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ABSTRACT

Acoustically active materials (chiral materials) that lack centrosymmetry due to chirality
in their microstructures can be characterized by the constitutive relations o; = py; + py; +
Miadi + ck;i and x; = (€ + €)x; + (€ - €)xj + nkudy + cyji. Accordingly, two longitudinally,
two right circularly and two left circularly polarized elastic waves can propagate in chiral
medium. Using appropriate field representations along with prescribed boundary conditions,
scattering characteristics at chiral interfaces can be realized. In this paper, reflection and
transmission characteristics of chiral slabs bounded by achiral media for longitudinally elastic
waves with normal incident are thoroughly discussed. Results obtained can be applied for the
design of broadband acoustic impedance transformer and acoustic absorbers which will be
reported in the near future.

1. INTRODUCTION

Chiral materials, which lack inversion symmetry due to handedness in their
microstructure, have been known and called optically active materials in theoptical spectrum
since the beginning of last century.> ® Circularly polarized waves are eigenstates in chiral
media.'” Because of different in chiral media'”. Because of different propagation characteristics
of left circularly polarized (LCP) and right circularly polarized (RCP) waves in chiral
materials, circular dichroism (CD)" and optical rotatory dispersion (RD)® may be measured
and adopted to characterize chiral materials. Although chirality is chiefly known at optical
frequencies, electromagnetic activities can bemeasured from artificial chiral composites at
microwave frequencies.® ' The handedness of objects detected in the optical and
electromagnetic spectra results from the transverse nature of optical and electromagnetic
waves.” It follows that elastic waves, which consist of longitudinal and transverse
components, may be capable of sensing the handedness of objects at acoustic frequencies.
Dispersion equations and field equations for elastic waves propagating in chiral materials can
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isotropic micropolar materials.> > Accordingly, two longitudinally, two right circularly and
two left circularly polarized elastic waves can propagate in chiral medium.

In order to solve elastic wave problems involving contiguous regions of different
constitutive parameters, it is necessary to know the boundary conditions that vector and stress
fields must satisfy at the interfaces. It can be shown that boundary conditions at chiral-chiral
interfaces are uniquely defined by applying principles of conservation of forces and momenta.”
Consequently, scattering characteristics at chiral-chiral interfaces are uniquely obtained. The
effects of the constitutive parameters of chiral materials on reflection characteristics for elastic
waves normally impinging upon achiral-chiral interfaces are elucidated by appropriate
boundary conditions.'” It is illustrated that reflection coefficients may vanish by properly
tailoring constitutive parameters of chiral materials. In addition, the methods for determining
constitutive parameters of chiral materials for zero reflection at achiral-chiral interfaces are
established. Continuing with previous studies, reflection and transmission characteristics of
chiral slabs bounded by achiral media for longitudinally elastic waves with normal incidence are
investigated in this paper. Results obtained can be used to analyze multiple chiral layers’
problems as well as further to tailor acoustic materials using chiral composites.

2. THEORY

For normally incident longitudinal elastic waves, field representations for the planar chiral
slab bounded by achiral media can be illustrated by Fig. 1. There are three regions in Fig. 1.
Two of them, region 1 (z < 0) and region 3 (z > d), are achiral media, which can be
characterized by Lamé constants A and p. In addition to Lamé constants, micropolar elastic
constants & and m, and the constant ¢ associated with noncentrosymmetry are constitutive
parameters for chiral medium, region 2 (0 <z < d)>1

In region 1, elastic fields which consist of incident and reflected fields can be represented
as

u' =u”+u” =a, (A’e"‘” + A’e'"‘") ¢))

where k; is the longitudinal wavenumber in region 1. The transmitted fields in region 3 take the
form

uw=u" = az(Atelksz) ?)

where k; is the longitudinal wave number in region 3. In the chiral medium, region 2, elastic
fields, which consist of displacement and rotation fields, propagating in both the positive and
negative z-directions can be represented as
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where u is the displacement vector and ¢ is the rotation vector. The wavenumbers ki, and ki,
which represent longitudinal waves in chiral media can be numerically solved from the

following equation”
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where J is the angular momentum, k. = o/[(As + 2u2)/p2]™, ke = o/[(2 + 262)/Tp2]"?, and B=
c¢/Jp:” are shorthand notations. The ratios of the rotation vector to the displacement vector,
Ry.: and Ry, can be determined by substituting ki = k and ky, = k into the following eqation”

R, = (- 6/02) 0 = i Q- %) ©)

By applying principles of conservation of forces and momenta, boundary conditions for
normally incident longitudinal waves at achiral-chiral interfaces can be uniquely determined as
. 12, 14)
given by

aZO(u1 —u21z=0 =0, a O(u2 —u3lz=d =0 @)

L-02]  =0.(02-02) =0 ®)

z=0

(22) ... =0 ©)

Equations (7) and (8) indicate continuities of normal components of displacement fields
and force stresses, respectively. The third boundary condition, Eq. (9), illustrates that the
normal component of the couple stress must vanish at achiral-chiral interfaces. The force stress
0z in Eq. (8) and the couple stress Xz in Eq. (9) can be determined from the constitutive
relations as given by

o, =@+ A, (10)
ok = Qu, + L, +col, (11)

2= 2u + A, (12)
22 =QE+n)l, +cul, (13)

The unknown constants, A", A', B;, B,, Bs, and B4 can be determined in terms of Al by
enforcing boundary conditions at achiral-chiral interfaces. Substituting field representations,
Egs. (1)-(4), and constitutive relations, Eqgs. (10)-(13), into boundary conditions, Eqgs. (7)-(9)
yields the following equation
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where Z; = [py(M+ 2u1)]"? is the longitudinal wave impedance for media 1, Z; = [ps(As +
2u3)]"? is the longitudinal wave impedance for media 3, M(3, 2) = (Zu/ky + BZrikriRoi)Kes,
M(3, 4) = (ZI/kL + BZRLkR.LRL2)kL2 5 M(5, 2) = (RLIZRJ/kRL + BZRLkRL)kLl, M(S, 4) =
(RizZr/kee + PZrokro)kiz, Zo = [p2(ha + 212)]Y% , and Zge = [p2J(n + 2£)]"? are shorthand
notations.

3. NUMERICAL RESULTS AND DISCUSSIONS

The parameters adopted in this paper for calculating scattering characteristics of the
chiral slab bounded by achiral media are J, kgu/ky, JB%ky *kri?, Z1, ked and Z3/Z;. The value of
Z3/Z, 1s arbitrary chosen to be 3. The value of Z;, used for simulation in Figs. 2 — 8 is chosen
to be 3. The simulation results presented in this paper are all plotted versus the
nondimensional parameter kpd. The effects of the angular momentum J on the scattering
characteristics are shown in Figs. 2 (a) and 2 (b). It can be seen clearly in these two figures
that the reflection and transmission coefficients do not vary significantly with J in the k;.d
range of 1 to 360 (degree) while the rest parameters remain constant. Consequently, the value
of J used in this paper is chosen, without loss of generality, to be 10. Reflection and
transmission coefficients for the chiral slab with various values of JBZkLZkRL2 and kg /k;, are
plotted in Figs. 3-7. In these figures, curve 1, shown for comparison, represents either
reflection or transmission coefficients of the quarter wavelength impedance transformer. This
is achieved by letting region 2 be achiral medium with impedance z, = /z,Z, . For small values

‘of Jp*%ki’kri?, €.g. 0.1, the chiral medium behaves almost like an achiral medium, which
implies that displacement fields play major roles in the chiral medium. This is illustrated in Fig.
3 that curves 2, 3, and 4 resemble curve 1 excluding some special points. It is observed that
reflection coefficient curves have a significant jump while transmission coefficients curves
exhibit a corresponding drop at these special points. Further examination reveals that these
phenomena occur when kid approaches approximately multiples of 180°/(kri/ky). At these
points, the thickness of the chiral slab equals multiples of half wavelength for rotation fields
and, hence, total reflection of rotation fields occurs. This contributes jumps and drops of
reflection and transmission coefficient curves, respectively. As JB’k ki’ increases, rotation
fields play somewhat more important roles and hence wave parameters of the chiral slab
significantly change. This causes variations of magnitudes and locations of zero reflection and
so does jumps and drops of reflection and transmission coefficients as shown in Figs. 4 and 5.
As kgi/k;, increases, wave parameters for the chiral slab vary significantly and, hence,
reflection and transmission coefficient curves become more complex as can be seen in Figs. 6
and 7.

The normalized reflected, transmitted, and total powers with respect to the incident power
are also computed for verification. Fig. 8 plots normalized powers for the chiral slab with



various values of JBZkLZkRL2 and kgr/ky. Curves 1, 2, and 3 in this figure represent normalized
reflected, transmitted and total powers, respectively. It is evident that conservation of energy
is applied.

4. CONCLUSION

Using appropriate field representations along with prescribed boundary conditions,
scattering characteristics of the chiral slab bounded by achiral media with the material
parameters, Zs/Z;, J, ki, kni/ki, Zp and JP’ki’kpi’ can be realized. The reflection and
transmission coefficients do not vary significantly with J in the k. d range of 1 to 360 (degree)
while the rest parameters remain constant. With increasing either JB’ki’kgr® or kei/ky the
rotation fields play more important role and the wave parameters of the chiral slab vary
significantly which cause the reflection and transmission phenomena much more complex.
These results can be used for the design of broadband acoustic impedance transformers and
acoustic absorbers which will be reported in the near future.
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Fig.1 reflection and transmission of longitudinal waves normally incident on a planar chiral

slab bounded by achiral media
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Fig.2 (a) reflection coefficient and (b) transmission coefficient for longitudinal waves normally
incident on chiral medium with material constants: curve 1: kgi/kp =5, J szszRL2 = 10",
J=1,5and 10 m’, curve 2: kgr/ky = 0.5, JB%ki ki = 10°,J =1, 5 and 10 m’
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Fig.3 (a) reflection coefficient and (b) transmission coefficient for normally incident
longitudinal waves versus kid, curve 1: region 2 being achiral medium with z,=zz,,

curve 2: Jp2ky ke ? = 107, kee/kp = 0.2, curve 3: JB%k ki ? = 107, ke/ky = 0.5, curve 4:

1Bk ket > = 107, kpi/ky =2
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Fig.4 (a) reflection coefficient and (b) transmission coefficient for normally incident
longitudinal waves versus kid, curve 1: region 2 being achiral medium with z,=z7,,
curve 2: Jp%ki ke ? = 107, kr/ke = 0.2, curve 3: JB%k *kee® = 10, ke/ky = 0.5, curve 4:
IB%k ke ? = 107 keo/ke =2
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Fig.5 (a) reflection coefficient and (b) transmission coefficient for normally incident
longitudinal waves versus kid, curve 1: region 2 being achiral medium with z, =77z, , curve
2: IB%k *kp 2 = 0.5, kro/ke = 0.2, curve 3: JB%kp ke’ = 0.5, kgi/k = 0.5, curve 4: Jp*k ke ” =
0.5, kR_[/kL =2
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Fig.6 (a) reflection coefficient and (b) transmission coefficient for normally incident
longitudinal waves versus kid, curve 1: region 2 being achiral medium with z, =77, ,
curve 2: JB%k ke’ = 107, kgi/kp = 0.5, curve 3: JB%ky ke’ = 107, kri/kp = 0.5, curve 4:
IB%k ke ® = 0.5, ke/kp = 0.5
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Fig.7 (a) reflection coefficient and (b) transmission coefficient for normally incident
longitudinal waves versus kid, curve 1: region 2 being achiral medium with z,=.77,,
curve 2: JB%k kg ® = 107, kp/ke = 5, curve 3: Jp%kp*kpe? = 107, kxi/ke = 5, curve 4:
Ik ke > = 0.5, ke/k = 5
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Fig.8 normalized power for normally incident longitudinal waves versus k;d with material
constants: (a) krr/ky = 0.5, JB%ki’ker” = 107, and (b) keu/kiz = 5, JP%ke’ker? = 107,
curve 1: normalized reflected power, curve 2: normalized transmitted power and curve 3:
total power



