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Time-derivative Lorentz materials and their utilization as electromagnetic absorbers
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A time-derivative Lorentz material model is introduced for the polarization and magnetization fields in a
complex medium illuminated by an ultrafast pulsed beam. This model represents a straightforward generali-
zation of the standard Lorentz material model to include the time derivatives of the fields as driving mecha-
nisms. The Green function for this material is derived and used to demonstrate that it is causal and passive. An
electromagnetic absorber is constructed with this time-derivative Lorentz material, and simulations are given
which illustrate its effectiveness under illumination by obliquely incident, ultrafast, pulsed Gaussian beams
having narrow and broad wais{$51063-651X97)06206-3

PACS numbes): 41.20.Jb, 41.20.Bt

[. INTRODUCTION upon a generalization of the Lorentz model for the polariza-
tion and magnetization fields that includes the time deriva-
Electromagnetic absorbers have many practical uses aritye of the driving fields as a source term. The physical basis
demand for them is increasing. These include the now fafor this time-derivative Lorentz materigf' D-LM) model is
mous stealth technologies and practical EMI-EMEMI developed in Secs. Il and Ill. The Green function for the
:e|ectr0magnetic interference and EM@]ectromagnetiC TD-LM model is derived; it is used to demonstrate that the
compatibility) countermeasures for personnel communica-TD-LM is causal and passively absorbing. An electromag-
tions and computers, as well as the more traditional con&etic absorber is constructed with this TD-LM model, and
absorbing materials for anechoic chambers. The immense isimulations are given in Sec. IV which illustrate its effective-
terest in complex media such as artificial chiral materialg"ess under illumination by obliquely incident, ultrafast,
[1-4] has arisen from such needs. The artificial chiral matePulsed Gaussian beams having narrow and broad waists.
rials such as the helix-loaded substraf8s are worthy of ~Analogies between the constitutive relations corresponding
particular note since they represent a very nice example dP the TD-LM model and those associated with bianisotropic
our current ability to engineer absorbers which have strongnaterials are discussed in Sec. V.
magnetic, as well as electric, properties designed into them.

In contrast, artificial dielectrics have been known for many Il. PERFECT ABSORBER
years[5—7] and have found uses, for example, as lightweight ] ] ] ]
lenses and currently as photonic band gigs We wish to consider the interaction of a general three-

Absorbers have also attracted much attention recently ifimensional electromagnetic plane waep(—iwt) conven-
the computational electromagnetics community. The need t§on assumed througholitwhich is generated in free space
truncate the simulation domain in any finite difference or(2<0), with a semi-infinite mediumz=0) whose normal is
finite element approach is well known. Many approaches’issumed to bg in the direction. Let the interface bgtween
have been developed to achieve this truncation; they are gef1€se two regions be the plame-0. The general obliquely
erally classified now simply as absorbing boundary condiincident three-dimensional plane wave case can be reduced
tions (ABCs). As with any real-life absorber, the perfect t0 two orthogonal TE and TM plane wave problef@s]. For
ABC would absorb perfectly any frequency of electromag—the material regions to be cons!dered here, it is noted that the
netic radiation incident upon it from any angle of incidence.S€cond problem could be obtained from the first one by du-
The Berenger perfectly matched lay¢PML) ABC [9]  ality. Consider then an |n_C|dent plane wave which is ghrecteq
comes quite close to this goal. In particular, the PML ABCfrom the free space region upon the interface of this semi-
has been showfil0—1§ to be orders of magnitude more infinite region at the angl§9 Wlth respect to the interface’s
absorbing than the previously popular ”Msecond-order normal. This means the incident plane wave has the wave
ABC [19]. However, the PML ABC is implemented in a number components
non-Maxwellian fashion through the field equation splitting

introduced by Berengdi9]. This is not a serious drawback ky'“=Kosine, (1a)
numerically, but it does mean that a PML region cannot be ,
realized physically. k"°=kocosd, (1b)

A broad bandwidth absorbing material that is Maxwellian
and hence potentially realizable with a proper engineering oWvhich satisfy the free space dispersion relatikf k2
artificial materials has been introduced[20]. It is based =w?eyuq. Let the plane of incidence be spanned with the
coordinatesx and z. This incident two-dimensional plane
wave can be either TEperpendicular polarization arwave
*FAX: (520 621-8076. Electronic address: with component€, , Hy, andH,, or TM (parallel polariza-
ziolkowski@ece.arizona.edu tion or p wave with componentsH,, E,, and E,.
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If the medium ¢>0) is assumed to be biaxial with per- Byyand @) =sin"1(sin6/\/B,c,), (83
mittivity and permeability tensors in the frequency domain
of the form B,\ 12
Zyand @) =+ 1g _) COYyrand @), (8b)
_ a, O a,
e(w)
o 0 b, O, (28  and for the TE polarized wave case
0O 0 c,
atraniw)zsm_l(smel Vb, Ye)s (93
(o) a, O 0 1/2
mlw 1l /a,
= 0 Ao O, (2b) Zyand @) = — — (_) SeWyand @). (9b)
Mo 0 0 y Mo bw

the separability of the TE and TM polarizations will be '(I:'Qseer;aigore the reflection coefficient for the TM polarization

maintained for the transmitted field. For plane waves the

Maxwell curl equations in this medium take the fokm H weo) 1— VB, [ Oy o COSH] 108
=—we(w)-E andkXE=+ wu(w)-H. The corresponding =- —
dispersion relations for the transmitted TM and TE polarized 1+ VB /8,[COHrand/ COF]
fields in this material are immediately obtained and can be o .
. ; . and for the TE polarization case is
written, respectively, in the forms
(Kians2  (|lrans)2 1- b, /@[ COSByansd COH]
X + z — wZGO/-LO: k2 (38) R( 0) = . (10b)
BuCo  AuBo ” 1+ b, /[ COSByyans COH]
(klrang 2 (jtrang 2 We observe that there will be no reflected wave in the TM
X : = w?epmo=k2. 3b polarization case if8,=a, and 6y,,<= 6, which from Eq.
b b oo™ Ko
Yo  FePo (8a) is satisfied if8,,c,=1. Similarly, there will be no re-

The associated transmitted wave number components for t

r%‘ected wave in the TE polarization case bif,=«, and
TM polarized field are !

rane= 0, which from Eq.(93 is satisfied ifb,y,=1. In
addition, if it is desired to have the TE and TM transmitted
Kirans= o \/m SiNfyans, (43  Wwaves propagate at the same spe@ddwave thg same dis-

persion surfacgs then one must simply requira,=«,,.

Therefore, in summary, the medium will be reflectionless for
either polarization and for any angle of incidence and for any
frequency if it is uniaxial and has the relative permittivity
and permeability tensors of the form

ktzrans: Kova,B., COByrans: (4b)

and for the TE field are

k;ransz KoVbe, ¥ SiNbyans, (5a a 0 0
o) plw) ¢ =
ktzrans: kom Cosatrans- (5b) = K = 0 a, 0 :AZ((,()) (11)
© H 1o 0 1A
The corresponding transmitted electric field components for ©
the TM polarized case are The material will then be a perfect absorber if in addition
) ﬁw 1/2
E;rans_'_ 77OH;?C( = COFyrans (6a) Im(a,)>0, (12

since the uniaxial medium specified by Ef1) produces

ne| B\ M2
Etzrans: _ WOH;?C - SiNGyans: (6b) ——) (133
and for the TE polarized case are klrans inc (13b)
. ® 12 trans_ inc
H;rans: _ % EI;C a_w COSyrane (7a k; a,k; ", (130
so that the transmitted wave propagates in the medium with
1 (b, \Y2 the same angle as the incident plane wave, but with a lossy
HY2™=+ — H —| sing (7b) - : - i
z 70 Yy, trans propagation constant perpendicular to the interface, i.e.,
where the free space wave impedange= (o/€o) Y% Thus exp(ik-r)=expik"™x)exdi Rea,)k"z]

the transmitted angle and the corresponding transverse wave inc
impedance of the TM polarized case are simply xexd —Im(a,)k; z]. (14)
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The larger the imaginary component af is, the faster the media, to model more exactly the frequency dependence of

absorption in the material with respect to depth of penetrathe absorption coefficient far from the resonance frequency.

tion will be. To model such behavior in a macroscopic sense, one can
It is to be noted that the choice of tlzedirection for the introduce a generalization of the Lorentz model for the po-

normal to the interface was arbitrary. A reflectionless medarization and magnetization fields that includes the time de-

dium is achieved for any choice of the normal if the relativerivative of the driving fields as a driving term. For instance,

permittivity and permeability tensors are equal and diagonalthe x-directed polarization field in such a material would be

and if the transverse material coefficients of those tensors assumed to satisfy a linear time-derivative Lorentz material

equal and their longitudinal components are inverse to theimodel of the form

transverse components. This equality of the relative permit- ; 5 5

tivity and permeability tensors is unusual, but it can be mo- 20 2 Xp

tivated on physical grounds. For a dispersionless, homoge- t? Putll at Pt wpPx= eowp(X“Ex+ wy EX)’

neous, isotropic medium with permittiviggand permeability (16

., one finds that the wave impedance in the medium matches ] .

that of free space if the ratio of the relative permeability andVhere o is the resonance frequency ahids the width of

permittivity is one; i.e.,Vule=uoley if €l€g=pulpo. that resonance. The terms, _and)(,g represent, re_spe_ctwely,

Equation(11) is a generalization of this condition. It is also the coupling of the; electric field and its time Qenvatlve to the

noted that it is straightforward to show that if two reflection- 10cal charge motion. The termw,, can be viewed as the

less media satisfying Eq11), one whose normal is along Plasma frequency associated with those charges. This

z with A®) and one whose normal is along with TD-LM model leads to the following frequency-domain

Ay(w), intersect at right angles, then the region of intersec—(_:'h:}mrIC susceptibility:

tIOh. is reflectlpnless if thezrelatlve permittivity and pe-rme- o Pox() w;[Xa_i(w/wp)Xﬁ]
ability tensor in that regiom\,,(w) = A,(w) X A, (w). Simi- Xo = ¢ E () wt-o’—ilTe
larly, if three such regions intersect at right angles, then the 0wx 0

region of intersection is reflectionless if the relatzive permit- (wg_wZ)ngaJr wprFX/s
tivity and _permeability tensor in that regiom, (o) = (wg—w2)2+(wl“)2

= Ax(@) X Ay() X Ay(w). If one now labels,, in Eq. (11)

asa,(w) anda,(w) as the corresponding term i, (w) and . wrwsXa_(w(Z)_wz)wprﬁ

a,(w) in Ay(w), the resulting diagonal elements of i (05— 0?)?+ (0I)? (17
Ay Aw) are cyclic permutations of itsxx element ] .
a,(w)a,(w)/a(w). In comparison to the Lorentz model, this TD-LM model con-

As argued iM21], the permittivity and permeability com- tains four independent quantitiesw{x,wpxz,@o.T')
ponentsa,, andc,, can be constructed from the correspond-Which can be adjusted to produce any desired response. The
ing frequency-domain electric and magnetic susceptibilitiedntroduction of the plasma frequency in the driving terms
X., SO that, respectivelya,=1+y, andc,=(1+y,) * allows the coefficienty, and xz to be dimensionless and
=1-yx,(1+x,) L This means the effective electric and Permits a relative frequency measure between the plasma and
magnetic susceptibility tensors will be resonance frequencies.

Choosingy,,= x.°, one can satisfy Eq12) to make the
uniaxial medium defined by Ed15) a passive absorber if

; I - [Xe O 0 Im(x,,=x'°)>0. From Eq.(17) this occurs if
E(w)_lzlu(w)_lz . o Xo=Xw ) g.(17)
€ Mo g ' w? w)\?
0 0 —Xxo/(1+xo) xa>(—°) 1—(— Xg- (18
(15) pr (O]

With x,, x>0, this condition is satisfied for all frequencies
Then to construct an absorber that deals effectively with ulabove the resonance, i.e., iot>wy. On the other hand, if,
trafast pulses, one needs to introduce a model for the suscefor instance,x;<0 andy,>0, it is satisfied at all frequen-
tibility x,, that has a large bandwidth. As found[R0], such  cies below the resonance, i.e., fog>w. Thus, to absorb
a susceptibility model can be developed if the polarizationcompletely a given pulsé.e., without reflections the ma-
(magnetizatioh of the medium is driven with contributions terial must be designed to have its resonance frequency out-
from time derivatives of the electritmagneti¢ fields. We  side of the frequency spectrum of the pulse. This could be
note that our medium has already been assumed to have lilehieved in several ways. One could design the material so
electric and magnetic properties. As discussed by Buckingthat wy~0 and deal only with realistic propagating signals
ham and Dunn and Raab and co-worK&¥2-26, field time-  which would have no dc components. On the other hand, one
derivative contributions to the polarization and magnetizacould design materials with multiple resonances with their
tion fields can occur in a linear medium when it has bothmaterial constants chosen in such a manner that any pulse is
electric and magnetic properties. These time-derivative becompletely absorbed. Nonetheless, a single resonance model
haviors begin to play a nontrivial role in the ultrafast pulsewould be adequate for most numerical or practical applica-
regime. A similar model has been introduced27], a study tions which would deal with pulses having band-limited fre-
of ultrafast light pulse interactions with resonant absorbingquency spectra.
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Thus a broad bandwidth absorber is realized if the GL(1)={8"+T 6"+ wis} *
uniaxial TD-LM is designed so that, , x>0 andw> .
This results in the susceptibilit I't) sinwt
PR =exp( —7) — Y()=g.()Y(), (27
_ nga—iwwpxﬁ
Xo= " "2 G0l - (19 whereY(t) is the Heaviside function and
If, in addition, >T, the susceptibility further reduces to the w=\ws—T?4. (28)
form
Thus one finds that the Green function to Ef) is
_ (@), @k T2 :
Xo="|" 7| XaT1 = - (20) Grpm(t) = €l @px o0+ wpxpd" 1* GL(1)
2
L . = G (t)+ 0 G (t
This limit would occur naturally for high frequency cases. €o0pXaGL() T €0wpxpAGL ()
On the other hand, i<T", the susceptibility takes the form I't , Sinwt wp
, = €pex 5 Y(t) praT_FeOX,B?
Wp C @
Xo=F 5 Xt T Xa- (21 T
X|— 5 sin(wt)+ w cog wt) } (29
This latter case would occur when the resonance and signal
frequencies are close to zero, but the resonance itself isitroducing the terms
broad.
A unit amplitude plane wave propagating along thaxis T
in a material, for instance, described by ER0) will have codwtp) = 2o’ (303
the form
w
exp(ik,z)=exdi(1+ x,)(w/c)z] sin(wtg) = e (30b
0
=exp[i[1—(wp/w)zxa](wlc)z}
(O} FtR
xexd —(wpxpg)z/cl. (22 XR:Xﬁw_peX -5 | (300

Clearly, such a medium will be very lossydf,x ;> w in the
frequency regime of interest. It will also be effectively dis-
persionless if in additiory,<<1 or nga<w2.

the expressiori29) for the TD-LM Green function becomes

sin(wt)
®

Xa

, | Tt
Grpm(t) = epwpexp — > Y(t)
. PHYSICAL BASIS FOR THE TD-LM ABSORBER

A. Derivation of the causal TD-LM Green function —Xgp @o w
w w
To understand the physical nature of the TD-LM model, P
we develop the causal Green function and general solution of = eowﬁ[)(agL(t) —xrOL(t—tR)]Y(1). (32
Eq. (16). This time-domain equation can be written in gen-
eralized function form Since the solution to Eq.(16) is simply P(t)

=Grpum(t)* E4(t), this result shows that the TD-LM model
{8"+T 8" + ik P= ol wixa 0+ wpxpd' 1*E, (29 involves two ordinary Lorentz-type dipole terms, one shifted
R ) ) in time from the other by a real valued constant time shift
v_vh|c.h indicates that the corresponding Green function equar, . We note that Eq(31) immediately demonstrates that the
tionis TD-LM Green function is causdthe presence of the Heavi-
side functionY(t)] and passivdthe presence of the expo-

i ’ 2 _ 2 ’
18"+ 18"+ wgd}* Grom = €0l @pXad+ wpxpd']. nential decay term ing,). According to the explanation

(24) given in[28], p. 309, the passive nature of the TD-LM model
Hence the requisite impulse response is (16) is also expressed by the result that
v ’ - ’ sin( wt
GTD-LM: 60{5 +I's +w(2)5} 1[w12)Xa5+pr,85 ](25) GTD-LM(0+): €EoWpWoX B %EEprxﬁ>o. (32)
We proceed with the knowledge of the standard Lorentzlhis conclusion coupled with Eq22) also shows that the
model's Green function problem: Xp terms are to be associated with the loss mechanisms in
the TD-LM model. From Eq(31) this means that these loss
{8"+T 8 + wis}*G =6, (26) mechanisms are associated with an out-of-phase oscillator

component which results from the time derivatives of the
which has the well-known causal solution electric field in Eq.(16).
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B. Plausibility arguments for the field time derivative —Cm(0)=(iﬁ)_1 Sy f},dt’Hﬁﬂ(t’)ck(t’)e‘i“’m'@', where the fre-
in the TD-LM quency differenceso, = oy, — wy and the transition matrix
To uncover a naturally occurring or an artificially con- coefficientsH )= (m|H,|k). The usual procedure is to as-
structed material exhibiting the TD-LM behavior, one mustsume that the medium is prepared in a single quantum state
understand further the possible physical origins of the timeof the unperturbed Hamiltonian, i.e,(0)= 6, and the sys-
derivative behavior in Eq(16). The presence of the field tem then evolves by the presence of the perturbing interac-
time derivative in the TD-LM model can be further moti- tion term. The resulting perturbation expression for the time-
vated from microscopic arguments dealing with two-leveldependent coefficients is
atom media. It has been shown by Ziolkowski, Arnold, and
Gogny [29] at this qguantum mechanical level that such a Lo it
time-derivative field behavior exists and can contribute sig- Cm(t)~ = fodt H(t e Tomnt’ (39)
nificantly to the behavior of materials when ultrafast pulses
are interacting with it. If one examines the first-order : o =
MaxweII-Blochg equations describing electromagnetic Wavel‘et the peérturblng electric field be causgk(t)=0 f9r t
interaction with a two-level atom medium and the resulting<C and E(t)#0 for t>0] and have the formE(t)
second-order system, one finds that the instantaneous re=E, sinwt for t=0. The interaction Hamiltonian is given

sponses of th(_azdispersive and quadratu_r;z terms are, respefy the expressiohl(t)= —p- E(t), wherep is the electric
tively, p1~wo“(2y/h)psE and pp~wo“(2y/h)psdiE,  dipole moments of the atom. The dipole matrix coefficients
where vy is the dlpo_le co_uplmg coefficient ang; is a mea- 40 given by the expressiai]j=<i|5|j>. Relaxation losses
sure of the population difference between the ground and thgye introduced with the substitution — wmn—i T2

excited statgps=—1(+1) occurs when all of the atoms are 1 <, = heing the width of the transition. The coefficients
in the ground(excited statd. This means that the retarded (29) of the perturbed wave function then have the values
responses of the system will be governed to first order by the
damped spring oscillator equations i _ . . exp(—iwmt)
(1)~ 7| dmn* [ omnE() = A E(D)] Xm

Port — oyt wlpy=— 20 £ 2 woE
tP1 T, tP1T WoP1 T, P2 " P3®Wo +C., (35)
~p3 2_7 (woT,)E— 1 AE]|, whereC, is a time-independent constant which depends on
AT Wo the initial values of the electric field and its time derivative.

(339 Note that the single frequendyw) excitation electric field
and its time derivative have been reintroduced explicitly in
this expression to emphasize the appearance of those terms.
2 1 2 _ %0 2V imil | | ions for th
02poy+ = diprt wipy=+ = p1+ — p3wodiE Similar arguments lead to analogous expressions for the
t T 0 T % .o . .
2 2 magnetic field and magnetic dipole terms.
The polarization vector of this linear medium, assuming
[E+T,9E]. (33D again that it is composed &, atoms per unit volume, is
then obtained immediately from the observable

2y
”P3ﬁ_-|—2

The appearance of the time derivative of the electric field in . .
Eq. (339 is associated with the loss terms which are charac- P(D= Natomga (m[p[n)
terized by the dephasing timEg, of the system. Since the '
polarizationP = — N vp1 Of this medium, wheréN o, iS

= q * “iompta gn. = > 9.E
the number of two-level atoms per unit volume in it, the 7 Re% dmnCmn(t)e ag-E+ay-dE.
appearance of the TD-LM model is immediate.
A time derivative of the electriémagneti¢ field also ap- (36)

pears in the polarizatiotmagnetizatiopexpression obtained )
by time-dependent perturbation expansion analysis in nonre|l! comparison, well below the resonance frequency where
ativistic quantum mechanics. Following the developmenth€ Perturbation analysis would be appropriate, the time de-

given by Buckingham and Duni22], let the medium be a rivatives of the polarization in. Eq.16) are negligible and
set of atoms described by the Hamiltonigi=Hy+Hiy, Eq. (16) reduces to the approximate form

whereH, describes the unperturbed part atg; represents w2 Yg 0
the interaction part resulting from the electromagnetic field. P~ 60(—) Xo Ext 28 5 Exl. (16)
The unperturbed wave functions of the systeWn(”) @p

= yiexp(—imgt) satisfy the Sctirdinger equatiorHo ¥ Thysin agreement with E@L6') the polarization vectof36)
=ho, Q. The quantum mechanical state of the per-depends not only on the electric field, but also on its time
turbed medium can then be described by the wave functiogerivative. It should be noticed that, as discussed in connec-
W(F, )=, cm(t) {9 e~ent if the time-dependent coeffi- tion with Eq. (16), the time-derivative term in Eq:36) is
cients c,(t) are obtained. From time-dependent analysismost naturally associated with the imaginary part of the tran-
these coefficients are given by the expressiangt) sition matrix, hence with the loss of mechanisms.
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9 J 2 2 Xp 9 _ |
§°‘:‘1 F“‘:"Ff @ Reflected field o2 Pxtl ot Pxt+ woPy= 0wyl XaExt w_p ot EX_ '
G::s:i?n Bel:m observation point (393
Source Plane o
a J 2 Xp 9
712 My+FEMy+woMy—wp )(a,Hy'i‘ EHY ,
(390
&2 d .
52 P,+[I'+wpxgl = P,+[wg+ pra] P,
J
2 Xs
=~ €owp| XoE, T (U_p g Ez} . (399
Simulation region Note that the perfect reflectionless Maxwellian material be-

boundary haves as a TD-LM in the directions parallel to the interface

_ _ _and as a TD-LM with a wider resonance whose location is
FIG. 1. The absorption properties of a perfect electriCqpitaq in the directions perpendicular to the interface. If the
CondUCtorTbaCkefj.TD'LM S".ﬂ"b. are Ch.araCter'zed by measu“ng.thgoefficients satisfy Eq(18), this medium will be a perfect
reflected field arising when it is illuminated by a pulsed Gaussian . :
beam. (pas_5|_ve abso_rber._ It is to be npt_ed that the presence of the
explicit negative sign in the driving functions in E70
IV. TD-LM ABSORBER NUMERICAL SIMULATION and hence Eq396 might be interpreted as necessitating the
medium to have gain in the longitudinal direction. This is not
The effectiveness of a broad bandwidth, dispersionlesthe case. It must be emphasized that the Green function cor-
TD-LM absorber is illustrated with the TM Gaussian beamresponding to Eq(39¢), which has the same form as Egq.
scattering geometry shown in Fig. 1. The absorber is taken t(26), is also exponentially decaying and therefore no gain is
be a thin slabliA/5 at the center frequency of the beathat  realized. Nonetheless, the question of how to achieve this
is terminated away from the source with a perfect electricsign reversal for the longitudinal component in a real or an
conductor. The reflection from the termination enhances thartificial material is currently under investigation.
absorption in the medium since the reflected wave also An ultrafast pulsed TM Gaussian beafi80,31] is
passes through the absorber. Thus the scatterer is a metallamnched with either a waist ofA2or 200\ from a position
sheet coated with a thin film of the absorber. This scatteringn the indicated source plari@umerically we generate a
process is modeled with the finite-difference time-domainGaussian beam at the source plane with Huygens' principle
(FDTD) simulator described in Ref20]. A reflectionless and propagate the beam from the source plane towards the
uniaxial Maxwellian material with the susceptibilities slab in a total field region and measure the reflected beam in
the scattered field region away from the source plahat
£ Py @il xa—i(w/wp)x] will produce a beam whose center coincides with the center
Xood @)= €Ex  wi—o—iTw (378 of the interface of this slab. For illustration purposes only,
the frequency of the beam was chosen to bex2.0' Hz.
The pulse was a six-cycle sinusoid tapered on its first and

My= wg[Xa_i(w/wp)Xﬁ]

M(w)=—> . , (37  last two cycles with a smooth function. The beam is polar-
Xyy! H 2__ 2_|1" . .
y Wo— @ w ized in thex-z plane. The TD-LM parameters were chosen to
5 , be wy=wp,=2wx2.0x10"% I'=1.0x1C°, x,=1.0
E ()= P, wpl Xo—i(@/wp) xp] X107 %, and xz=2.2x 10°. The material parameters in the
Xzz = [w(z)+ nga]— w’—i[T+ wpXxglo FDTD TD-LM slab are given a quadratic profile to minimize

(379 numerical reflections from the slab-air interfal@0]. The
o ) ) ) amplitude reflection coefficient from the slab was obtained in
is included in the FDTD simulator by solving Maxwell's curl the scattered field region by measuring the maximum in time

equations of H;e" at a point along the central ray of the reflected beam,
scaling it by the amplitude transport coefficient of the beam
i E= i VxH-— i ﬁ P, (383 (which accounts for the amplitude decay in distance from the
ot €0 €g Jt source, and normalizing the result with respect to the corre-
sponding value of—|');‘C at the interface. These amplitude re-
9 He 1 VXE_ 9 N (38 flection coefficients for the narrow and wide beam cases are
o at plotted in Fig. 2 as a function of the angle of incidence of the

Gaussian beam on the slab. The corresponding plane wave
self-consistently with the corresponding time-domain polar-and line source results are given in RE20]. Significant
ization and magnetization equations: absorption of both beams was realized even with a thin
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for realizing a slab of the TD-LM absorber using specifically
designed electromagnetic scatter@icaded antennasem-
bedded in a matrix to achieve an artificial electric and mag-
netic material with the requisite polarization and magnetiza-
tion characteristics. The properties of these small loaded
antennas can be adjusted to obtain those characteristics.
However, as pointed out by Robef2,33, there are many
equivalent ways to realize a particular dispersive medium.
Thus more effective realizations might be achievable. Sev-
eral potential constructions of an artificial TD-LM are now
being actively considered.

~—— Narrow beam
-75 —E&— Wide beam

VI. CONCLUSIONS

-95+ } } } | In this paper physical justifications of the time-derivative
0 5 10 15 20 Lorentz material model were described and discussed. It was
shown that an ideal absorber could be constructed with a
uniaxial, dispersive and lossy, electric and magnetic region
specified by a model which was introduced for both the po-
FIG. 2. The amplitude reflection coefficients for narrow and |arization and the magnetization fields. With a Green func-
wide pulsed Gaussian beams show the perfect electric conductofipn solution to the TD-LM polarization(magnetization
backed TD-LM slab to be an excellent absorber. equation it was demonstrated that the TD-LM was causal,

. ... passive, and was constructed from two ordinary Lorentz-type
TD-LM layer. These pulsed Gaussian beam results |ndlcateip0|e terms, one shifted in time from the other by a real

that the absorber is handling well both wideband spatial and,jyed time constant. This analysis also emphasized the con-
temporal frequencies. nections between the terms proportional to the time deriva-
tives of the fields and the TD-LM loss mechanisms. The

Amplitude reflection coefficient ( dB )

Angle of incidence ( degrees )

V. COMMENTS numerical implementation of a TD-LM slab terminated with
The TD-LM model leads to constitutive relations of the perfgct eleqtric cpnductor was discussed, and_numerical tests
form [20] of this configuration were defined. The numerical tests dem-
onstrated the effectiveness of the TD-LM slab in absorbing
D=é.E+TE. ﬁtéz cE+ YE.VXE, (409 broad bandwidth pulsed Gaussian beams having narrow and

broad beam waists.
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