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ABSTRACT 
 
 
 Over the past two decades, submillimeter and terahertz astronomy has grown 

rapidly and become an important new window for studying the universe.  This growth 

has been enabled by the confluence of several technologies which make the design and 

fabrication of high frequency single and multi-pixel heterodyne receivers possible.  This 

dissertation reviews the development of a new generation of terahertz instrumentation at 

the University of Arizona, with specific emphasis on their optical components and 

systems.  These instruments include several receivers for the Antarctic Submillimeter 

Telescope and Remote Observatory (formerly installed at the South Pole), including a 

dual-frequency 492/810 GHz receiver called Wanda, a 4-pixel 810 GHz heterodyne array 

called PoleSTAR, and a 1.5 THz receiver called TREND.  It also covers receivers for the 

Heinrich Hertz Submillimeter Telescope on Mt. Graham in southern Arizona.  These 

receivers include a 7-pixel 345 GHz heterodyne array called DesertSTAR, a 64-pixel 

polarimeter/bolometer system called Hertz, and a 64-pixel 345 GHz heterodyne array 

called SuperCam.  After reviewing these instruments, concepts for the next generation of 

arrays and terahertz telescopes designed for the high Atacama desert, Antarctica, high 

altitude balloon missions, and orbiting observatories will be presented.  This dissertation 

will also cover other contributions made to terahertz astronomy, including the creation of 

a Gaussian beam propagation program to help design terahertz optical systems and an 

integrated optics design for a waveguide interferometer to be used as an alternative to 

traditional bulk optics systems. 
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CHAPTER 1 

INTRODUCTION 

 

 Unlike the origin of optical astronomy which to unrecorded history, the origin of 

radio astronomy is precisely known: February 24, 1932.  This is when Karl Jansky, an 

engineer working at Bell Laboratories in Holmdel, N. J., accidentally discovered 20.5 

MHz radio emission from the center of our Galaxy.  In the past 76 years radio astronomy 

technology has pushed to higher and higher frequencies, through the microwave and into 

the far-infrared.  As the field continues to mature receivers are not only reaching higher 

frequencies, but are also expanding to arrays.  The Steward Observatory Radio 

Astronomy Lab (SORAL) – headed by Chris Walker and comprised of a number of post-

docs, graduate, and undergraduate students – has been a leader in this field for 15 years, 

specifically in the development of array receiver technology.   Throughout my eight years 

in SORAL (beginning as an undergraduate and now as a graduate student) I have been 

involved in nearly all the receiver systems we have developed, and participated in the 

growth from single pixel, low frequency (345 GHz) systems to high frequency (1.9 THz) 

arrays.  These systems have been developed for the Heinrich Hertz Telescope (HHT) on 

Mt. Graham in southern Arizona, for the Antarctic Submillimeter Telescope and Remote 

Observatory (AST/RO) at the South Pole, as well as for space and stratospheric 

telescopes designed by SORAL.  In this dissertation I will review these systems and my 

contribution to their construction – typically optical and mechanical designs, but also 



  22 

including waveguide and mixer level development.  First, however, I will discuss the 

fundamental motivations, science, and technology utilized in terahertz astronomy. 

 

1.1 Motivation: Remote Sensing Applications  

 Though SORAL is obviously an astronomy-oriented laboratory, terahertz 

technology has recently gathered great interest for its potential application in a wide 

ranging set of fields.  SORAL has been on the leading edge of terahertz technology 

development for many years.  We have not only helped mature the level of sophistication 

in terahertz arrays, but also leveraged this knowledge to apply terahertz technology in 

other fields of interest, both scientific and commercial.  What follows is a review of just 

some of the potential applications for terahertz technology. 

 

1.1.1 Far-IR Astronomy 

 Terahertz astronomy, alternatively called far-infrared or submillimeter astronomy, 

has found a role in the astronomical community as an excellent tool for studying star 

formation and the life cycle of the interstellar medium.  These long wavelengths are 

capable of probing deep into dusty star forming regions, which receivers at optical and 

infrared wavelengths cannot penetrate.  This makes terahertz light ideal for studying the 

inner structure of these obscured regions.  However, most of the submillimeter light that 

is incident on the earth is absorbed by the water in the atmosphere.  There are a few select 

“windows” where atmospheric transmission is acceptable for ground-based observatories. 

These windows can be seen in Figure 1.1.  As a rule, the higher frequency windows are 
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only available at sites with extremely favorable conditions.  For example, at the Heinrich 

Hertz Telescope (HHT) on Mt. Graham in southern Arizona, the weather is only good for 

810 GHz observations approximately 10-15% of the time.  Most of the HHT’s receivers 

run at 230, 345, 460, and 650 GHz.  However at a site like the South Pole, 810 GHz 

observations can be done routinely.  Higher frequency astronomy (1.5 THz, for example) 

simply cannot be done at an average site, and requires exceptional weather even at the 

best sites.  Careful wavelength selection within these windows allows observers to 

choose specific molecular lines to observe.  Tracing the abundance of these molecular 

species provides valuable information on the origin, evolution, structure, and composition 

of star forming clouds.  Moreover, coherent detection methods (using superheterodyne 

detectors) allow us to study the motion of the molecular gas and dust within these star 

forming regions.  This data helps an observer understand the dynamics of the clouds in 

addition to their composition. 

 
Figure 1.1: Atmospheric transmission at submillimeter frequencies for typical weather – 

1 mm PWV.  The windows of astronomical note are at 350, 460, 650, and 810 GHz 
(wavelengths of 0.87, 0.61, 0.45, and 0.37 mm, respectively). 
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 As we push into the higher terahertz frequencies, we find numerous molecular 

species ideal for studying all stages of the lifecycle of the interstellar medium; Figure 1.2 

depicts this cycle.  To understand this cycle, let us arbitrarily say that the interstellar 

medium starts as warm gas.  This gas cools and forms cold HI clouds.  As it cools further, 

molecules begin to form.  As the clouds continue to cool and collect further, they 

eventually have enough mass to collapse and begin star formation.  This star then 

evolves, eventually expiring and returning material to the surrounding area, starting the 

cycle again.  As noted in the figure, molecular lines found at a number of terahertz 

frequencies can be used to probe nearly every stage of this evolution.  This is clearly an 

abbreviated description of an extremely complicated process.  Star formation is, in fact, a 

relatively poorly understood astronomical phenomenon.  Terahertz astronomy is our key 

to this puzzle. 

 

 

Figure 1.2:  The lifecycle of the Interstellar Medium.  Terahertz molecular species 
capable of tracing each period of evolution are noted along the perimeter. 
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1.1.2 Array Development 

 SORAL’s primary effort in recent years has been advancing submillimeter and 

terahertz array technology.  Submillimeter astronomy, due to the more complex detector 

geometry discussed in Chapter 2, has traditionally produced single-pixel receivers, which 

image one spot on the sky at a time.  Previous to my time in SORAL, no group had 

constructed a multi-pixel superheterodyne receiver at submillimeter wavelengths 

(hundreds of gigahertz).  Over the past 10 years, integration techniques and technology 

have advanced greatly, permitting the development of submillimeter array receivers.  The 

primary purpose for building large format arrays is apparent – they image larger parts of 

the sky quickly.  Studying the life cycle of the interstellar medium, as discussed in the 

last section, necessitates looking at large swaths of the Galactic plane to develop a 

comprehensive understanding of how the Galaxy works.  Performing these large sweeps 

(or maps) takes a prohibitively long time with single pixel receivers, which are forced to 

focus only on small areas of interest.  Large arrays dramatically increase our ability to 

make these maps quickly without sacrificing quality.  For the bulk of this dissertation, I 

will review the evolution of SORAL’s array receivers, but first I will suggest a 

justification for this effort.  Figure 1.3 shows a plot of receiver cost per pixel versus the 

size of the receiver array.  The costs, generated from previous SORAL instruments and 

projections for future instruments, are for an entire instrument, including work hours.  It 

is clear from this figure that the cost per pixel drops radically as the size of the array 

increases.  There are two primary reasons for this.  The first drop in cost comes from the 

receivers sharing the same cryostat, optics, and electronics that are largely the same 
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between a single and multi pixel receiver.  The second factor that dramatically decreases 

the price of large arrays is the integration of the detectors into first one and eventually 

two dimensions.  Moving away from individual detectors to integrated detector packages 

saves in cost and complexity.  How these levels of integration are enacted, and each of 

the receivers notated on the plot, will be explored in more detail in the following 

chapters. 

 
Figure 1.3: Cost/pixel vs. array size for submillimeter array receivers. 

 

1.1.3 Security 

 Outside of traditional science, terahertz technology also has incredible potential in 

more traditional real-world applications.  One of the most anticipated, and immediately 

relevant, applications is for security.  It has recently been revealed that many commonly-
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used explosive materials have molecular lines in the very wavelength region in which 

SORAL has expertise.  The same astronomical technology and detection techniques 

SORAL has been developing for years can be directly applied to explosives detection.  

There is no fundamental difference between these observations and astronomical 

observations, except that we must broadcast a transmitting signal illuminate the object in 

question.  This illumination is done with locally generated signals exactly like those we 

use in our receiver systems (see next chapter).  We have, in fact, reused old astronomical 

receivers for our first exploratory testbeds into this application.  Though much of the 

research is still underway, terahertz receivers show great promise as a method of 

explosives detection.  These detectors would find use in many obvious places including 

airports, public transportation, shipping centers, and in a military context. 

 

1.1.4 Medical  

 Another, less well understood, application for terahertz detection techniques is in 

the medical field.  Terahertz frequencies are capable of penetrating the outer skin layer 

and imaging tissue beneath.  Also, the absorption and reflectivity of THz radiation 

changes with skin type, e.g. cancerous vs. noncancerous.  Depending on the amount of 

water content, detecting THz radiation along various lines of sight through a sample 

(similar to what is done for an MRI) should allow us to create new, three dimensional 

representations of objects. 
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1.2 Geometric vs. Gaussian Optics 

 When designing optics for wavelengths of light longer than tens of microns a 

different set of considerations must be addressed.  In the optical regime, or geometric 

optics, one of the most basic assumptions is that the wavelength is infinitesimally small.  

This allows for simplification of many of the most basic and commonly used equations.  

We see the breakdown of this assumption only when we consider diffraction patterns 

from the edges of apertures or at focused spots.  The well-known Airy disk, for example, 

occurs when a point source passes through a small circular aperture.  Rather than a spot 

the size of the aperture, diffraction causes a symmetric ring pattern.  Diffraction can and 

does have a significant impact on most optical systems, especially those designed well 

enough to have diffraction limited spot sizes.  However, it is usually dealt with in specific 

situations – with small apertures, for edge effects, or at focal points. Diffraction does not 

often have to be considered for normal optical components, because those components 

are many orders of magnitude larger than the wavelength of the light with which they 

interact.  A typical optical system, for example, might use 500 nm light, but have optics 

that are 2” (50.8 mm) across, i.e. 100,000 times larger than the wavelength.  For this 

system a designer can safely assume λ → 0.  At the other extreme, when an aperture is of 

a size on the order of the wavelength, diffraction must clearly be included.  Diffraction in 

this case has the effect of changing the distribution of the electric field as a function of 

distance.  Though there are many tools to handle diffraction these days, the formalism is 

typically complicated and the calculations laborious. 
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 At terahertz frequencies, however, wavelengths are of the order of 100 microns 

and longer.  Here the optics are only 500 times the size of the wavelength.  At 

submillimeter frequencies, that ratio drops to only ~50 times.  Clearly, finite wavelength 

effects can no longer be ignored, and diffraction must be considered, but the optics are 

not yet on the order of a wavelength.  This middle ground is commonly called 

quasioptics.  One of the most apparent examples of the impact of finite wavelengths is 

when collimating beams.  In a typical optical system a lens or mirror can be used to 

collimate a diverging beam.  This collimated beam has a fixed diameter after the lens and 

for all intents and purposes will never expand.  A submillimeter beam, however, will 

never be truly collimated with any optical component that might fit on a bench.  This is 

not a fault of the optical design, but is fundamental to the nature of these wavelengths.  If 

a 0.5 mm beam is collimated by a 50 mm lens, the optical aperture is only 100 times the 

wavelength, and the beam will diffract on those edges and expand.  So this “collimated” 

beam is in fact a diverging beam from its new focus at the lens.  This concept is not so 

unfamiliar to those in the optical regime, as lasers exhibit this same behavior.  For the 

Laser Ranging Retroreflector experiment left on the moon by Apollo 11, 14, and 15, for 

example, the laser will grow to seven kilometers in diameter over the distance to the 

moon.  Nonetheless, this different behavior of light requires a different method for the 

optical design process.  This method, known as Gaussian beam propagation, will be 

fundamental to every optical design, receiver system, and telescope covered in this 

dissertation. 
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1.3 Gaussian Beam Propagation 

1.3.1 Paraxial Wave Equation 

 Gaussian beam formalism falls, with the proper assumptions, directly out of the 

wave equation.  Due to its application to laser design, the Gaussian beam solution is 

comprehensively covered in many sources, so I will review it only briefly here.  Gaussian 

beams have two basic properties that distinguish them from traditional optics.  Gaussian 

beams firstly do not originate from a point source, but from a finite area.  Secondly, a 

Gaussian beam cannot be treated as having infinite transverse extent, like a plane wave.  

Due to diffraction at the edges, the beam will have transverse variation.  Both these facts 

are true for typical optical systems, but their effects become negligible outside of the 

quasioptical regime.  Any component, ψ, of either the E or H field, must obey the 

Helmholtz equation, 

 0)( 22 =+∇ ψk . (1.3.1) 

Assuming an independent time component and defining z as the direction of propagation, 

we can assume a form for ψ of 

 tjjkz eezyxu ωψ ⋅⋅= −),,( . (1.3.2) 

Ignoring the time component and substituting ψ into the Helmholtz equation, we get the 

reduced wave equation 
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There are two approximations that must be made in order to simplify this solution.  The 

first is that diffraction causes only small variations of the field in the direction of 
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propagation over distances similar to the wavelength, i.e. δ2u/δz2 << δu/δz.  The second 

assumption is that this variation along the optical axis will also be much smaller than the 

variation transverse to the axis, i.e. δ2u/δz2 << δ2u/δx2.  As a result the third term in 1.3.3 

can be removed, resulting in the Cartesian paraxial wave equation, 
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 A solution can of course also be found in cylindrical coordinates.  Cylindrical 

coordinates (r, φ, z) are particularly appropriate for most optical systems as many 

components have axial symmetry.  Using the same methods as before, the cylindrical 

reduced wave equation is 
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Safely assuming that the beam is axially symmetric, and thereby discarding the azimuthal 

term, the paraxial wave equation becomes 

 021
2

2

=−+
z
ujk

r
u

rr
u

δ
δ

δ
δ

δ
δ . (1.3.6) 

 

1.3.2 Complex Beam Parameter 

 Having obtained the paraxial wave equation one can use a typical solution for this 

differential equation and define the wave equation as 
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where A and q are complex functions of z.  Substituting this solution into the paraxial 

wave equation, we find 
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From this we can see that each component must equal 0, therefore 
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The form solves straightforwardly to 
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By defining the zero-point of the z axis to be z0, this simplifies to 

 zqzq += )0()( . (1.3.12) 

The complex term q is called the complex (or Gaussian) beam parameter.  As it naturally 

appears inverted, we define q as 
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Plugging this into the wave equation we find 
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The imaginary term can be defined as the phase deviation, φ(r), of a spherical wavefront 

from a planar wavefront for a given value of z as a function of r, having the form 
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Therefore, we can see from the imaginary term in Equation 1.3.14 that the real 

component of 1/q is equal to the inverse of the radius of curvature of the beam, 
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 The real part of Equation 1.3.14 has a Gaussian distribution, which we can 

generalize as 
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where r0 is the width of the 1/e point of the distribution.  To equate this to the beam 

equation, we define 
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Here we define the beam radius, w, which is the radius of the 1/e point of the field.  

Combining these forms, we have an equation for q given by 
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 Here we are assuming a first order Gaussian profile.  It is of course possible to 

solve the paraxial equation with higher order Gaussian solutions, a series of polynomials 

superimposed on the first order solution.  Typically, however, the first order (or 

fundamental mode) solution is the easiest mode to manage mathematically and the easiest 

to create and capture with waveguide components, and is therefore most widely used [1]. 
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1.3.3 Propagation Equations 

 Because we have defined an arbitrary z = 0 point, we can also define a beam 

radius, called the beamwaist, for this point, w0 = [λq(0)/jπ]0.5, with which we can obtain, 

using 1.3.12, another equation for q 

 z
wj

q +=
λ
π 2

0 . (1.3.20) 

Combining this with 1.3.19, we arrive at the two most important results for practically 

managing Gaussian beam propagation – expressions for how the radius of curvature, R, 

and the beam radius, w, change as a function of distance along the propagation axis: 
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It follows directly from these equations that, at z = 0, the beam radius is equal to the 

beamwaist and the radius of curvature is infinite.  These equations or those derived from 

them, are fundamental to and are used in every terahertz optical design.  Figure 1.4 [1] 

depicts the (a) spread of the Gaussian beam and (b) changing of the radius of curvature as 

it propagates. 
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Figure 1.4: A depiction of how the Gaussian beam profile changes as it propagates. 
 

 In practice, it is these propagation equations and their derivatives that will be most 

useful.  However, unless we already know the beamwaist and distance we are interested 

in, these equations will not be enough. But by inverting equations 1.3.21 and 1.3.22 and 

equating the real and imaginary parts, we are able to obtain a set of equations that will 

take any two variables and solve for the other two.  Table 1.1 lists each pair of known 

variables and their respective equations [1]. 
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Table 1.1: Gaussian parameter pairs with associated equations. 

 

 

1.3.4 Edge Taper 

 As we have seen, a quasioptical beam has a Gaussian intensity profile and 

therefore infinite extent.  Any optical element that transmits or reflects the beam will 

truncate the Gaussian at some point.  Choosing the proper size for a system’s optics will 

directly affect diffraction effects and overall energy throughput.  Mathematically, the 

edge taper of the beam (in decibels) is derived by finding the power level at a given 

radius in the Gaussian profile, 
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This quantity is essentially the amount of power in the Gaussian beam that is lost past the 

edge of the aperture.  In addition to a smaller aperture limiting the amount of energy that 

passes through, it also causes diffraction at the edges which can introduce ripples into the 

beam profile.  Any departure from a pure Gaussian profile, such as rippling, will reduce 

the eventual coupling to the detectors.  The typical nomenclature is to label a 

component’s size in terms of beam radii, i.e. if a mirror has a diameter four times the 

beam radius, it would be a 4w mirror.  This value, the number of beam radii that fit in the 

diameter of the optic, is called the edge parameter, C.  Systems are sometimes made with 

apertures as large as 4.5w to minimize the effects of rippling, but most systems are made 

to the 3w level that passes 99% of the light and has acceptable ripple effects. 

 

1.3.5 Confocal Distance 

 One other important quantity is the confocal distance, defined as 
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The confocal distance, also called the Rayleigh range, is by definition the boundary 

between the near field and the far field of the Gaussian beam.  This is largely 

inconsequential to Gaussian beam propagation, as the equations are capable of 

calculating the beam size and radius in both regions.  However, the confocal distance 

provides us with two important details about the Gaussian beam.  Firstly, the Gaussian 

beam expands relatively little within this range (to 02 w ), and can therefore be 

approximated as collimated, as shown in Figure 1.5.  Second, the Rayleigh range also 
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marks the point of minimum radius of curvature.  The radius is infinite at the beamwaist 

(acting collimated, as with a plane wave) and infinite at large z (with the beamwaist 

acting like a point source at infinity).  At the confocal distance, the radius reaches the 

minimum between these two extremes. 

 

Figure 1.5: The confocal distance for a propagating Gaussian beam. 
 

1.3.6 Far-field Divergence Angle 

 Also of note in Figure 1.5 is the divergence angle, θ1/ε.  The divergence angle is 

the asymptotic limit for the growth of the Gaussian beam and is defined as 
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The approximation to drop the tangent is valid for small angles, as usual. 

 There are several ways to describe the angular extent of a Gaussian beam.  The 

divergence angle is perhaps the most natural measure.  But it is equivalent to several 

other common beam width standards.  Obviously, θ0 is indirectly related to w0.  A smaller 

beamwaist implies more diffraction and therefore a larger divergence angle.  Another 
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extremely common way to represent angle is the full-width-half-maximum extent of the 

beam pattern.  This is related to the divergence angle in a very straightforward manner, 

 018.1 θθ =FWHM . (1.3.26) 

Lastly, the most common way in traditional optics to denote the angular extent of a beam 

is with the f-number (or, alternatively, the numerical aperture).  Because of the arbitrary 

definition for the boundary of the beam, however, the f-number in quasioptics is similarly 

arbitrary.  An f-number is then directly dependent on the edge parameter, C, selected as 

discussed in Section 1.3.4: 
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1.3.7 Beam Coupling 

 As will be discussed later, coupling to and amongst various components in a 

submillimeter system is paramount to system performance.  It is important, for 

tolerancing purposes, to calculate this coupling when a mismatch is expected.  There are 

three basic ways in which the beams can be misaligned, as shown in Figure 1.6 [1].  For a 

derivation of the impact of each of these effects, see Goldsmith; here I will only list the 

relevant results.  For an axial (∆z) misalignment, the coupling coefficient is 
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where czz∆=χ  and ab wwx 00= .  These variables can also be represented in terms of 

reference plane parameters, using ( )( )aba RRw 112 −= λπχ  and ab wwx = .  The 

coupling coefficient for a tilt angle between the beams is 
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where δoffset depends on both the beamwaists and the axial misalignment (if there is any) 

and is defined as 
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Figure 1.6: Types of misalignment of a Gaussian beam include axial (left), angular 
(center), and lateral (right). 

 

 Understanding this coupling is important because relatively slight misalignments 

can result in significant losses in coupling.  For example, a 2° misalignment in 
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SuperCam's ~f/5 beams (discussed in Chapter 6) will lead to 20% loss in coupling.  A 1.7 

mm lateral misalignment will also cause 20% loss.  Understanding these sensitivities and 

controlling them is critical to a submillimeter receiver system. 

 

1.4 Summary 

 As we have seen Gaussian beam optics is not highly complex in a mathematical 

sense, but it does require attention in those areas where it diverges from traditional optics.  

Though simple, these quirks of the diffraction-limited regime have a significant impact 

on the design process, providing new options and limitations on the choices made for an 

optical system.  The preceding serves as a tutorial for Gaussian beam optics and a basis 

upon which to discuss my optical design work in SORAL on various submillimeter and 

terahertz receiver systems. 
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CHAPTER 2 

GAUSSIAN BEAM SYSTEMS 

 

 In this dissertation I review many of the receiver systems designed and 

constructed by SORAL in recent years.  These systems all have a similar overarching 

design intent and structure.  Therefore, as a preamble, I will briefly review the 

components used assemble most submillimeter astronomical systems. 

 

2.1 Telescopes 

 Obviously all systems begin at the telescope – some set of optical elements that 

focus collimated light from a source at infinity to a focus appropriate for a detector.  

Telescopes manufactured for submillimeter wavelengths have much looser requirements 

for their surface quality than optical and infrared telescopes.  Both shape and roughness 

tolerances are a function of wavelength.  A submillimeter telescope, designed for a 

wavelength one thousand times larger than an optical telescope, will have the optical 

requirements that are on the order of a thousand times more lenient. 

 For example, the Heinrich Hertz Telescope (HHT) on Mt. Graham in southern 

Arizona is the highest quality submillimeter telescope of its size in the world.  The HHT 

is a 10 meter Cassegrain telescope and has a parabolic primary with an average rms of 12 

microns over its surface.  This equates to at least a λ/25 surface roughness for even the 

highest frequency observed on the HHT, but is clearly much too large for an optical beam 

with a wavelength of 0.5 microns.  Inversely, any optical telescope can be used by a 
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submillimeter receiver – their surfaces are more than adequate.  This is often useful 

because optical astronomers cannot work during the day, but astronomers working at 

longer wavelengths can. 

 

2.1.1 Efficiency 

 Beyond surface quality concerns, the design of a submillimeter telescope is very 

similar to that of an optical telescope.  The primary difference in the design process 

returns once again to the diffraction-limited nature of this wavelength regime.  Critical to 

the telescope’s efficiency is the design choice for the edge taper of the beam on the 

primary reflector.   There is a fundamental trade-off between beam efficiency and 

aperture efficiency.  The beam efficiency is a measure of how much of the energy that is 

incident on the primary is coupled into the rest of the optical system.  This is affected 

primarily by the spillover loss (related to the edge taper) and the side lobe level.  Side 

lobes are simply the higher order modes in a diffraction pattern.  A large edge taper will 

cause less diffraction and the beam will have weaker side lobes, improving beam 

efficiency. The aperture efficiency is the ratio of the effective collecting area of the 

primary reflector (or dish) to its physical area.   The greater the edge taper, the more of 

the dish area you are effectively throwing away in exchange for lower side lobes, and the 

lower the aperture efficiency.  A plot illustrating the balance between aperture and 

spillover efficiency is shown in Figure 2.1.  In practice, an edge taper of ~14 dB (as 

defined in Section 1.3.4) is generally accepted as a good compromise between beam and 

aperture efficiency. 
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Figure 2.1: A plot illustrating the balance between aperture and spillover efficiency [1]. 

 

 When designing Cassegrain telescopes, calculating the size of the Gaussian focus 

can be done using 

 λ
M

n
E D

f
Tw 22.00 = , (1.3.23) 

where TE is the edge taper in decibels, fn is the f-number of the telescope, DM is the 

diameter of the primary, λ is the wavelength, and w0 is the beamwaist of the focus. 

 

 

 



45 

2.2 Detectors 

 Detectors at submillimeter wavelengths are either coherent or incoherent. Which 

type of detector to choose depends upon the application.  Applications requiring high 

spectral resolution (>104) use coherent detectors. In astronomy coherent, high spectral 

resolution detectors are needed in the study of molecular clouds in our Galaxy, where 

linewidths can be as low as ~0.1 km/s. In external galaxies large scale systematic motions 

(e.g. rotation) broaden emission line profiles by 100’s of km/s, making the high spectral 

resolution provided by coherent detectors unnecessary. The detector systems discussed in 

this dissertation are optimized for surveying clouds of gas in the Milky Way and 

therefore use coherent detector technology. Coherent detectors commonly take the form 

of heterodyne receivers. 

       A block diagram of a submillimeter-wave heterodyne receiver system is provided in 

Figure 2.2.  Because there are no amplifiers working at submillimeter wavelengths, the 

first active element encountered by the incoming radiation is a mixer. The mixer serves to 

downconvert the incoming signal to a frequency where low noise intermediate frequency 

(IF) amplifiers exist. The mixer is essentially a switch which is turned on and off at a 

frequency νLO by a local oscillator (LO) signal. The incoming light can only pass through 

when the switch is on, therefore the output of the mixer is the product of the time varying 

input signal at frequency f s and the local oscillator at νLO. Assuming both the LO and 

incoming signal can be described by cosine waves, then their product will contain sum 

and difference frequencies. For downconversion only the output signal at the difference 

frequency is used. For local oscillator applications the sum or upconverted frequency 
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component is utilized. The IF signal is then amplified by a low noise amplifier for further 

processing by a digital or analog spectrometer. 

 

 

Figure 2.2: Schematic of a submillimeter heterodyne receiver system.  The first element 
encountered by the signal to be detected is usually a cooled, lossy mixer, responsible for 

down converting the signal from ~100s of GHz to several GHz [3]. 
 

 In general any component that can switch on and off at the signal frequency can 

serve as a mixer. The sharper the on-off response of the component, the more efficient it 

will be as a mixer. Examples of submillimeter-wave/terahertz mixing devices include 

Schottky diodes, superconductor-insulator-superconductor (SIS) junctions, and hot 

electron bolometer (HEB) mixers. The more nonlinear the current-voltage (IV) 

characteristic of the device, the better it is as a switch/mixer. Figure 2.3 [4] is a plot 

comparing the performance of these mixers as a function of frequency. The sensitivity of 

mixers is often quoted in terms of the temperature of a blackbody that generates an 

equivalent amount of noise. 
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 In the mixing process a band of frequencies on either side of the LO signal is 

downconverted: νLO ± νIF.  These two bands are referred to as the upper and lower 

sideband. The width of the sidebands is typically set by the bandwidth of the first IF 

amplifier. Mixer noise performance or temperature is most often quoted in terms of a 

double sideband noise temperature (DSB). The single sideband noise temperature is ~2x 

the DSB value.  In the receiver systems described in this thesis either SIS or HEB mixer 

devices are used. 

 

 

Figure 2.3: A comparison of multiple types of coherent submillimeter mixing devices.  
SORAL receivers generally utilize SIS or HEB devices. 
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2.3 Local Oscillator 

  A local oscillator (LO) signal is generated using an LO chain.  A 

representative example of one of these chains is shown in the lab in Figure 2.4.  The 

source for a chain is a Gunn oscillator or synthesizer that typically generates a signal in 

the 50 to 100GHz range.  This signal is then multiplied, via some combination of 

doublers and triplers, until the output frequency is within the desired IF of the sky signal.  

Each multiplier involves a significant amount of loss.  As a result, higher frequency 

receivers are typically starved for local oscillator power, as they require more multipliers.  

However, local oscillator technology is continuing to advance and produce higher and 

higher power outputs. 

 

 

Figure 2.4: A typical local oscillator chain. 

 

2.3.1 Quasioptical Injection 

 The most common way to combine the LO and sky signals is quasioptically 

before coupling into the mixer.  The simplest way to do this is with a thin dielectric 

beamsplitter at 45o to the LO and sky signals.  The sky signal is very small, so it is seen 
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by the mixer in transmission through the low-loss beamsplitter. The local oscillator is 

then reflected into the sky signal’s path at about the 1% power level.  This wastes LO 

power, but if there is enough, it is a simple solution.  When limited by available LO 

power, we turn to interferometer-based methods of LO injection.  The two most common 

methods are to use a Martin-Puplett Interferometer or a Fabry-Perot Interferometer. 

 A Martin-Puplett Interferometer (MPI), shown in Figure 2.5, is comprised of two 

roof mirrors and a wire grid (or polarizing beamsplitter).  Before entering the MPI, a wire 

grid has combined the LO signal of one linear polarization and the sky signal of the 

orthogonal polarization.  The wire grid in the MPI is rotated at 45° and so will equally 

reflect and transmit components of both polarizations (the LO and the sky signals).  The 

roof mirrors rotate the polarization of the separate beams and the wire grid recombines 

them.  The advantage of an MPI is that there is no rejected LO power, it rotates the 

polarization of the LO to match the sky signal.  This is gained at the expense of 

complexity and bandwidth.  An MPI is much harder to align than a beamsplitter, 

especially when dealing with an array of pixels.  It also has a limited bandwidth, which 

will be covered shortly. 
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Figure 2.5: A schematic of a Martin-Puplett Interferometer.  An MPI efficiently combines 
the sky and LO signals, but with a limited bandwidth. 

 

 A Fabry-Perot Interferometer (FPI), shown in Figure 2.6, is another effective 

solution for local oscillator injection.  A thin dielectric, such as a Mylar beamsplitter, is 

effectively frequency-independent.  Therefore, as reflectivity increases for the LO signal, 

transmissivity decreases for the sky signal.  An alternative approach is to use a slab 

dielectric of some thickness.  Internal reflections within the dielectric destructively or 

constructively interfere the reflecting and transmitting beams based on the wavelength.  

The dielectric can be designed to reflect the LO signal while transmitting the sky signal.  

This is done by tuning the thickness of the dielectric such that the difference in 

wavelength between maximum transmission and maximum reflectivity matches the IF 

wavelength (the difference between the sky and LO signals).  This usually requires 

finding some high order point in the interference pattern to find a separation that matches 

the IF wavelength [5]. 
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Figure 2.6: A schematic of a Fabry-Perot Interferometer (FPI). 

 

 Though the slab dielectric can be useful, it introduces other effects that reduce its 

efficacy.  One effect is walk-off – each pair of reflections inside the dielectric shift the 

beam along the dielectric slightly, causing the outcoming beams to be laterally shifted.  

This has a negative effect on efficiency as the Gaussian beams are offset and will not 

couple as well to the receiver.  Moreover, the path length of the beams is longer for each 

successive reflection, therefore the beam is continuing to expand and again coupling will 

decrease.  To avoid the walk-off, a ring resonator configuration, shown in Figure 2.7, can 

be used.  In a ring resonator, the path doubles back on itself.  Though this eliminates 

walk-off, it does not accommodate the increasing path length issue.  Nonetheless, a ring 

resonator, though more complicated than other injection schemes, is a popular solution 

due to its large relative bandwidth. 
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Figure 2.7: A schematic of a ring resonator.  The resonator efficiently combines the sky 
and LO signals with a comparatively large bandwidth. 

 

 An MPI has a limited effective bandwidth, having a sinusoidal dependency on 

frequency, falling away from the intermediate frequency (IF).  The bandwidth for a given 

MPI can be determined using the following equation provided in LeSurf [5]. 
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where νIF is the IF frequency, ∆ν is the frequency departure from the IF, and T is the 

transmission through the MPI. 

 An FPI has a broader bandwidth, though a lower peak performance.  A dielectric 

slab and ring resonator have the same functional form for transmission, found in 

Goldsmith. 
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 F is the finesse of the resonator, which depends on the reflectivity, R, of the 

resonator by 
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 In both the slab and the resonator, the sky signal is reflected off the FPI, so the 

throughput of the sky signal is defined as 1 – T.  A comparison of the performance from 

an MPI and an FPI are shown in Figure 2.8.  The interferometers in this example are 

designed for a 1.5 GHz intermediate frequency. 

 

 
Figure 2.8: A comparison of the performance an FPI with R = 0.8 (solid red), and an 

FPI with R = 0.9 (dotted blue), and an MPI (dashed green). 
 

 An FPI with a high reflectance clearly has superior bandwidth compared with an 

MPI.  An MPI begins to roll off immediately, while the R = 0.9 FPI holds a constant (if 

slightly lower) transmission over a 66% bandwidth.  The one drawback to an FPI with 

high R is that the LO transmission becomes very sharp, as shown in Figure 2.9.  
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However, the LO signal is monotone and therefore can have a relatively narrow 

bandwidth through the interferometer. 

 

 
Figure 2.9: A comparison of the LO transmission for an FPI with R = 0.8 (solid red) and 

R = 0.9 (dotted blue). 
 

 

2.3.2 Waveguide Injection 

 Another option to combine the sky and local oscillator signals is to inject the LO 

in waveguide.  This requires more complicated mixer geometry, including not only an 

input port for the local oscillator signal, but also an in-waveguide method of combining 

the signals.  There are many waveguide structures that can combine two signals, 

however, with varying degrees of throughput.  SORAL has done some work investigating 

various kinds of in-waveguide beam combiners.  Though I will not review them here, 

they have reached a point of maturity that waveguide injection is a real option for new 



55 

mixer designs.  However, if the system is an array, there must also be either a waveguide 

splitter to divide up the LO signal or a method to leak a portion of a single signal to each 

mixer.  Because superheterodyne receivers are moving toward larger arrays, this problem 

has been exacerbated and requires much more complicated mixer geometry.  As a result, 

SORAL has produced no receivers with waveguide LO injection.  It is, however, a viable 

solution with the proper mixer design. 

 

2.4 Mirrors & Lenses 

 In some instances, we are able to place our detector plane at the focal plane of the 

telescope.  Clearly this is the most straightforward design, if the system allows it.  Two 

primary concerns limit our ability to put our detectors at the focal plane.  The first is 

physical constraints, whether your receiver and its associated electronic, vacuum, and 

cryogenic equipment will fit at the focal plane.  A telescope will presumably be designed 

with room around the focal plane, but as we move to larger arrays, this is not always the 

case. 

 The other concern is whether or not the telescope f-number matches that of our 

mixers.  If a detector and telescope are designed together, they will be made to match.  If, 

as is often the case, a receiver is being designed for an existing telescope, that telescope’s 

f-number may not be appropriate for the receiver’s goals.  The telescope’s f-number 

directly affects the pixel spacing (or plate scale) in an array, and therefore the spacing on 

the sky and the maximum density of the array.  A lower f-number will allow for much 

more closely spaced beams and therefore more pixels within the field of view of the 
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telescope.  It also occasionally happens that an existing receiver is to be used on an 

existing telescope, in which case the f-numbers will very likely not match. 

 To accommodate these situations, reimaging optics are necessary.  Most simply 

this can be a series of flat mirrors that redirect the telescope focus, without changing it, to 

the required detector plane location.  More often, this includes powered optics that 

reimage the telescope focus to match the detectors.  There are many ways to do this, far 

too many to cover in any detail here.  What is important is to recognize a pattern in 

system design that often includes a set of mirrors that adjust the plate scale or f-number 

of the telescope.  Mirrors can be elliptical or parabolic (the two most common), but also 

can be hyperbolic or aspheric in more complicated systems.  Mirrors are typically made 

of aluminum and machined to tolerances corresponding to the wavelength in a use.  The 

surface of a mirror should have an rms roughness of at least λ/10.  The accuracy of the 

shape is dependent on the design, but this can be calculated in any optical design 

package.  Again because of the high wavelength, the tolerances are usually easily 

machinable. 

 Lenses may also be used in submillimeter systems.  The disadvantage to lenses is 

the introduction of dielectric interface reflections (which can be largely mitigated using 

anti-reflection coatings or grooves) and the dielectric loss that occurs on transmission 

through the lens.  Their advantage is that they are much more compact than a mirror 

system and most often easier to align.  Typical lens materials in the submillimeter are 

high density polyethylene (and other, similar plastics) and quartz.  As with normal optics, 

choosing a material is a trade-off among price, availability, machinability, and losses. 
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2.5 Feedhorns 

 The final component that plays a very important part in the optical design of a 

submillimeter receiver is the method for collecting and launching Gaussian beams into 

and out of waveguide.  At this transition between waveguide transmission and 

quasioptics, efficient coupling is very important.  The primary way to do this is using 

waveguide structures called feedhorns.  The simplest way to launch a beam from 

waveguide to free space is to simply cut the waveguide off.  This will create a beam that 

not only has a very large divergence angle (due to the small aperture), but also does not 

have a strong Gaussian profile.  Tapering the waveguide to a larger aperture will 

accommodate the first issue.  There are several feedhorn designs, and methods to analyze 

them, to convert the waveguide signal to a fundamental mode Gaussian beam.  These 

designs aim to create as pure a fundamental mode Gaussian as possible, typically 

measured by the percent coupling achieved with a true Gaussian.  An important 

secondary characteristic of the beam pattern is the side lobe levels.  Feedhorns not only 

lose power to these side lobes when transmitting, but can also couple in unintended 

radiation from other sources many degrees off axis.  It is typically preferred that side 

lobes be kept at a level of 20 dB down or less.  Also important to some applications is the 

cross-polarization of a horn.  Some systems, with either multiple mixers or special mixer 

design with symmetric waveguide, utilize two polarizations.  In these cases, the cross talk 

between the polarizations as they couple from free-space to waveguide must be kept to a 

minimum.  I will not cover the details of the theory here, but in depth discussions can be 

found in many sources, including Goldsmith, LeSurf, and several referenced papers for 
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the individual designs.  Lastly is the ubiquitous concern of manufacturability – the best 

performing feedhorn designs are also those that are hardest to machine.  This problem is 

exaggerated at higher frequencies as the structures get smaller. 

 An alternative method of designing horns has become popular in recent years – 

using electromagnetic simulation software.  Computers have become powerful enough to 

fully calculate Maxwell’s equations throughout the volume of a high frequency device.  

The program chiefly used in SORAL is Computer Simulation Technology’s Microwave 

Studio.  CST MWS is a full EM solver for high frequency components, capable of 

solving in both the time and frequency domains.  Simulating feed horns in CST MWS is 

straightforward, and CST MWS can project the near field calculated at the aperture of the 

horn to a farfield pattern – an important result for our applications.  From it we can obtain 

beam symmetry, cross-polarization, sidelobe level, and beam divergence.  This last result 

is of particular importance, as when designing a horn we rely on published theory to 

determine what the beamwaist of` the Gaussian beam at the horn (or at its phase center) 

will be.  CST MWS will output 3D beam results, 2D Cartesian cuts, and 2D polar plots, 

among other results.  Within the 2D polar plots is the angular divergence, which can be 

directly converted to a beamwaist, as mentioned in Section 1.3.6.  I have performed a 

review of five of the most commonly used feedhorns in the submillimeter regime, and 

will cover each here with simulation results and comments on manufacturability. 
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2.5.1 Diagonal Horn 

 

Figure 2.10: A schematic of a diagonal horn. 
 

 The easiest feedhorn, conceptually and in manufacturing, is the diagonal feed 

horn, as shown in Figure 2.10 [6].  A diagonal horn essentially extends a square aperture 

oriented 45° to the waveguide.  Diagonal horns are valued for their relative ease of 

manufacturing.  They are not the best performing horns, typically having a coupling 

efficiency of about 84% to a Gaussian beam, but they are certainly adequate for most 

situations [7].  Their biggest flaw is in their cross-polarization characteristics, which are 

very poor.  However, dual-polarization receivers are relatively uncommon for array 

applications and diagonal horns perform very well for a single polarization.  From the 

literature [6], the predicted beamwaist is awA ⋅= 768.0 .  In the model used for this 

simulation, a = 2.925 mm, therefore wA = 1.123 mm.  From the simulation, results shown 

in Figure 2.11, we find that the FWHM angle for the beam is 18.1°, corresponding 

(according to the relations discussed in Chapter 1) to a beamwaist of wA = 1.032 mm. 

 Clearly, there is not perfect agreement between theory and simulation, which is 

why these studies are so important.  The best way to determine the performance of a horn 

is of course to measure it.  In SORAL, we designed a long diagonal horn for the 
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SuperCam system (see Chapter 6) to avoid the use of collimating lenses.  These horns 

were simulated in CST MWS as well.  These horns were manufactured for the actual 

system and their performance was measured.  The theoretically predicted beamwaist, 

from a = 3.89 mm, was wA = 3.0 mm.  Using the FWHM angle from the simulation, the 

FWHM angle is 7.5°, such that the beamwaist is calculated to be wA = 2.5 mm.  

Measurements done in the lab showed a beamwaist of wA = 2.95 mm (θFWHM = 6.34°). 
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 (a) (b) 
 

  
 (c) (d) 
 

 
 (e) (f) 
 

Figure 2.11: CST results for a 345 GHz diagonal horn: (a) 3D model, (b) 3D Farfield 
beam pattern, (c) 2D beam pattern in E-plane, (d) 2D beam pattern in H-plane, (e) polar 

beam pattern in E-plane, (f) polar beam pattern in H-plane. 
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2.5.2 Potter Horn 

 The Potter horn, first presented in 1963 has long been popular as a well-

performing and easy to manufacture feedhorn [8].  The design requires a rectangular to 

circular transition, something which is easily optimized in CST MWS to maximize 

throughput.  A Potter horn always includes a step and a wide flare angle.  There are 

several recent optimizations to Potter’s original design, adding separate steps or flaring 

sections.  The FWHM angle predicted from Potter’s original paper is 12.5° (w0 = 1.49 

mm at 345 GHz).  The CST simulation, shown in Figure 2.12, has a slight asymmetry, 

with a FWHM of 12.7° angle in one plane and 12.1° in the orthogonal plane.  In this case, 

with an average of 12.4° (w0 = 1.51 mm at 345 GHz), we have close agreement between 

theory and simulation.  Potter horns are typically well regarded for their ease of 

manufacture, however they are relatively long.  Potter horns also have a relatively narrow 

bandwidth, 5%, compared with other horns.  Nonetheless, they perform very well for 

their simple design, with a Gaussian coupling usually around 96%, and perform even 

better with more modern modifications to the design, especially with regards to cross-

polarization and bandwidth [9]. 
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 (a) (b) 
 

 
 (c) (d) 
 

 
 (e) (f) 
 
Figure 2.12: CST results for a 345 GHz potter horn: (a) 3D model, (b) 3D Farfield beam 
pattern, (c) 2D beam pattern in E-plane, (d) 2D beam pattern in H-plane, (e) polar beam 

pattern in E-plane, (f) polar beam pattern in H-plane. 
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2.5.3 Corrugated Horn 

 Corrugated feedhorns are extremely popular at lower frequencies for their vastly 

superior performance in comparison to other feedhorns.  Corrugated feedhorns use 

grooves in the walls to smooth the transition of the E-field to zero as it approaches the 

walls.  This allows for better coupling to a Gaussian, and excellent cross-polarization 

characteristics.  Corrugated horns are typically found to have 98% coupling to a Gaussian 

[10].  There have been many studies of corrugated horns, with theoretical and practical 

results, including sections in Goldsmith and LeSurf, as well as dedicated books such as 

Clarricoats & Olver and many papers.  A very general rule is that the beamwaist at the 

phase center of a corrugated feedhorn is one third of the diameter of the horn aperture, w0 

= D/3.  The simulation, shown in Figure 2.13, predicts a FWHM angle of 30.9° for a horn 

with a diameter of D = 2.0 mm.  The angle corresponds to a beamwaist of w0 = 0.605 

mm, the 1/3 diameter rule gives a beamwaist of w0 = 0.668 mm.  The chief concern in the 

past with corrugated feedhorns is the difficulty in machining as you scale to higher 

frequencies.  These horns have traditionally been made with electoforming.  Modern 

machining techniques have given us the option of creating corrugated horns at much 

higher frequencies.  These techniques will be discussed further in section 2.6. 
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 (a) (b) 
 
 

 
 (c) (d) 
 
 

 
 (e) (f) 
 
Figure 2.13: CST results for a 345 GHz corrugated horn: (a) 3D model, (b) 3D Farfield 
beam pattern, (c) 2D beam pattern in E-plane, (d) 2D beam pattern in H-plane, (e) polar 

beam pattern in E-plane, (f) polar beam pattern in H-plane. 
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2.5.4 Neilson Horn 

 

Figure 2.14: The surface profile for a Neilson horn. 
 

 A new horn design has been proposed by Neilson in 2002 which incorporates a 

nonlinear horn taper, shown in Figure 2.14, optimized to produce a close to perfect 

Gaussian beam [9].  This horn does not use corrugations.  It claims to have improved 

bandwidth and return loss characteristics compared to a standard Potter horn.  Neilson 

does include measured results to compare to the theoretical predictions and found that 

they agreed well.  The CST simulation of the Neilson horn, shown in Figure 2.15, was 

difficult as the precise profile is not published.  An approximation, based on the paper, of 

the horn was simulated, and did have encouraging results, but a true measure of the horn 

would require a more accurate simulation.  These data would also be needed to accurately 

manufacture and test the horn [9]. 
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 (a) (b) 
 

  
 (c) (d) 
 

 
 (e) (f) 
 

Figure 2.15: CST results for a 345 GHz Neilson horn: (a) 3D model, (b) 3D Farfield 
beam pattern, (c) 2D beam pattern in E-plane, (d) 2D beam pattern in H-plane, (e) polar 

beam pattern in E-plane, (f) polar beam pattern in H-plane. 
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2.5.5 Winston Cone 

 The Winston cone is a nontraditional type of feedhorn often used for bolometric 

detectors.  A Winston cone does not couple to a Gaussian beam pattern; it has a uniform 

aperture distribution.  A Winston cone, shown in Figure 2.16, is essentially a structure 

that, by virtue of its parabolic form, will reflect all incoming light under a certain angle of 

incidence to the small aperture at the base of the cone [11].  The equation for the surface 

of the cone is 
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The maximum angle that will be collected by the horn is defined by 

 ( )
D
d

=αsin  (2.5.5.2) 

Winston cones are extremely useful for bolometers that do not have to couple the light 

into waveguide.  They make optical alignment much easier, as a typical Winston cone 

will have an angle of acceptance of 15 – 30 degrees.  This angle can be much narrower or 

broader depending on the input and output apertures of the cone.  Typically, the 

limitations placed on a Winston cone are the size of the detector (limiting the size of the 

output aperture) and the size of the optical clear aperture into the system (limiting the size 

of the input aperture). 
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Figure 2.16: A Winston cone diagram, the light rays (in red) will be collected in the 

smaller aperture for angles of incidence less than α. 
 

2.5.6 Feedhorn Summary 

 As we have seen, there are many types of available feedhorns for launching and 

collecting Gaussian beams.  There are quite a few other geometries, including two 

dimensional planar geometries, not covered here as well.  Each horn has its own 

advantage in terms of machinability, size, coupling, and cross polarization.  Table 2.1 

features a comparison of features of each horn. 

 
Table 2.1: A comparison of characteristics of common feedhorns.  Beamwaist values are 

frequency dependant – in this case done at 345 GHz. 
 

Horn Type Analytical 
Beamwaist 

Simulated 
Beamwaist

Coupling 
Efficiency

Cross-
Polarization 

Bandwidth 

Diagonal 1.123 mm 1.032 mm 84% 10% † 
Extended Diagonal 3.0 mm 2.5 mm 84% 10% † 

Potter 1.49 mm 1.51 mm 96% <0.1% 5% 
Corrugated 0.668 mm 0.605 mm 98% <0.1% 20% 

Neilson † † >99% <0.1% 20% 
† Not Available 
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2.6 Machining Techniques 

 As submillimeter technology continues to push into the terahertz regime, all of 

our waveguide structures are getting smaller.  Machining techniques for these shrinking 

structures have become very important.  Though there have been many machining 

advances toward this goal, SORAL has been at the leading edge, pushing toward higher 

frequency devices. 

 

 

Figure 2.17: A Kern MMP micromilling machine purchased for manufacturing 
SuperCam mixer blocks. 

 

 To produce the SuperCam (see Chapter 6) mixers, we require much higher 

precision machining than is commonly available.  For this purpose, a KERN MMP 

micromilling machine, shown in Figure 2.17, was purchased. It is capable of 0.1 µm 

resolution, 1 µm positioning accuracy, 1 µm repetition accuracy, and a surface quality 

better than 0.2 µm [12].  With these tolerances, the KERN MMP can make waveguide 
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and mixer components with frequencies as high as several hundred GHz.  Above this 

level, however, small enough tools are not available for the size of the structures. 

 For higher frequencies, SORAL has developed, chiefly through Christian 

d’Aubigny’s dissertation research, the Laser Chemical Etcher (LCE) system.  The LCE 

uses a laser to melt the surface layer of a silicon wafer.  The silicon is kept in a low 

pressure chlorine gas environment.  When the silicon melts, it combines with the gas to 

form silicon tetrachloride which is carried away through the system, preventing 

redeposition of the silicon back onto the wafer.  The laser beam, at its focus, is 

approximately 6 µm in diameter (2 w0), allowing for the creation of much smaller 

structures than with traditional machining.  With ~7W of laser power, only the top 1 µm 

layer of silicon is etched per pass. Between passes the sample is raised by 1 µm.  This 

system is fully functional.  An image of a 1.5 THz spatial feedhorn (back to back 

feedhorn which filters out all but the fundamental Gaussian mode) is shown in Figure 

2.18 [13]. 

 

 
Figure 2.18: An SEM image of a 5 THz spatial feedhorn machined by the LCE. 
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 The LCE system effectively covers the range of frequencies from 1 to 5 THz.  

Past that, however, the structures again become too small for the beamsize and numerical 

aperture of the LCE system.  SORAL has therefore experimented with building a higher 

frequency system, the next generation of the LCE.  Using a higher frequency laser and a 

higher numerical aperture objective to achieve a smaller spot size, this system was 

expected to produce devices at frequencies as high as 30 THz for the NASA Terrestrial 

Planet Finder Interferometer (TPFI) project.  Though the project is currently suspended, 

the system is capable of making these structures, in principle, which will be important as 

terahertz astronomy pushes to increasingly smaller wavelengths. 

 

2.7 Summary 

           This chapter serves as a basis for the coming review of SORAL’s astronomical 

receivers.  Nearly all of the systems I have helped design for SORAL follow the same 

general design architecture and include the same technology – much of which is both 

unique to radio astronomy and quite different from traditional optical/IR astronomy.  

Understanding the function and limitations of these components is essential to designing 

an efficient submillimeter receiver system. 
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CHAPTER 3 

GAUSSIAN BEAM PROPAGATION PROGRAM 

 

3.1 Justification 

 The design process for submillimeter telescopes and receiver systems can often be 

iterative and laborious.  The systems reviewed in this dissertation show consistent 

methodology applied to differing system requirements, both scientific and practical.  The 

systems often have very similar optical designs with the same components, objectives, 

and tools.  A typical submillimeter system will consist of a telescope and a secondary, 

reflective optics to a focal plane, and a detector (or array) in this plane.  Alternatively, the 

system requirements may be such that the detector must be placed away from the focal 

plane.  In this case there will be reimaging optics, commonly either off-axis parabolic or 

elliptical mirrors, which refocus the telescope beam onto the detector with the proper f-

number.  This optical path typically has numerous apertures imposed by the system; these 

apertures can be a result of the telescope structure, cryostat entrance windows, or other 

physical limitations.  Lastly, all submillimeter heterodyne systems require the local 

oscillator signal to downcovert the sky beam.  This signal has to be injected into the path 

of the sky beam.  This can be done in waveguide, but is most often done quasi-optically 

through a beamsplitter or an interferometer. 

 With similar design requirements and goals for each system, the development of 

new optical setups becomes repetitive.  The same Gaussian beam calculations must be 

performed for every step of the optical path to get the proper beam sizes at each optical 
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surface.  Though these calculations are simple, repeating them for each optic-to-optic 

distance is arduous.  Moreover, for each change in the system, all the calculations must 

be done again to ensure the optics are large enough for the beams and to eliminate 

vignetting.  When optimizing a system for any number of parameters or physical 

restrictions, the design process quickly becomes cyclical.  This makes designing an 

optical system a straightforward, but protracted practice.  This has led to a desire for a 

tool to speed up or automate the process. 

 Current optical design packages are extremely robust lens design and optimization 

tools; but they have two important hindrances.  The first is that they are actually too 

powerful for this application.  They are extremely effective for designing an elliptical 

mirror or lens for a submillimeter system; but they are excessive for the rest of the 

system, which will primarily be flats, beamsplitters, and apertures.  Entering an optical 

system into a commercial optics program can take almost as much time as simply doing 

the calculations manually.  The second issue with traditional optics packages is that they 

are designed for optical, or at least near IR and UV, applications.  Nominally this does 

not pose a problem.  The issue at submillimeter wavelengths, as mentioned in Chapter 1, 

is that the optics are fundamentally diffraction limited.  This is what pushes us into the 

Gaussian optics regime.  In this regime, diffraction will cause the beams to grow more 

quickly than accounted for by traditional optics packages.  These programs will, as a 

result, not calculate vignetting correctly.    If a Gaussian beam, theoretically infinite in 

extent, is cut off too close to its core, the resultant beam patterns will exhibit diffraction 

effects that can degrade coupling.  A program designed for submillimeter wavelengths 
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would use Gaussian propagation formulas to calculate the size of the beams at a given 

location and then give appropriate sizes for the optics.  A class of programs that use an 

alternative algorithms  to solve for Gaussian beam propagation do exist,  but they 

typically require even more careful setup than the traditional optics packages and are 

therefore even harder to use for quick tasks. 

 The lack of available tools to design submillimeter-wave optical systems 

motivated me to create a program for this purpose.  The first goal for the program is to 

provide a toolbox for common individual calculations, whether they are for beam size, 

coupling coefficient, or elliptical mirror parameters.  The second goal is to create an 

environment where an optical system can be designed, calculating the propagation of the 

beam throughout.   

 

3.2 Design & Functionality 

3.2.1 GCalc 

 There are two basic modules to the Gaussian Beam Propagation Program (GBPP).  

The first is a toolbox, called the Gaussian Calculator (or GCalc), with several submodules 

made to solve for very specific equations or applications.  These are not system-level 

design tools, they are meant only to perform a common calculation with given inputs.  

These functions are not necessarily complex, but occur often enough that repeatedly 

calculating them by hand is inefficient.  The toolbox contains several functions that will 

be detailed here. 
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 The primary toolset for GCalc, appearing on the main page of the program, is a 

Gaussian beam solver.  This is a dynamic set of textboxes that will solve for a variable 

given three or four input variables.  The most straightforward example is to input a 

wavelength, a beamwaist, and a distance, to calculate the beamradius using 

 
2

2
0

0 1 ⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛

⋅
⋅

+⋅=
w

zwwz π
λ . 3.1 

 This equation is not a difficult one, but is laborious when it is made many times in 

one design iteration.  GCalc deals primarily with six variables – beamwaist, distance, 

beamradius, aperture radius, edge taper, and radius of curvature.  It can solve for any of 

these using a combination of the other variables.  Within the program the user can switch 

among four states to have parallel calculation paths running.  This part of the program, 

including all four states, can be saved to keep the current variable settings for future 

reference.  An example screen of GCalc is shown in Figure 3.1. 

 

 

Figure 3.1: An example GCalc screen. 
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 There are several subroutines accessible off the main GCalc screen through menu 

selections or toolbar icons.  As with the main section, they are all simple but commonly 

used calculations that a user can perform quickly in GCalc.  The subroutines are: 

• Cassegrain Focus – Calculate the beamwaist of a Cassegrain focus given the 

desired edge taper (see Section 2.1.1) and f/# of the telescope. 

• F-Number Finder – Converts among four formats to describe the opening angle of 

the Gaussian beam.  As described in Section 1.3.6, there are several equivalent 

ways to describe the opening angle – the beam waist, the full-width-half-max 

angle, the 1/e angle, and the f-number. 

• Dielectric Loss – Calculates the loss (in dBs) going through a dielectric given a 

provided permittivity, loss tangent, wavelength, and thickness.  Also has the 

option to include Fresnel reflection off the front surface (assuming the dielectric is 

in air). Later versions of the program will include a built in look-up table for 

commonly used materials. 

• Waveguide Loss – Calculates the loss (in dBs per meter) in waveguide, given the 

waveguide dimensions, material used, and wavelength (see Section 4.2.2). 

• Beam Coupling – As covered in Section 1.3.7, proper alignment of Gaussian 

beams is important to efficient coupling.  This application will calculate the 

efficiency given misalignments in x, z, and θ. 

• Elliptical Mirror Maker – Calculates the parameters for an elliptical mirror given 

input and output radii of curvature, and a reflection angle.  This provides a quick 



  78 

solution for a simple mirror, rather than using a more advanced optical design 

package. 

 

 GCalc also includes a couple plotting functions – for either lateral beam pattern or 

longitudinal beam growth.  Again, as with the simple submodules that could easily be 

performed on a calculator, these plots could easily be done in any mathematics package.  

GCalc simply gathers all these functions in one place for easy use.  In this same vein, 

GCalc includes submodules for calculating the parameters of 3D CAD objects (mirror, 

lens, or beams) to speed their creation.  Future versions of GCalc should include 

automated exporting into CAD packages to speed this up even further. 

 

3.2.2 Gaussian Beam Propagation Program (GBPP) 

 The Gaussian Beam Propagation Program (GBPP) is meant to fill the gap 

between a robust, but unwieldy, ray trace program and manually calculating beam sizes 

and edge tapers. A sample screen from GBPP is shown in Figure 3.2. The most 

straightforward way to use GBPP is to enter the strawman design of the optical system 

being considered. This is done by entering a list of optical components, their diameters, 

and the distances between them. This list always begins with a beamwaist (which may be 

a telescope focus, a feedhorn aperture, etc.).  The user is then able to input new 

parameters – distances over which to expand; apertures at which to calculate edge tapers; 

mirrors or lenses to “collimate” or refocus the beam, as well as get edge tapers.  As these 

parameters are entered, their properties are automatically locked by the program.  The 
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locking is included because when the program is told to calculate, it will automatically go 

through the system and calculate the variables that are left unsolved.  GBPP will 

automatically go through and fill in the beamsizes and edge tapers at each point.  The real 

benefit from the program comes at the next point, when small changes must be made to 

the system to meet certain system requirements.  If, for example, the beamsize at a given 

aperture is found to be too large, the designer might want to quickly move some 

components closer together to reduce the beamsize there.  This change, however, will 

propagate throughout the system, and if done by hand, require manual recalculation of all 

the values.  If such changes are made multiple times, the process can take a very long 

time, especially if integrated into a 3D model at every step.   

 

 

Figure 3.2: An example GBPP screen. 
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 The basic functioning of the program is as follows.  A list of parameters is entered 

by the user into the table on the sidebar.  These parameters can be an optical parameter – 

a beamwaist, distance, or beamradius – or an optical element – a mirror, lens, or aperture.  

The user can build a linear system by creating the series of parameters that represent it.  

A lens or a mirror can focus the beam; however the program does not calculate the 

optical performance of the element.  The user must tell GBPP where the resultant 

beamwaist (i.e. the focus) is by placing it the proper distance away.  GBPP will not notice 

if the user does this incorrectly, though it will be obvious in the display that the beams do 

not match.  GBPP is not meant to design optical surfaces, it is merely meant to propagate 

Gaussian beams through an optical system using the propagation equations.  Thus when 

the system is complete, the user can calculate the beam up to any point in the system.  

GBPP will calculate those parameters left unlocked.  These will typically be the 

beamradii throughout the system.  GBPP can supply a missing distance if the resulting 

beam radius is known, though this type of operation is perhaps better left to GCalc. 

 

3.3 Example Application: Single Pixel SuperCam Mixer 

 The following is a simple example of how the design process might be aided by 

the use of GBPP.  The example is of a single-pixel version of the SuperCam mixer (the 

64-pixel, 345 GHz array discussed in Chapter 6).  This single-pixel version was 

constructed to test some of SuperCam’s critical components – notably the mixer SIS 

junctions and low noise amplifiers.  The detector was placed in a SORAL test dewar and 

coupled to the LO for testing in the lab.  The detector looks out onto a XY test range 
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SORAL uses for beam pattern measurements.  The LO is inserted (after being focused 

with a lens) using a simple dielectric beam splitter located just outside the dewar window.  

A 3D CAD picture of the setup is shown in Figure 3.3. 

 

 

Figure 3.3: A CAD model of the SuperCam single pixel test setup. 

 

 Designing this system in GBPP is very simple.  Starting at the beamwaist (all 

systems must begin at a beamwaist), the optics are built by adding each element one at a 

time.  The elements were added in the following order: the distance to the window, the 

size of the window, the distance to the beam splitter, the size and angle of the 

beamsplitter, the distance to the lens, the size of the lens, and the distance to the 

beamwaist.  With these data entered into GBPP, the program solves for the beamradii at 

all points and displays a 2D image of the system, shown in Figure 3.3.2.  Because these 

beams are Gaussian (see Chapter 1), there is no sharp cut-off at the beams boundaries.  
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The beam drawn by default in GBPP is a 3w beam, which is standard for most 

submillimeter systems.  However, this parameter can be changed within GBPP by the 

user to allow either for larger edge tapers when there is room or for smaller edge tapers 

when physical constraints demand it. 

 

 

Figure 3.4: A GBPP model of the SuperCam single pixel test setup. 

 

 In this test case, the system was designed ahead of time and the aperture 

diameters and optics sizes are more than adequate.  No redesign is necessary; GBPP is 

merely confirming this fact for us.  However, earlier in the design process of more 

complicated systems, problems can arise that require design iteration, which GBPP is 

intended to speed up.  As mentioned in the previous sections, the primary problem with 
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which GBPP will assist (and traditional lens design programs do not handle well) is the 

size of the Gaussian beam.  If this is not well-known, the sizing and placing of windows, 

optical elements, and other obstructions is difficult.  Doing this design in CAD involves 

repeatedly moving elements, making the optics smaller or larger, moving beam sources 

(mixers or local oscillators), changing the f-number (i.e. changing the beamwaist or 

opening angle) of those beams, and recreating optics or beams as necessary to fit their 

new sizes.  This process is laborious and time-consuming, if not difficult.  GBPP allows 

the user to quickly make these decisions for the system.  Afterward, when the spacings 

and sizes are well-known, they can be created in CAD. 

 

3.4 Future Upgrades 

 Though GBPP is in a functional and useful state now, there are many other 

options or functions that would make it even more valuable for designers.  The chief 

upgrade that could be added to GBPP in the future is 3D CAD capabilities.  As 

mentioned, GBPP is meant to take the place of repetitive CAD design.  But in every case 

the design will eventually have to migrate into a CAD environment for visualization and 

to be finalized.  Ideally GBPP would have a 3D visualization feature in place of its 

current 2D display.  This could be implemented in OpenGL, an open-source 3D display 

environment.   Ultimately, however, GBPP should be enabled with a CAD export option.  

Exporting to a universal format such as ACIS, STEP, or IGES would permit a much 

easier transition from GBPP to CAD.  Further upgrades for GBPP would come in the 

form of expanded system configurations.  Currently GBPP handles only one pixel at one 
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wavelength along one beam path.  To properly handle LO injection, beam splitting 

should be enabled.  To allow for multiple-wavelength systems (typically diplexed using 

polarization-sensitive wire grids or dichroic surfaces), multiple wavelengths should be 

enabled.  Most importantly, to handle array receivers, GBPP should be able to handle 

multiple pixels in the focal plane. 

 Lastly, the faster, cleaner, and simpler GBPP is made, the better it will be for the 

user.  GBPP is in its first iteration.  A smoother user interface and work flow will allow 

for more efficient design and a better experience for the user. 

 All of these upgrades will continue past the publication of this dissertation, 

allowing GBPP to evolve into an even more useful product that might find a place on 

engineer’s desktops. 

 

3.5 Summary 

 I have designed GCalc and GBPP to accelerate the submillimeter optical design 

process. These programs are intended to fill the gap between Gaussian beam propagation 

design done by hand and much more complicated commercial lens design packages that 

are not optimized for Gaussian beam optics.   GCalc and GBPP could help fill this niche 

nicely and speed the design process. 
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CHAPTER 4 

INTEGRATED OPTICS BEAM COMBINERS 

 

4.1 Introduction 

 The Terrestrial Planet Finder Interferometer (TPFI) is a future NASA project with 

the goal of imaging extrasolar planets at infrared wavelengths.  The mission, shown in 

Figure 4.1, would consist of 4 distinct collector telescopes flying in formation.  The light 

from these telescopes would be interferometrically combined at a central spacecraft.  

Combining the signals out of phase allows the spacecraft to cancel the overwhelming 

light coming from the distant star.  The relatively small signal of the nearby extrasolar 

planet, however, would not be cancelled and would be visible in the resulting image [14]. 

 

 

Figure 4.1:  An artist’s conceptual image of TPFI, showing the 4 collector telescopes and 
a fifth telescope to interferometrically combine the four signals [14]. 
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 Interferometry has traditionally been done using numerous bulk optics – steering 

mirrors, beam splitters, polarizers, and curved optics.  There are many standard 

interferometer configurations that have been used successfully in the past, but they are 

often extremely complicated and bulky.  For example, the Planet Detection Testbed 

(PDT) developed for the TPFI project covers an entire optical bench and has many 

(dozens) of individual optical components [14] (see Figure 4.2).  The testbed has 

produced very promising results, yielding nulls with depths as low as one part in 10-5. 

 

 

Figure 4.2: The Planet Detection Testbed for TPFI.  This illustrates how large and 
complex a bulk optics interferometric system can become [14]. 

 

 However, thus far the output beam from these traditional free-space 

interferometers has been multi-mode and non-optimal for coupling to a detector.  This 

concern led to the development of waveguide spatial filters by the Steward Observatory 

Radio Astronomy Laboratory (SORAL).  Spatial filters, an example of which is shown in 

Figure 4.3, are essentially back-to-back feedhorns connected by a short run of waveguide.  
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By nature, a waveguide will not propagate an electromagnetic field with a frequency 

lower than its cut-off frequency.  Moreover, feedhorns will preferentially couple and 

launch fundamental mode Gaussian beams, acting as a filter for the higher frequency 

modes.  Together the feedhorns and waveguide act to filter undesirable spatial 

frequencies and launch a pure Gaussian beam [15].  SORAL has manufactured spatial 

filters using a Laser Chemical Etching (LCE) system developed by Christian d'Aubigny 

in SORAL [13].  If a waveguide spatial filter is necessary, it is natural to ask whether one 

might implement the entire interferometer in waveguide. 

 

 

Figure 4.3: A 60 µm Waveguide spatial filter shown in CAD and a micromachined 
example imaged by an SEM. 

 

 IO beam combiners have been developed by SORAL – originally as a concept for 

an interferometer for the Large Binocular Telescope (LBT) [16] – for TPFI that could 

potentially allow the functionality of the PDT optical bench to be realized in a waveguide 

device a cubic centimeter in size.  The simplification of manufacture and construction of 

such an IO beam combiner has great potential for missions like TPFI [17]. 
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         At the heart of the IO beam combiner is a waveguide magic-T (see Figure 4.4).  A 

Double Bracewell Nulling Interferometer (Figure 4.5) can be created by stacking three 

magic-tees.  This configuration performs the same function as a free-space interferometer 

and would allow beam combining and/or nulling of the four signals from the four 

separate TPFI telescopes. 

 

 
Figure 4.4: The standard waveguide magic-T port configuration.  Signals are input on 

ports 1 and 2 and constructively combined out of the H-port.  In a nulling configuration, 
they are destructively combined out of the H-port. 
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Figure 4.5: IO Double Bracewell Nulling Interferometer concept at 30 THz.  The Double 
Bracewell method allows excellent nulling performance with an extremely compact 

device. 
 

4.2 Magic-T Analysis 

 The morphology of a standard waveguide magic-T is shown in Figure 4.4.  It is a 

four-port structure that has been used at microwave frequencies for over half a century 

[18].  When the E-Port is terminated in a matched load, the device operates as a 

Wilkinson power combiner.  Energy entering Ports 1 and 2 appear in-phase at the H-Port.  

In this configuration, nulling is achieved by adding a 180 degree phase-shift at the input 

of either Port 1 or 2 [19]. 

 The magic-T is constructed from hollow metallic waveguide and can be scaled 

with frequency.  Except for increased loss (due to the conductivity of metal generally 

decreasing with increasing frequency), the scaled performance of a magic-T as an in-
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phase combiner or nuller is essentially independent of frequency.  This feature allows a 

magic-T that is built and tested at microwave frequencies to be reliably scaled to THz 

frequencies.  The ability to prototype designs at microwave frequencies is a great 

advantage, because in this frequency range vector network analyzers are available that 

can readily measure amplitude and phase to ~1 part in 1010. 

 We have performed an analysis of magic-T structures using Computer Simulation 

Technology's Microwave Studio (CSTMWS).  The simulations assume perfect 

conductors in air.  Signals are inserted in opposing ports (Ports 1 and 2 in Figure 4.4) and 

the output signal is measured at all 4 ports.  The simulation is done between 27 and 33 

THz, with the waveguide optimized for the nominal TPF design frequency of 30 THz (10 

microns).  According to the standard formulation, this requires a waveguide with a = 7.62 

µm and b = 3.81 µm.  Figure 4.6 shows the S-plots for this simulation.  On all three plots 

the input is both Ports 1 and 2.  The plots show the responses at (a) H-port, (b) Port 1, 

and (c) E-Port.  As shown in Figure 4.6, input losses make the performance of a standard 

waveguide magic-T as a power combiner less than optimum (~1.3 dB instead of 3 dB).  

By setting one of the input signals 180° out of phase, the magic-T can be made to act as a 

nuller instead of a combiner.  The ‘nulled’ energy emerges from the H port and the `in-

phase’ combined energy from the E-port.  Figure 4.7 shows the same measurements as 

Figure 4.6, but in the nuller configuration.  Again reflection at the input port is 

significant, which produces less than ideal combining out of the E-port. 
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Figure 4.6: CST simulation results of a standard magic-T.  S-plots for (a) H-port, (b) 
Port 1, and (c) E-Port. The results suggest that the standard magic-T is a mediocre 

combiner with high input loss. 
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Figure 4.7: CST simulation results of a standard magic-T in nulling configuration.  S-
plots for (a) H-port, (b) Port 1, and (c) E-Port. Like Figure 4.6, these point to average 

performance from the standard magic-T. 
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4.2.1 Vane Design 

 The fundamental magic-T design can be greatly improved by inserting a vane (or 

septum) at the junction of the 4 ports.  The vane is a thin metal plate that acts to reduce 

input signal rejection and improve beam combining. 

 The magic-T’s performance, shown in Figure 4.8, is greatly improved by the 

introduction of the vane.  The rejection at the input ports is reduced to a much more 

manageable level – between 30 and 40 dB down.  The combining is improved to around 

3 dB (numerical error in the simulation puts the output at slightly above 3 dB at the 

center frequency).  The size of the vane was optimized in CST to maximize performance 

at the nominal TPF frequency.  The vane‘s width, thickness, and height are 67 µm, 2.7 

µm, and 5.25 µm (protruding into the E-port).  The simulation was also done in the 

nulling configuration, with the results shown in Figure 4.9.  3D images of the simulation 

in both the combining and nulling configurations are shown in Figures 4.10 and 4.11. 
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Figure 4.8: CST simulation results of a magic-T with a vane.  S-plots for (a) H-port, (b) 
Port 1, and (c) E-Port.  This form of the magic-T performs much better, achieving near-

perfect combining at the center frequency with low input loss. 
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Figure 4.9: CST simulation results of a magic-T with a vane in nulling configuration.  S-
plots for (a) H-port, (b) Port 1, and (c) E-Port. 
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Figure 4.10: 3D fields calculated by CST in a magic-T with a vane configured to power 
combine out the H-port. The vane dramatically reduces the input loss, making the 

combining is much more efficient. 
 

 

Figure 4.11: 3D fields calculated by CST in a magic-T with a vane and configured for 
nulling power out the H-port.  The fields illustrate the energy being redirected to the E-

port and interferometrically nulled at the H-port. 
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4.2.2 Waveguide Loss 

   A traditional optics system has many elements and losses associated with each.  

These losses can quickly build up and greatly limit the total throughput of the system.  

Waveguides will always have some amount of loss as the light travels through them, as 

well.  As long as the waveguide lengths are kept short, however, this loss can be kept to a 

reasonable level.  The standard equation [20] for calculating waveguide loss is 
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where λ is the free space wavelength, λg is the in-guide wavelength, λc is the cut-off 

wavelength, a is the width of the waveguide, b is the height of the waveguide, n is the 

impedance of free space, σ is the conductivity of the waveguide material, and α is the 

resulting loss. 

 For a 30 THz magic-T, our waveguide design has a = 7.75 µm and b = 3.875 µm.  

The conductivity of copper at room temperature is 4 10 7 (Ω cm)-1.   Substitution yields a 

waveguide loss of 0.0189 dB/µm.  For a 30 THz magic-T, there is ~ 0.45 dB of loss over 

the ~23 µm of waveguide.  When combined into the Double Bracewell configuration, the 

waveguide pathlength increases to about 60 µm, with a total waveguide loss of 1.1 dB.  

This loss corresponds to a throughput of ~78%.  This compares favorably to the TPF-I 

free-space optical interferometer design which will have losses in the fiber alone of 

greater than 50% [21]. 
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Figure 4.12: A schematic of the X-band (10 GHz) testbed. The setup involves splitting the 

input from the VNA to either side of the magic-T.  The signals are modulated in 
amplitude and phase.  The combined or nulled signal is returned to the VNA for analysis. 
 

4.3 Magic-T Measurements 

 In order to verify the above results and optimize designs, a test bed was 

constructed at X-band (7 - 13 GHz).  The test bed consisted of an Agilent Vector 

Network Analyzer (VNA), magic-T’s, and adjustable waveguide phase shifters and 

attenuators.  A schematic of the test bed can be seen in Figure 4.12, a picture in Figure 

4.13.  The signal leaving the VNA was divided using a coaxial 3 dB splitter and sent to 

Ports 1 and 2 of the magic-T.  Before entering the magic-T, the signal at Ports 1 and 2 

could be adjusted in amplitude and phase.  This allowed the phase difference of the 

waves to be optimized for the best combining or nulling.  The output of interest from the 

magic-T (either E-port or H-port) was then sent back to the VNA.  The other output was 

terminated in a load that minimizes reflections.  The load is typically made of a tapered 

plug of absorbing material. 
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Figure 4.13: A picture of the X-band testbed in the lab.  Shown are the amplitude and 

phase controllers, the magic-T with a tapered termination, and the Vector Network 
Analyzer. 

 

 I analyzed a magic-T with a vane using this setup to compare to the simulated 

models.  The measured results when configured as a combiner are shown in Figure 4.14.  

The measured performance compares favorably with the simulated prediction, though 

there is a 5 dB offset due to losses in the system (primarily in the cables).  However, with 

this in mind the magic-T performs very well across a wide bandwidth (~45%).  The 

results when configured as a nuller are shown in Figure 4.15.  This configuration is 

achieved by retarding the phase of one of the inputs by 180° with the waveguide phase 

shifter.  The magic-T performs very well as a nuller, achieving a peak null (discounting 

the 5 dB in-cable losses) of -45 dB (3x10-5) and a null of better than -35 dB (3x10-4) over 

a 15% bandwidth. 
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Figure 4.14: Experimental X-Band result for the output of a magic-tee with a vane in a 

combining configuration.  Discounting the 5 dB loss due to the cables, the combiner 
performs almost perfectly across the band. 

 

 
Figure 4.15: Experimental X-band result for the output of a magic-tee with a vane in a 

nulling configuration.  In this configuration, the magic-tee achieves a peak null of -45 dB 
(3x10-5). 
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4.4 Reflective Termination Magic-T 

 The above measurements confirm that magic-tees work well as both waveguide 

beam combiners and nullers.  At X-band frequencies magic-tees are easy to manufacture 

from aluminum because the nominal waveguide dimensions are 0.9” x 0.45”.  However, 

at the design frequency for the TPF project (30 THz), the waveguides are much smaller 

and manufacturing is much more difficult.  SORAL has pioneered new laser 

micromachining (LMM) technologies for manufacturing these waveguides from silicon 

chips, which are later gold-plated.  The LMM system is capable of making extremely 

small structures (30 THz waveguides are on the order of a few microns), but in order to 

achieve this small spot size the laser necessarily has a high numerical aperture [13].  This 

imposes a restriction on the ability of the system to make deep structures with high aspect 

ratios. 

               The LMM system makes waveguide structures in the traditional split-block 

manner where two halves of the waveguide, split parallel to the long dimension, are 

machined separately and combined to make the full waveguide.  A magic-T, however, 

has a relatively deep (several λ’s) E port that cannot be readily machined with the LMM.  

As a result we explored the possibility of utilizing a short, reflective termination on the E-

port of the magic-T. 
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Figure 4.16: The reflective termination magic-T X-band prototype in CAD and as 

constructed in SORAL.  This magic-T uses a λ/8 reflective termination on the E-port.  A 
termination of this length has an aspect ratio that is machinable by the Laser Chemical 

Etcher. 
 

 

Figure 4.17: A generalized drawing of the reflective termination magic-T.  This design 
can be scaled to any desired microwave or submillimeter wavelength. 
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 CST Microwave Studio was unable to successfully simulate a magic-T structure 

with the proposed reflective termination.  Therefore, an X-band version of the proposed 

structure was fabricated and tested. The test structure (shown in Figure 4.16) uses a 1/8λ 

(in guide) termination and a stepped vane.  A generalized drawing (in wavelengths) is 

shown in Figure 4.17.  The trapezoidal waveguide cross section reflects the geometry of 

the laser beam to be used in etching the structure.  When configured as a nuller the 

magic-tee achieved null depths between -30 and -40 dB at the design frequency (see 

lower left of Figure 4.18). 

 

 
Figure 4.18: S-Plots for the reflective termination tee in the nulling configuration.  The 

plots reveal a null depth between -30 (10-3) and -40 dB (10-4) for the reflective 
termination tee. 
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4.5 Double Bracewell Nulling Interferometer 

 X-band experiments have also been performed for the Bracewell interferometer 

configuration discussed above.  The test bed is shown schematically in Figure 4.19.  A 

photograph of the test bed is provided in Figure 4.20.  The Bracewell configuration works 

by nulling each pair of inputs and then constructively combining the output from the two 

pairs.  This is achieved in the X-band testbed by setting the first and second inputs 180° 

out of phase with each other and the third and fourth inputs 180° out of phase with each 

other.  The outputs are then combined in the third magic-T. 

 

 
Figure 4.19: Double Bracewell Nulling Interferometer testbed schematic.  The Double 
Bracewell configuration includes three magic-tees.  The first two are configured to be 

nullers.  Their nulled outputs are then combined in the third tee.  Each input on the 
nulling tees is equipped with an adjustable attenuator and a phase shifter. 
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Figure 4.20: Double Bracewell Nulling Interferometer testbed configuration.  The two 
nulling tees, with tapered terminations on their H-ports, are shown attached to their 

amplitude and phase controllers.  The combining tee can be seen in the center. 
 

 

 The results of the X-band Bracewell Testbed are shown in Figure 4.21.  In the 

lower part of the figure, the Bracewell interferometer is configured as a combiner, 

illustrating that the total loss through the system (mostly as a result of cables) is 10 dB.  

The top-most plot shows the Bracewell interferometer configured as a nuller, achieving a 

-40 dB (10-4) null (the plot shows -50 dB, but 10 dB is loss). 
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Figure 4.21: Results for the Double Bracewell X-band test.  The topmost plot shows the 

results from the nulling configuration, which achieves a -40 dB (10-4) null. 
 

4.6 Conclusion 

 Both simulation and experiment have shown the magic-T to be an excellent 

candidate for IO beam combiners.  Though the results given here do not yet reach the 

level of the best optical interferometric combiners, they show excellent potential.  The 

results suggest that with further optimization and development, IO beam combiners could 

potentially exceed the performance of their optical counterparts and can be realized in 

packages that are orders of magnitude smaller in mass and volume. 
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CHAPTER 5 

ANTARCTIC SUBMILLIMETER TELESCOPE AND REMOTE OBSERVATORY 

 

5.1 Telescope Introduction 

 The single-largest obstacle to observing from the ground at submillimeter-

wavelengths is water vapor in the atmosphere.  Water vapor blocks most of the 

submillimeter light incident on the earth, with only small “windows” through which most 

submillimeter astronomy is done.  As a result, as with optical wavelengths, telescope sites 

are chosen to for their lack of water vapor.  The South Pole is fairly high (~10,500 feet), 

very dry, and very cold, making it one of the best sites on the planet for submillimeter 

astronomy.  A telescope, even of modest size, placed here is able to observe frequencies 

that are unavailable to nearly any other ground-based telescope. 

 

Figure 5.1: The Antarctic Submillimeter Telescope & Remote Observatory at the South 
Pole.  The original South Pole dome can be seen in the background. 
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 The Antarctic Submillimeter Telescope and Remote Observatory (AST/RO) was 

a 1.7-m off-axis parabolic telescope installed at the South Pole during the 1994-1995 

Austral summer [22].  The telescope is a Gregorian design, offset from both the azimuth 

and elevation axes and was mounted on the roof of the AST/RO building.  The vacuum-

sputtered aluminum surface of the primary had a surface roughness of 6 µm and an rms 

figure of 9 µm [23].  It was designed to cover a wavelength range between 200 and 2000 

µm.  The chopping tertiary is at the exit pupil of the telescope.  As shown in Figure 5.2, a 

quaternary mirror reflects the Coudé focus of the telescope inside the building, where it 

can be redirected to a number of submillimeter receivers.  Another image of the AST/RO 

structure can be seen in Figure 5.3 [22], [23], [24], and [25]. 

 

Figure 5.2: AST/RO Optical Design.  For simplicity the schematic is drawn flat, however 
the primary and secondary mirrors are rotated 90° about the fold line. 
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Figure 5.3: AST/RO and its support structure. 

 

 In January 2003, I traveled to the South Pole to create a full 3D CAD model of the 

telescope and the receiver room.  Having an extremely remote observatory like AST/RO 

requires as much planning ahead of time as possible for any additions or upgrades to the 

suite of receivers.  Figure 5.4 shows an image from this CAD model, which included the 

telescope, its support structure, the building structure, the receiver pallet, and all receivers 

and associated electronics.  This model greatly increased our ability to integrate new 

receivers and upgrades into the complicated and crowded system. 
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Figure 5.4: A 3D CAD model of the AST/RO telescope, building, and receiver room.  The 
model was created in January, 2003. 

 

 AST/RO, during its 10 years of operation, had receivers observing at frequencies 

of 230 GHz, 460 GHz, 810 GHz, and 1.5 THz.  With these receivers, AST/RO produced 

hundreds of thousands of spectra and maps of various regions including the Magellanic 

Clouds, the Carina molecular clouds, and the Galactic Center.  The receivers sat on one 

of four receiver pallets located directly beneath the telescope in the AST/RO building.  

The telescope beam came from the roof, centered at the shared corner of the four square 

pallets, as shown in Figure 5.5.  For future reference when describing the coming 

receivers, each pallet is labeled.  The Coudé focus for AST/RO is approximately 900 mm 

above the surface of the receiver tables.  The exact location of the focus is wavelength-

dependent, as different (finite) wavelengths will expand at slightly different rates.  Thus 
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for the beams to be the same size at the secondary, they must have different focal lengths.  

Various solutions were developed for pick-off mirrors to select which receiver would be 

in use.  I designed part or all of the optical & mechanical systems for three of AST/RO’s 

receivers – Wanda, PoleSTAR, and TREND – which will be reviewed throughout this 

chapter.   

 

 

Figure 5.5: AST/RO’s Coudé focus centered above the receiver pallets. 
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5.2 Wanda 

 Wanda was a dual-polarization 492/810 GHz SIS receiver.  Wanda was initially 

constructed by SORAL in 1996.  Wanda, shown installed on AST/RO’s pallet #1 in 

Figure 5.6, was SORAL’s first step outside of the single-pixel receivers.  Wanda’s ability 

to track two molecular species in one map made it an extremely useful tool. 

  

Figure 5.6 Wanda installed on AST/RO at the South Pole. 

 

5.2.1  Wanda – Cryostat 

 Wanda used a Precision Cryogenics cryostat based on a Caltech Submillimeter 

Observatory (CSO) hybrid design.  The cryostat uses a combination of a mechanical 

refrigerator and liquid cryogens to cool the internal electronics.  The refrigerator, a CTI-
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350 coldhead, cooled the inner and outer radiation shields to ~12 and ~77 K, respectively.  

The mixers were kept at 4 K using a 4-liter liquid helium reservoir. 

 

  

Figure 5.7 Wanda’s LO injection optics box. 

 

5.2.2 Wanda – Detectors 

 Wanda was outfitted with two SIS heterodyne mixers.  The first was produced by 

SORAL and covered from 450 – 495 GHz.  The second was made by collaborators at the 

University of Köln and covered 780 – 820 GHz.  The mixers were integrated into the 

same cryostat, with separate windows for beam injection.  The mixers are mounted at 90 

degrees with respect to each other because they have opposite linear polarizations.  The 

mixers are pumped individually by their own LO chains, injected using Mylar 
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beamsplitters immediately outside the cryostat windows.  The LO chains and 

beamsplitters were mounted directly to the cryostat in the black optics box shown in 

Figure 5.7 [26], [27]. 

 

5.2.3 Wanda – Optical Design 

 From 2002 – 2004, several modifications were done to upgrade Wanda.  During 

this time the optics were redesigned to optimize coupling and improve mechanical 

stability.  The new design was not fundamentally different from the original Wanda 

optical design, but improved the receiver’s performance. 

 The basic layout of the optical design, shown in Figure 5.8, begins with an 

elliptical mirror which reimages the Coudé focus closer to Wanda.  However, because 

Wanda is a dual-frequency receiver, the focus for the two frequencies was slightly 

different, as mentioned in the previous section.  A single ellipsoidal mirror is meant to 

reimage both of these foci.  Our redesign of this mirror optimized the coupling for both 

frequencies, forcing a compromise between the two sides.  This compromise achieved an 

efficiency of ~80% for both beams. 

 The elliptical mirror was mounted on a motorized translation stage which also 

carried a roof mirror.  This stage allowed the user to switch between receivers without 

manually realigning optics.  The translation stage had pre-set positions for reach receiver 

and was able to reliably return to these positions in a few seconds, should weather 

conditions improve and call for the use of a higher frequency receiver. 
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Figure 5.8: Wanda optical layout. 

 

 Following the elliptical mirror, the two polarizations are split using a wire grid.  

Wire grids are a common and effective way to split two linear polarizations.  The wire 

grid is nothing more than a series of tightly spaced (on the order of < 0.1λ) wires.  Light 

with polarization parallel with these wires will reflect off the grid, while light with 

polarization orthogonal to the wires will pass through.  Though this effect may seem 

counterintuitive, it is a result of the grid presenting the incoming light with either an 

impedance much lower than that of free space (causing a reflection) or much higher than 

free space (causing transmission) [1]. 

 After the grid, each frequency has its own elliptical mirror to reimage the 

intermediate focus (located between the first elliptical mirror and the grid) on to the 
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mixer lenses located inside the cryostat.  These mirrors also changed with the redesign to 

maximize the coupling between the sky beam and the mixer lenses.  The mixer lenses 

were not changed from their original design.  The 810 GHz mirror (E3), in fact, changed 

twice when results during its first season suggested that the mirror was not coupling well 

to the mixer lens.  The second redesign, done in conjunction with Jacob Kooi from 

Caltech, fixed this problem.  The characteristics for the final elliptical mirrors are given 

in Table 5.1. 

 A CAD image of the receiver and its optics are shown in Figure 5.9.  In it one can 

see: E1 mounted on the translation stage that selects receivers; the two optics towers 

containing the wire grid, flat mirror, and elliptical mirrors E2 and E3; the black LO 

injection box containing both LO chains and mylar beamsplitters that inject the LO; and 

Wanda itself. 

 

Figure 5.9: Wanda optical design in CAD. 
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Table 5.1: Wanda elliptical mirrors 

Mirror Input Focal Length Output Focal Length 
E1 (Shared Mirror) 510 mm 282.5 mm 

E2 (492 Mirror) 354.1 mm 418 mm 
E3 (810 Mirror) 527 mm 450 mm 

 

5.2.4 Wanda – Science 

 Though I did not do any scientific studies with the instruments described in this 

dissertation, I will include some brief results from each of the receivers.  Scientific results 

will provide the reader with a measure of both the increase in receiver capabilities and the 

astronomical worth of these systems.  They will act as motivation for the continuing 

evolution of submillimeter heterodyne array receivers in SORAL. 

 Wanda’s dual-polarization design allowed it to make maps for regions of interest 

in the Galaxy of two molecular species at the same time.  Wanda’s surveys most often 

took advantage of this capability to make simultaneous measurements of atomic carbon 

[12C I] 3P1-3P0 and [13C I] 3P2-3P1 lines or the 12CO (4-3) and the 12CO (7-6) molecular 

rotation lines.  CO is primarily of use in submillimeter astronomy because it is an 

excellent tracer of molecular gas.  Understanding its distribution and kinematics helps to 

understand the physical conditions in star forming clouds.  Atomic carbon acts as a 

secondary tracer in more diffuse regions where the CO is destroyed by UV radiation, but 

H2 is still present.  The work of Martin et al. produced an extensive survey of the Galactic 

Center during the 2001 - 2002 Austral winter seasons.  The survey covers −1.3° < ℓ < 2°, 

−0.3° < b < 0.2° with 0.5’ spacing.  It produced spectra over 3 transitions (CO (4-3), CO 
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(7-6), and [12C I] 3P1-3P0) at over 24,000 points on the sky, a sample of which is shown in 

Figure 5.10 [28], [29], and [30]. 

 

 

Figure 5.10: Integrated intensity maps for the 3 transitions observed with AST/RO.  
Transitions are identified at left on each panel.  All 6 maps have been smoothed to the 

same 2′ resolution. 
 

5.2.5 Wanda – Summary  

 Wanda was a fairly straightforward receiver with simple optics, but due to its 

performance and excellent location, more submillimeter spectra of the Galaxy were 

collected with it than all other submillimeter-wave receivers combined. Wanda was also 

the first step for SORAL to move beyond single-pixel receivers.  As we shall soon see, 

Wanda was the beginning of an evolution toward larger arrays and higher frequencies for 

submillimeter receivers.  Though Wanda’s time as an astronomical instrument is likely 

over, it has found a place in SORAL as an excellent test instrument.  It still works well 

and its dual-frequency design has been very useful for other projects in the lab. 
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5.3 PoleSTAR 

 PoleSTAR, built by SORAL in collaboration with the Kölner Observatorium für 

SubMillimeter Astronomie (KOSMA), the Smithsonian Astrophysical Observatory 

(SAO), and CalTech, is a 4-pixel 810 GHz receiver originally installed on AST/RO in the 

2000 – 2001 Austral summer.  When installed, it was the first multi-pixel 810 GHz 

heterodyne receiver in the world.  Figure 5.11 shows a picture of PoleSTAR in the lab 

before deployment [31]. 

 

Figure 5.11: PoleSTAR and its backend in the lab before installation on AST/RO. 

 

5.3.1 PoleSTAR – Cryostat 

 PoleSTAR’s cryostat shares the same design as Wanda (as, in fact, nearly all of 

AST/RO’s receivers do), using a Precision Cryogenics hybrid cryostat with a CTI-350 

coldhead.  PoleSTAR used a z-cut crystalline quartz window.  The window has a 

polyethylene antireflection coating on the outside and a diamond dust coating to reduce 
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thermal load on the inside.  The quartz window has virtually no loss at 810 GHz and 

supports a good hold time (~3 days) [32], [33]. 

 

5.3.2 PoleSTAR – Detectors 

 PoleSTAR’s four mixers were made by the KOSMA group at the University of 

Köln and used Nb SIS junctions.  The mixers were individually mounted in a mixer 

mount which tied them thermally to the 4K cold plate of the cryostat, shown in Figure 

5.12.  The mixers were arranged in a square pattern, separated by 29.45 mm.  An 

individual mixer’s architecture is exactly the same as with a standard single-pixel 

receiver.  Each mixer has a magnet attached to suppress the Josephson Effect, is 

immediately followed by a low noise amplifier (also kept at 4K), and eventually sends its 

IF signal out of the cryostat over a coaxial cable to the backend spectrometer.  The 

mixers are each equipped with a Potter-type feedhorn and mixer lenses which focus the 

beam at the window aperture [33], [34]. 
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Figure 5.12:  PoleSTAR’s mixer rocket installed on the 4K cold plate. 

 

5.3.3 PoleSTAR – Optical Design 

 PoleSTAR’s original optical design was performed by Aimee Hungerford as a 

graduate student in SORAL.  After her departure from the lab, I took responsibility for 

the optical and mechanical system, adapting it as necessary as we learned more about its 

performance and as we integrated it into the AST/RO receiver room. 

 The original optical design was as shown in Figure 5.13.  The optical path begins 

with an off-axis paraboloid which collimates the four sky beams expanding from 

AST/RO’s Coudé focus.  The beams reflect off of two flat mirrors before hitting a 

matching off-axis paraboloid.  In this intervening distance, the beams’ radii stay 

approximately the same (there is a slight diffraction-related broadening), but their spacing 
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has been adjusted to match PoleSTAR’s 29.45 mm mixer spacing.  The second parabola, 

in addition to reparallelizing the beams, acts to adjust the beams’ f-number to match the 

mixer lenses.  The parabola is able to do this because when the first parabola collimated 

the beams, the chief rays, formerly parallel, began to converge, forming a pupil roughly 

halfway between the parabolas.  As the chief rays began to spread out again, the second 

parabola was placed at the appropriate distance to establish the right beam spacing [34]. 

 

 

Figure 5.13: PoleSTAR’s original optical design. 

 

 It is important to note that it was later determined that the parabolas did not have 

the correct orientation to minimize aberrations.  According to a paper by Serabyn, 

parabolas should be aligned in a “crossed” orientation, as shown in Figure 5.14.  This 

orientation causes the coma introduced from the first mirror to cancel the coma 
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introduced from the second.  PoleSTAR, on the other hand, has uncrossed parabolas, 

which likely caused the detector to lose some coupling efficiency [35]. 

 

 

Figure 5.14: The two possible parabola configurations as described by Serabyn.  The 
“crossed” configuration (top) cancels comatic aberrations [35]. 

 

 Local Oscillator injection was done using a Martin-Puplett Interferometer (MPI).  

As described in Chapter 1, the MPI rotates the linear polarization of the LO beam to 

match the sky beam.  This allowed us to inject the LO with an orthogonal polarization 

using a wire grid, thereby suffering very little loss (unlike a Mylar beamsplitter, which 

throws away 90 – 99% of the LO power).  There was not, however, any method yet 

developed for dividing the local oscillator signal amongst the four pixels. 

 PoleSTAR’s optics were redesigned in 2001 due primarily to issues surrounding 

the LO injection.  First, the LO required a way to split among the four pixels.  The system 

we developed, shown in Figure 5.15, was a very straightforward combination of 
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beamsplitters and flat mirrors to divide the beam into four.  Splitting was accomplished 

with low-loss crystalline quartz ~50% beamsplitters.  Similarly shaped flat mirrors were 

placed at the mixer spacing.  Each beamsplitter and flat mirror was mounted on a low-

profile OptoSigma rotation stage.  Rotating the components individually allowed for 

flexibility in leveling the LO signal between the 4 beams.  The mixers are spaced 3w 

apart in the focal plane (i.e. the lenses are 3w lenses and are packed against each other).  

Necessarily, the beams at the LO diplexer have not yet converged to the size at the lenses, 

so the optic spacing in the diplexer is less than 3w.  This causes some clipping at the 

edges of the beams, which translates to a few percent loss of throughput.  In the end, 

performance was found to be good, though better methods for LO diplexing would be 

developed with later receivers [34], [36]. 

    

Figure 5.15: PoleSTAR’s LO diplexer. 
 

 The second major change concerned the injection of the newly split LO beams.  

Though Martin-Puplett Interferometers are very efficient compared to beamsplitters, they 

suffer (in addition to a relatively small bandwidth) from alignment difficulties when 



125 

using more than one beam.  For a single pixel receiver, MPIs are straightforward to align.  

However, we found that with more pixels, it was extremely difficult to control slight 

misalignments of the mixers, which caused beam walk-off.  This misalignment, or squint, 

stems from a lack of parallelism in the mounting of the mixers and their lenses.  The 

squint resulted in some or all of the pixels having unacceptably low efficiency.  

PoleSTAR at this time was also upgraded to a higher power LO chain built by the Jet 

Propulsion Laboratory (JPL) [37].  This new LO was not only more powerful than the 

previous one, but its multipliers were also self-biased and tunerless, which simplified 

operation.  We therefore decided to trade low sky beam efficiency for low LO injection 

efficiency, knowing that we were starting with more LO power. 

 

   

Figure 5.16 PoleSTAR’s optical setup, in CAD and installed on AST/RO. 
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 The last major upgrade for PoleSTAR’s optics had more to do with the mechanics 

than the optical design itself.  As discussed before, AST/RO’s receiver room was very 

densely packed with 4 receivers (one on each pallet) installed at almost all times.  Wanda 

and PoleSTAR, in particular, we very closely packed and some effort had to go into 

integrating PoleSTAR into AST/RO.  PoleSTAR’s optical setup, installed on AST/RO’s 

pallet #2, is shown in Figure 5.16.  It was designed such that its first parabola acted as the 

pick-off mirror for the sky beam.  In this configuration the translation stage moved out of 

the way to allow the sky beam to reach PoleSTAR.  In the Wanda configuration, shown 

in Figure 5.17, the beams go through PoleSTAR’s optics plate to reach Wanda.  

 

 

Figure 5.17: PoleSTAR and Wanda integrated on AST/RO. 
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5.3.4 PoleSTAR – Science 

 Figure 5.18 shows first-light spectra taken with PoleSTAR in its fully functioning 

form.  The map of NGC 6334 in the center was taken with Wanda, while the spectra on 

the perimeter represent PoleSTAR data from each of its four mixers.  PoleSTAR was 

used to map a number of molecular clouds in 12CO J=7-6 and [C I]. Results for the Rho 

Ophiuchus cloud are published in [38]. 

 

 

Figure 5.18: First light spectra from PoleSTAR [38]. 
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5.3.5 PoleSTAR – Summary 

 Integrating four mixers into one receiver was the first step in SORAL’s path of 

array integration.  The cryostat is one of the largest contributions to cost for a new 

receiver.  Allowing multiple pixels to share a single cryostat significantly decreased the 

per-pixel cost of the receiver, with very little sacrifice in overall efficiency or 

performance. PoleSTAR was capable of mapping ~15 times more quickly than its single 

pixel counter parts.  This was a significant advance in submillimeter heterodyne 

receivers, and would soon be followed up by even larger arrays [33]. 

 PoleSTAR’s story may not be over.  Though AST/RO has been decommissioned 

and PoleSTAR is currently in storage in SORAL, it is a well-performing receiver that 

could easily be placed on other telescopes.  One plan is to place PoleSTAR on the 

Heinrich Hertz Telescope (see next chapter).  Adapting PoleSTAR to the HHT would 

take just one new optical surface, and a mechanical structure to place the receiver at the 

correct height.  The HHT is not an optimal site for 810 GHz observations, having 

acceptable weather only ~10-15% of the time; but adding to the HHT’s suite of receivers, 

without having to spend much time or money, would only serve to further enhance the 

HHT’s capabilities. 
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5.4 TREND 

 Terahertz REceiver with NbN Device (TREND) was a 1.5 THz receiver installed 

on AST/RO during the 2002-2003 Austral summer.  The TREND mixer and electronics 

were designed and constructed primarily at the University of Massachusetts – Amherst I 

designed the optical system for TREND, including both the telescope relay optics and the 

LO injection system. TREND was the first astronomical heterodyne installed on a 

telescope at this high frequency.  An image of TREND installed on AST/RO is shown in 

Figure 5.19. 

 

 

Figure 5.19: TREND installed on AST/RO. 
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5.4.1 TREND – Cryostat 

 In order to eliminate the possibility of microphonics from the cooler impacting the 

performance of the HEB mixer, TREND broke with AST/RO tradition and used a fully 

liquid cryostat. The sky and LO beams entered the cryostat (built by Infrared 

Laboratories) through a small 1” window (Figure 5.20). 

 

Figure 5.20: TREND’s cryostat window. 

 

5.4.2 TREND – Detector 

 TREND utilized a hot electron bolometer (HEB) detector.  Figure 5.21 plots noise 

temperature plots for several detectors [39].  Below approximately 700 GHz, the SIS 

devices follow very closely to the quantum noise limit (the best theoretically possible 

performance).  As frequency increases, however, the noise temperature skyrockets and 

SIS devices become largely useless.  HEB devices, however, take over in this region, as 
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they continue to show excellent noise characteristics [40].  Though I will not detail the 

differences here, there are diffusion-cooled and phonon-cooled HEBs.  TREND used a 

phonon-cooled HEB for several reasons, including a larger IF bandwidth and ease of 

production.  TREND’s HEB used a twin-slot antenna to capture the incoming beam.  The 

antenna was mounted directly on to an elliptical silicon lens.  The lens had a parylene 

antireflection coating to improve receiver noise temperature.  The lens yielded a 3 dB 

beamwidth of 3.4° at 1.56 THz [41], to which the telescope/LO optical system had to 

couple. 

 

 

Figure 5.21: Noise temperatures by detector type as a function of frequency for terahertz 
receivers [39]. 
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5.4.3 TREND – Optical Design 

 TREND’s optical system, shown in Figures 5.22 and 5.23, was designed by 

SORAL and began with a roof mirror attached to the receiver-selecting translation stage.  

The roof mirror reflected the sky beam to either AST/RO’s #3 or #4 pallet; TREND was 

installed on the #3 pallet.  Being a single-pixel receiver, TREND’s optics were the most 

straightforward of any of the AST/RO receivers presented here.  Two flat mirrors 

redirected the sky beam to an elliptical mirror, which refocused the beam on to the 

elliptical mirror, matching the beamwaist at the elliptical lens. 

 

 

Figure 5.22: TREND’s optical system in CAD. 
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Figure 5.23: TREND’s optical system installed on AST/RO. 

 

 At the time of TREND’s construction, there were no solid-state local oscillator 

sources of sufficient power to pump the mixer.  As discussed in Chapter 2, higher 

frequency solid-state LO sources struggle with extreme loss as the signal is passed 

through a series of multipliers.  Therefore TREND was forced to look elsewhere for its 

local oscillator source.  The solution chosen was a CO2 pumped far-infrared (FIR) gas 

laser, built by Coherent/DEOS.  By changing the pump frequency and gas used, FIR 

lasers are able to select many different terahertz frequencies at which to lase.  In 

TREND’s case, two frequencies were chosen that resided close to terahertz molecular 
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lines of interest – [N II] (205 µm or 1.46 THz) and CO (11-10) (237 µm or 1.27 THz) 

[42], [43]. 

 TREND’s FIR laser was very large – approximately 185 cm x 50 cm x 25 cm – 

and was not able to fit anywhere on or adjacent to AST/RO’s receiver pallets.  TREND’s 

laser was therefore mounted on a large breadboard in an optical support structure that 

hung from the ceiling in AST/RO’s receiver room.  Moreover, the dual lasing lines 

chosen for TREND’s astronomical goals had orthogonal polarizations.  The detector, 

however, couples to only one linear polarization.  This required a dynamic optical system 

that could switch between the two polarizations depending on which line was being 

observed at the time, rotating both so that they matched the detector.  This was enabled 

by having a series of flat mirrors and flip mirrors for the two paths, as shown in Figures 

5.24 and 5.25.  These mirrors properly rotate the polarization of the LO beam to match 

the mixer, before reaching an elliptical mirror mounted behind TREND’s optics board.  

The elliptical mirror reimages the LO beam to match the sky signal, into which it is 

injected by a beamsplitter on the other side of the optics board [42], [43]. 
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Figure 5.24: TREND’s primary LO optical path – for [N II] (205 µm). 
 

 

 

Figure 5.25: TREND’s secondary LO optical path – for CO (11-10) (237 µm). 
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5.4.4 TREND – Science 

 TREND was designed primarily to observe the 1.45 THz [N II] line in Galactic 

clouds. This line can be used to measure the UV flux from young stars and, consequently, 

the star formation rate. Unfortunately, while TREND was operational on AST/RO either 

weather or instrumentation problems prevented its detection of this line. The instrumental 

problem stemmed from fluctuations in the downconverted (IF) power of the receiver. 

This is believed to have arisen due to instabilities in the laser pump power.  Currently, 

this problem can be circumvented by using a commercially available solid-state LO 

source.  In terms of weather, 1.45 THz is at the frequency limit of what can be observed 

from the South Pole. In order to observe this and higher frequency lines, we are now 

working with the Chinese Antarctic Program to establish a new observatory on the 

highest point on the Antarctic plateau – Dome A (see Chapter 7). 

 

5.4.5 TREND – Summary 

 TREND played its part in continuing the evolution of submillimeter receivers for 

SORAL and the community at large.  Though it only had a single pixel, it was the highest 

frequency receiver then installed on a telescope.  As discussed in Chapter 1, terahertz 

astronomy is becoming very important to understanding the life cycle of the interstellar 

medium.  We will revisit these frequencies again in Chapter 6 when looking to SORAL’s 

future planned and proposed terahertz observatories. 
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5.5 AST/RO Summary 

 With its unique site characteristics, Antarctica offered us our first glimpse into the 

future of terahertz astronomy.  Science could be done at the South Pole that could be 

done no where else at that time.  Moreover, SORAL built receivers for AST/RO that 

surpassed any others of their kind.  AST/RO served as a gateway for SORAL to develop 

both larger arrays and higher frequency receivers.  In the following two chapters we will 

see this evolution continue and predict where it is going in coming years. 
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CHAPTER 6 

HEINRICH HERTZ SUBMILLIMETER TELESCOPE 

 

6.1 Telescope Introduction 

 The Heinrich Hertz Submillimeter Telescope (HHT or HHSMT) is a 10 meter 

Cassegrain telescope located on Mt. Graham in southern Arizona.  Mt. Graham is 

approximately 10,500 feet high.  Shown in Figure 6.1, the HHT was completed in 1993 

[44], [45], [46]. 

 

 

Figure 6.1: The Heinrich Hertz Submillimeter Telescope. 
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 The weather in the Sonoran desert, together with its high altitude, enables 

observations from the HHT to frequencies as high as ~1 THz in extremely good weather 

conditions.  More commonly, the HHT uses a suite of bolometric and heterodyne 

receivers that cover frequencies of 230, 345, 460, and 650 GHz, in addition to 810 GHz 

(or in wavelength: 1.3 mm, 0.87 mm, 0.6 mm, 0.45 mm, and 0.37 mm). 

 

 

Figure 6.2: Optical layout from the original HHT design documents [45]. 
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 The HHT is the best submillimeter telescope of its size, in terms of dish surface 

quality.  The dish has a surface of 12 µm rms, making it suitable for observations into the 

low terahertz spectral range.  The hyperbolic secondary focuses the HHT’s f/13.8 beam 

approximately 10 meters away, shown in Figure 6.2 [45]. 

 

 

Figure 6.3: A cross-section of the HHT attached to its elevation axis [45]. 
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 The primary, secondary, and support structure are supported by the HHT apex 

room.  The apex room is attached to the telescope pedestal through elevation bearings, 

shown in Figure 6.3.  The entire building, from the 2nd floor up, rotates with the dish in 

azimuth.  The sky beam travels from the secondary through the aperture in the primary 

into the apex room. A large tertiary mirror is mounted inside the apex room on the 

elevation axis.  The tertiary mirror is controlled by a motor which rotates the tertiary to 

reflect the beam down either the right or left elevation axis.  The elevation bearings have 

clearance holes through their centers that allow the telescope beam to propagate through 

them. Receivers are typically mounted to a flange bolted to the outside of the bearing 

housing.  A CAD representation of the standard mounting configurations is shown in 

Figure 6.4.  I contributed to the development of three HHT receiver systems: 

DesertSTAR, Hertz, and SuperCam.  The following sections describe these instruments 

in detail. 

 

 

Figure 6.4: CAD model of the standard HHT receiver mounting configuration. 
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6.2 DesertSTAR 

 DesertSTAR is a 345 GHz, 7-pixel heterodyne array receiver designed for the 

HHT.  DesertSTAR is a facility instrument, meaning it is open for use to all observers.  

The HHT has favorable weather conditions for 345 GHz observing approximately 55% of 

the time, making an array receiver extremely powerful for a site like this.  DesertSTAR, 

shown in Figure 6.5, is mounted on right-side Nasmyth flange (see Figure 6.4).  This 

flange has a large clear aperture (300 mm), making it suitable for array receivers.  The 

left-side Nasmyth flange is smaller, only 100 mm, due to the encoder for the elevation 

axis.  DesertSTAR was installed on the HHT for engineering runs every year between 

2003 and 2006.  It has since been removed to make way for SuperCam.   

 

 

Figure 6.5: DesertSTAR mounted on the right-side flange of the HHT. 
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6.2.1 DesertSTAR – Cryostat 

 DesertSTAR has a large cryostat, shown in Figure 6.6, built by Infrared 

Laboratories.  Its large volume allows for a 28”, 77K cold plate and room for cold optics.  

DesertSTAR was originally intended to have two arrays inside it, mounted on opposite 

sides of the cryostat.  DesertSTAR was later downsized to a single array, so the cryostat 

remains largely unfilled.  Cold optics, though not strictly necessary for most systems, 

help to reduce thermal noise in the system from the mixers looking at warm components.  

Rather than using cryogenics, which must be repeatedly refilled to keep the receiver cool, 

DesertSTAR makes use of an NRAO JT refrigerator.  The design is used on all the 

facility receivers at the HHT’s sister telescope in southern Arizona, the 12-meter on Kitt 

Peak.  DesertSTAR uses a window material called Zotefoam, which has been measured 

to have >99% transmission at 345 GHz by other groups [47] and proven sufficient to hold 

a vacuum with no permeability or outgassing concerns. [48] 

 

Figure 6.6: DesertSTAR’s cryostat. 
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6.2.2 DesertSTAR – Detectors 

 DesertSTAR, like PoleSTAR, utilizes distinct independent mixers mounted in the 

focal plane of the telescope. Each mixer, as shown in Figure 6.7, is individually mounted 

in a “rocket”, which is thermally strapped to the 4K, JT cold finger.  Each mixer is fitted 

with its own high density polyethylene (HDPE) lens, isolator, and low noise amplifier, all 

of which operate at 4K.   The 4K rocket is mounted to the 77 K cold plate using G10 

stand-offs for thermal isolation.   The mixers were designed in collaboration with Gopal 

Narayanan at the University of Massachusetts and Jacob Kooi at Caltech.  They were 

machined at UMass and the SIS devices were provided by Art Lichtenburger at the 

University of Virginia [48], [49]. 

 

  

Figure 6.7: DesertSTAR’s mixer array mounted in the cryostat (left) and an assembly an 
individual mixer (right). 

 

 The mixers use diagonal horns machined into the block to collect the incoming 

beam from the lens.  Though diagonal horns are not the most efficient feedhorns (see 
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Chapter 2), they are much easier to machine than corrugated or Neilson horns.  Their 

biggest drawback – poor cross-polarization – lowers their efficiency, but is only 

detrimental in dual-polarization systems.  The initial DesertSTAR lens design was based 

on the theoretical prediction for the Gaussian output of the diagonal feedhorns.  From 

both the first beam pattern tests done in the lab and the measurements taken during 

DesertSTAR’s first engineering run on the HHT, however, it was determined that the 

beam was broader than predicted.  Subsequently, I performed Agilent High Frequency 

Structure Simulator (HFSS) simulations that confirmed this fact, and the lenses were 

redesigned to accommodate the new data.  The results, representing the far-field beam 

pattern in both the E and H planes, are shown in Figure 6.8. 

 

 

Figure 6.8: Agilent HFSS simulation of the far-field pattern for a DesertSTAR’s diagonal 
feedhorn. 
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 The mixers are arranged in a hexagonal pattern, as shown in Figure 6.9.  The 

pixels are spaced at approximately 3w, producing an every-other-beam pattern on the sky. 

The mixers are placed at the Nasmyth focus of the telescope; no telescope reimaging 

optics are required.  The resulting beamwaist for the f/13.8 HHT beam with a 14dB edge 

taper at 345GHz is 9.88 mm. The 3w lens diameter is then 29.64 mm.  With these 

restrictions in mind, seven is the maximum number of 345 GHz pixels that can fit 

through the HHT elevation bearing. 

 

 

Figure 6.9: DesertSTAR’s pixel arrangement.  Physical dimensions of the lenses are on 
the left, beamsizes and spacings on the sky are on the right. 

 

 

 

 

 

 



147 

6.2.3 DesertSTAR – Optical Design 

 As mentioned in the previous section, DesertSTAR is placed at the Nasmyth 

focus of the HHT secondary.  Though this is often not an option for many systems, 

eliminating reimaging optics between the telescope and the receiver greatly simplifies 

installation and optical alignment.  As long as the mechanical connection to the telescope 

is stable and the mixers are oriented parallel to the optical axis (a moderate problem in its 

own right) the receiver will stay in alignment to the telescope.  A CAD view of 

DesertSTAR in its mounting frame is shown in Figure 6.10.  The only optic that 

DesertSTAR does have between it and the telescope is a flat mirror that folds the beam 

down onto the array.  A side-view of the beam path can be seen in Figure 6.11. 

 

 

Figure 6.10: CAD image DesertSTAR mounted on the HHT’s right Nasmyth flange. 
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Figure 6.11: DesertSTAR’s optical path and final LO configuration. 
 

 Also shown in Figure 6.11 is DesertSTAR’s final LO configuration.  Previously, 

when we had limited local oscillator power, DesertSTAR used a phase grating to split its 

single LO beam into multiple beams.  The LO and phase grating were mounted to the top 

of the DesertSTAR cryostat.  The reflective phase grating, designed and manufactured by 

the University of Köln, uses interference effects to selectively modify the outgoing beam 

into virtually any desired shape or pattern.  The phase grating pattern is superimposed 

onto a parabolic mirror, such that the individual beams were diverging as they spread out 

from each other in a hexagonal pattern.  The beams expanded from the phase grating 

before being straightened by an elliptical mirror past the edge of the cryostat.  This mirror 

also refocused the beams onto the mixer lenses, matching the f-number of the sky beams.  

This design had an efficiency of 80%, in theory. The output generated for DesertSTAR’s 

hexagonal pattern is shown in Figure 6.12 [48], [49]. 
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Figure 6.12: Measured output from DesertSTAR’s reflective phase grating. 
 

 The seven LO beams are injected into the path of the sky beams using a Mylar 

beam splitter.  A Martin-Puplett Interferometer was considered, but the experience of 

PoleSTAR taught us that alignment would be very challenging.  A CAD image of the 

phase grating method of LO diplexing and injection is shown in Figure 6.13. 

 

Figure 6.13: DesertSTAR’s alternate phase grating LO injection scheme. 
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 In the end, however, the phase grating method was not used for the final 

DesertSTAR configuration.  Though the grating itself worked very well, alignment again 

became an issue for individually mounted mixers.  Similar to the story with PoleSTAR, 

we later gained a higher power local oscillator chain that eliminated the need for careful 

diplexing of the LO signal.  Instead, we were able to use a broad LO beam to flood 

illuminate the mixer plane.  This version, shown back in Figure 6.11, uses a single HDPE 

lens to collimate the beam from the LO horn.  This collimated beam is injected into the 

optical path using the same Mylar beam splitter and illuminates the mixer plane.  

Mathematica models were built to determine the viability of this solution.  The energy 

each mixer receives is weighted not only by the fraction of the area it covers, but also by 

the strength of the Gaussian beam profile at it’s position in the focal plane.  The model 

determined that enough power (~10%) from the LO would be coupled into each lens, 

making flood illuminations a practical solution for LO power distribution.  The only 

disadvantage to this method was that the distribution among the pixels was not even.  The 

center pixel, being at the most intense part of the Gaussian beam, received significantly 

more power than its neighbors.  However, inserting a small amount absorber into the path 

of only the central pixel mitigated this effect, and roughly equalized the LO power in 

each pixel.  Though crude, this brute force method of LO diplexing was much simpler 

and more effective, given that we now had a surplus of LO power. In the next generation 

of arrays, with an order of magnitude increase in pixel count, a more effective means of 

diplexing the LO power will be required.  
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6.2.4 DesertSTAR – Science 

 DesertSTAR has been installed on the HHT for multiple short engineering runs.  

Figure 6.14 shows a 10 x 10 arcminute map taken of Orion IRC2 by DesertSTAR during 

engineering run in October 2003 [48], [49]. 

 

 

Figure 6.14: A 10 x 10 arcminute map of Orion IRC2 taken with DesertSTAR during the 
October 2003 engineering run [49]. 
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 DesertSTAR was also installed for an extended science run in 2006.  Even in its 

relatively short time on the telescope, it has produced useful observations.  This is due in 

large part to the fact that DesertSTAR, with all seven pixels, can map a given region at 

approximately 15 times the speed the HHT’s single pixel 345 GHz receiver.  During the 

2006 run DesertSTAR created a 5 x 5 arcminute map of the R Coronae Australis star 

forming cloud in the 12CO J=3-2 emission line (see Figure 6.15).  This data was matched 

with data taken with SCUBA/JCMT and Spitzer IRAC & MIPS images to determine the 

outflow characteristics of this region [50]. 

 

 

Figure 6.15: 5 x 5 arcminute map taken by DesertSTAR in April, 2006 [50]. 
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6.2.5 DesertSTAR – Summary 

 At the time of its construction, DesertSTAR was the largest array at 345GHz in 

the world. Data from it played a major role in one astronomy Ph.D. thesis [33] and has 

appeared in the wider literature. In our experience DesertSTAR represents the limit to the 

size of an array made by simply stacking individual mixer blocks in the focal plane of a 

telescope, The large number of cables, screws, brackets, and wires required by this brute 

force approach makes such arrays unwieldy and difficult to maintain. From this 

experience we learned that larger format arrays are best implemented by integrating as 

many components as possible into a single module. These modules should be easily 

accessible, with most connections made from one side with blind-mate connectors. This 

design philosophy is at the heart of the SuperCam concept.   
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6.3 Hertz Polarimeter 

 Hertz is a dual-polarization 64-pixel (two 32-pixel arrays) 810 GHz bolometer 

array constructed by the University of Chicago.  Hertz has been redesigned, in 

collaboration with Northwestern University, NASA Goddard Space Flight Center, and 

the University of Arizona, to do Cosmic Microwave Background (CMB) studies on the 

HHT.  A picture of Hertz attached to the right-side Nasmyth flange on the HHT is shown 

in Figure 6.16.  The cryostat, detectors, and associated electronics are the majority of the 

cost of the instrument, so reusing them with new optics and mounting hardware has 

proven to be an effective strategy.  Hertz was installed on the HHT for an engineering run 

in 2006 and is currently under development for a long-term installation [51], [52]. 

 

 

Figure 6.16: The Hertz polarimeter installed on the right Nasmyth flange on the HHT. 
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6.3.1 Hertz – Cryostat & Detectors 

 The Hertz instrument has two 32-pixel arrays (6x6 with the 4 corner pixels 

missing) mounted in a 0.3 K Helium-3 cryostat.  The two arrays are separated by a wire 

grid to allow for polarimetric observations.  Hertz was designed for submillimeter 

polarimetry studies on the Caltech Submillimeter Observatory (CSO) telescope.  The 

instrument is being reused for this new experiment.  The cold optics in the cryostat are 

unchanged and include three lenses (labeled the array, pupil, and field lenses) and 

Winston cones (see Chapter 2) that direct incoming light to the bolometers.  The optical 

system expects to receive incoming beams as if it is in the focal plane of the CSO.  Any 

optics designed to go between the HHT and Hertz must reproduce the expected incoming 

beams.  A schematic diagram of the cold optics is shown in Figure 6.17 [53].  Note that 

this image is rotated: in the image below the polarimeter is looking up, in the HHT 

system the cryostat looks down. 

 

Figure 6.17: A schematic of Hertz’s cold optics [53]. 



156 

6.3.2 Hertz – Optical Design 

 The optical design to match Hertz to the HHT was done initially by Christian 

Drouet d’Aubigny of SORAL.  I assisted after the design was completed with 

tolerancing, optical mounts, telescope integration, alignment, and installation.  The 

optical design and optimization was done in Zemax.  This was the first time Zemax had 

been used for a major submillimeter instrument in SORAL.  Previously, all of our optical 

systems had been simple enough that no real optimization was necessary (though it surely 

would have been helpful).  As we move further into array territory, however, the optics 

are getting more complicated. Optical design packages are now a necessity for the current 

generation of arrays, and Hertz was a welcome introduction to designing for these 

systems. 

 There were two key goals in the optical redesign for Hertz.  The first, as 

previously discussed, was to match the CSO’s focal plane in order to keep the cold optics 

inside the Hertz cryostat.  The f-number swing is rather large (from f/4.48 at the CSO to 

f/13.8 at the HHT), especially for a large array.  Nonetheless, such a transformation is 

relatively straightforward.  The second goal, however, related to the polarimetric nature 

of the instrument.  Hertz uses a pair of Variable-delay Polarization Modulators (VPMs), 

designed by George Voellmer at NASA Goddard and shown in Figure 6.18 [54].  The 

VPMs enable Hertz to detect very small polarization-dependant variations in the 

dominant background signal.  They constitute a new method of performing polarization 

rotation, which has most often been accomplished at submillimeter wavelengths using 

half-wave plates.  The VPMs are essentially a grid-mirror pair separated by a controlled 
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gap.  The size of the gap directly determines the amount of phase difference between the 

light reflecting off the grid and the light reflecting off the mirror.  Ensuring parallelism 

between the grid and the mirror to a very high level (1%) is critical to the effectiveness of 

the VPMs and they have been specifically designed to take this into account [54]. 

 Hertz is, in part, a proof of concept of this new method.  The one difficulty that 

the VPMs introduce into the optical system is that they are very sensitive to walk-off 

between the two polarization components.  Walk-off of even a fraction of a wavelength is 

unacceptable for the polarization studies Hertz will perform.  As a result, the Hertz/HHT 

optical system was designed to place the pupil stop near the VPMs at a low angle of 

incidence to minimize walk-off. 

 

 

Figure 6.18: A Variable-delay Polarization Modulator (VPM) for Hertz. The wire grid is 
faintly visible in front of the mirror. 
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 Placing a pupil stop halfway through the system was done much as it was with 

PoleSTAR – using a pair of off-axis parabolas.  The fundamental optical design is to 

allow the HHT beams to focus and re-expand to the first parabola (P1).  The parabola 

then collimates the beams and reflects them toward the VPMs.  The VPMs are set at a 

low angle of incidence (20°), with a flat mirror in between to create room for all the 

beams to pass.  The beams are then incident on a matching parabola (P2) which refocuses 

the beams.  The chief rays of the individual fields converge and cross approximately 

halfway between the parabolas, creating a pupil stop halfway between the VPMs.  A 

Zemax layout of the pair of parabolas is shown in Figure 6.19.  The beams come to a 

focus after the parabola and re-expand to an elliptical mirror (E1) that is sitting 

underneath the Hertz cryostat.  The elliptical mirror reimages the beams to match the 

f/4.48 and pupil location of the CSO.  Zemax layouts of the latter half of the optical 

system are shown in Figure 6.20. 
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Figure 6.19: Zemax model of the matched parabolas creating a pupil stop in between the 
pair of Variable-delay Polarization Modulators. 

 

 

 

Figure 6.20: Zemax model of the elliptical mirror matching the Hertz cryostat lenses. 
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 A mechanical mount much like DesertSTAR’s was designed to attach Hertz and 

its optical package to the right-side Nasmyth flange of the HHT.  The mechanical 

properties of the mount were carefully modeled to insure structural integrity, minimize 

vibration and bending when the mount was attached to the telescope.  In addition to the 

curved optics discussed above, there were a number of flat mirrors included in the optical 

train for practical reasons.  Primarily these were to give the HHT room to focus before 

expanding to the first parabola and to reorient the beam to enter Hertz from below.  Each 

of the curved mirrors was mounted with XYZ translation and tip-tilt Newport stages for 

alignment.  CAD images of the Hertz optical system in place on the HHT are shown in 

Figures 6.21 and 6.22. 

 

Figure 6.21: CAD image of the Hertz optical and mechanical system installed on the 
right Nasmyth flange of the HHT. 

 



161 

 

Figure 6.22: CAD image of the Hertz optical design. 

 

6.3.3 Hertz – Science 

 Though it has only been through a single engineering run, the optical system 

worked as designed and operated with an instrumental polarization of less than 1%.  No 

extensive science studies were done, but images were taken to characterize the optical 

system and the new VPM method.  Data was taken by observing the planet Jupiter and 

SgrB2, the Galactic center.    Photometry maps obtained from this data are shown in 

Figure 6.23 [51]. 
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Figure 6.23: Photometry maps of Jupiter (left) and SgrB2 (right) taken with Hertz during 
its 2006 engineering run. 

 

 

6.3.4 Hertz – Summary 

 Hertz is currently under development to return to the HHT for a long-term 

installation.  With the lessons learned from the first run concerning the alignment of the 

VPMs and the performance of the telescope, Hertz will be optimized to eliminate 

polarization inefficiencies and instrumental polarization. 

 Though Hertz is outside of SORAL’s typical submillimeter work, being both 

polarimetric and bolometric, it was still a valuable step in SORAL’s evolution.  

Designing optics for an array is an important part of the next big step, SuperCam, which 

will be covered in the following section. 



163 

6.4 SuperCam 

 SuperCam will be a facility 64-pixel, 345 GHz heterodyne array receiver for the 

HHT.  SuperCam is the latest generation of array receivers from SORAL and represents 

the single largest project in which I have participated, both in terms of project scope and 

personal involvement.  It is the culmination of the lessons we have learned from each of 

the previous receivers covered in this dissertation, and will pave the way for the next 

generation of arrays that will follow.  The key to SuperCam has been integration – 

combining as many elements of the receiver as possible to simplify design, construction, 

and use.  Using discreet components (mixers, magnets, amplifiers, cables, etc.) will 

simply not work for an array of any significant size; there are too many parts to install 

and wire individually.  As we will see, this level of integration is critical to this 

generation of arrays, and a new level will be necessary for the next generation. 

 SuperCam has been in development for the past few years and will see first light 

in the winter of 2008 on the HHT.  Moreover, unique among SORAL’s projects, 

SuperCam is the only receiver I will have seen through from beginning to end.  Each of 

the projects I have covered thus far had begun, in SORAL or elsewhere, before my 

arrival.  Each of the projects I cover in the following chapter (concerning the future of 

terahertz array receivers) will only be realized after my departure.  Only with SuperCam 

will I have been involved from the first proposal through to installation. 
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6.4.1 SuperCam – Cryostat 

 SuperCam’s cryostat, shown in Figure 6.24, is a 17.75” x 16” x 18.75” box made 

by Universal Cryogenics in Tucson, AZ.  The form factor, which differs from the more 

typical cylindrical receiver, was chosen to meet the various physical demands on the 

receiver.  The receiver requires large accessible areas for access panels, two refrigerator 

heads, and many connectors.  Though this could be done on a cylindrical cryostat, it 

would have to be bigger.  Significant constraints on SuperCam’s location on and 

integration with the HHT limit its size, leading us to choose this cube-like shape [55]. 

 

 

Figure 6.24: SuperCam’s cryostat, built by Universal Cryogenics.  Visible in the picture 
are the array of connectors (left), the quartz window (center), and the two coldheads 

(right). 
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 SuperCam uses two separate refrigerators to cool the focal plane and the 

associated electronics.  A Sumitomo Model SRDK-415E-A71A cryocooler is used to 

bring the detector plane to 4 Kelvin.  The cooler has 1.5 W of thermal load capacity at 4K 

and 45 W at 40K.  The cooler is thermally connected to the cold plate using vibration-

damping copper straps, which ensure that periodic motion from the active refrigerator 

will not adversely affect the detectors.  The second cryocooler, a CTI-350 coldhead (the 

same coldhead used on the PoleSTAR and Wanda hybrid cryostats), is used to 

supplement the Sumitomo’s thermal capacity at 40K.  The CTI-350 is strapped directly to 

the 64, 12K semi-rigid coaxial IF cables that travel from the detectors to the external 

connectors mounted to the cryostat’s outer shell.  The addition of the second cryocooler 

allows us to have relatively short lengths of cable between 300K and 4K, while 

maintaining a low heat load at 4K.  Each of these components have been tested and found 

to meet the thermal requirements for SuperCam with an expected load capacity margin of 

~50% [55]. 

 SuperCam has a large number of connectors on the external casing of the cryostat.  

SuperCam has 64 pixels, and each pixel requires several bias connections, magnet 

connections, and an IF cable output.  As a result, SuperCam has twelve 55-pin connectors 

on its case, as well as 64 SMA IF connectors.  Though this is still a large number of 

connectors, inside the cryostat the breakout to individual receivers is as integrated as 

possible to simplify installation. 

 For SuperCam we chose to go with a 5.5” z-cut crystalline quartz window, just 

like that used on PoleSTAR (see Chapter 4).  Though Zotefoam worked very well for 
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DesertSTAR, quartz is universally the preferred, if expensive, choice for reasonably sized 

windows.  As with PoleSTAR, the window is antireflection coated, though this time with 

Teflon, and has a diamond dust coating on the inside to reduce thermal load. 

 

6.4.2 SuperCam – Mixer Arrays 

 The chief lesson from PoleSTAR and DesertSTAR was that discreet mixers could 

not practically be built into a large array.  Individually mounting so many components 

and wiring so many connections was extremely complicated even for DesertSTAR’s 

seven pixels.  Moreover, aligning all seven pixels to be parallel to each other (i.e., 

removing “squint”) has caused multiple problems in previous systems, including the local 

oscillator issues detailed in previous sections. 

 The single most important step in furthering heterodyne arrays that SuperCam is 

making is the integration of multiple pixels into a single block.  Rather than the 

PoleSTAR and DesertSTAR methods of individual mixers mounted together, 

SuperCam’s 8 x 8 array will have one dimensional mixer blocks containing eight mixers 

each.  Each 1 x 8 mixer block will include, for each of the eight mixers, all the 

components typically integrated into a mixer assembly for a single-pixel receiver. 
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Figure 6.25: CAD image of SuperCam’s 1 x 8 mixer block with some important features 
labeled. 

 

 The 1 x 8 mixer block, shown in Figure 6.25, has a few important features which 

are labeled in the figure.  Starting at the incoming beam, the light is coupled into the 

mixer block using diagonal feedhorns exactly like those used on DesertSTAR.  As with 

DesertSTAR, SuperCam is a single polarization receiver and is therefore not harmed by 

the weak cross polarization inherent to diagonal horns.  Diagonal horns are, by far, easier 

to machine than either corrugated or Neilson horns.  SuperCam’s mixer block is a long 

(multiple days) series of machining operations, so a relatively simple feedhorn is 

desirable both for the machinist and for machining reliability. 

 In the first design iteration for SuperCam, each feedhorn coupled to a small 3w 

mixer lenses to slow down the emerging beams, just as all previous SORAL receivers 

have done.  These lenses, as well, were integrated into 1 x 8 arrays for alignment 

reliability.  A CAD image of the full 8 x 8 array installed in SuperCam’s cold plate with 
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eight 1 x 8 lens arrays bolted on top is shown in Figure 6.26.  However, we later decided 

that even with the lenses integrated into linear arrays, alignment could still present a large 

issue.  As a result, we chose to go with a new method of slowing down the beams. 

 

 

Figure 6.26: SuperCam’s rejected 8 x 8 lens array. 
 

 The current design has a Horn Extension Block mounted to the top of mixer 

block.  These horns extend the diagonal horns in the block to have apertures that fill the 

3w mixer spacing.  The decision to add them was made after the mixer block was 

finalized, so they are not included in the block itself.  However, they would likely not 

have been included anyway, as they would have made machining that much more 

complicated.  The only downside to this is taking care in aligning the extension blocks to 

the mixer blocks.  The extension block is attached with precision machined guide pins to 

ensure alignment between the two parts of the horn. 

 The feedhorn couples to half-height waveguide before going through a 90° bend 

and reaching an impedance transformer to full height rectangular waveguide.  The SIS 

junctions are suspended above the suspended strip-line channel via four small beamlead 
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supports.  Tack-bonding is used to connect both ends of the device (hot and ground).  The 

junctions are fabricated by the University of Virginia on Silicon-On-Insulator (SOI) 

substrates with beam lead supports and electrical contacts.  A close-up view of the 

junction mounting area in the block is shown in left side of Figure 6.27 [56]. 

 

  

Figure 6.27: Close-up view of the junction mounting area in SuperCam’s mixer block 
(left) and a reverse view of the magnet placement (right). 

 

 Also visible on the left side of Figure 6.27 are the magnet “feet” poking through 

from the backside of the block.  The feet concentrate the magnetic field on the SIS 

junction.  The magnet, for best packing efficiency, is mounted on the opposite side of the 

block as the rest of the components, as shown on the right side of Figure 6.27.  The 

magnet was designed by Christopher Groppi of SORAL.  One lesson learned from 

DesertSTAR not mentioned above was the importance of a properly aligned magnet.  
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CST EM Studio was used to optimize the performance of the magnet to efficiently 

suppress the Josephson effect in the SIS junction.  Efficiency is important to limit the 

heat load (from power use) on the mixer block.  Pictures of the magnet design and 

simulation results are shown in Figure 6.28. 

 

   

Figure 6.28: SuperCam’s magnet, designed in CST EM Studio, courtesy Chris Groppi. 
 

 Following the SIS junction is, as in all heterodyne receivers, a low noise amplifier 

(LNA).  In the discreet pixel receivers of the past, LNAs have been a separate module 

that attaches to the back of the mixer block through an impedance matching circuit.  

SuperCam’s integration strategy, however, demanded that the LNAs be incorporated into 

the mixer block.  The result is a LNA MMIC module, designed by CalTech/JPL, which 

can be entirely built and tested in the lab before being installed in the block.  The LNAs 

are optimized to have low noise and low power consumption.  Moreover, the MMIC 

module carries the bias electronics for the mixer – another important integration factor.  

A CAD image and a picture of the CalTech MMIC module are shown in Figure 6.29. 
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Figure 6.29: SuperCam’s CalTech LNA MMIC module. 
 

 One end of the module is tack-bonded to the hot end of the SIS junction.  The 

other is bonded to a microstrip line on a DC/IF break-out board mounted in the mixer 

block.  The DC/IF board, designed in SORAL by Paul Gensheimer and refined by Robert 

Stickney, serves two functions.  The first is to transmit the IF signals leaving the LNAs to 

coaxial output connectors.  Due to the dense packing of the array – 11mm spacing 

between pixels – standard SMA connectors could not be used.  Instead, the IF signals are 

transmitted through Corning Gilbert GPPO sub-miniature push-on, blind-mate 

connectors.  The second purpose for the DC/IF board is to transmit the bias signals for 

the mixer and the magnet.  The leads from the MMIC module’s bias electronics are 

wirebonded to the pads on the DC/IF board.  The magnet lines come through vias from 

the backside of the board.  Both the bias DC signals and the magnet DC signals are 

brought off the board using Omnetics connectors.  Like the GPPOs, these connectors are 

very low profile, push-on, and blind-mate.  They have extremely densely spaced pins (25 
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mils) – the magnet DC connector has 25 pins and the bias DC connector has 51 pins.  A 

CAD image of the DC/IF board and all the connectors is shown in Figure 6.30. 

 

 

Figure 6.30: SuperCam’s DC/IF board with labeled connectors. 
 

 The last important design element of the mixer block is how it interfaces – 

mechanically, thermally, and electronically – with the cryostat.  A chief design goal for 

SuperCam is simplification of installation, so each mixer block is designed to be capable 

of insertion and removal with minimum effort.  SuperCam has, at its center, an 11.25” x 

10.75” cold plate, held at 4K by its Sumitomo refrigerator.  A rectangular hole is cut 

through the center of the plate in which the 1x8 mixer blocks are mounted.  To enable 

simple installation and removal, U-shaped mounting assemblies are installed in the cold 

plate.  Mating connectors for the DC/IF boards are permanently installed in the U-shaped 

mounting brackets.  The brackets also have channels in the sides that match the tabs 
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protruding from the sides of the mixer block.  This allows the user to slide the mixer 

block into the mounting bracket and press the blind-mate connectors into place with 

repeatable accuracy.  The reliability of this procedure is important to avoid damaging the 

connectors or the DC/IF board to which they connect.  CAD images of the bracket 

mounted in the cold plate and the mixer block being inserted into the mounting bracket 

are shown in Figure 6.31.  An image of all eight mixer blocks with their horn extension 

blocks installed in the cold plate is shown in Figure 6.32.  Also visible in these images 

are small levers attached to the mixer blocks.  The disengaging force of the connectors, 

especially the Omnetics connectors, is relatively large.  To avoid removing the blocks 

crookedly and potentially damaging the connectors, these levers were added to smoothly 

separate the two halves of the connectors.  A picture of the first SuperCam prototype 

mixer block installed in the cold plate is shown in Figure 6.33. 

 

 

Figure 6.31: SuperCam’s mixer block mounting method. 
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Figure 6.32: SuperCam with all eight mixer blocks installed in the cold plate. 
 

 

Figure 6.33: SuperCam’s prototype mixer block installed in the cold plate. 
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 A final important consideration for these mixer blocks, as effective as they might 

be, is whether or not they can be machined.  Previously, colleagues at the University of 

Massachusetts – Amherst have machined our mixer blocks with a custom-made 

micromilling machine.  However, that machine is not suitable for large production 

batches like SuperCam.  To accommodate the machining task, SORAL purchased a Kern 

MMP 2522 micromilling machine.  This machine is capable of machining the small 

(~120 microns) features required by the junction area of the SuperCam mixer block.  

Moreover, it is entirely computer controlled, programmable, and repeatable, ensuring 

consistency among the eight mixer blocks.  The Kern machine has a 0.1 µm resolution, 1 

µm positioning accuracy, and 1 µm repetition accuracy.  A picture of the Kern machine 

in the lab can be seen in Figure 2.17 [12]. 

 Integrating several mixers into a one dimensional array mitigates many of the 

problems fundamental to building large array receivers.  Eight mixers now share only two 

DC connections and eight IF connections to the rest of the cryostat.  The mixers’ 

feedhorns are machined directly into the block and are machined all at once.  This assures 

extremely accurate parallelism among the eight beams.  Most importantly, a single 1x8 

block can be assembled on a lab bench and slid into the mixer block mount as a unit.  The 

mixer modules can be removed for diagnostics and servicing without rewiring, a big 

improvement over PoleSTAR and DesertSTAR. This packaging approach is a 

fundamental shift in the construction of heterodyne arrays and is what allows us to make 

an instrument like SuperCam. 
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6.4.3 SuperCam – Optical Design 

 SuperCam has a number of challenges to its optical design.  Recalling our 

discussion of the HHT’s optical setup, the telescope has two flanges for mounting 

receivers at the Nasmyth foci (see Figure 6.4 at the beginning of the chapter).  

Unfortunately, the HHT was not designed with large arrays in mind, and the clear 

aperture through the elevations bearings are only 100 mm and 300 mm in diameter.  

DesertSTAR represented the maximum number of 345 GHz f/13.8 pixels one could 

readily fit through the bearings.  Moreover, the f/13.8 Cassegrain focus at 345 GHz has a 

9.88 mm beamwaist.  Spacing the pixels in the focal plane by 3w means a minimum 

spacing of 29.64 mm.  For an 8x8 array, this implies a square focal plane that is 8” on a 

side.  A focal plane of this size necessitates a large cold plate (increasing the load on the 

refrigerator), a large cryostat (increasing the price and the mechanical mounting 

requirements), and a large window (affecting the thermal loading and potentially the 

available window material) if there are no cold optics.  Therefore, we chose to change the 

f-number of the telescope in the focal plane to pack the pixels more tightly.  The packing 

of the array, as mentioned in the detector discussion above, places the mixers 11 mm 

apart.  For 3w spacing, this implies beamwaists of 3.667 mm in the focal plane, or f/5 

beams. 

 There are two ways to change the f-number of the telescope: install a new 

secondary or reimage the focus with intermediate optics.  The former option was 

baselined in the original proposal; however it has a couple of drawbacks.  In the first 

place, a new secondary is very expensive – far more expensive than any reasonable set of 
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reimaging optics.  Secondly, SuperCam will be only one of a suite of receivers on the 

HHT.  To switch from SuperCam to another receiver would require switching 

secondaries – a lengthy (~1 day) installation and realignment process. For optical/infrared 

astronomy such a secondary change does not severely impact observing time since it can 

be done during daylight hours when the telescope is not in use. However, at 

submillimeter-wavelengths, observing can take place 24 hours a day. Any telescope 

downtime is lost science.  Generally on a telescope like the HHT (or AST/RO) with a 

wide range of receivers available, some of them will have priority observing in times of 

exceptional weather.  Such periods of weather can be short, certainly less than a day, and 

a period of opportunity might be lost to a high frequency receiver on the HHT because of 

the long switch-over process.  Consequently, SuperCam will have reimaging optics to 

change the f-number of the telescope to match the f-number of the array.  I have, with the 

assistance of Christian Drouet d'Aubigny, developed two approaches for mounting 

SuperCam on the HHT. 

 

6.4.4 SuperCam – Optical Design Option #1 

 The largest clear aperture through the elevation flanges is 300 mm; a single f/5 

beam expands to a 3w size of 450 mm – much too large to fit, let alone with an array of 

64 pixels.  Therefore, the first design option for SuperCam’s optics is to place the system 

inside the apex room itself.  Unfortunately, the apex room is somewhat small 

(approximately a 2 meter cube) and has large horizontal support plates through its 

middle, so finding places to mount large optics, a large cryostat, and all the associated 
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electronics is somewhat difficult.  Figure 6.34 is a CAD representation of the apex room, 

showing the horizontal plates that cross the room. 

 

 

Figure 6.34: The HHT’s apex room, behind the primary dish. 
 

 As a result of these structures, the only place SuperCam can really go in the apex 

room is in between the cross-plates.  The cryostat will not fit above or below them in the 

apex room.  In between these plates, there is less than 2 meters from bearing to bearing, 

and the telescope beam propagates in the middle between the plates.  In addition, an 

access door opens into the room, effectively limiting the front-to-back distance available.  
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Lastly, the existing telescope tertiary is in the middle of the room and will have to be 

removed for any optical design to work. 

 

 

Figure 6.35: CAD image of SuperCam’s optical design option #1. 
 

 Letting the f/13.8 beam come to a focus before reimaging it simply takes up too 

much path length in the apex room and requires many flat mirrors.  Consequently, with 

the assistance of Jim Burge of the Optical Sciences Center, we developed the following 

design, a CAD image of which is shown in Figure 6.35.  The design first used a 

hyperbolic mirror to catch the beam before its focus.  The hyperbolic mirror focuses the 

beams much more quickly, increasing their f-number.  They are then allowed to re-

expand to an elliptical mirror, which reimages the array with the proper spacing and f-

number on to the focal plane of the receiver.  A Zemax layout of this optical system is 

shown in Figure 6.36. 
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Figure 6.36: Zemax layout of SuperCam optical design #1. 
 

 Hyperbolic and elliptical mirrors, and indeed all curved mirrors, will perform 

better with shallow angles of incidence.  Through experience, we have learned that as a 

rule, the angle of incidence for an off-axis mirror should be <15°.  Therefore placing the 

hyperbolic mirror immediately following the tube coming from the primary is not 

acceptable because the beams would want to bounce back at a shallow angle toward the 

wall.  Instead we have a large tertiary mirror that reflects the beams to the side before 

they hit the hyperbola.  The beam bundle is still very large at this point, resulting in a 

large hyperbolic mirror (~0.5 meter square).  The beams reflect from the hyperbola with 

an angle of incidence of 20°.  This is larger than we would like, but this is an unfortunate 

restriction stemming from the size of the room.  A lower angle of incidence pushes the 

hyperbolic mirror further from the tertiary to allow the beam bundle to clear the edge of 

the tertiary.  Going to a 15° angle of incidence pushes the hyperbola into the wall of the 
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apex room.  The ellipse, because the beam spacing has been compacted, is able to be 

smaller and have a shallower 7.5° angle of incidence. 

 There are three primary metrics we used to determine system performance.  The 

first metric is a straightforward optical path difference (OPD) plot, attempting to 

minimize the aberrations in the focal plane.  Secondly, matching the f-number of the 

array is clearly important for good coupling between the telescope and the mixer 

feedhorns.  Lastly, the beam spacing in the focal plane is important.  Though the real 

spacing does not have to be as good as the other two metrics, any difference between that 

and the desired spacing will manifest itself as a change in beam spacing on the sky.  It is 

acceptable for the beams to spread out slightly on the sky, though the difference will have 

to be accounted for in software so that a user knows what parts of the sky the receiver is 

observing.  However if the beams come closer together on the sky, the receiver is 

oversampling any given region and is therefore sacrificing efficiency and mapping speed.  

Each of these metrics was accounted for in the Zemax merit function.  The merit function 

also had many spacing parameters representing physical restrictions of the apex room and 

angular restrictions to target acceptable angles of incidence. 

 Despite the concessions we had to make to fit the design into the apex room, the 

optics perform pretty well.  The results of the first metric, OPD, are shown in Figure 

6.37.  They show that the design has an OPD of less than ±0.1 waves across all fields.  

Naturally the beams on the outside of the array are affected most strongly by aberrations.  

Though by no means exceptional, 0.1 waves is certainly acceptable performance for 

optics designed for a large array with such limiting restrictions.  The f-number is within a 
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couple percent of the target, which is acceptable.  Unfortunately, the pixel spacing is 

tighter than intended.  The outside pixels are five millimeters further in than they should 

be.  This translates to a more spread out beam pattern on the sky, which is acceptable, 

though not preferred. 

 

 

Figure 6.37: OPD plots for SuperCam optical design #1. 
 

 One design consideration I have not mentioned thus far is the importance of 

beams angle of incidence on the focal plane itself.  Unlike a bolometric system where all 

that matters is that the light is incident on the detector, a feedhorn is sensitive only to a 

particular Gaussian beam pattern.  If the incoming beam profile does not match this 
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pattern, coupling efficiency will suffer.  Another way to say this is that if the incoming 

beamwaist does not match the feedhorn’s beam waist, they will not couple as well.  The 

difference in beamwaist is equivalent to a difference in their Gaussian profiles or f-

numbers.  Additionally, if the beamwaists are shifted laterally in the focal plane (i.e. the 

beam spacing is wrong), shifted along the optical axis (i.e. detector plane is not coplanar 

with the focal plane), or shifted angularly (i.e. the beams are coming in at a non-normal 

angle), the coupling will decrease.  Calculations for the effect on coupling by each of 

these misalignments are straightforward.  For more information, see Chapter 1 where I 

discuss them in detail.  They are also integrated into GCalc, see Chapter 4. 

 In SuperCam’s first optical design option, the most extreme beams (those in the 

corners of the array) are incident on the detector plane at angles between one and two 

degrees.  Though this seems slight, a 1.5° misalignment angle leads to a 12% loss in 

coupling.  Moreover, the dependence on angle is not linear and increases to 20% for a 2° 

misalignment.  Such a loss is not acceptable for all of our outside pixels.  The solution to 

this problem is to turn the quartz cryostat window into a kind of low-power field lens to 

change the angle of the incoming chief rays without changing the f-number of the beams.  

We were unable to find a way to use Zemax to optimize this parameter, so we turned to 

another optical program which is slightly more suited for Gaussian beams – the 

Advanced Systems Analysis Program (ASAP) by Breault Research. 

 Initially, Gary Peterson, an engineer at Breault, built a model of SuperCam on the 

HHT which I used to analyze the performance of the optical system.  Though Zemax is 

generally reliable for these systems, it is fundamentally a ray tracing program and does 
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not account for diffraction limited beams.  We therefore wanted independent 

confirmation of the design’s performance before proceeding.  This model, an image of 

which is shown in Figure 6.38, confirmed Zemax’s results.  ASAP is, in fact, capable of 

coupling a Gaussian beam incident on a given focal plane with a Gaussian beam defined 

by the user.  By defining a Gaussian beam that matched that of the feedhorns, we were 

able to simulate the coupling between our optics and the receiver.  The analysis revealed 

a coupling of 70% - 93% across the field at the detectors, clearly revealing that the angle 

of incidence at the focal plane was hurting our performance. Figure 6.39 shows the ASAP 

output of the beam pattern at the focal plane, which looks very much like a Gaussian 

profile. 

 

 

Figure 6.38: ASAP model of SuperCam optical design #1. 
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Figure 6.39: ASAP output for beam pattern in the focal plane for SuperCam optical 
design #1. 

 

 Simple optical principles were used to determine what radius of curvature would 

be appropriate to bend the chief rays at the edges by ~1.5°.  I modified the model to 

include this radius of curvature on one side of the cryostat’s quartz pressure window and 

simulated its effect.  While it did improve the coupling, ASAP has no built-in capability 

for optimization.  Therefore, I wrote a small script that cycled through many radii of 

curvature and measured the coupling for each.  The output of the script clearly showed 

that the maximum coupling was for a quartz window with a radius of curvature of 1800 

mm.  Implementing this window improved the Gaussian coupling at the detectors to 88-

92% across the field, sacrificing only 1% coupling for the central pixels.  This is a 

significant improvement and very acceptable for our system. 

 One final consideration that must be taken into account is the mechanical stability 

of the mirrors.  The primary and secondary are mounted directly off of the apex room.  
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The apex room rotates on the elevation bearings from horizon to zenith to point the 

telescope.  This means that any structures or optics inside the apex room must be stable 

when gravity rotates 90 degrees.  The mechanical structure inside can certainly be built 

stably enough to withstand this rotation.  However, we did not know how this effect 

might change the optical characteristics of the relatively large and heavy mirrors.  I 

therefore did a Finite Element Analysis (FEA) of the larger mirror (the hyperbola) to 

determine the impact of changing gravity. 

 I will not cover the details of the analysis here, as the result was that there was 

very little impact on our optics.  Our wavelength is so large that our tolerancing 

requirements are extremely loose.  The radius of the curvature can vary by as much as 

4% and the surface irregularity can be as high as 1.5 waves, or over a millimeter.  This 

allows significant leeway in the mounting structure and the impact of surface 

deformations.  Because I did not know this ahead of time, for the analysis I designed a 

mounting system that one might typically use for systems with much tighter tolerances.  

The resulting analysis revealed deflections on the order of 5 microns.  Even when a load 

four times higher than those predicted was placed on the mirror, the deflection only 

increased by another 5 microns.  The consequence of this analysis is that surface 

deformations will not be a concern for our system as long as the mirrors are held stably.  

That is, if the problem is solved mechanically, it will not be a problem optically. 

 A list of the parameters of each optical component in design option #1 is given in 

Table 6.1.  Though design option #1 would be a successful optically, it does introduce 

some practical issues.  Firstly, concerning the quartz window, SORAL has not used a 
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curved window before.  Polishing the window to the desired curvature would be both 

expensive and risky.  Moreover, the window must have an anti-reflection coating applied 

to the curved surface, which is also a dangerous procedure.  Secondly, and more 

importantly, SuperCam’s presence in the apex room means that no other receivers are 

able to operate.  Like the alternate secondary option, SuperCam would have to be 

completely removed and the original tertiary reinstalled before another receiver could 

observe.    As a result, another option has been proposed for mounting SuperCam.  

 

Table 6.1: SuperCam optical design option #1 parameters 
Mirror Size Radius of Curvature Conic Constant 

Flat Tertiary 0.75 m x 0.55 m - - 
Hyperbola 0.5 m x 0.5 m 1692 mm -3.05 
Small Flat 0.1 m x 0.1 m - - 

Ellipse 0.4 m x 0.4 m 772 mm -0.03 
 

6.4.5 SuperCam – Optical Design Option #2 

 SuperCam cannot go in the receiver rooms on either side of the apex room 

because of the small clear apertures through the elevation bearings. When in the apex 

room it prevents the use of other instruments. The only other option is to put SuperCam is 

on top of the apex room.  The top of the apex room is essentially level with the 5th floor 

of the HHT.  The 5th floor is generally used to store and operate the compressors for the 

refrigerators attached to various HHT receivers.  This floor is completely open to the top 

of the telescope enclosure ("dome"). An image of the 5th floor with a SuperCam dummy 

structure attached to the top of the apex room is shown in Figure 6.40.  This structure, 

which will shortly be covered in detail, contains SuperCam’s cryostat, optics, and all 
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associated electronics.  As one can see in the picture, there is much more room in two 

dimensions (looking from above) for a system mounted on top of the apex room than 

inside it.  The one dimension still restricted is the height off of the apex room.  Figure 

6.41 shows a picture of the gap between the adjacent wall and the back of the apex room.  

SuperCam’s Optical Support Structure (OSS) cannot be any taller than that gap when 

rotated a through a 90° angle (horizon to zenith).  Geometrically, the point at which the 

back end of the OSS will stick out the most is at 60°.  At this point the OSS is limited in 

height to approximately 25”.  Even with this taken into account, modifications will have 

to be made to the HHT building (removing light fixtures and an access ladder) to allow 

the dish to rotate freely. 

 

 

Figure 6.40: The HHT’s 5th floor with a dummy SuperCam structure attached to the top 
of the apex room. 
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Figure 6.41: The gap between the back of the HHT apex room and the wall. 

 

 In this design the first issue to tackle was getting the 64 telescope beams to the 

roof of the apex room.  The whole reason for designing this option was to enable the use 

of any receiver on the HHT at any time.  Therefore, the original HHT tertiary will have a 

new setting added which points the tertiary up, instead of left or right.  This allows 

switching from SuperCam to another receiver as easily as switching receivers is now.  

The large SuperCam beam bundle travels upward to the ceiling of the apex room.  The 

bundle passes mostly through the gap in the horizontal plates, but does not clear entirely.  

A notch will therefore have to be cut in the plate to allow clearance for the beams.  A 

finite element mechanical analysis will be performed to determine what modifications 

have to be done to the apex room to ensure its structural stability.  Most importantly, no 

perturbations must be allowed to propagate to the dish and affect the surface figure or 

telescope pointing. 
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Figure 6.42: SuperCam optical design #2 - flat mirrors placed inside the apex room to 
direct the beam bundle to the roof. 

 

 A hole large enough to pass all the beams would be too large at this point, so the 

converging beams are reflected to the back corner of the room.  A second flat mirror 

intercepts the beams and reflected them upward through a 14” diameter hole.  The FEA 

will also include this hole.  The flat mirrors are large (28” x 20” and 24” x 16” ellipses) 

and care will have to be taken to mount them stably in the apex room.  A CAD image of 

the mirrors mounted inside the apex room is shown in Figure 6.42. 

 Once the beams are on the roof, they are reflected again to travel parallel to the 

roof.  The height of this reflection is determined by the window of the cryostat when it 

sits on the roof of the apex room.  All the optics from this point to the cryostat are in-

plane.  Two CAD images depicting this design are shown in Figures 6.43 and 6.44.  By 

the time they arrive at this last mirror, the beams have come to the f/13.8 focus of the 

secondary.  The first-order optical system was modeled after the successful PoleSTAR 
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method (a pair of parabolas), though Zemax eventually optimized the system away from 

this solution to a pair of ellipses.  The beams are allowed to expand before reaching the 

first ellipse, which is placed in the top-left corner of the roof.  The ellipse roughly 

collimates the individual beams and, just as with PoleSTAR, the chief rays start to 

converge.  This allows the second ellipse to catch the beams (after reflecting off of two 

flat mirrors) at the proper pixel spacing and reimage them with the proper f-number for 

the mixer feedhorns. 

 

 

Figure 6.43: SuperCam’s second optical design on the roof of the HHT apex room. 
 



192 

 

Figure 6.44: A second view of the second optical design. 
 

 A Zemax layout of the optical design is shown in Figure 6.45.  Note that in this 

figure the intermediate flat mirrors are not included.  This has no impact on the optical 

design; it merely simplifies the Zemax model and illustrates the fact that the off-axis 

mirrors are crossed. 

 There are clear, mechanical reasons to prefer this design option for mounting 

SuperCam over the first.  Fortunately, analysis suggests that the optical performance of 

the second design, as well, exceeds that of the first using the same metrics.  Figure 6.46 

provides the OPD plots for the optical design.  It is similar the first design option in that 

the OPD does not exceed ±0.1 waves across the field.  For most points in the field it is, in 

fact, much better.  Only in one corner of the array do the aberrations creep up to the 0.1 

wave level.  The design also meets the f-number to within a couple percent.  One optical 
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advantage of the second design is that it matches the intended pixel spacing to less than 

one millimeter.   

 

 
Figure 6.45: A Zemax layout of SuperCam’s second optical design option.  Note that two 
flat mirrors are not included in the design for simplicity.  Their absence does not affect 

the optical performance. 
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Figure 6.46: OPD plots for SuperCam optical design #2. 
 

 Another advantage of the new design is that the incident beams are at angles no 

higher than 0.4° to the focal plane, translating to less than 1% coupling loss.  This 

completely eliminates the need for a curved quartz window, which was a significant 

concern in the previous design. 

 I performed another ASAP simulation to confirm that the alternate design works 

as well or better than the previous design.  This model is shown in Figure 6.47.  

Performing the same analysis that we used for the first design, the Gaussian coupling in 

the focal plane is found to be between 90 and 94% across the field.  This is actually an 

improvement on the original design.  Figure 6.48 shows the ASAP output of the beam 
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pattern at the focal plane for both the on-axis beam, which looks very much like a 

Gaussian profile, and the off-axis beam, which looks slightly aberrated. 

 

 

Figure 6.47: ASAP model of SuperCam optical design #2. 

 

 

Figure 6.48: ASAP output for beam pattern (both on and off-axis) in the focal plane for 
SuperCam optical design #2. 
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 SuperCam’s optical support structure (OSS) is built up around this optical design.  

In addition to the cryostat and optics, all electronics are kept within the enclosure on the 

roof of the apex room.  The only cables leaving the OSS are cryogenic lines for the 

refrigerators, a few electronic signals for the local oscillator, power, and Ethernet for data 

and control.  A list of the parameters of each optical component in design option #2 is 

given in Table 6.2. 

 The second optical design is superior to the first in most ways.  The primary 

drawback to this design is that it requires modifications to the telescope and building.  

These are serious concerns, as the installation of one receiver obviously cannot be 

allowed to adversely affect the performance of the telescope as a whole. An FEA analysis 

of the impact of option 2 on the telescope and building are underway. The preliminary 

results look encouraging, but discussions with the telescope engineers and management 

are still ongoing to determine which design will be chosen.  Both designs are fully 

developed and ready to begin the manufacturing process.  Installation of SuperCam on 

the HHT, with whichever design is chosen, is planned for the fall of 2008. 

 

Table 6.2: SuperCam optical design option #2 parameters 
Mirror Size Radius of Curvature Conic Constant 
Flat #1 0.75 m x 0.55 m - - 
Flat #2    
Flat #3    

Ellipse #1 0.5 m x 0.5 m 1692 mm -3.05 
Flat #4 0.1 m x 0.1 m - - 
Flat #5    

Ellipse #2 0.4 m x 0.4 m 772 mm -0.03 
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6.4.6 SuperCam – LO System 

 SuperCam also requires a well-designed local oscillator system to inject all 64 

beams efficiently and equally.  Previously, with PoleSTAR and DesertSTAR, we have 

used dielectric beamsplitters and flood illumination to distribute LO power over many 

pixels.  With 64 pixels, however, these options will simply not be efficient enough.  

Therefore, a new method was developed to power divide and diplex the LO.  

 

 

Figure 6.49: SuperCam’s prototype 8-way LO power splitter, courtesy Chris Groppi. 
 

 

Figure 6.50: A splitblock waveguide twist for the 64-way LO power splitter, courtesy 
Chris Groppi. 
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 Tackling the first issue, Christopher Groppi of SORAL developed an 8-way 

waveguide power splitter for SuperCam’s LO, shown in Figure 6.49.  The version shown 

in the figure is a prototype for the 1x8 prototype version of SuperCam that has been 

tested over the past several months.  As such, each branch ends with a diagonal horn 

exactly matching those in the mixer block.  The LO splitter also has a horn extension 

block mounted to the front of it.  For the full 64 pixel receiver, one of these splitters 

without horns will bolt directly to the LO chain.  Splitblock waveguide twists, also 

designed by Chris Groppi and shown in Figure 6.50, will twist the waveguides 90° 

around the propagation axis.  This allows us to then attach eight of the splitters shown in 

Figure 6.49 to the other end of the twists, effectively creating a 64-way power splitter.  

Simulations suggest uniformity among the pixels will be nearly perfect and that loss 

through a single splitter will be no more than -10 dB. 

 

Figure 6.51: A Zemax layout of SuperCam’s LO optics. 

 

 The LO power splitters are designed to exactly mimic the spacing and beamwaists 

of the pixels in the detector plane.  Consequently, the LO optics need only create a 1:1 

image of the diplexed LO beams on the focal plane.  This is accomplished, as shown in a 
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Zemax layout in Figure 6.51, with a simple pair of lenses.  The first-order design 

effectively acts like a zero magnification telescope, with two matched lenses creating the 

1:1 image.  Physical limitations, of course, prevented using this exact design.  SuperCam 

uses a Mylar beamsplitter to inject the LO into the path of the sky beam, just like all the 

other SORAL receivers.  The lens closer to the cryostat had to be relatively far away 

from the focal plane to leave room for the Mylar beam splitter.  Moreover, all versions of 

SuperCam’s optical system are cramped for space and the LO system had to be as small 

as possible. 

 

 

Figure 6.52: OPD plots for SuperCam’s LO optics. 
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 Zemax was used to optimize a system that would meet all the requirements.  In 

this case, all three metrics used to judge the optics earlier were employed.  Optical path 

difference and f-number were, of course, still important.  Unlike the sky beams, however, 

the beam spacing must be correct or the LO beams would not couple well to the mixer 

feedhorns.  The design presented here meets each of these requirements well.  Figure 

6.52 provides the OPD plots for the LO optics.  Much like the sky optics, they are better 

than ±0.1 waves across the field.  The f-number matches to within a 4% and is the largest 

weakness of this design.  The beam spacing matches extremely well, better than 0.1 

millimeters across the field, which is critical for this system.  One other matter that 

Zemax does not cover is loss through the high density polyethylene lenses.  The lenses 

are 8” and 6” in diameter and 1.7” and 1.2” thick.  This results in 16% loss through the 

first lens and 11% loss through the second.  Clearly this is not optimal; however a 

reflective optical design would be much more cumbersome and costly.  Our LO power 

margin is sufficient to absorb these losses.  The local oscillator optical system has been 

built and tested in the lab with the 1x8 SuperCam prototype.  A picture of the setup is 

shown in Figure 6.53.  The system works extremely well, efficiently and uniformly 

pumping all eight mixers. 
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Figure 6.53: SuperCam attached to its local oscillator optics. 

 
6.4.7 SuperCam – Science 

 Though SuperCam is not yet installed on the telescope, it was designed with 

specific science goals in mind.  Figure 6.54 shows a projection of SuperCam’s 64 x 23” 

beams on the sky.  A representative spectrum is included.  Again, as an array receiver, 

SuperCam will be capable of mapping regions of interest in the Galaxy at a vastly greater 

speed (~2 orders of magnitude) than any receivers or arrays before it.  Figure 6.55 shows 

the regions SuperCam has proposed to study, covering 500 square degrees of the Galactic 

Plane and molecular cloud complexes, targeting both the 12CO line and the 13CO J=3-2 

line.  SuperCam will cover these regions 33 days per spectral line.  A typical single pixel 

receiver would have to observe continuously for 6 years to gather the same amount of 

data.  This survey will have the spatial resolution (23”) and spectral resolution (0.25 
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km/s) needed to disentangle the complex spatial and velocity structure of Galactic 

molecular clouds. 

 

 

Figure 6.54: SuperCam’s footprint on the sky – each beam is 23” and they are separated 
by the same amount. 

 

 

Figure 6.55: Regions of interest for SuperCam’s Galactic Plane Survey. 

 

6.4.8 SuperCam – Summary 

 A 1x8 SuperCam prototype is currently being evaluated in the lab.  Electronically 

and optically it has been tested from end to end with an antenna range in the lab.  Many 

small issues with the mixer block, the cryostat, and the electronics have been found and 

corrected.  The next big step is to decide on an optical design and implement it.  Both 
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designs are well-studied and meet the scientific requirements for the instrument.  They 

need only be manufactured and assembled.  The second design presented above is clearly 

the preferred design, assuming modifications can be done to the telescope.  SuperCam is 

currently on track to have final modifications done for an engineering run with 32 pixels 

on the HHT in the winter.  Following this run, the last mixers will be installed in the 

cryostat.  Final installation on the HHT is expected next spring.  SuperCam will vastly 

increase the observing power of the HHT and will immediately be set to work on its 

Galactic survey.  Moreover, SuperCam is a facility instrument and will ultimately be 

available to all HHT observers.  SuperCam is the culmination of many years of array 

development, giving orders of magnitude increase in observing power.  SuperCam 

represents only the current level of array development.  In the next chapter, I will 

introduce the next generation of array receivers and provide a roadmap to the future of 

terahertz astronomy. 

 

6.5 HHT Summary 

 The Heinrich Hertz Telescope is the highest quality submillimeter telescope of its 

size in the world and has been an excellent testing ground for new generations of 

submillimeter receivers.    In the coming years it will be a significant science producer as 

Hertz finds a long-term home there and SuperCam comes online.  In the next chapter, we 

will examine how the experience we have gained in building array systems will be of 

benefit to future receivers and telescopes.  
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CHAPTER 7 

THE FUTURE OF TERAHERTZ ASTRONOMY 

 

7.1 Introduction 

 Throughout this dissertation I have reviewed my contributions to SORAL’s 

instrument development.  We have been at the forefront of the field as it moved past 

single-pixel receivers to arrays of ever larger size.  We have also been designing for 

higher frequencies, pushing into the far infrared.  In this last chapter, I will lay out a 

roadmap for where we are headed now.  I will review a few upcoming or proposed 

receivers that represent the next generation of terahertz astronomy instrumentation. 

 

7.2 KCam 

 The next logical step, following the progression from PoleSTAR to DesertSTAR 

to SuperCam, is an even larger array – one with an order of magnitude more pixels.  

Looking to this future, we must recognize that it will come at a time when the HHT has 

been surpassed by bigger telescopes or telescopes located at higher and/or drier sites.  

Unlike the case for earlier telescopes, these will be designed with large format (thousands 

of pixels) arrays in mind. 
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Figure 7.1: A conceptual image of the Cornell-CalTech Atacama Telescope (CCAT) in 
the Atacama of northern Chile. 

 

 The Cornell-CalTech Atacama Telescope (CCAT) will be one of these telescopes.  

CCAT, a conceptual image of which is shown in Figure 7.1, will be a 25 meter telescope 

designed for the Atacama region of northern Chile.  The Atacama Mountains, already 

home to the Atacama Large Millimeter Array (ALMA), are among the best sites for 

terahertz astronomy in the world.  The weather conditions here exceed those found nearly 

anywhere else on the planet short of the Antarctic plateau.  CCAT is designed with arrays 

in mind; to obtain a large field of view, it utilizes a Ritchey Chrétien design.  CCAT is 

intended to accommodate many instruments and allow fast switching among them [57]. 
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Figure 7.2: Various array sizes projected on to the sky at 650 GHz. 
 

 KCam, named for its thousand pixels, will be SORAL’s contribution to CCAT 

and represent the next evolutionary step in heterodyne array receiver development. Figure 

7.2 shows a projection of various CCAT array sizes on the sky.  KCam (still in its early 

concept phase) would be a 1024 pixel, 650 GHz array receiver composed of two 

polarization diplexed 512 pixel arrays (see Figure 7.3). 



  207 

. 

Figure 7.3: A conceptual image KCam’s dual-polarization design. 
 

 However, as we have seen in previous chapters, new tactics of integration have 

been necessary to enable larger arrays.  PoleSTAR and DesertSTAR combined individual 

pixels into a single receiver.  SuperCam is combing pixels into linear, one dimensional 

arrays, vastly saving on production cost and complication.  KCam will require yet 

another level of integration – combining the detectors into two dimensional arrays.  

KCam will utilize a stacked detector design, which builds a receiver up from multiple 

two dimensionally arrayed layers, each performing a specific part of the detector’s 

operation.  Figure 7.4 shows a concept image of this stacking methodology.  The bottom 

layer is the backshort block.  This layer is a 2D array of small tabs protruding from their 

base.  These tabs will have the detectors’ waveguide backshorts machined in to them.  

The middle layer is the detector layer.  This layer has an array of holes machined in it that 
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match the size of the tabs in the backshort block.  The backshort cavities in the bottom 

layer come flush to the top of the detector layer and the junctions would be fabricated 

across the waveguide backshort cavity on thin (~3 µm) SOI membranes.  The top layer is 

the feedhorn block.  The feedhorn block will have small photonic crystals machined into 

their bases to reduce leakage of signal at the block interfaces.  The horn block would also 

have the magnets required for Josephson pair tunneling suppression built in to them, with 

their flux maxima directed toward the SIS junctions [58]. 

 

 

Figure 7.4: KCam’s stacked pixel concept design. 

 

 The fundamental array size will be 8 x 16 pixels.  This size is determined by the 

photolithographic capabilities at JPL, whom we have baselined as the best institution to 

produce these arrays.  Four of these 128 pixel arrays will be combined to form each 512 

pixel array, as shown in Figure 7.5.  This array will sit at the center of a nested 
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motherboard design.  The focal plane array will operate at 4K and the adjacent level, 

which will carry the low noise amplifiers, will be held at 20K.  The signals from the 

pixels will be brought to the edge of the array and wirebonded to the LNAs.  The LNAs 

will send their signals to the 77K level of the motherboard over thermally isolated RF 

ribbon cables.  These cables are another integration concept – combining the IF signals 

from many pixels into a single cable.  SuperCam will have 64 IF cables to manage, which 

is already becoming unwieldy [58].  Reducing the number of cables is important to 

building larger arrays. 

 

 

Figure 7.5: KCam’s 512 pixel array nested in its motherboard design concept. 

 

 A preliminary optical design has also been developed for matching KCam to 

CCAT.  The design is only a first pass, without any effort put into optimization, and 

serves to show that an optical system could be designed that would not be too large, 

inconvenient, or inefficient to prevent its installation on CCAT.  The initial design 

presented here, shown in Figure 7.6, is once again a pair of ellipses that reimage the 
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beams to match the f-number (currently proposed to be f/3.25) and pixel spacing (4 

millimeters) of the array.  As one can see back in Figure 7.3, the arrays would require 

large lenses to collimate the beams and create a pupil at the cryostat window.  Another 

lens would sit outside the cryostat to reimage the beams properly.  The local oscillator 

could be inserted between these lenses, if it had a matching lens, much like SuperCam’s 

LO design. 

 

Figure 7.6: KCam’s preliminary optical design for CCAT, which uses two elliptical 
mirrors to match the f-number of pixel spacing of the array to the telescope. 

 

 CCAT also presents us with more opportunities for array receiver work in the 

more immediate future.  SuperCam, for example, could be retrofitted with new mixer 

arrays at 650 or 810 GHz to do higher frequency work in the Atacama Desert, a superior 

site to Mt. Graham.  These redesigns would be relatively cheap, costing much less than 
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the full SuperCam project, because only the optics and arrays would have to be 

redesigned, built, and assembled. 

 Integration has been and will continue to be the key to new developments in 

submillimeter arrays.  Recall from Chapter 1 that integration is what causes the cost per 

pixel of array receivers to constantly decrease.  Now that we have examined all of these 

receivers, I must reiterate the relationship shown in Figure 1.3.  As we increase pixel 

count, with further levels of integration, the cost per pixel decreases at a rate roughly 

equivalent (within 20%) to the inverse root of the number of pixels.   

 

7.3 HEAT 

 The Atacama Mountains are arguably one of the best, accessible submillimeter 

sites on the planet, with weather conditions comparable to those that SORAL has 

experienced at the South Pole with AST/RO (see Chapter 4).  However, SORAL is now 

proposing to build a telescope for Dome A, the highest point on the Antarctic plateau.  

The high pressure altitude (15400 feet) and cold, dry atmosphere is expected to give 

Dome A superlative observing conditions.  Based on data taken by the Automatic 

Weather Station (AWS) in 2005 by our Chinese and Australian colleagues, the 

atmospheric transmission is expected to compare to the South Pole as shown in Figure 

7.7 [59]. 
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Figure 7.7: Model atmospheric transmission at Dome A (blue curve) compared to the 
South Pole (green curve) with molecular lines of interest noted. 

 

 Currently SORAL, in collaboration with the University of New South Wales 

(UNSW) in Australia and the Polar Research Institute of China (PRIC), has fielded a site-

testing version of HEAT at Dome A.  This receiver, called Pre-HEAT, is a 650 GHz 

tipper and spectrometer installed on UNSW’s PLATeau Observatory (PLATO) in 

January 2008.  Since then it has been continuously taking site testing data as well as some 

Galactic spectra.  Already Pre-HEAT has measured atmospheric transmission superior to 

any measurements taken at the South Pole.  As we move into the coldest part of the year 

(from July to September), we expect to see even better terahertz atmospheric 

transmission.  An image of Pre-HEAT installed at Dome A is shown in Figure 7.8 [60]. 
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Figure 7.8: Pre-HEAT installed on PLATO at Dome A by the PRIC. 
  

Due to the fantastic observing conditions found at Dome A, SORAL is proposing 

to design, build, and field the High Elevation Antarctic Telescope (HEAT). HEAT will 

use the same basic optics, detector, and spectrometer technologies as Pre-HEAT, as well 

as the same installation and transport capabilities provided by our collaborators from 

UNSW and the PRIC.  HEAT, intended for deployment to Dome A in January of 2010,   

will have a 0.5 meter off-axis parabolic primary which focuses directly on to a small 3-

pixel array of mixers. Each mixer will observe at a different frequency.  The HEAT 

primary will rotate only in elevation, allowing the rotation of the Earth to move the field 

of view in azimuth.  The optical setup, shown in Figure 7.9, is very basic.  This is critical, 
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as HEAT must be able to operate autonomously and continuously year round; there is no 

opportunity for servicing until the following Austral summer [60]. 

 

 

Figure 7.9: Conceptual rendering of HEAT’s optical setup.  Image is courtesy Mike 
Schein of SORAL. 

  

HEAT is designed to observe three different bands – 0.8 THz, 1.46 THz, and 1.9 

THz, with receivers for these frequencies supplied by Virginia Diodes (VDI), Jet 

Propulsion Laboratories (JPL), and VDI, respectively.  The beam from the telescope 

would be split among these receivers as shown in Figure 7.10.  After being focused an 

HDPE lens, the beam would be divided using a dichroic such as a bandpass filter, with 

the transmitted signal going to the 1.9 THz detector.  The reflected beam would be split 

by a wire grid into its two linear polarizations, which would then each go to their 

detectors – either 0.8 or 1.46 THz [60]. 
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Figure 7.10: A schematic of HEAT’s detector configuration. 

 

 HEAT is proposed to perform a terahertz Galactic survey, which will study the 

dynamics of the Interstellar Medium (ISM, see Chapter 1) by mapping the distribution of 

[C I] (0.8 THz), [N II] (1.46 THz), and [C II] (1.9 THz) throughout the Galactic plane.  

Figure 7.11 shows HEAT’s beam footprints for each of these frequencies on the sky.  

Short of leaving the surface of the Earth, HEAT will be able to perform this kind of 

science better than any other current or near-future receiver.  The possibility of leaving 

the surface of the Earth is explored in the next two sections [61]. 
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Figure 7.11: HEAT’s footprint on the sky at each of its three frequencies, with synthetic 
spectra representing a small subset of the band coverage HEAT will be capable of 

observing. 
 

7.4 STO 

 The only likely way to find better observing conditions than those found at Dome 

A is going to be off the surface of the Earth.  Space missions are very expensive, 

however, so a typical cost-effective alternative is to fly telescopes in either planes (like 

the Stratospheric Observatory for Infrared Astronomy – SOFIA) or on a high altitude 

Long Duration Balloon (LDB) mission.  The Stratospheric Terahertz Observatory (STO) 

will be one of the latter.  STO, which was proposed by SORAL in collaboration with 

many other institutions including NASA Ames, JPL, and the University of Köln, has 
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been accepted for funding by NASA and is starting this year.  STO will use a 0.8 meter 

Cassegrain telescope and gondola previously used in the successful Flare Genesis 

Experiment (FGE) by the Johns Hopkins Applied Physics Laboratory (JHAPL).  The 

mission will fly in a circumpolar orbit over Antarctica at ~120,000 feet for 10 – 14 days.  

A CAD image of STO is shown in Figure 7.12 [62]. 

 

 
Figure 7.12: A CAD image of STO.  STO will use a previously flown gondola and 

telescope to observe with its new receiver package. 
 

 The STO cryostat will carry two, four pixel Hot Electron Bolometer (HEB) arrays 

– targeting the 1.46 THz [N II] and the 1.9 THz [C II] lines.  The secondary currently 

installed on the telescope will likely be replaced to provide the receivers with a more 
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appropriate ~f/7 beam.  The cryostat would attach to the back of the telescope as shown 

in Figure 7.13, held at a 30° angle to equalize the distribution of liquid helium throughout 

the 0 to 60° telescope elevation range.  The cryostat will be designed by SORAL in 

conjunction with APL for integration into the gondola. 

 

 

Figure 7.13: STO’s cryostat attached to the back of the gondola’s telescope, courtesy 
Mike Schein. 

  

 A conceptual image of the details of the detector assembly is shown in Figure 

7.14.  The optical system for STO is, at the time of this writing, still a first-order design.  

As per usual, it uses elliptical mirrors to reimage the telescope beam on to the mixers.  It 

currently includes straightforward Mylar beamsplitter local oscillator injection.  

However, LO power at these high frequencies is extremely limited.  STO will likely have 

to upgrade to an interferometric LO injection scheme (see Chapter 2), unless LO power 

becomes more available in the immediate future. 
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Figure 7.14: A CAD image of STO’s detector assembly. 

 

 STO, like HEAT, will be interested in the formation and destruction of molecular 

clouds, how this relates to star formation, and how these together impact the evolution of 

the Galaxy.  Figure 7.15 shows the swath of the Milky Way that will be surveyed by 

STO. Should STO be successful, it will have the opportunity to perform additional 

flights.  STO could be outfitted with additional detector arrays at higher frequencies, 

including [N I] at 2.46 THz and [O I] at 4.76 THz [62]. 
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Figure 7.15: Overview of the region to be surveyed by STO. This 35° longitudinal swath 
of the Galactic Plane reveals major components of the Milky Way ISM. 

 

 

7.5 GTO/STIM 

 The final way to escape the limitations of the Earth’s atmosphere is, of course, to 

go beyond it.  Satellite missions are well known these days as very effective, if very 

expensive, ways of achieving the best astronomical seeing.  There have not, however, 

been many satellite missions at wavelengths which SORAL studies.  There have been a 

number of bolometric satellites at infrared wavelengths and a number of cosmic 

microwave background instruments flown.  However, there has only been one heterodyne 

submillimeter satellite that has flown – the Submillimeter Wave Astronomy Satellite 
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(SWAS).  Herschel, a new, powerful submillimeter/far-infrared observatory, is expected 

to be launched in a joint effort between NASA and ESA in late 2008 or early 2009.  Both 

SWAS and Herschel are designed for targeted observations of selected star forming 

regions. SORAL has proposed twice to fly a 0.5m THz observatory for studying the life 

cycle of interstellar gas throughout the Milky Way. 

 The first proposal was for a satellite called the Galactic Terahertz Observatory 

(GTO), shown in Figure 7.16. It was proposed under NASA’s SMall EXplorer (SMEX) 

program.  SORAL proposed for this mission in 2003, well before HEAT or STO and, as a 

concept, was a precursor to them.  GTO was proposed to have two 4 pixel arrays at the 

1.46 THz [N II] and 1.9 THz [C II] lines, which was later exactly mirrored in STO, 

though using more modern components.  GTO was to utilize a closed-cycle refrigerator 

(similar in principle to those used in DesertSTAR and SuperCam) to cool the focal plane 

array to 4K. GTO’s science mission was the first of SORAL’s projects to focus on the 

life cycle of the interstellar medium.  It proposed a Galactic survey in [N II] and [C II] to 

study the creation and destruction of molecular clouds, and galactic evolution.  This 

sounds very familiar, coming after the section on STO.  GTO, though it did not receive 

funding, was the first design iteration for SORAL’s vision for an orbiting terahertz 

observatory [63]. 
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Figure 7.16: The Galactic Terahertz Observatory (GTO), SORAL’s first terahertz 
satellite proposal. 

 

 The second observatory, and SORAL’s most recent space proposal was the Space 

Terahertz Interstellar Mapper (STIM), shown in Figure 7.17.  STIM is very much the 

next iteration of GTO.   For STIM a more conventional, liquid helium cryostat was 

baselined to cool the focal plane. Choosing a cryostat over the cryocooler design used in 

GTO reduced the mission lifetime, but reduced the overall cost and risk associated with 

the mission. We submitted the proposal for STIM shortly after STO, and as such they 

follow similar science objectives and technological design [64]. 
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Figure 7.17: The Space Terahertz Interstellar Mapper (STIM), SORAL’s most recent 
space proposal. 

 

7.6 Summary 

   With observatories like HEAT and STO terahertz astronomy is coming of age. 

Though neither GTO nor STIM received funding, they serve as conceptual pathfinders 

for future space missions. Indeed, without the experience gained in the design of GTO, 

STO would most likely not have been proposed. We are reaching the limits of what can 

be accomplished with ground-based observatories, and the field will require missions like 

those discussed here to continue to grow. 
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CHAPTER 8 

CONCLUSION 

 

 In this dissertation I have reviewed past, present and future terahertz receivers I 

have worked on at the Steward Observatory Radio Astronomy Lab (SORAL).  During 

my time as a graduate student,   I have helped to advance terahertz technology from 

single-pixel receivers to arrays that are orders of magnitude larger and more powerful 

than their predecessors.  In parallel to the technology development efforts, SORAL has 

worked to establish observing platforms on the ground, in the air, and in space. For all 

these efforts I have contributed significantly to the design and/or fabrication of the 

associated optical and mechanical systems. 

 

8.1 Summary 

 SORAL has designed, constructed, and fielded many receivers that have pushed 

the envelope of terahertz technology.  Astronomers have used these receivers to help 

understand the life cycle of the interstellar medium: the process of star formation, how it 

impacts the creation and destruction of molecular clouds, and how this in turn affects the 

evolution of the Galaxy. 

 My work at SORAL began with the Antarctic Submillimeter Telescope and 

Remote Observatory (AST/RO) at the South Pole. The instruments I helped to develop 

for AST/RO were Wanda, PoleSTAR, and the Terahertz REceiver with NbN Device 

(TREND).  Wanda was a dual-polarization 492/810 GHz receiver that first gave SORAL 
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experience with combining multiple pixels in a single cryostat.  PoleSTAR was a 4-pixel, 

810 GHz receiver, which marked SORAL’s first real focal plane array, and was the 

world’s first multi-pixel heterodyne array receiver at 810 GHz.  PoleSTAR’s array was 

composed of discrete single-pixel detectors mounted together in one cryostat.  TREND 

was our first foray into high frequency terahertz astronomy and the first 1.5 THz 

heterodyne receiver deployed for astronomy. 

 My work on terahertz arrays continued at the Heinrich Hertz Telescope where I 

designed the optical and mechanical systems for DesertSTAR, Hertz, and SuperCam.  

DesertSTAR was a variation on PoleSTAR’s design, combining seven individual 345 

GHz detectors into one cryostat to form a hexagonal array.  DesertSTAR was the first 

345 GHz heterodyne array receiver to do this.  Hertz was a dual-polarization, 810 GHz, 

64-pixel bolometer camera.  Hertz was a slight detour from SORAL’s traditional work 

with heterodyne receivers, in that it used bolometric detectors and was designed to do 

polarization studies of dust in star forming regions.  SuperCam is a 64-pixel, 345 GHz 

heterodyne array.  SuperCam represents the next generation of heterodyne arrays, 

increasing DesertSTAR’s pixel count by an order of magnitude.  To build SuperCam, we 

have leveraged the power of increasing integration, combining its detectors into linear 

one-dimensional arrays to decrease cost and increase construction efficiency. 

 SORAL will continue to evolve arrays beyond SuperCam, however, on a new 

generation of telescopes like the Cornell-CalTech Atacama Telescope (CCAT).  SORAL 

has informally proposed the construction of a receiver called KCam, a 1024-pixel, 650 

GHz array receiver for CCAT.  KCam will employ an even higher level of integration, 
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having its detectors manufactured in two dimensional arrays to continue to reduce the 

cost per pixel and increase the ease of assembly. 

 To aid in the design of optical systems for submillimeter-wave instrumentation, I 

have written a program that allows the user to quickly and efficiently design quasi-optical 

systems using Gaussian beam optics. The program is now in use at SORAL and will 

continue to be upgraded over the coming months, 

 In support of NASA’s Terrestrial Planet Finder (TPF) mission, I designed, built, 

and tested an integrated optics beam combiner based on waveguide technology. 

Computer simulations and X-band scale model tests indicate that such a system can 

achieve the specified performance for TPF with orders of magnitude reduction in mass 

and volume compared to a conventional bulk optics beam combiner.  

 Over the coming years SORAL will continue to reach for higher frequencies with 

terahertz telescopes like the High Elevation Antarctic Telescope (HEAT), the 

Stratospheric Terahertz Observatory (STO), and the Space Terahertz Interstellar Mapper 

(STIM).  HEAT is proposed to be a small autonomous telescope installed on the 

University of New South Wales’s (UNSW) PLATeau Observatory at Dome A, 

Antarctica. The project is a collaborative effort with UNSW, the Polar Research Institute 

of China, and Purple Mountain Observatory.  HEAT will have detectors at 0.8, 1.46, and 

1.9 THz.  STO is funded by NASA’s long duration balloon program to fly a 0.8 meter 

terahertz telescope at ~120,000 feet over Antarctica.  STO will carry two, four-pixel 

arrays at 1.46 and 1.9 THz.  STIM (and its predecessor, the Galactic Terahertz 
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Observatory) are SORAL’s vision for the future of terahertz astronomy – satellite based 

terahertz telescopes with compact receiver arrays. 

With the development of THz arrays well underway, STO now in its first year of 

construction, and HEAT hopefully advancing to being a funded program after the success 

of its predecessor, Pre-HEAT, terahertz astronomy is now coming of age at the 

University of Arizona. 
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