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ABSTRACT

Multi-layer mirrors capable of >99.9% reflectivity at ~100 um wavelengths were constructed using thin silicon etalons
separated by empty gaps. Due to the large difference between the index of refraction of silicon (3.384) and vacuum
(1), calculations indjcate that only three periods are required to produce 99.9% reflectivity. The mirror was assembled
from high purity silicon wafers, with resistivity over 4000 ochm-cm to reduce free carrier absorption. Wafers were
double side polished with faces parallel within 10 arc seconds. The multi-layer mirror was demonstrated as a cavity
mirror for the far-infrared p-Ge laser.
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1. INTRODUCTION

Study and monitoring of atmospheric constituents is important for both security and environmental reasons.
To detect certain molecular species at low concentrations requires new technologies to improve accuracy. Optical
techniques are particularly attractive because they are based on rich and characteristic electromagnetic molecular
spectra that span UV to microwave frequencies. The far-infrared region of the electromagnetic spectrum is rick in
fingerprint bands that have been underutilized for lack of adequate instrumentation. Recently developed coherent
sources operating from 10 to beyond 100 um enable new methods of ultra-sensitive molecular detection.

Intensity-based absorption measurements using lasers provide poor sensitivity for molecular sensing due to
unavoidable and substantial intensity instabilities. Cavity ring-down spectroscopy (CRDS) is a fairly new method that
provides immunity from laser pulse intensity variations and gives a significant signal-to-noise advantage over intensity
—based methods.! Absorption coefficients are determined by monitoring the change in the decay time of the
circulating photon pulse when the absorbing species is present. The extraordinary sensitivity, which can be better than
parts per billion, of a cavity ring-down spectrometer is realized by achieving multi-kilometer path lengths for a laser
pulse inside a high Q-factor cavity. However, no cavity ring-down spectrometer” has been demonstrated at
wavelengths longer than 8.5 um.

The inexistence of a far-infrared CRDS can be attributed to lack of a sufficiently high-Q cavity, which is
required for achieving an adequately long cavity ring down time. High reflectivity mirrors are required to provide
adequately long decay time 1o = t/2(1-R), where t, is the cavity round-trip time. A mirror reflectivity R of 99.9%
gives a 1.7 s decay time, sufficiently long for experimental convenience, for a cavity length L = 0.5 m. Inthe visible
and near IR, such high R values are readily provided by multi-layer dielectric mirrors, typically formed from
evaporated glassy layers of materials such as Si0,, TiO,, Zr(,, and ThF,;, However, such materials, and most other
glasses and polymers, will not work in the far-IR due to high absorption loss. Moreover, homogeneous metal films
that are thick enough to provide high reflectivity have high loss due to free carrier absorption, which increases as the
square of the wavelength.

Far-IR Fabry-Perot (FP) cavities have been constructed using metal mesh mirrors Reports of ¢ values of
~100 are typical for such cavities, Since
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where q is the resonance order, this implies an achieved reflectivity for mesh mirrors of enly about 95%. This is
worse than the 99% reflectivity expected for gold films, even though theoretically mesh mirrors should have lower
loss. In other words, no experiment has thus far demonstrated far-IR mirrers with reflectivity sufficiently high for
CRDS.

This paper describes innovative high-reflectivity mirrors that might be further developed for far-IR CRDS
applications. The innovation is to form alternating layers of thin silicon etalons separated by vacuum gaps.” Silicon
has high far-IR transparency it the region 10-1000 pm, except in relatively narrow bands where phonon absorption
occéurs. At room temperature, phonon absorption amounts to approximately 0.01 em? at wavelengths longer than 50
wm. Free carrier absorption losses for inirinsic Si at room temperature are also about 0.01 cm’. Because of the large
difference in index of refraction between silicon (3.384) and air (1), only three periods are required to produce 99.9%
reflectivity. The principle was independently suggested and tested recently,” although accurate measurements of the
achieved reflectivity were lacking. This paper presents results of a test using the novel mirror as one of the cavity
mirrors for a far-infrared p-Ge laser {1 W peak power, tuning range 70-200 um, MHz linewidth).® The low gain of
this laser medium (0.01-0.1 cm™) puts high demands on mirror reflectivity. By comparing observed laser thresholds
with results using traditional mirrors, a qualitative indication of achieved mirror reflectivity is obtained.

2. THEORETICAL CONSIDERATIONS

High reflectivity far-infrared multi-layer Bragg mirrors are constructed by stacking alternating thin films of
different refractive index and appropriate thickness.” The reflectivity, R, of the Bragg mirror is determined from the
matrix formulation of the boundary conditions at the fiim interfaces found from Maxwell’s equations. The amplitude
reflection coefficient, r, of the Bragg mirror is given as,

r= 2)
nm m + m
where
E ~( 1
on || = 3)
H, n,
E « 18 the electric vector, 1_1; m is the magnetic vector, 1], is the effective réfractive index of the incident medium,
1, is the refractive index of the medium behind the mirror, and M isthe product matrix of L layers given by
M=MM,, Mj.- M,M, 4
where M ; tepresents the jth layer of the Bragg mirror given by
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and where A is the wavelength of the light and 7 jd j €08 7] ; 1s the optical thickness of the jth layer for the angle of
refraction 8 ;. If the light waves are at normal incidence, then €, =0. In this case, 7] ; =n; —ik where n; isthe

index of refraction of the medium and k is the extinction coefficient of the medium. The reflectivity is then given as
2
R=|r". Q)

A preliminary multi-layer mirror was designed as a cavity mirror for the p-Ge laser. This mirror is composed
of just 3 periods of silicon and vacuum gaps (Figure 1). The thickness of each layer is a multiple of the quarter
wavelength of the light (A/4 ) in the material. The Si layer thickness is 24.5 jtm and the gap thickness is 27.6 um.
The refractive index of silicon at 4 K and 100 um wavelength® is 3.384. For calculations, the extinction coefficient of
Si was taken to be 2.5 x 10~ based on an upper bound estimate of 0.01 cm™ for the absorption coefficient (see below).
The refractive index of vacuum is unity. The incident medium in front of the Bragg mirror is Ge with an index of
refraction of 3.925 at 4 K and 100 pm wavelength.® The medium behind the mirror is vacuum. Small 27.6 Um pieces
of Si used as spacers determine the air layer thickness and ensure parallelism.

The reflectivity (Eq. 7) of the Figure 1 mirror is plotted vs. wavelength in Figure 2. The maximum
reflectivity for the three period Bragg mirror is 99.9%. Adding a fourth period increases the reflectivity to 99.99%.

Fig. 1. Schematic drawing of the 3 period Bragg mirror based on silicon/vacuum layers for the p-Ge laser.
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Fig. 2. Reflectivity of a three-period Bragg mirror in the emission wavelength range of the p-Ge laser. A maximum reflectivity of
99.9% is achieved.

The far-IR transmission loss of silicon single crystals is very low. Intracavity laser absorption measurements
on up to 3 cm of silicon have been perforrne:d.9 When placed inside the cavity of a p-Ge laser at 4 K operating
temperature, these materials have negligible effect on the laser thresholds. Since gain of the p-Ge laser is about 0.01
cm’’, while active crystal lengths are usually several cm, the absorption coefficient of the passive semiconductor
crystals at cryogenic temperatures is therefore much less than 0.01 em’™,

3. EXPERIMENTAL DETAILS

High purity silicon etalons from Valley Design, with resistivity over 4000 ohm-cm to reduce free carrier
absorption, are double side polished and paratlel within 10 arc seconds. The sufficiently parallel surfaces prevent
beam walk-off from the cavity. The specified silicon thickness is 24.5 +/- 0.5 um and the gap thickness is 27.6 +/- 0.5
wm. The parallel gaps are produced using small 27.6 um pieces of silicon as spacers.

The multi-layer mirrors are tested as cavity back mirrors for the p-Ge laser. The silicon pieces are stacked
layer by layer onto the p-Ge crystal end face. After the six alternating layers are constructed, a brass washer is placed
on top of the mirror with a rubber string attaching the whole structure in place on the crystal, as shown in Figure 3. A
SrTiO; mirror smaller than the crystal end face to be used as the output mirror is attached to the other end face of the
crystal with a rubber string, as shown in Figure 3. The active Ga-doped Ge crystal has dimensions 4,75 mm x 6.75
mm x 35.20 mm. The crystal ends were polished flat and parallel within 30 arc seconds. The electric ficld was
generated in the crystal by applying voltage using a thyratron pulser to ohmic contacts (Figure 3). The magnetic field
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was supplied by a superconducting solenoid. A liquid-helium cooled Ge:Ga photoconductor inside the cryostat detects
the radiation. The laser operation zones, the electric and magnetic fields in which the laser operates, are recorded for
two different end mirrors. Laser thresholds of the Bragg end mirror are compared with those of a SrTi0O; end mirror to
obtain a qualitative indication of mirror reflectivity.

Fig. 3. (left) Photograph of the Bragg mirror on the end of a p-Ge laser crystal held in place with a brass washer and a rubber string.
(Right) Photograph of the SrTiOs output mirror on the end of a p-Ge laser held on with a rubber string. Wires providing the eleciric
field to the ohmic contacts are on the lateral sides of the crystal.

4. EXPERIMENTAL RESULTS

Figure 4 shows the laser operation zones in the space of the applicd E and B fields. The zone using the Bragg
mirroer is compared to the same laser with a Sr'TiQ; back mirror. The electric field threshold using StTiO; mirror is
lower.,
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Fig. 4. Comparison of the generation zenes using Bragg and SrTiO5 back mirrors.

5. INTERPRETATION

The far-infrared multi-layer Bragg mirror has sufficient reflection for use in the p-Ge laser. For a laser, the
mirror reflectivity R satisfies the condition

Rz e e (8)

where ¢ is the gain and Ly, is the length of the Ge laser cavity. Using 0.01 cm’’ as a characteristic value for the gam

of a p-Ge laser and 3.52 cm for the length of the laser crystal, the minimum reflectivity for a laser mirror is Ryn

93%. Qutput coupling losses require the reflectivity to be better than 93%. SrTiOs; has a reflectivity of ~99% at 4 Kin
this wavelength region.'® The higher threshold for the Bragg mirror therefore suggests that its reflectivity is somewhat
lower than 99%. Hence, this simple experiment confirms that the reflectivity of the Bragg mirroris quite high, though
it appears to fall short of the predicted 99.9% reflectivity.

We note that the Bragg mirror tested is a complicated and unstable structure. The silicon pieces are very thin
and difficult to handle. Maintaining parallelism during mirror assembly and clamping to the Ge laser rod is probably
not completely successful. From Figure 3, it is clear that the brass washer and Si stack supports cover portions of the
active crystal which might support laser modes, though these regions of the mirror would not have the hlgh design
reflectivity. A more monolithic construction can be made by wet chemical etching to produce the gaps," eliminating
the need for the small silicon spacers.
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6. CONCLUSIONS

A multi-layer Bragg mirror was demonstrated as a cavity mirror for the far-infrared p-Ge laser. The initial
test shows the reflectivity lower than the expected 99.9% but the reflectivity is nevertheless sufficiently high to be
used as a cavity mirror for the low gain p-Ge laser. Improvements to the construction of the Bragg mirror may
increase its reflectivity toward the predicted values. This might enable the Bragg mirrors to be used in a CRDS
system.
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ABSTRACT

Microwave Technologies is developing, a revolutionary miniature terahertz traveling-wave microtube (TTM) that
will provide sub-millimeter wave radiatjon for many civilian and military applications. This new concept uses a
dielectric microtube in conjunction with\p microscopic electron beam. The electron beam is produced by a single
mricron-sized emitter, which lies underneath the microtube to produce high-power terahertz electromagnetic
radiation. The TTM should be easily fabricated using state-of-the-art solid-state technology, and will be a
pioneering step towards combining vacuum ube technology with solid-state microfabrication technology. Some of
the applications for these exciting new devices include terahertz high-resolution radar, THz chemical and biological
sensing, commercial THz line-of-sight networking and ultrahigh-speed computers. A key application of the device
under development will be as a miniature terakertz source for biological and chemical spectroscopy. We present
detailed numerical and computational analysis pf this concept. We also present initial experimental testing of a
dielectric microtube designed to operate at 0.1 . Once successfully developed, TTMs will be the basis for a new
generation of high power terahertz sources capablq of producing ultrahigh frequency radiation with high efficiency
in an amazingly compact and lightweight package.

Key words: High-power, terahertz, amplifier, microtubg, vacuum

1. INTRODUCTION

In this paper we are presenting a novel miniature terahdrtz traveling-wave microtube (TTM), which combines
vacuum tube technology with solid-state microfabrication echnology. The TTM is a compact and lightweight
terahertz source capable of operating in the nearly unexplorgd near- and far-infrared electromagnetic spectrum.
Civilian applications of these devices include high-resolution adar, satellite telecommunications, remote sensing,
line-of-sight networking, plasma and solid-state diagnostics, andvhigh-speed computing. Other military applications
of the TTM include line-of-sight networking and communicationy as well as chemical and biological spectroscopy.
Currently there are very few terahertz sources available. One approach uses a pump microwave signal, which is
passed through a set of frequency multiplying stages to produce terahertz radiation with power levels in the
microwatt range'. Other approaches use the mixing of two solid-state micron-wavelength lasers to produce a beat-
. . i . % . .

wave in the terahertz regime’. All these devices are large, bulky and expensive, and can only produce microwatts of
power with efficiencies below 0.1%. \\

In the TTM, a tiny electron beam produced by a micron-sized emitter is hgected inside a hollow microtube where
the beamn amplifies a terahertz signal traveling inside the microtube. It is out intention to fabricate most of the TTM
components using techniques commonly used in micro electro mechanical systems (MEMS). The highly desirable
features of the TTM, such as high power and its miniature size make for an ui-grahigh frequency vacuum microtube
that has the potential to revolutionize the millimeter-wave tube industry. \

1.1 Concept Description

The simplified geometry of TTM is shown in Fig. 1. The basic device is composed of a miniature cold-cathode
electron emitter, a high-permittivity microtube, input and output waveguides, and a collector. A small-diameter
electron beam is produced by the electron emitter and is injected into the dielectric microtube. Input teraheriz power
is coupled to the microtube via the input waveguide, which sets an upward moving iraveling wave mode along the
microtube.
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