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Near-field focusing by a photonic crystal concave mirror
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We have studied the electric-field distribution in the photonic crystal (PC) concave mirror. This was
done numerically and was verified in experiment. The field mapping in our experiments was
performed using the Slater’s perturbation technique which was modified for nonresonant structures.
The PC consists of a planar array of dielectric rods with a trapezoidal depression that forms the
concave mirror. At the midgap frequency of the first stopband of the underlying photonic crystal, the
mirror allows focusing to a subwavelength spot size of 0.2\ X 0.2\. The intensity is enhanced by 16
times at the focal point, as compared with the incident wave. © 2005 American Institute of Physics.

[DOLI: 10.1063/1.2058179]

I. INTRODUCTION

The focusing of light using photonic band-gap materials
is a subject of considerable interest. Photonic band-gap ma-
terials can be used to guide, focus, and localize electromag-
netic waves. Several optical devices based on photonic band-
gap materials, including waveguides, mirrors, and lasers,
have been 1rep01rted.'_4 Photonic crystals can be also operated
as “left handed materials” which are capable of focusing
transmitted wave into a subwavelength spot due to the nega-
tive refraction.”™

In this work we explore the possibility of focusing the
electromagnetic radiation by a photonic band-gap material
using a more “traditional way,” namely, by a concave mirror
made of an array of discrete scatterers. Focusing and imaging
by the regular array of discrete scatterers is well known in
the context of x-ray focusing by curved crystalsg’10 and Tal-
bot self-imaging of periodic objects.”’12 However, while the
focusing in these cases is achieved due to the overlap of the
far-field radiation of the scatterers, in the present case we
discuss near-field focusing which can localize the light better
than the far-field radiation can. Such focusing of light is
similar to the one of electron scattering by optical
corrals.'*!*

The possible applications of this device should exploit
field magnification rather than imaging and may include (i)
coupling the energy in/out of the photonic crystals (in par-
ticular it can be used as antenna feed), and (ii) impedance
matching. Although such elements may be fabricated using
conventional technologies using metallic or dielectric mir-
rors, there are certain advantages in using photonic crystal
matrix. Indeed, to make functional devices from photonic
crystals one would like to fabricate all components using the
same technology. For example, to couple energy in/out of
planar photonic crystal (PC) the lenses and mirrors should be
better fabricated from the same building blocks of PC.

In the present work we demonstrate a focusing mirror
fabricated from the photonic crystal and operating in the mi-
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crowave range. We believe that once the experimental proof
of concept for such a near-field focusing is achieved, our
design is scalable to the optical range. While our experiments
were performed with the photonic crystal made of €=90 di-
electric rods, we made extensive computer simulations for
the PC concave mirrors made from the dielectric rods with
lower dielectric constants e=12.9 and €=9.7 and found that
these devices also demonstrate focusing. By optimizing the
frequency, rod diameter, and spacing between the rods we
achieved a field magnification in the focus of up to 9. There-
fore, we believe that our results are indeed scalable to the
optical frequencies.

Il. EXPERIMENT
A. Photonic crystal

Our PC consists of cylindrical rods of 2.5 mm diameter
and 10 mm height, made from a low-loss microwave ceram-
ics with dielectric constant e=90."” The rods are mounted in
the hexagonal array of holes made in the light-weight matrix
with the dielectric constant 1.1 [Fig. 1(a)]. The distance be-
tween the rods is (i=5.4 mm and the corresponding lattice
constant is a;=dV3/2=4.7 mm. The array consists of 22
rows, with 10 rods in each row. Several rods from the front
rows of the array were removed to achieve a trapezoidal
depression which, as we will show further, operates as a
focusing mirror. This array is mounted in the rectangular
waveguide with a removable cover plate. The rods in the two
rows adjacent to the waveguide sidewalls were cut in two
halves to imitate periodic boundary conditions at the ideally
conducting wall. In such a way our measurements could be
generalized to an infinitely wide array.

The main reason for using a waveguide rather than a
free-space propagation18 is to force the incident wave to
propagate through a photonic crystal, in other words, to
eliminate diffraction losses. To accommodate the photonic
crystal of sufficient width, we used a homemade rectangular
waveguide with dimensions a=54 mm and b=10 mm and
the cutoff frequency of 2.8 GHz. To launch the wave into the

© 2005 American Institute of Physics

Downloaded 20 Jun 2007 to 210.72.130.156. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp


http://dx.doi.org/10.1063/1.2058179
http://dx.doi.org/10.1063/1.2058179

063105-2 Saado et al.

(@

‘w/n\“eguide

Adaptor 2

Adaptor 1

®
54 mm

®

160 mm

(©

© 000000000 O

FIG. 1. (a) Design of the measurement setup (top view image, in scale). A
hexagonally ordered array of dielectric rods is mounted inside a rectangular
metallic waveguide. The front surface of the array has a trapezoidal depres-
sion which mimics a concave mirror. The waveguide cover plate is not
shown here. (b) Schematic drawing of the focusing by a concave photonic
crystal mirror. Open circles represent dielectric rods. Reflection from the PC
may be described as a reflection from the virtual high-impedance planes
located at the distance Ly, inside the crystal (dashed lines). The focal point
of this surface is shown by the star. (c) Schematic drawing illustrating an
effective curvature of the mirror.

waveguide we designed special coax-to-waveguide adaptors
operating in the frequency range of 4—11 GHz.

To achieve optimal design of the waveguide, adaptor,
and the array of rods we used computer simulations (AN-
SOFT HFSS, CST Microwave Studio Solver). We aimed at
using the rods with high dielectric constant e~ 90, and at the
first step we found the optimal radius of these rods, the lat-
tice constant of the array, and the width and height of the
waveguide. Our purpose was to fit the first stop band of our
photonic crystal to the frequency range of the waveguide-
adaptor assembly. At the second step we found the optimal
shape of the trapezoidal depression at the front surface of the
array in order to achieve the most effective field concentra-
tion at the focus [Fig. 1(b)]. This was done for the frequency
corresponding to the midgap of the first stop band. At the
third step we built the setup accordingly and mapped the
electric field distribution there. In such a way we verified the
focusing performance of our concave mirror.

B. Perturbation technique - the model

To map the field distribution in the waveguide we choose
a scanning perturbation technique.l&19 This technique uses a
small object which perturbs the microwave field and is re-
motely moved inside the microwave device. By comparing
device performances when the perturbing object is situated at
different locations, one can map the field distribution there.
In the past this technique was used to map the field distribu-
tion in two-dimensional microwave resonators by detecting
resonant frequency shifts introduced by a small conducting
sphere. In our present work we use the similar approach to
map the field distribution in the nonresonant waveguiding
structure. This is done by the phase-sensitive measurement
of the radiation scattered by a small sphere at different loca-
tions in the waveguide.
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FIG. 2. (a) Schematic drawing showing the perturbation technique. A polar-
izable object is situated inside the rectangular waveguide at the distance z
from the partially reflecting plane. The electric field in the waveguide in-
duces in this object a dipole moment which radiates back and forth. (b)
Experimental realization of the perturbation technique. A small steel sphere
is remotely moved inside the waveguide using a permanent magnet attached
to the translation stage. The reflected wave carries information on the elec-
tric field at the position of the sphere.

The theoretical framework of our technique follows
Slater’s'® derivation of the radiation of the electric dipole in
the rectangular waveguide. We assume an air-filled rectangu-
lar TE |, waveguide terminated by the matched load, a domi-
nant TE;, mode excited there, and a small polarizable object
with the electric susceptibility af situated inside the wave-
guide [Fig. 2(a)]. The electric field of the TE mode induces
in this object an electric dipole moment which is directly
proportional to the electric field at its position, i.e.,

ME:aEE(x’y’Z)' (l)

Although this induced dipole radiates in all directions,
the boundary conditions imposed by the waveguide walls
allow only backward and forward propagating waveguide
modes. In particular, the magnitude of the TE;, mode radi-
ated by the dipole is'®

ZapE (x,
_ wZagk (x.7) )
rad ab

Here Z=Z,/\/1-[m/(ka)]* is the TE-mode impedance, Z, is
the impedance of free space, k is the wave vector in free
space, a,b are the long and short dimensions of the wave-
guide, and E|(x,z) is the y component of the microwave
electric field at the object location (x and z components of
My do not radiate into the TE,, mode). It can be also
shown'® that the radiated field [Eq. (2)] does not depend on
the distance between the electric dipole and the broad wave-
guide wall, y. By launching the TE,; mode into the wave-
guide and by measuring the reflected wave at different posi-
tions of the object we can map the electric-field distribution
in the waveguide E (x,z) using Eq. (2). The magnetic-field
distribution can be measured in a similar way using a small
magnetizable object.
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For the waveguide loaded with an unmatched load, Eq.
(2) is modified. In this case the reflected wave consists of
three contributions: (i) reflection from the load, (ii) back-
scattering from the object [Eq. (2)], and (iii) reflection at the
unmatched load of the forward scattered wave from the ob-
ject. Only the two last contributions depend on the location
of the perturbing object. They can be considered as a coher-
ent sum of the radiation of the dipole and the radiation of the
image dipole. The interference between these two terms re-
sults in the additional complex factor A=e/A+Te/F* that
shall be introduced into Eq. (2). Here, '=re/® is the complex
reflection coefficient of the load, B=[k>—(m/a)*]"? is the
propagation constant in the waveguide, and z is the distance
between the dipole and the reflecting plane [Fig. 2(a)]. Equa-
tion (2) now reads
wZogE (x,z) mX

sin —. (3)

Erad(-x’Z) :A(Z) ab a

For example, if the load is an ideal conducting mirror
(“short”), I'==1, A=2 cos Bz, and the electric field in the
waveguide is E(x,y,z)=E, sin(mx/a)cos Bz. Here, E; is the
electric-field magnitude in the incident wave. Then, Eq. (3)
yields

doZagk, . , mx

wd= ———— sin? — cos’ Sz. 4)
ab a

C. Perturbation technique - the implementation

As a perturbing object we used a small steel sphere with
the radius R=1 or 1.5 mm. This sphere is sufficiently small
to minimally perturb the field in the waveguide. It can be
considered ideally conducting, since the skin depth at micro-
wave frequencies is much smaller than the radius of the
sphere. The electric susceptibility of an ideally conducting
sphere is ap=4me,R>. When this sphere is mounted in the
rectangular waveguide where the TE mode is excited, it ac-
quires an electric dipole moment, oriented perpendicularly to
the broad wall of the waveguide, and radiates. This radiation
is different from the dipole radiation in free space, since it
includes a radiation of the image dipoles which interfere con-
structively with the radiation of the primary electric dipole.

It should be noted that the ideally conducting sphere has
also a magnetic susceptibility, ay=-2me,R>, therefore the
microwave magnetic field of the TE mode induces there a
magnetic moment as well. This moment is parallel to the
broad waveguide wall. However, for the conducting sphere
in the vicinity of the broad wall of the rectangular wave-
guide, the magnetic dipole radiation is negligible due to the
destructive interference with the radiation of the image di-
pole. Therefore, the field scattered by the conducting sphere
in the close vicinity to the broad waveguide wall is mostly
determined by the microwave electric field.

The electric-field mapping in the waveguide was per-
formed as follows. We launched the microwave with a
known magnitude E, and frequency w into the waveguide
[Fig. 2(b)]. Then we measured the magnitude and phase of
the reflectivity S;; while moving the conducting sphere in-
side the waveguide. This was done with the HP-8510C vec-
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(b)

FIG. 3. Electric field magnitude in different directions with respect to the
direction of propagation: (a) longitudinal and (b) transverse. Filled symbols
show the field magnitude in front of the photonic crystal shown in Fig. 1.
The measurements have been performed with a perturbation technique using
a 2-mm-diameter steel sphere. The frequency 7 GHz is in the midgap of the
first stopband. z=0 plane corresponds to the front surface of the innermost
row of rods (see Fig. 1). Open symbols show the results for the flat con-
ducting mirror at z=0 and at 7 GHz. The lines are the guides to the eye.
Note the sharp peak in (b) indicative of focusing.

tor network analyzer. The motion of the sphere was per-
formed using a permanent rare-earth magnet mounted on the
positional stage [Fig. 2(b)]. We subtracted the reflectivity
without the sphere from the obtained results and found
AS,(x,2) ~ E,\q/ Ey. Here, (x,z7) is the position of the sphere,
E is the field in the incident wave, and E,,q4 is given by Eq.
(3).

To verify the technique we mapped the two-dimensional
field distribution in front of the flat metallic mirror (ideal
short). In the z direction we obtained the well-known stand-
ing wave pattern in the waveguide [Fig. 3(a)], as predicted
by Eq. (4). The field magnitude in the x direction, the fre-
quency dependence, and the magnitude of AS; are also well
accounted for by Eq. (4).

The application of this technique to the photonic crystal
is not straightforward. Note that Eq. (3) allows the determi-
nation of Ey(x,z) for known x,z. In the case of the photonic
crystal, which represents the distributed load, this procedure
is somewhat complicated since the position of the reflecting
plane is not known in advance. Therefore, in our mapping of
the field distribution upon reflection from the photonic crys-
tal we plot |E,4(x,z)| as given by Eq. (3).
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FIG. 4. Microwave transmission through our device. (a) Computer simula-
tions using CST MICROWAVE STUDIO software. The simulations assume six
rows of the hexagonally packed rods in the conducting rectangular wave-
guide. (b) Experimental results (ten rows). The dotted line corresponds to
the transmission measurement in the empty waveguide. Note good corre-
spondence between the experiment results and the model.

lll. EXPERIMENTAL RESULTS

A. Microwave transmission through the photonic
crystal

Figure 4(a) shows a numerical simulation for the micro-
wave transmission through the array consisting of six full
rows of dielectric rods in the waveguide. The simulation pre-
dicts the first stop band at 5.4—8.9 GHz and the second stop
band at 10.2-14.6 GHz. Figure 4(b) shows corresponding
experimental results (for the ten-row array). The experimen-
tal data agree well with the numerical simulation. We clearly
observe the first stop band and the low-frequency edge of the
second stop band. We also observe a narrow band at 9.7 GHz
which is absent in numerical simulations. The depth of the
first stop band in our experiments (70 dB) exceeds that in
simulations (50 dB) since our experimental array contains
more crystalline rows.

B. Field mapping in one dimension

We performed field mapping upon reflection from our
device using the perturbation technique at the midgap fre-
quency of 7 GHz. Figure 3(a) shows our results for the di-
rection along the symmetry plane, while Fig. 3(b) shows
corresponding results for the transverse direction. In the lon-
gitudinal direction we observe a strong maximum in the
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close proximity to the array of rods and several weak
maxima further away [Fig. 3(a), open symbols]. This strong
maximum indicates on focusing, while the weak maxima are
simply standing waves. (Their spatial periodicity is \/2;
hence the Talbot effect'” is excluded). In comparison, we
show field mapping results achieved upon reflection from the
flat conducting mirror [Fig. 3(a), filled symbols]. Here we
also observe several maxima. However, these maxima arise
from the well-known standing wave, rather than from focus-
ing. The field magnitude in the standing wave maximum is
twice as big as that in the incident wave. However, the mag-
nitude of the maximum corresponding to the reflection from
our photonic device exceeds by 4-5 times the field of the
incident wave. In the transverse direction we observe a sharp
peak corresponding to our device as compared with the wide
peak corresponding to the standing wave in the waveguide.

To verify our results shown in Fig. 3, we repeated these
measurements using the conventional slotted-line technique.
It employs a small antenna which is scanned along a narrow
slot in the broad waveguide wall and picks up the electric
field there. (Unfortunately, this technique is not suitable for
the two-dimensional field mapping). The slotted-line mea-
surements yield three- and four-fold field amplifications in
the focus which is consistent with our perturbation technique
measurements.

C. Two-dimensional measurements

To study the spatial extent of the field maximum in the
focus (Fig. 3) we performed two-dimensional field mapping
using a perturbation technique. Figure 5(a) shows results of
computer simulations of the electric-field magnitude in front
of our device, and Fig. 5(b) shows corresponding experimen-
tal results. Note that there is a good qualitative correspon-
dence between the experimental results and numerical simu-
lations. We observe a sharp maximum indicating focusing in
both longitudinal and lateral directions.

D. Focusing at different frequencies

We performed two-dimensional field mapping (Fig. 5)
for different frequencies, corresponding to the stopband and
passband as well. For the frequencies inside the stopband we
observe a sharp maximum with pronounced magnitude, in-
dicative of focusing, while for the frequencies in the pass-
band, the maximum is broad and weak. To quantitatively
characterize the size of the maximum we approximate the
field in its vicinity by the Gaussian

272
. (z—z20) ] )

2
dy

2
X=X,
ASyy(x,2) = E(x,z) < exp — {( WZO)

where w and d are the lateral and longitudinal sizes of the
focusing spot, respectively.

Figure 6 shows z,,, (focal length) as measured from the
front surface of the mirror. We observe linear dependence on
wavelength, z,..~0.52\ in the stopband. The lateral and
longitudinal sizes of focus also linearly depend on wave-
length, w~0.17\ (Fig. 6, open symbols) and d;~0.17\ (Fig.
7). Note that in our experiments we find AS, as given by Eq.
(3) and take it as a measure of the field E,(x,z); i.e., we
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FIG. 5. Two-dimensional field distribution in the XZ plane, and at 7 GHz.
The device is the concave photonic crystal shown in Fig. 1. (a) Computer
simulations using CST Microwave Studio. z,,,, shows the position of the
focus. (b) Experimental results by the perturbation technique using a 2-
mm-diameter steel sphere. The dashed line in (b) shows the area in which
we performed field mapping.

replace A(z) by 2 and sin 7mx/a by 1. In such a way the size
of the focal spot is underestimated, although the error is not
significant. For example, taking into account the sin mx/a
factor in Eq. (3) we find the actual spot size of w
=0.18-0.19\ instead of w=0.17\.

To measure the field magnitude in the focus we per-
formed a one-dimensional scanning along the symmetry
plane of the waveguide and measured the reflectivity at dif-
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FIG. 6. Filled symbols show location of the maximum z,,,, as a function of
the wavelength in the waveguide \,=\/'1-[7/(ka)]%. z=0 corresponds to
the outer surface of the innermost row of rods (Fig. 1). The solid line shows
linear approximation z,,,=0.53\+z; where z;=12 mm. Open symbols
show the size of the focusing spot w in the lateral direction. The dashed line
shows linear approximation w=0.17A\.
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FIG. 7. The size of the focusing spot d; in the longitudinal direction as a
function of the wavelength in the waveguide \,. The solid line shows linear
approximation d;=0.17\.

ferent frequencies. Here we met with two complicating fac-
tors. One of them is multiple reflections occurring when our
radiating dipole is located in front of a curved reflecting sur-
face. The waves reflected from different parts of this surface
and from the waveguide sidewalls interfere. This interference
is strongly frequency dependent, in such a way that the back-
scattered radiation due to the dipole is modulated in the fre-
quency domain. To get rid of this modulation, we performed
vector reflection measurements in the wide frequency range
at each location of the sphere (along the symmetry plane of
the waveguide), converted the results from the frequency do-
main to the time domain, performed temporal filtering which
eliminates multiple reflections, and got back to the frequency
domain. Another complication is that our launcher-
waveguide assembly is designed to operate below 11 GHz
[see Fig. 4(b), dashed line], while we are willing to achieve
some limited information from the experimental results
above 11 GHz as well. It seems that in the second stopband,
which appears above 11 GHz, we also observe focusing.
We found the field maximum in the focus and deter-
mined its position, z,,,,. The field magnification at the maxi-
mum, M=E(z,,,)/Eg, as given by Eq. (3), is M < AS,,/Aw.
As we will show in the next section, the focusing maximum
occurs exactly at the standing wave maximum, where A
achieves its maximum value A=2. Figure 8 shows AS,,/w as
a function of frequency. The magnification is maximum in
the stopband and shows a trend to higher M with increasing
frequency. Focusing in the passband is insignificant.

IV. DISCUSSION

Our device can be considered as a resonant cavity with a
wide coupling aperture, whereas the focal spot corresponds
to the electric field antinode. The device also loosely reminds
one of a parabolic dish antenna fabricated from photonic
crystal. We attribute the focusing effect found in our studies
as arising from the standing wave in the direction of propa-
gation, which is additionally amplified by the standing wave
in the lateral direction arising from the concave surface of
the reflecting array. To find where the focusing occurs, we
need to recall the phase properties of photonic band-gap ma-
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FIG. 8. Field magnitude at the focus (open symbols) as compared to the
field in the incident wave. M=1 corresponds to the traveling wave; M =2
corresponds to the standing wave in the waveguide terminated by the ideal
short. The continuous line shows frequency dependence of the transmission
through the device. Note the similarity between these two dependences.
Here, the measurements were performed using a 3-mm-diameter steel
sphere.

terials. As we have shown elsewhere,zo the phase of the wave
reflected from the photonic crystal is strongly frequency de-
pendent:

oD
P(k) = Dlko) + —~(k ko). (6)

Here k is the wave vector corresponding to the midgap and
®(kg) is the phase shift at the midgap frequency. It can be
shown that ®(ky)=n where n=0 or 1.0 Equation (6) can be
recast in a different form:

q)(k) = CI)O + ZkLph’ (7)
where L,,=d®/2dk is the so-called phase penetration length
and

D = D (ko) — 2Lppko- (8)

Equation (8) means that the reflection from the photonic
crystal looks as if it were occurring from the virtual plane
located at the distance Ly, from the front surface of the pho-
tonic crystal [Fig. 1(b)], whereas the phase shift upon reflec-
tion from this virtual plane is ®,. The phase penetration
length is closely related (but not necessarily equal) to the
localization length L,,,=—(d In T/dt)~" where T is the trans-
mission through photonic crystal and ¢ is its thickness. The
Ly, is almost constant at the midgap and sharply increases at
the gap edges.

We relate the focusing maximum observed in our experi-
ments with a concave photonic crystal mirror to the first
standing wave maximum upon reflection from it. Indeed, the
first standing wave maximum occurs at the distance z,
(measured from the front surface of the photonic crystal)
found from the condition

2z + P(k) =277, )

We substitute here ®(k) from Eq. (7) and find the following
using Eq. (8)
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FIG. 9. Open symbols show a frequency dependence of M/f from Fig. 8.
Here, f is the microwave frequency and M is defined in Fig. 8. Filled
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_A[l MLL (A 1)
fmax = 2 N, /)

Here A is the wavelength corresponding to the midgap fre-
quency. At this frequency, Eq. (10) yields zp,c=No/2 for
®(ky)=0, and z,,=No/4 for P(ky) =

Our experimental results for the position of the maxi-
mum z,,,, (Fig. 6) are consistent with these predictions. In-
deed, we observe a linear dependence of z,,,,, on wavelength,
which is consistent with Eq. (10). The focal position at mid-
gap frequency of 7 GHz is z,,,,=12 mm which is very close
to No/4=11.2 mm.

At the next step we found L, from our experimental
data. As suggested by Eq. (10), L,;, can be found as an inter-
cept of linear dependence z,,,,(\) with the vertical axis. Fig-
ure 6 yields L;;=13 mm at the midgap. This corresponds to
a very small phase shift at the midgap [Eq. (6)], ®y=
—0.067, and means that with respect to reflection, our pho-
tonic crystal can be replaced by a virtual high-impedance
plane which is situated at the distance Ly,=12 mm inside the
crystal, as it is shown by dashed lines in Fig. 1(b). The fo-
cusing here arises from the standing wave maximum in the z
direction which is additionally amplified by the standing
wave in the perpendicular x direction. Since this maximum
arises from interference, it is quite natural to assume that its
size scales with the wavelength. Indeed, Figs. 6 and 7 show
that the lateral size w and the longitudinal size dy of the
focusing maximum linearly depend on wavelength (of
course, this pertains only to the frequencies in the stopband).

The magnification can be explained along the similar
lines. Indeed, our concave photonic mirror can be approxi-
mated by a cylindrical high-impedance surface with the cur-
vature radius R.,;=R+L,,, where Ry is the effective curva-
ture radius of the front surface of the photonic crystal [Fig.
1(c)]. The field magnification in the focus of a cylindrical
mirror is M ~D/NF, where D is the aperture size and F
=R./2D is the F number. Therefore, for a conventional
cylindrical mirror, M = 1/N = f, where f is the frequency. For
a photonic crystal mirror, the situation is more complicated
since the effective curvature radius R includes L, which is
frequency dependent. Its frequency dependence can be
crudely estimated from the following considerations. The

(10)
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phase penetration length is closely related to the localization
length, Ly~ Lj,c*—1/In T(f). Here T is the transmission
through the crystal. Therefore, L,,=const in the midgap and
sharply increases at the gap edges. Its frequency dependence
closely follows that of transmission. Therefore, we expect
that M o<—(In T)/\, in other words, M/ fo—In T. Indeed, Fig.
9 shows that the frequency dependence of M/f mimics the
frequency dependence of —In 7.

V. CONCLUSIONS

We demonstrate a photonic crystal mirror that exhibits
focusing for the frequencies corresponding to the stopband.
At the midgap frequency of the first stop band it showed the
16-fold power enhancement in the focus. The frequency de-
pendence of magnification closely follows the localization
length while the focal position linearly depends on wave-
length inside the stopband.

Comparing the present method with other subwave-
length focusing techniques, such as the Fresnel plate21 or the
slab made of a left-handed material,” we emphasize that the
focusing of our concave PC mirror arises both from the prop-
erties of the photonic crystal and from the shape of the mir-
TOr.
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