HTML AESTRACT * LINKEES

APPLIED PHYSICS LETTERS VOLUME 85, NUMBER 15 11 OCTOBER 2004

Heating of a particulate by radio-frequency electric and magnetic fields
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With the use of a highly symmetrical model, the heating of a spherical particulate by a
predominantly radio-frequency electric field and by a predominantly rf magnetic field is solved
exactly using the Maxwell equations. It is found that, in general, heating by the rf magnetic field is
dominant whenevedé<a, whered is the resistive skin depth arais the radius of the particulate,
which may either be nonmagnetic or magnetic. The known analytic scaling laws in the various
regimes are recovered, from the static case to very high frequency, subjeetapwhere is the

free space wavelength of the rf field. The analysis may form a theoretical basis in the heating
phenomenology of particulates. D04 American Institute of PhysidPDOIl: 10.1063/1.1806269

Heating of a particulate is fundamental to the heatinghave an infinite quality facto since the cavity wall is
phenomenology in physical, chemical, and biological sci-lossless.
ences. When exposed to an electromagnetic wave, the finite  When a small lossy particulate is inserted at the center of
electrical conductivity in the particulate leads to ohmic dis-this cavity (Fig. 1), the modes are slightly damped and the
sipation via the electric field within the particulate. This elec-quality factors become finite. This change in the quality fac-
tric field is often nonuniform. While its physical origin may tor in the TE(TM) mode immediately gives the degree of
come directly from the external electric field, it may also ohmic dissipation that is due to the rf electimagneti¢
come from the time-varying or rf magnetic field which, field. The advantage of this simple model is that the high
through Faraday’s law, would produce an inductive electricdegree of symmetry allows exact solution of the full set of
field within this particulate. In an electromagnetic wave, theMaxwell equations, completely accounting for the inductive
rf electric and magnetic fields are strongly coupled, and itlectric field, the displacement current, and the conduction
may be questionable whether one is justified to consider theurrent. Extremely accurate calculations of the eigenmode’s
heating by the rf electric field and by the rf magnetic field complex frequencywhose imaginary part, the damping rate,
separately and independently, in particular when both comis proportional to 1Q) can be obtained whea<b. The
ponents must bsimultaneouslynteracting with the particu- well-known quasistatic results may also be recovered by let-
late. ting b tend to infinity, in which case the eigenfrequencies of

This distinction between heating by the rf electric field both the Tg;, and TM;;, mode tend to zero.
and by the rf magnetic field is natural in the low-frequency  For the fundamental TMTE) mode in the spherical cav-
(quasistatig limit, following for example the approach of ity, the rf electric(magnetig field has only ag-component
Landau and LifshitZ.It may also be recognized in the high- (Fig. 1, which may be written in the general form as
frequency regime, if the particulate is placed in the region of Aj(£)+By(&)]sin 6. In this expressionA andB are arbitrary
strong rf electric field or in the region of strong rf magnetic constants#=kr, wherek=w(eu)*? is the wave number in
field of a resonant microwave cavity. In fact, there has rethe region whosgcomple® permittivity and permeability
cently been strong evidence that heating by the rf magnetigre, respectivelye and u, andj(£)=¢2sin é&-& 1 cos¢ and
field in a resonant cavity may be dominant, in both industrialy(g)z_ 2 cosé-¢Lsin ¢ are the spherical Bessel functions
heating and in the melting of debris that reside on the cavityof order 1. All other components of the rf fields, and the

surface where there is a strong rf magnetic fiefd. _exact dispersion relation for the eigenfrequencies, may be

In this letter, we seek to resolve the degree of ohmicyhained by using Maxwell's equations, and demanding that
heating, via the rf magnetic field or via the rf electric field, in the rf solutions are regular at0, that the tangential rf elec-

terms of the particulate size, its electrical conductivity, andyjc field is zero atr=b, and that the tangential rf electric
the wavelength of the electromagnetic radiation to which it is

exposed. Our analysis is valid from the stafifc) limit to

high frequency. We place a homogeneous, spherical particu-
late of radiusa at the center of a spherical cavity. The cavity
has radiud and its wall is infinitely conductingFig. 1). In

the absence of this particulate, the spherical cavity admits the
fundamental transverse electric jjfE mode, which has a
maximum rf electric fieldand a null rf magnetic fieldat the
center, as well as the transverse magnetic;pMnode,
which has a maximum rf magnetic fieldnd a null rf electric TE mode T™ mode

field) at the cente(Fig. 1). Both the TE mode and TM mode FIG. 1. The geometry, and the rf field patterns for the ;jEnode(left) and

the TM;;o mode(right). The mode index110) refers to variations i, 6,
and ¢.
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field (E) and the tangential rf magnetic fie(el) are continu-
ous atr=a (Fig. 1).

We will use the subscripts 1 and 2 throughout to denote
the respective values in region (f<a) and region Il
(a<r<b) (Fig. 1). Note that if region Il is a vacuung,
=go and u,=pug; We shall focus mainly on this case. We
further assume that, is real, and that¢,;=¢,+o/jw is com-
plex if there is a finite electrical conductivity in the par-
ticulate. Note that this formulation covers the rf heating of a
particulate that is either magnetitarge w4/ 1) or electric
(1! mo=1) through either the rf electric fielTE modg or
the rf magnetic field TM mode). d/a

In the absence of the spherical particuléae=0 limit),
the well-known eigenfrequenciaesz and wy for the TE
and TM;;ovacuum modes in a spherical ca@ityre given by
ne=2.743 71 and ny=4.4934, respectively, withzgy
= wg yb/c, wherec is the speed of light in vacuum. magnetic energy stored in the empty cavity in that (BE

The presence of a small, lossy particulate leads to dM) mode(Ref. 5, p. 258 Note that once we calculate the
small damping rate(yy) of the TE(TM) mode. Under the damping ratey (or Q) of the mode, we immediately know
assumptionb>a, that is, the free space wavelength the power dissipated within the entire particulate without ex-
=2mc/ w> a, wherew=wg OF wy,, a careful expansion of the Pplicitly calculating the detailed field distribution within that
exact dispersion relation, to be pub“shed elsewhere, give@&ftiCL”ate. In fact, it was this observation that motivated us

the following damping rates for the TE and TM modes: ~ to undertake a general study over the huge parameter space
in the manner presented in this letter.

ye_ Y(me) I&e)| Y'(&e) _ JI'(&e) | ( 1 ) To facilitate comparison with the literatuté we express
wg Y () Y(&p) | EeY(ée)  &Erd(éx) Ze)' the power dissipated in the particulate in terms of the dimen-
1) sionless polarizabilitiesgz and ay, defined by

FIG. 2. The polarizabilitiespe and ay, as a function ofs/a for w,/ g
=1,e,/89=1, and\/a=100.

Ze= (,LL_l) J(&)  Y'(&p) ' ) p= CYE“’E(%%ES)V@(TE);
Mo/ £13(&)  ExY(€x) ©
o _ YO I (&) [ Y(&m) p= anM<%/~LOHg)Vaa (TM).
ov vl () Y (Sam) L éam Y (S2m)
Ién) } 1 In Eq. (5), Eg(Hy) is the peak rf electri¢magnetig field of
. <—> (3)  the TE(TM) mode at the center of the cavity in the absence
Eamd"(€2m) Zu of the particulate, whose volume ¥4,=(4=/3)a°. The « in
Eq. (5) is proportional to they/ w given by Eqs(1) and(3),
= (ﬂ) J(&) _ Y(&om) _ (4) and the proportionality constant depends on the TE or TM
Mo/ E3' (&) EmY'(Sam) mode.

o _ : ) The polarizability versus the normalized skin depth
In Egs. (4, A&)=&j(&), Y(§)=Ey(9), and a prime de- o 5™ 0“9 Je 21 anda/a=100 for the TE

notes the derivative with respect to the argument. In the ar: : L .
guments,  &e=wgalc=7e(alb), &= wyalc= gy (alb), and TM mode is shown in Fig. 2. It can be seen from Fig. 2

WG a1 bt oy 1 i, T, LIS POSTEEAR) for e 1A e demngtes o
zg +oljo is complex, withw=wg(wy) for the TE (TM) ' 9 : P Y

mode. The normalized damping rates, Eds.and (3), may (ag) surpasses that of the TM mode. The inset of Fig. 2

. : X . . showsag and ay on a much larger scale. Since the polariz-
then be immediately determined once the following four di-7, ...~ = ~. .
: L ability is directly proportional to the power absorbed, for
mensionless parameters are giverin, d/a, ui/pg, and

1/ €o. In this letter, the skin depth=(2/wuq0)? is always small /a the power absorbed by the particulate when it is
defined with t to th bilit W exposed to an electromagnetic wave is, in general, primarily
Sﬁolln,lﬁj s'zlrvéss :ﬁzﬁﬁe ocr)ﬂy ::scﬁrﬂ;i%irmz?hla:syﬁén n?a det 8rough the rf magnetic field, whereas for largéa, the

derive Eqs(1)(4) is thata<\, that is,a<b. There is no wer absorbed is primarily through the rf electric field. For

o . . i ) very larged h n n zer X f
restriction on the relative sizé/a. That is, the ratiar/ we, ery larged/a, both ag and ay tend to zero, as expected o

may assume an arbitrary value between zero and infinity gm almost nonconducting particulate,
rather nontrivial generalization for the evaluation of the The asymptotic dependence shown in Fig. 2 is given by

ohmic loss in the particulate. Thus, the dc limit is also gov-

erned by Eqs(1)~4). o = 9(?), Sa<1: (63
The damping ratey given in Eqs.(1) or (3) is related to 4\a

the average powd®? that is absorbed by the particulate of the

TE (or TM) mode, and therefore to the quality factQrof )

that mode of the(loaded cavity through the well-known = 1<§) sla> 1 (6b)

relation, P=2yU=wU/Q, whereU is the average electro- “H= 5\



Appl. Phys. Lett., Vol. 85, No. 15, 11 October 2004

07

osf @

10 10* 10 10 10

FIG. 3. The polarizabilitiesy, (a), and a¢ (b), as a function ofé/a for
pal po=1,e4,/e9=1, and various values of/a.
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FIG. 4. The polarizabilitiesy, (a), and ag (b), as a function ofé/a for
eq,/69=1,M/a=1000, and various values @f;/ u,.

mode and a TM mode, which we have individually treated
very accurately. Our analysis then immediately gives a reli-
able indication of the degree of rf heating from such a de-

Equationg6a) and(6b) are the same as those in Landau andcomposition, without having to perform the extremely diffi-

Lifshitz.! Equations(7a) and(7b), which, respectively, show
the linear and quadratic dependencexpfon &, as shown in
Fig. 2 for 5/a<5, were presented in Bosmahal,* derived

from different approache7sEquation(7c), which shows the

decay ofag for very large values ob, as shown in the inset

of Fig. 2, is easily derived from a quasistatic analysis.
The scalings shown in Eqg6) and (7) were confirmed
in Fig. 3, obtained for different ratios of/a with w4/ ug
=1,eq,/ep=1. The insensitivity ofay to N/a, for large val-
ues of\/a, is apparent in Fig. @) and Eq.(6). Figure 3b)
shows the dependence ofz, which is reflected in Egs.
(7a—70). In Fig. 3b), 6/a~ O(1) marks the transition from
Eq. (79 to (7b), whereas the maxima atg, which occur
approximately wherr=we,,, mark the transition from Eq.

cult three-dimensional calculations of the perturbed
electromagnetic fields in a highly nonsymmetrical geometry,
over vastly different scales of, §, anda, as shown in Fig.
3(b), for instance. As a further extension, the absorption from
a collection of the particulates may also be readily assessed
once the particulates’ spatial distribution within the cavity is
given.
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Pretending that the damping rate E@$) and (3) are
applicable to a magnetic particulate with a highwe plot
ag and ay for different values ofuq/ug in Figs. 4a) and
4(b), setting\/a=1000, anck4,/eg=1. The relative sensitiv-
ity of ay to uq, and the insensitivity of to w4, is noted.
Once moreay dominates overg when s/a<<1.

For a small-sized particulate placed off-center of a mi-

crowave resonant cavity, thecal electromagnetic field, at
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