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Characterization and Application of Dichroic Filters
in the 0.1–3-THz Region

Carsten Winnewisser, Frank T. Lewen, Michael Schall, Markus Walther, and Hanspeter Helm

Abstract—Low-loss dichroic filters, a subgroup of frequency-se-
lective components, have been characterized by terahertz time-do-
main spectroscopy in the region from 0.1 to 3 THz and with Fourier
transform spectroscopy. The two data sets are fully consistent. The
time-domain spectrometer is used to investigate the phase velocity
behavior of dichroic filters. The dichroic filters have various ap-
plications in frequency mixing, multiplying, and diplexing experi-
ments. In a novel application, cascaded filters were used to limit the
terahertz pulse bandwidth and to monitor molecular transitions of
atmospheric water vapor in a selected frequency band.

Index Terms—Frequency selective surfaces and components,
submillimeter waveguide arrays, dichroic filters, evanescent
modes, terahertz time-domain spectroscopy, time domain mea-
surements, spectral analysis.

I. INTRODUCTION

D ICHROIC filters are a subgroup of frequency-selective
components (FSC’s) [1], which have found widespread

application from the microwave to the near-infrared spectral re-
gion. They are used as filters [2], [3], in frequency multipliers
[4]–[6], as laser-cavity output couplers [7], or Fabry–Perot inter-
ferometers [8]. FSC’s consist of periodically perforated compo-
nents, where the shape and arrangement of the apertures deter-
mine the filter characteristics. This paper covers three main ex-
perimental topics. In Section III-A, we extend our previous work
[9], [10] on dichroic filters and compare our terahertz–time-do-
main spectroscopy (THz–TDS) measurement of a dichroic filter
with a cutoff frequency at 1.11 THz with Fourier transform spec-
troscopy (FTS). FTS extends the measured transmittance be-
havior of this dichroic filter to 200 THz. From the FTS mea-
surements, the value for the filter's porosity is determined. In
Section III-B, the frequency-dependent phase and group ve-
locities in dichroic filters as determined from the experimental
THz–TDS data are discussed. THz–TDS allows us to determine
the phase shift directly because the electrical field strength of the
terahertz pulse is recorded. In this respect THz–TDS as-
sumes the function of a network analyzer in the terahertz region.
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A novel application of commercially available freestanding
electroformed nickel sheets from Stork Screens Company,
Boxmeer, The Netherlands, as a dichroic filter is discussed
in Section III-C. Cascaded filters allow time-resolved mea-
surements in a narrow frequency bandwidth. As an example,
we present rotational transitions of the HO molecule in the
frequency bandwidth between 1.6–1.8 THz. Broad-band mea-
surements have previously been performed by van Exteret al.in
the region between 0.5–1.4 THz with a terahertz time-domain
spectrometer [11].

II. DICHROIC FILTERS

The most common dichroic filter consists of a metal plate
composed of an equilateral array of hexagonally close-packed
circular waveguides. The general parameters of these filters
are briefly discussed here. A more detailed description of the
transmittance behavior of FSC’s is given by the mode-matching
theory of Chen [14]. The cutoff frequency for an infinitely long
cylindrical waveguide is defined by the hole diameter

(1)

where is speed of light in free space [12]. The hexagonal hole
array of the dichroic filter represents a two-dimensional grating,
which will force electromagnetic (EM) waves with frequencies
above

(2)

to be diffracted into the first diffraction lobe [13], whereis the
hole spacing. For frequencies much higher than the diffraction
limit, the filter transmission rises to the porosity value, which is
the geometric ratio of opening to blockage area, given by

(3)

The length of the waveguide determines how strongly waves in
an evanescent mode are attenuated, thus controlling the sharp-
ness of the waveguide cutoff characteristic.

III. EXPERIMENT

The filter transmission characteristics were measured by an
electrooptic (EO)-sampling procedure and a conventional tera-
hertz–time-domain spectrometer described in [15] and [16], re-
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Fig. 1. Power transmittanceT of the terahertz dichroic filter #1 measured
with a terzhertz–time-domain spectrometer (squares) is shown together with
the theoretical transmittance data (black line) obtained by Chen's transmission
theory [14], [15]. The transmittance of the dichroic filter measured with a
Fourier transform spectrometer is shown as a gray line.

spectively.1 The electrical field strength of the terahertz pulse
is recorded with and without the FSC placed in the path of

the terahertz beam. By taking the Fourier transform of time-do-
main data , one obtains the complex amplitude spectrum

in the form of both magnitude and phase .
The power transmittance of the filters is calculated

by taking the square of the ratio between the Fourier trans-
formed sample and reference data. The phase shift is defined
as [15].

A. Power Transmittance

Fig. 1 compares the experimental power transmittance
(squares) obtained for filter #1 [10] with the theoretical
transmittance (black line) calculated from the theory given by
Chen [14], [15]. There is a slight shift toward a higher cutoff
frequency compared to the theoretical data. This is likely due
to the slightly conical shape of the drilled holes and to ohmic
losses effects, which are not included in Chen's theory.

To independently confirm our EO-sampling THz–TDS
results, we performed a measurement of this filter using a
commercial Fourier transform spectrometer. This transmittance
curve is presented as the gray line in Fig. 1 and shows very
good agreement with our THz–TDS measurements.

Below the cutoff frequency, the dichroic filter acts like a
mirror. Due to the finite filter length, an evanescent transmit-
tance value of is observed below 0.6 THz [10].

At higher frequencies, where diffraction losses occur, the
transmittance drops below the porosity value down to about

and stays almost constant up to 10 THz. From here
on, the transmittance slowly approaches the porosity value of

1In [15], the phase shift��� should read��� = � (�) � � (�)
and line three of Table I should read: filter C,l = 0:290 mm,d = 0:235 mm,
s = 0:297 mm

Fig. 2. Phase behavior of four dichroic filters, which are listed in Table I.

Fig. 3. Measured phase shifts�� at selected frequenciesq�� for six different
dichroic filters are shown versus the vacuum phase shift� when propagating
the thickness of each individual filter.

0.52 above 100 THz. The theoretical porosity value for filter
#1 according to (3) is .

B. Phase Shift

In this section, we discuss the phase-shift characteristics of
six dichroic filters, the transmission characteristics of which we
presented in [10] and [15]. The mechanical parameters of four
of these filters are specified in Table I and their phase charac-
teristics are plotted versus frequency in Fig. 2. The frequency
scale is normalized to the experimental cutoff frequency .

Positive phase differences imply that the frequency
component of the probe pulse transits the filter faster than does
the appropriate component of the reference pulse. At high fre-
quencies , the phase shift difference drops to
zero, indicating that the phase velocity approaches the
speed of light . This is a feature that is well known from wave-
guide theory [12]. In order to examine the phase shift behavior,
we plot at selected frequencies , where is a dimension-
less parameter. Fig. 3 shows these phase shifts for
between 0.4– 2.0 versus the phase shift in free space

(4)

where is the phase shift encountered when propagating the
distance in free space and is the wavenumber at cutoff.
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TABLE I
PARAMETERS OF THEDICHROIC FILTERS. � IS THE EXPERIMENTAL CUTOFF FREQUENCY AT�3 dB RELATIVE TO PEAK TRANSMITTANCE. THE

FILTER TAGGING CORRESPONDS TO THELABELS USED IN [10] AND [15]

Fig. 4. Phase and group velocity of dichroic filters normalized to the speed
light in free spacec plotted versus the frequency normalized to the cutoff
frequency. The dashed and dashed–dotted curves show the theoretical phase
and group velocities of an infinitely long lossless waveguide, respectively.

The data plotted in this manner indicate a linear relation be-
tween the phase shift encountered in the filter and the phase

. If the filter introduces no additional phase shift, the slope
in Fig. 3 would be zero, i.e., the phase velocity would be

equal to the speed of light. A slope corresponds to a
phase velocity . The data points of each
frequency set were fitted to a straight line and the slope
and the intercept of the-axis were determined.

In Fig. 4, we show the derived phase velocities (squares)
versus the normalized frequency. At high frequencies, the phase
velocity approaches the speed of light in free space, while
the phase velocity rises to values around at the cutoff. The
phase velocity in an infinitely long and lossless waveguide is
known to follow the equation [12]. This
result is plotted as a dashed line in Fig. 4. The group velocity

is also shown in Fig. 4.

In Fig. 5, the intercept for of the linear fits to the
data in Fig. 3 are shown as a function of . The intercept
values correspond to the phase shifts an EM wave would
encounter for an infinitely thin dichroic filter. Such a
filter electrically approximates the behavior of a purely induc-
tive grid (high-pass filter) [2], called a frequency-selective sur-
face (FSS) [1]. In the case of a purely inductive grid, the phase

Fig. 5. Phase-shift characteristic of an infinitely thin dichroic filter plotted
versus the normalized frequency.

shift changes from 90below the cutoff, to 45at the cutoff fre-
quency, and approaches zero at high frequencies.

In the following, we discuss the evanescent mode propaga-
tion through the dichroic filters. Within the evanescent region,
we have a superposition of exponentially decaying waves. When
transmitting an EM pulse in the evanescent region, the higher
frequency components of the pulse will be attenuated less than
the lower ones. This problem has been discussed in several re-
cent studies of the analogy between quantum tunneling of a
particle and the time delay experienced by an evanescent EM
wave packet [17]–[19]. Conventional studies of the time-delay
effect monitor an amplitude modulated wave passing through a
restricted waveguide [20]. These data are complicated due to re-
flections arising at the geometrical boundaries, and they do not
yield easily interpretable results [18].

Fig. 3 attempts to separately analyze the boundary effects
posed by the different filters from effects of the evanescent mode
behavior in the waveguide array. As evident from Fig. 3, the dif-
ferent filters share a common linear dependence ofversus

. We interpret the slope of these lines as the dependence
of the phase velocity on the normalized frequency. Below the
cutoff frequency, we observe the phase velocity to be constant,
at around , albeit with the error bars reaching as high as

11% (see Fig. 4). We also interpret the intercept for
(equivalent to ) as the change in phase resulting from the
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Fig. 6. Microscope image of an electroformed nickel screen with hole
diametersd = 88 �m, and a hole spacings = 179 �m. The screen thickness
is 120�m.

boundary problem alone—which still exists for an infinitely thin
filter (see Fig. 5).

While we have not carried out these measurements with
the time-delay problem in mind, we now feel that the use of
narrow-bandwidth terahertz pulses in THz–TDS is a possible
route for further experiments in this domain.

C. Stork Screens as Dichroic Filters

The use of Stork Screen mesh as frequency filter in the far in-
frared (FIR) has been suggested by Huggardet al.[21]. In Fig. 6,
a segment of a mesh Nova 135ED with hexagonal apertures is
shown. We have measured the filter transmission characteris-
tics of such filters using our terahertz–time-domain spectrom-
eter operating between 0.1–3 THz [16].

The power transmittance obtained from this filter is
shown in Fig. 7. The cutoff frequency is at THz. The
peak of the transmittance of about 80% occurs at 1.7 THz. The
passband ends around 1.85 THz, which is consistent with the
diffraction limit of THz, as given by (2).

By inserting this mesh in the terahertz-beam path, one can
narrow a broad-band terahertz pulse. Cascading two identical
“Stork” filters separated by 2 cm creates a bandpass from 1.6 to
1.8 THz with a peak transmittance of about , which
can be used for spectroscopic purposes. In this manner, it is
possible to measure the response of an ensemble of molecules
to the electric dipole interaction of a narrow-bandwidth pulsed
EM field.

In Fig. 8, the sample trace of two cascaded “Stork” filters in
the presence of laboratory-air water vapor is shown. The inset
reveals electrical dipole oscillations due to rotational transitions
that lie in the passband of the filters. Fourier transforming the
time-domain data shown in the inset of Fig. 8 reveals the water
vapor transitions at 1.67 THz, at 1.79 THz,
and at 1.8 THz in the frequency domain, shown in
Fig. 9. The transition nomenclature is [22].

Fig. 7. Filter transmission of a single Stork screen with an experimental cutoff
frequency of 1.6 THz at�3-dB peak transmittance.

Fig. 8. Sample trace of the two cascaded Stork screens. The inset shows
the time interval between 17–34 ps with an expanded amplitude scale. The
oscillations of the electrical-field amplitude are due to water vapor rotational
transitions that lie within the bandpass of the cascaded filters.

Fig. 9. Fourier transformed data of the inset of Fig. 8. The three water
transitions are observed as two absorption lines. The peak at 1.79 THz consists
of two blended water lines at 1.79 and 1.8 THz.

It should be mentioned that an alternative and elegant way
to produce tunable narrow bandwidth terahertz pulses has been
recently presented by Welinget al.[23]. This technique involves
the optical heterodyning of two linearly chirped broad-band
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pulses at nm to produce a quasi-sinusoidal intensity
modulation in the terahertz region.

IV. CONCLUSION

In this paper, we have compared THz–TDS and FTS mea-
surements of the transmittance function of dichroic filters, and
find that the two data sets agree very closely. We show that TDS
gives direct access to the phase velocity in the bandpass and
in the evanescent region of the filter, acting as a network ana-
lyzer in the terahertz regime. Finally, we used cascaded filters
for narrow bandwidth measurements with pulsed terahertz radi-
ation.
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