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We present a new type of optical filter with an ultra-narrow bandwidth and a wide field-of-view (FOV). This

kind of optical filter consists of one-dimensional photonic crystal (PC) incorporating an anomalous-dispersion-material

(ADM) with, for instance, an anomalous dispersion of 6P3/5 < 6S; /5 hyperfine structure transition of a caesium atom.

The transmission spectra of optical filters are calculated by using the transfer-matrix method. The simulation results
show that the designed optical filter has a bandwidth narrower than 0.33GHz and a wide FOV of £30° as well. The

response of transmission spectrum to an external magnetic field is also investigated.
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Ultra-narrow optical filters play a critical role in
free-space laser communication, for example, lidar and
laser communications between satellites and satellite-
ground, in which signal is required to smoothly
pass through scattering medium such as seawater or
atmosphere.[!=3] A narrow bandwidth and wide field
of view (FOV) are important merits for this type
One kind of optical filter with a

wide FOV and ultra-narrow bandwidth is Faraday

of optical filter.

anomalous dispersion optical filter (FADOF). Yeh was
one of the pioneers in investigating the properties of
FADOF theoretically in 1982.[' Since the 1990’s, the
rapid progress in the study of the FADOF has been
made both theoretically and experimentally.2—6 Al-
though the FADOF possesses many advantages such
as high transmittivity, ultra-narrow bandwidth, and
the response time that is limited only by its optical
bandwidth,[2=5! its applications are still limited be-
cause a few elements, for instance, Cs, Rb, Na, Ca et
al may also be used as the candidate of the work-

ing medium. Many molecules are not available as the

working medium because of the weak Zeeman effect.
Another kind of optical filter is atomic resonance fil-
ter (ARF), which may provide an extremely narrow
bandwidth and a very large FOV. However, the ARF
exhibits some disadvantages, such as a slow response
and a non-imaging filter.l’l Photonic crystals (PCs)
as a new kind of artificial optical material have been
extensively investigated theoretically and experimen-
tally in the last decade.[”='2] Photonic crystal opti-
cal filter (PCOF) consisting of one-dimensional PCs
with defect layers have been presented,!'*14 which
has much narrower bandwidth than FADOF theo-
retically. Unfortunately, the transmission frequency
spectra strongly depend on the incident angle of the
input light wave.['% Moreover, the transmission fre-
quency spectra of the PCOF are quite sensitive to
the thickness of the defect layer.[] Therefore, it is
hard for the PCOF to possess an ultra-narrow band-
width in practice. Recently, we have proposed a new
kind of optical filter by the use of atomic anomalous

dispersion behaviour in combination with photonic
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band gap (PBG) structures.['] Hereafter, for simplic-
ity, we refer them to the photonic crystal anomalous-
dispersion optical filter (PCADOF). As a real exam-
ple, the PCADOF consisting of two-dimensional (2D)
PC is calculated by using the plane wave expansion
method. The bandwidth of 2D PCADOF reaches
0.9GHz.

Owing to easy fabrication, one-dimensional (1D)
PCs have been widely used to design optical filters,
as mentioned above. In this paper, we propose a 1D
PCADOF that is composed of 1D PC in combination
with the behaviour of atomic anomalous dispersion.
The transmittance spectra of the 1D PCADOF are

calculated by using the transfer-matrix method.[17—18]
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Fig.1. Schematic of PCADOF composed of 11 di-
electric layers with a dielectric constant ¢,. Between
the two layers sandwiched is one layer of atomic Cs
vapour (thus 10 layers of atomic Cs vapour are used

altogether). 6 denotes the incident angle of light wave.

A typical PCADOF is displayed in Fig.1, which
is a 1D PC composed of 11 layers with a dielectric
constant ¢, (shadow area). Between the two lay-
ers sandwiched is one anomalous-dispersion-material
(ADM) layer. A similar structure has been presented
in experiment.!'3 We choose atomic Cs vapour as the
ADM. d; and dy denote the dielectric layer thickness
and the ADM layer thickness, respectively. The in-
cident plane of the light wave is parallel to the z-y
The so called

S-polarized (P-polarized) electromagnetic wave refers

plane. € denotes the incident angle.
to the magnetic (electric) field of the electromagnetic
wave being parallel to the z—y plane.

The dielectric constant e(v) of the ADM will
greatly vary in a anomalous-dispersion frequency
range. In contrast, in a normal-dispersion frequency
range, the dielectric constant e(v) approximately re-
We now

mains a constant value, i.e. &(v) = e,.

consider a particular case that a PBG appears in a

frequency range of [wy,ws] with &, being a constant
and the dielectric constant of the Cs layers being
e(v) = e,. When the anomalous-dispersion frequency
of the ADM just falls inside this PBG, and a light with
just this frequency is incident upon the system, a new
impurity band will be generated from the variation of
¢(v) resulting from the anomalous dispersion. In other
words, the light wave can pass through this particular
PC when its frequency is assigned to be in the impu-
rity band. It is evident that this kind of PC may serve
as an optical filter, i.e. the so-called PCADOF.
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Fig.2. (a) Real part (solid line) and imaginary part
(dashed line) of dielectric constant & of atomic Cs
vapour as a function of frequency, which is generated
by 6P3/5 < 6S;,» hyperfine structure transition of
caesium atoms. Here o = v — v, v is the frequency of
the incident light wave and vg is the central frequency
of 6P3/5 < 6Sy/; transition line. (b) The transmit-
tance of the PCADOF as a function of frequency.

The anomalous-dispersion spectrum of the sat-
urated atomic Cs vapour at a temperature of 520K
(the saturated vapour pressure P = 59Pa) for the
6P3/2 < 6512 hyperfine structure transition is calcu-
lated by using the standard popular equations;®9:20]
The solid

(dashed) line denotes the real (imaginary) part of the

the obtained result is shown in Fig.2(a).
dielectric constant (7). Here = v — v, v is the
frequency of the incident light wave and v is the cen-
tral frequency of 6P3/3 < 6S;/ transition line, which
corresponds to a wavelength of A\ = 852.1nm. It is
clearly seen from Fig.2(a) that two absorption lines
appear at about U ~ +4.5GHz. The frequency space
between the two absorption lines is determined by the

hyperfine Zeeman splitting of 6S;/, and 6P3,, states
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of Cs atoms. The effect of the absorption lines on the
transmittance of the 1D PC in the case of the nor-
mal incidence of the light wave is depicted in Fig.2(b).
The transmittance curve is calculated by employing
the transfer-matrix method (TMM) with the follow-
ing parameters: d;=110nm, d;=220nm, and &, = 5.76
(ZnS as the dielectric layer material). Two distinctive
transmittance peaks appear at the frequencies near
the resonant absorption lines: one is at a lower fre-
quency, exhibiting the dual-peak structure, and the
other is at a higher frequency, manifesting a single
peak, as seen in Fig.2(b). In the two plots the two
vertical dashed lines indicate the frequency range oc-
cupied by lower frequency transmissive dual-peaks.
It is observed that the full-width at half maximum
(FWHM) of the lower frequency dual peak is 0.33GHz.
Although the transmissive peaks are believed to be as-
sociated with resonant absorption lines of Cs atoms,
the peak frequency positions do never coincide with
the resonant absorption frequencies of Cs atoms. It
is clearly seen from Fig.2 that the lower frequency
transmissive dual-peaks are located at the wing of the
first resonant absorption peak, shifting substantially
from the first absorption line, so does the higher fre-
quency transmissive peak. It is also worth empha-
sizing that the peaks appearing at Im e(v) curve (the
dashed line) do never create any peak in the transmit-
tance spectrum. It is also seen that the peak level of
the lower frequency transmissive peak is much higher
than that of the higher frequency transmissive peak:
for instance, they are 0.956 and 0.145, respectively.
Thus, we can construct a new type of optical filter, i.e.
the PACDOF, which possesses an ultra-narrow trans-
mission bandwidth of Av = 0.33GHz. It is notable
that the transmissive peak frequency is basically de-
termined by the anomalous-dispersion frequency that
is not sensitive to the surface roughness of individual
layer caused by the machine-tooled tolerance, which
has influence only on the PBG range of [wy,ws].

We now turn to the investigation of the FOV of
the PCADOF. The variations of the transmittance
spectrum with incident angle for the P-polarization
and S-polarization are displayed in Figs.3(a) and (b),
respectively. Here 6 denotes the incident angle. It is
evident from the two plots that the curve of § = 0°
(solid line) spreads mainly from about 7 = —5.3GHz
to —4.2GHz, which corresponds to the widest fre-
quency range because the other curves of = 15° (dot-
ted line) and 6 = 30° (dashed line) occupy only a part

of the above-mentioned frequency range, as seen in

Fig.3, and the change of incident angle is slow in most
cases considered, and it can be transformed into the
temperature drift in laser communications. Therefore,
we can safely say that the FOV of PCADOF at least
reaches 6 = £30° for the P-polarization and 8 = +20°
for the S-polarization, the FOV for the latter is lim-
ited at a smaller angle than that for the P-polarization
case. This merit is much better than that of the defect
PC filter (PCOF).[14]
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Fig.3. Transmittance spectrum of PACDOF for dif-
ferent incident angles. (a) for the P-polarization and

(b) for the S-polarization.
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Fig.4. Transmittance spectrum of the PCADOF un-
der different external magnetic fields in the normal

incident case of the light wave and the S-polarization.
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The transmittance curve can be changed by an ex-
ternal magnetic field B. Apply an external magnetic
field along 2-axis, i.e. in the direction perpendicular to
the z-y plane, and B = BZ. Both the real part of the
dielectric constant e(2) and the transmittance spec-
tra as a function of frequency for different magnetic
fields are displayed in Fig.4(a) and 4(b), respectively.
The light wave is normally incident upon the surface
of the 1D PC and in the S-polarization. In Fig.4, the
solid (dashed) lines correspond to the magnetic field
of B=0T (B=0.005T). It is evident that the higher
frequency transmissive single peak has a much faster
decreasing rate than the lower frequency dual-peak,
which results from the great variation of the dielectric
constant. The decrease in the higher frequency peak
of £(7) leads to the decline of the corresponding trans-
mittance. Thus, the higher frequency peak can been
ignored. Furthermore, the higher frequency absorp-

tion peak may become weaker or disappears when the

electron population of the hyperfine structure F=3
is reduced by means of optical pumping. However,
we may believe that the higher frequency transmis-

sive peak is unobservable.

In summary, we propose a new type of optical
filter with an ultra-narrow bandwidth and a wide
FOV. This type of optical filter is composed of a
1D PC incorporating anomalous-dispersion-material
(ADM), for instance, Cs atom. We design a special
PCADOF and the calculation results show that the
designed PCADOF possesses an ultra-narrow band-
width of Av = 0.33GHz with a wide FOV of 8 = £30°
for the P-polarization and the normally incident light
wave. The change of transmittance spectrum with
external magnetic field is also investigated. The fre-
quency and bandwidth of the transmittance spectrum
peaks are determined only by those of the ADM, but
not by the roughness of the individual layer.
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