the waveforms of the currentsfor
the quartz specimen (curves 1, 3) and for the induction
coil (curves 2, 4) are presented in the case when the
quartz specimen was stressed at =450 MPa. The induc-
tive transducer detects el ectromagnetic pulses 2-12 ns
wide (curve 2). The appearance of the signals from the
inductive transducer coincides with the development of
tensile stresses at a depth of =85 um. This phenomenon
is apparently associated with microfailures due to near-
surface process-induced defects. The electromagnetic
radiation intensity peaks at the instant the tensile
stresses become maximal at adistance of =260 um from
the free surface. This value corresponds to the spalla-
tion thickness, as demonstrated by fractography data.
The subsequent nonmonotonic behavior of the radia-
tion intensity is apparently due to the development of
microfailures because of the reverberation of the volt-
age pulsein the spallation fragment. Rel oading resulted
in the macrofailure of the specimens (curves 3, 4): they
were cleaved along the diameter into three or four parts
with the clear-cut spallation area near the free surface.

The signal waveforms for the loaded piezoelectric
ceramics specimen are presented in Figs. 2c and 2d. As
distinct from the quartz, the instant the el ectromagnetic
radiation anises (curve 2) coincides with the develop-
ment of the maximum tensile stress at a depth of
=430 um from the free surface. This value agrees with
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the measured thickness of the spallation layer. The
reloading of the specimen (curves 3, 4) also resulted in
macrofailures at the lateral surfaces. In this case, the
spallation area was even more pronounced than for
guartz. Intense oscillations of the el ectromagnetic radi-
ation that appear upon reloading are due to the failure
process because of the reverberation of the pulse volt-
age in the spallation layer.

Thus, we experimentally demonstrated that the fail-
ure of the piezoelectric materials subjected to submi-
crosecond stress pulses generates electromagnetic
pulses three orders of magnitude shorter than the ones
observed earlier. The reason for such a discrepancy
may be the different characteristic scales of structure
levels involved in the failure process at various shock
widths.

The investigation of electromagnetic pulses gener-
ated by the failure of piezoelectric materials in combi-
nation with fractographic analysis provides outstanding
possibilities for gaining much real-time information on

SUD’ENKOV

the devel opment of brittle material failure, aswell ason
structura levels involved in this process at different
durations of shock loading.
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