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Abstract

A status report on the design study of a novel tunable far-infrared (TuFTR)
spectrometer for the investigation of the structure of weakly bound molecular
complexes is given. The goal is a sensitive TuFIR spectrometer with full frequency
coverage from 1-6 THz. To hit the goal, advanced sources (e.g. p-Ge lasers) and
detectors (e.g. superconducting hot electron bolometric (HEB) mixers) shall be
employed to extend the technique of cavity ringdown spectroscopy, that is currently
used at optical and infrared frequencies to the FIR spectral range. Critical for such a
system are high-Q resonators that still allow good optical coupling, and wideband
antireflection coatings to increase detector sensitivity and decrease optical path
losses. 2nd order effective media theory and an iterative multilayer algorithm have
been employed to design wideband antireflection coatings for dielectrics with large
dielectric constants like Ge or Si. Taking into account 6 layers, for Si bandwidths of
100% of the center frequency could be obtained with power reflectivities below 1%
for both polarizations simultaneously. Wideband dielectric mirrors including
absorption losses were also studied yielding a bandwidth of about 50% with
reflectivities larger than 99.5 %.

Introduction

Recent advances in terahertz (THz) technology allow the construction of improved
tunable far-infrared (TuFIR) spectrometer systems, that can be used for the
investigation of the structure of small molecular clusters. Ideally, such a system
would cover several octaves (e.g. 0.5 to 6 THz) with a linewidth considerably below
1 MHz, and a sensitivity close to the quantum limit. If one wants to employ rapid
detection or heterodyne detection, one needs a broad band low noise temperature
mixer as detector and a widely tunable radiation source as local oscillator.
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From the mixer side, superconducting hot electron bolometric (HEB) mixers have
revolutionized heterodyne detection in the THz range, because they work as quantum
detectors with low noise temperature and low local oscillator power needs (e 1 liW).
Two possible realizations of the HEB differ according to the type of electron cooling
mechanism used, either heat transfer to phonons via electron-phonon-interaction
(phonon cooled HEB mixers)[1] or out-diffusion of hot electrons from the device
(diffusion cooled HEB mixers)[2]. Recently, with a single phonon-cooled HEB mixer
mounted in a spiral antenna on an elliptical Si lens low noise temperatures have been
measured from 700 GHz to 5.2 THz[3]. Part of the optical losses (about 30% or 1.5
dB) are due to the reflection of the radiation at the Si-air surface.
From the local oscillator side several options are possible like BWOs (direct or
multiplied), laser sideband generation[4,5,6], optical mixers[7,8], or p-type Ge
lasers[9]. While laser sideband generation has been in use for more than a decade
now p-Ge lasers provide the most promising aspects for an improved spectrometer
for the frequency range between 1 and 4 THz, since they are solid state devices with
their maximum output power in the frequency range needed and they can be easily
tuned by changing the magnetic field. The draw-backs of p-Ge lasers are their pulsed
operation and their internal mode spacing which is defined by the length of the laser
crystal. Improved systems should therefore be operated with an external resonator and
anti-reflection coated front surfaces.
For spectroscopic applications, the pulsed laser still can be used. This has for example
been done in the field of cavity ringdown spectroscopy[10], where instead of directly
measuring the absorption of a gas, the Q-factor of a resonator cavity is measured with
and without an absorbing gas. Briefly, a high-Q resonator is illuminated by a short
laser pulse. At the resonator output an exponentially decaying series of signal pulses
appears whose decay time is a measure of the resonator quality. An absorbing gas in
the resonator will change this decay time in a way that the absorption coefficient can
be calculated. The sensitivity of this method is extremely dependent on the
reflectivity of the end mirrors. The higher the reflectivity, the more sensitive the
spectrometer.
Summarizing, to be able to develop a new type of TuFIR spectrometer, two optical
problems have to be tackled: first, the fabrication of wide-band anti-reflection
coatings for the surfaces of Si lenses or the surface of a p-type Ge laser, and second,
the design of wideband high-reflectivity FIR mirrors. To be able to theoretically study
these problems, a computer program has been developed, that includes iterative
handling of multilayer optical problems and second order effective media theory to
simulate artificial dielectrics. In the following, the underlying theory of the code is
described and some applications to wideband antireflection coatings and high-
reflectivity FIR mirrors are shown.
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Recursive Formalism for Multilayer Optics

The reflection and transmission of a multilayer optics can be calculated recursively
by taking into account the reflections and transmissions at the boundaries between
different layers and the phase delay within one layer. Figure 1 shows a N-layer
system with layer thickness d i , index of refraction n i , and propagation angle Oi for the
i-th layer. With the incident electric field E i , and the reflected electric field E„ the

total field reflection coefficient p i = 4-, of layers j+1 through N is given by[ 1 1]

i Oi+i

. =
1 + rj j_ 1 e 

/ 8i+i

Here, ri. j+1 represents the field reflection coefficient at the boundary of layers j and
j+1, which is given by the Fresnel formulae[12], p i+1 the total field reflection

coefficient of layers j+2 through N, i the -\/=—;1 , and 5j± the phase delay in layer j+1.
The phase delay is given by the relationship

S i = 27r n j c:11 cost

with c the velocity of light and Oi the propagation angle of the radiation in layer j. The
Oi can be calculated from the incident angle O i using Snellius' law.

E

Figure 1: Schematic of a N-layer optics with incident field E i , reflected field E„ and
transmitted field E. Each layer is described by its thickness d, its refractive index n,
and its propagation angle O.

For the total transmission ti of the multilayer optics, in a similar way the following
formula can be derived:

risi+ , +p i+ , e
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cos,,
 t. ai+1

n • cos6. J ' i+1 j+1 e
= 

r1,j+1 P j+1 e2 Sj+1

Here, ti , j+1 represents the Fresnel field transmission factor at the boundary between
layers j and j+1 as calculated by traversing from layer j into layer j+1. Please note,
that for the transmission formula the layers are counted just opposite to the labeling in
Figure 1 so that the numbers increase looking backward from the transmitted beam.
The power reflection and power transmission coefficients can be calculated from pi
and ti by taking the absolute square value, respectively. The phase shift is given by
the overall argument of the expression. The formulae given here are based on plane-
parallel surfaces and take not into account any walk-off effects due to Gaussian beam
characteristics or a tilt between the different layers. However, they do include
absorption effects: absorption can be characterized by a complex index of refraction,
where the imaginary part represents the absorption in the medium. Both the Fresnel
formulae and the Snellius law are still valid for complex indices of refraction
(although, the angles ei become complex and more difficult to interpret).

2' Order Effective Media Theory

Artificial dielectrics single layer antireflection coatings are well known in microwave
technology and have been widely used for example to coat the surface of dielectric
lenses[13]. Generally, they consist of a 1 - or 2-dimensional periodic structure on the
material surface, that is small enough to be seen as an effective dielectric medium by
the incident wave. The advantage of artificial dielectric coatings is that they can be
fabricated directly from the material in use and are therefore less susceptible to
differential thermal expansion problems (e.g. for LHe systems). Also, in the
frequency range between I and 6 THz there are not many materials available, that
show low loss and good thermal behaviour as coatings for Si or other low-loss
semiconductor optical elements.
The main disadvantage of such coatings at THz frequencies is their fabrication, since
the dimensions necessary are between the dimensions manageable by mechanical
means and those that can be etched. Only recently, new techniques, like laser ablation
have been demonstrated, that can be used for fabricating those coatings.
The theory of one-dimensional antireflection structured surfaces is described in [11].
Incident radiation propagating in a dielectric with permittivity a i is partly transmitted
through the surface of a dielectric with permittivity E t (see Figure 2). To minimize
reflection losses, the surface is ruled with tapered grooves, that are approximated by a
I-dimensional step-function. The period of the grating is A, it's grating vector is K.
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Figure 2: Multilayer antireflection coating
between dielectrics with permittivities Ei and
Et by one-dimensional periodic surface
grating. A is the grating period, K the
grating vector, and f the filling factor of the
grating.
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The index of refraction at each
level of the step function can be
described by second order effective
media theory. To be sure that no
surface waves are generated by the
grating, and that only the Oth
diffraction order can be excited.
one has to ensure that the design
constant 13 fulfills the relationship

A 1 
13= — 1

A n i + 

with A. the wavelength of the wave,
and n i and n t the indices of
refraction of the incident and
transmitting medium, respectively.
For large values of f3 the grating
period A becomes small which
complicates fabrication of the

structure. On the other hand, if p becomes smaller than unity, at certain angles higher
orders can be diffracted. Thus, p is typically chosen to be unity (i3.1).
One-dimensional surface gratings create birefringence for the two polarizations with
the field vector E perpendicular to K and E parallel to K. To second order theory, the
relationships are:

for E perpendicular to K with f the fraction of the grating period that is filled with
permittivity Et , and ar, = n t / ni . For E parallel to K, the expression is

Note, that in both formulae the expression in the left bracket gives the Oth order
approximation as it can be found for example in [13].
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Wideband Anti-Reflection Coatings for Highly Refractive Materials

To achieve the goal of wideband FIR antireflection coatings, second order effective
media theory for one-dimensional surface gratings has been combined with the
multilayer formula to optimize the index of refraction gradient.

E.,1(

Figure 3: left: Power reflected off an air-silicon transition antireflection coated
with a 6 layer one-dimensional surface grating. The coating has been optimized
for single polarization radiation, the frequency is given relative to the design
frequency vc. Right: the optimized shape of the grooves for the E-field
perpendicular to the K-vector (above) and parallel to the K-vector (below). All
dimensions are relative to the design wavelength Xc.

In the mm-wave to FIR region most dielectrics change their index of refraction only
slightly, if at all[l 3]. Therefore it is advantageous to calculate optimized grooves in a
wavelength independent way; i.e. grating period, layer thickness, layer spacing, and

the bandwidth of the coating are
given in relative frequencies for a
particular index of refraction. The
result may then be used to tailor the
coating for the application frequency
range.
Numerical optimization was used to
minimize the power reflection for a

0 2 given ratio v /vmax . - min and to calculate. 
optimized groove sizes. Figure 3
shows the bandwidth that can be
achieved for singly polarized
radiation for an air-Si (a=1 1.7)
transition with a 6 layer antireflection
coating. While the single surface

0.05 0.1 0.15
f in Ac

Figure 4: Groove shape optimized for
minimum reflection for arbitrary
polarization. Dimensions are given in
units of the design wavelength
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Figure 5: left: Power reflected off an air-silicon transition antireflection coated with
the 6 layer one-dimensional surface grating shown for E perpendicular K (solid
line) and E parallel K (dashed). The coating has been optimized for minimum
reflection for both polarizations. Right: phase shift for both polarizations.

power reflection of an air-Si transition is 30%, a power reflection of less than 1 % can
be achieved over vmaxivrnie--6. The birefringent behavior of the method is
demonstrated by the different groove shapes necessary for the E-field of the incident
light perpendicular and parallel to the K-vector of the grating, respectively, to achieve
the same AR-performance.
The same number of AR-layers can also be optimized to achieve minimum reflection
for both polarization directions simultaneously. The optimized groove shape is shown
in Fig. 4. The total thickness of the AR coating is smaller than that for single
polarization coatings, and the shape lies in between those for the two single
polarization cases.
The reflected power as well as the phase shift versus frequency for both polarizations
is shown in Figure 5. Again, the power reflection is below 1% for both polarizations.
However, the bandwidth is reduced to vmax/vm in 3. Although the reflectivities are
about the same for both polarisations, the phase shift versus frequency behaves very
different: for E_LK the phase shows only minor changes over most of the frequency
band, while for EllK the phase is continuously increasing.

Wideband Dielectric Mirrors for High-Q THz Resonators

The multilayer algorithm has also been used to investigate high-reflectivity FIR
mirrors as they have to be used in resonators for advanced TuFIR spectroscopy. The
simplest possible way to build such a mirror is stacking alternating AA-layers of
materials with high and low index of refraction (see Fig. 6, left). Calculations where
performed for four AA-layers of Si separated by ?A-layers of air. Fig. 6, right shows
1-R of such a system, R being the power reflection coefficient. For lossless material,
reflectivities higher than 99.9 percent can be achieved with a relative bandwidth of
more than 20%. Introducing a loss tangent of 12x104 as it has been described in the
literature [13] leads to a reduced reflectivity of 99.8 670 maximum and a bandwidth of
about 50% for reflectivities higher than 99.5%.
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Figure 6: Left: Stack of four XJ4 doublets in air and Si as high-reflectivity FIR
mirror. Right: 1-Reflectivity versus relative frequency for lossless Si (solid line)
and Si with a loss tangent of 0.0012 (dashed).

Conclusions

Recursive multilayer optics in conjunction with 2 nd order effective media theory can
be used to design optimized wideband anti-reflection coatings for highly refractive
dielectrics, and to design high-reflectivity mirrors for advanced TuFIR spectrometers.
The AR coating will allow to get rid of the 30% optical losses in quasi-optical HEB
mixers place on Si lenses and also to minimize losses in pressure or cryostat windows
in spectroscopic systems. For example, the pressure windows necessary for the HIFI
instrument for FIRST could be built of quartz or Si with a 4 to 6 layer antireflection
coating on both sides of the window. A single window could cover a frequency range
from 450 to 1350 GHz with less than 2% loss at any particular frequency (scaling
Fig. 5 with vc= 900 GHz). The disadvantage of the coating, the different phase
behavior of the polarization directions parallel and perpendicular to the K-vector of
the grating can be overcome by using the same groove shape at perpendicular
orientations at the front and back side of the window, respectively.
Similarly, taking into account newest results on wide-bandwidth HEB mixers [3],
wideband THz receivers as they are currently being built for SOFIA can use the
coatings to optimize receiver noise temperature from 1-3 THz or from 2-6 THz. The
same holds for wideband sources, as for example optical mixers or p-type Ge lasers in
external resonators.
The demonstration of the feasibility of high reflectivity FIR mirrors facilitates the
design of new FIR resonators as they are needed for FIR cavity ringdown
spectroscopy or for external resonators of p-type Ge lasers.
The next steps towards an advanced TuFIR spectrometer are the experimental
verification of the theoretical investigations presented in this paper and their
implementation into a spectroscopic system. Eventually, the extension of the
frequency and power range accessible to TuFIR spectroscopy will lead to an
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improved understanding of molecular systems as they can be found on earth and in
space.
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