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Abstract— The design of the receiver optics plays a crucial 

part in the ultimate sensitivity of the ALMA array. We present 
some general design concepts to guide the development of the 
optical layout of the final receivers. Relevant properties of 
materials used in the optical path are examined, and various 
types of optical elements are discussed. General principles of 
high efficiency optical train designs are presented. In general, 
simple systems are advocated, with minimal truncation losses. 
The areas which have the greatest uncertainty are the windows 
and infrared filters where the trade-offs between the RF losses, 
infrared blocking, pressure resistance and gas permeability have 
to be carefully considered. A sample design for Band 3 is given. 

I. INTRODUCTION 
he number of receivers, frequency coverage, and sensi-
tivity required to take full advantage of the excellent at-

mospheric transparency on the ALMA site make the receiver 
design for the ALMA instrument a critical and challenging 
task. It is clear that achieving the highest sensitivity is of 
paramount importance, so this note presents a detailed study 
of relevant optical design factors. 

The sensitivity of an interferometer array (i.e., the mini-
mum signal which can be detected in a given integration 
time) depends on the number and size of antennas; the aper-
ture efficiency; the system noise temperature; the relative 
pathlength stability between antennas; the processed band-
width; and the correlator efficiency [1]. Point-source and ex-
tended-source sensitivities are differentiated by the antenna 
number and size only so the distinction is unimportant in the 
context of this note. The most important considerations for 
the optics are the system noise temperature and the aperture 
efficiency. These parameters depend on the plane of refer-
ence, but they can be combined to give the system noise 
power relative to the output power due to a point source with 
a given flux. It is this measure that is implicitly calculated in 
the remainder of the document. Phase stability can be af-
fected by optics through vibration but careful mechanical 
design can reduce this to negligible levels. Bandwidth is lim-
ited by the intermediate frequency system rather than the op-
tics. 

By examining a variety of options and carefully evaluating 
trade-offs and constraints we can hope to arrive at a design 
that will be flexible, allow the highest sensitivity to be 

achieved and define a system that can be easily maintained 
over its lifetime. As a benchmark we note that to achieve a 
1 % enhancement in sensitivity by increasing the collecting 
area of the array would cost an estimated $US 2–3M. Al-
though this document does not deal directly with cost, reli-
ability, or maintenance issues it gives sufficient details of 
optical performance evaluation for the trade-offs to be exam-
ined once those other issues are addressed. 

Since the optics is an area where sensitivity may be easily 
compromised, this memo discusses performance of low-loss 
optics in detail. Relevant concerns are: dissipative and scat-
tering losses; spillover losses; receiver and telescope aberra-
tions; window sizes; materials; infrared filters; feed elements; 
frequency dependence; and geometrical constraints. 

We start with a general discussion of the effects of optical 
losses on system performance. This is followed by a survey 
of the properties of materials available for millimeter and 
sub-millimeter optical components. Pertinent characteristics 
of various optical elements and their influence on perform-
ance are covered. Finally, we look at general design princi-
ples for high performance optical systems illustrated by a 
design example. This uses concepts of paraxial beams includ-
ing higher order effects required to describe the non-Gaussian 
nature of real feeds. All the parameters affecting sensitivity 
by a fraction of a percent or more are discussed quantita-
tively. 

II. EFFECT OF LOSSES ON SENSITIVITY 
All optical components will have some associated loss which 
must be figured into the sensitivity budget. These losses will 
contribute to the system noise temperature by adding noise 
and by multiplying up the noise of following components. 
For a component with a loss* L at a physical temperature Tphys 
placed in front of a receiver with noise temperature TRx the 
fractional increment in system noise is 
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This shows that for a given loss the relative degradation is 
worse for a low-noise receiver. For TRx << Tphys the 
degradation factor is much worse than the loss. For example, 
for a 1 % loss (L = 1.01) at Tphys = 300 K in front of a 30 K 
receiver we find ∆T/TRx = 11 %. For a 300 K receiver the 
change is only 2 %. Clearly, low-noise systems are 
                                                           
* Loss is defined as the incident power over transmitted (or reflected) power. 

                                                                        
*This note is based on a presentation given at a meeting of the Joint Receiver 
Development Group in Grenoble, December 1999. 
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particularly sensitive to losses at ambient temperature. 
Cooling optical components is therefore very beneficial since 
it generally reduced the both factors in Eq. (1). We can 
expect TRx <<  300 K for millimeter systems and TRx ≈ 300 K 
for sub-millimeter receivers, so that cooling the optics will 
have most benefit for the low frequencies; nevertheless, it 
will also appreciably improve the higher frequency bands. 

For losses due to reflections, truncation, and scattering the 
termination temperature is not the component temperature, 
and Tphys in (1) must be replaced by the temperature of the 
surroundings that the radiation is scattered to. For a truncat-
ing aperture there will be some power intercepted by the ap-
erture. Often this power is reflected back into the cryogenic 
stages so has a low effective noise temperature. In addition, 
there is an equal amount of power diffracted out of the main 
beam. This power may be terminated partially on the sky and 
partially in the local surroundings. At a mirror the power that 
spills past the edge will generally be terminated at the local 
ambient (room temperature or cryogenic temperature). Again, 
there is an equal amount of diffraction loss. 

Surface errors scatter power from the optical beam. Large-
scale errors result in scattering of power at angles near to the 
main beam. This power will propagate through an optical 
system having reasonably large clearances and be terminated 
on the sky. Small-scale errors will scatter to the local sur-
roundings. Since it is easier to maintain surface accuracy on 
small scales it is reasonable to expect that less than half the 
power will be terminated at ambient, so this loss is not as 
detrimental as is often assumed. 

With careful design all the losses will be of a similar mag-
nitude. As will be clear in the following sections, great care 
has to be taken with truncation losses. Using simple Gaussian 
beams may give misleading results, and more realistic beams 
have to be assumed. 

III. OPTICAL MATERIALS 
Optical materials for millimeter wavelengths include: metals 
for grids and reflectors; dielectrics for lenses, windows and 
IR filters; and ferrites for isolators. Isolators are not widely 
used in low-loss optical systems so we will not discuss them 
further. The other materials will contribute small but 
significant losses that need to be evaluated, and the relative 
merits are compared in the following sections. A 
compendium of materials that may be used in millimeter 
wave optics may be found in [2]. 

A. Metals 
Metallic surfaces are used for plane and focusing mirrors and 
wire grid polarizers. At a frequency ν the reflection loss L at 
a metallic surface with conductivity σ is found from 

 
σ

νπε 01 41 =− −L  (2) 

where ε0 is the dielectric constant of free-space. Surface 
roughness typically reduces the effective conductivity in pro-
portion to the increase in surface area on the microscopic 

scale [3]. At non-normal incidence the losses increase and are 
different for the TE and TM fields [4], but these effects are 
generally small enough to ignore for the systems and wave-
lengths considered here. 

Conductivities of metals depend on the type and structure 
of the bulk material and its surface finish. DC conductivity 
may be used as a guide for estimating RF losses, but the ef-
fective loss at millimeter and sub-millimeter wavelengths 
may be significantly higher. With careful surface preparation 
the discrepancy between DC and effective GHz or THz con-
ductivity values can be less than a factor of two. There are 
few direct measurements of Ohmic losses at millimeter and 
sub-millimeter wavelengths. In the sub-millimeter range con-
ductivities of 1.6−3 × 107 S m-1 have been measured between 
room temperature and 200 K for aluminum and its alloys, and 
1.8–4.6 × 107 S m-1 for bulk copper  [5], [6]. 

The most accurate measurements that we know of are 
those at 584 GHz by Gatesman et al. [7]. They found that the 
reflection losses for copper, silver, gold and aluminum are 
0.3 %, 0.4 %, 0.6 %, and 0.5 % respectively for carefully 
prepared samples. For commercially available front surfaced 
mirrors the loss increases to 0.8 % for ‘enhanced aluminum’ 
and 1.5 % for ‘protected aluminum’. Measurements by Bock 
et al. [8] confirm that reflectivities consistent with bulk DC 
conductivities are achievable. 

Some components will be cryogenically cooled but most 
RF loss measurements are made at room temperature. It is 
less important to know low temperature values precisely 
since the thermal emission is greatly reduced, improving sen-
sitivity even in the absence of resistivity reduction (see Sec. 
II). Aluminum alloys and copper do in fact show increases in 
DC conductivities at 4 K by factors from 2 to 100, with the 
lower resistivity materials improving more [9]. At millimeter 
and sub-millimeter wavelengths the conductivity relative to 
DC can be slightly increased at ambient due to Drude relaxa-
tion, or decreased at low temperatures due to anomalous skin 
depth, but these effects are generally negligible. 

For the ALMA receivers careful attention should be paid 
to the preparation of the reflecting surfaces, particularly those 
at ambient-temperature. Copper plated surfaces are very low-
loss, but the long-term behavior would need to be verified. 

B. Dielectrics 
Losses in dielectrics depend on many factors. Significant 
variations in reported values are seen because of different 
material suppliers, sample preparations, and methods of 
measurement. Many materials have absorption features near 
or in the millimeter/sub-millimeter so that losses and dielec-
tric constants can change rapidly with frequency. There are 
few results of measurements on very low-loss materials at 
cryogenic temperatures. Small increases in loss with decreas-
ing temperatures have been seen in some materials and orders 
of magnitude decrease have been observed in others (see the 
tables in [2], for example). 

For a low-loss dielectric with a refractive index n, a loss 
tangent tanδ (ratio of real to imaginary parts of the dielectric 
constant) and thickness t the loss at a wavelength λ is 
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In comparing materials we must remember that the required 
thickness will depend on the material properties and the fre-
quency. For vacuum windows the thickness will depend on 
the mechanical strength and permeability of the dielectric; for 
IR filter applications it depends on the optical depth in the IR; 
and for lenses it depends on focal length and is proportional 
to (n – 1)-1. At higher frequencies the signal beams are 
smaller and the component dimensions commensurately re-
duced. Depending on these factors, typical losses are in the 
range of a fraction of a percent to a few percent. 

Some materials (notably foams) also exhibit scattering 
losses. This attenuates the signal and may also scatter ambi-
ent temperature radiation into the receiver. Measurements 
reported in [10] on a foam window showed scattering of 
about 1 % of the beam at 260 GHz. 

The most common materials are PTFE* (Teflon), HDPE, 
and TPX. Properly prepared PTFE has the lowest loss at fre-
quencies below 200–300 GHz. It becomes lossier at higher 
frequencies, but the reported frequency range where the loss 
increases varies between different publications, probably be-
cause of differences in the manufacturing process. Physically, 
it is denser than HDPE, but is more pliable at cryogenic tem-
peratures and thus less likely to fracture. At higher frequen-
cies, HDPE has significantly lower loss. Quartz is also used, 
but it is more expensive to fabricate and the high dielectric 
constant makes it more difficult to match to free space. 

At cryogenic temperatures the dielectric constant changes. 
In cases where no measured values are available the Lorentz-
Lorenz relationship [4], which relates dielectric constant and 
density, will often yield a sufficiently accurate value for the 
dielectric constant [2]. Density change is found from pub-
lished thermal contraction values or simply by cooling a 
sample in liquid nitrogen and measuring the dimensional 
change directly. 

C. Examples 
Comparison of different materials used for lenses, windows, 
mirrors, etc., may be made by quantifying their effects on the 
sensitivity of the entire system. As a basis for the comparison 
we take the parameters shown in Table I. 
 

TABLE I 
SOME OF THE PARAMETERS USED IN THE CALCULATIONS OF 

SENSITIVITY LOSS DUE TO VARIOUS OPTICAL CONFIGURATIONS. 
 

Parameter Value 

Atmospheric precipitable water vapor 
Air masses at observing elevation 

Receiver noise temperature 
Antenna spillover efficiency 

1 mm 
1 

2hν/k, 4hν/k, 10hν/k 
95 %, 98 % 

                                                           
* PTFE has a phase transition at 18  °C which is a concern for phase stability 
of cables, but it does not appear to have been a problem for lenses. 

 
Three cases representing some typical components are 
considered as follows: 

Case I:  A two mirror system with σ  = 2 × 107 S m-1 
at room temperature. Two mirrors are considered 
since a second mirror is often required to redirect the 
beam in the appropriate direction, even though it may 
not be needed for imaging. 

Case II: An HDPE window at room temperature with 
a thickness of λ/n. The thickness can be scaled with 
wavelength because the beam diameter will shrink and 
the thickness can be reduced accordingly. 

Case III: An HDPE lens at 4 K with a thickness of 
5λ/(n – 1) + 1 mm, which accounts for a focal length 
proportional to wavelength plus a 1 mm thick flange. 

 
To simplify calculation, component dimensions are as-

sumed to scale continuously with wavelength, but in practice 
they will be fixed within a given band. The total reduction in 
sensitivity includes both the added thermal noise and the mul-
tiplication of the following receiver noise. 
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Fig. 1.  Reduction of system sensitivity for different optical components and 
various values of the parameters 
 

Fig. 1 shows the relative degradation of receiver noise for 
these example cases. No scattering or spillover losses in the 
optics are included but those will be very important in a real 
implementation (see Sec. VI). In general the greatest degrada-
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tion is at the lower end of the frequency range, most signifi-
cantly in the 2-mm wavelength window. At the higher fre-
quencies the added noise is lower relative to the receiver 
noise because: the receiver noise increases (the quantum limit 
is proportional to frequency); the thermal noise in the Planck 
spectrum decreases; and atmospheric transparency becomes 
worse. At first sight the cryogenic lens appears to be more 
favorable than the dual reflectors at ambient temperature. 
However the reflectors would allow a smaller window in the 
cryostat and therefore thinner vacuum windows and IR fil-
ters. For reference the noise contributed by a reflector is 
equivalent to only one or two millimeters thickness of dielec-
tric at ambient temperature. 

IV. OPTICAL COMPONENTS 
Some of the typical components used in the optics are dis-
cussed in the following sections. 

A. Feed Horns 
While several types of feed have been used in the millimeter 
wavelength regime none has exceeded the performance of the 
corrugated horn—it is in effect the “gold standard” for 
waveguide feeds. It maintains high efficiency, low cross-
polarization, a spherical wavefront, low loss and high return 
loss over large bandwidths (~40 %) [11]. At low frequencies 
(<370 GHz) the fabrication is relatively straightforward, but 
horns have been successfully manufactured and tested up to 
2.4 THz [12]. Diagonal horns [13] are relatively simple to 
make, but have poor phase and cross-polarization characteris-
tics. Potter horns [14] have better patterns, but are more lim-
ited in bandwidth than corrugated feeds. 

Often the simpler types of horn are used as feeds for local 
oscillator (LO) injection where beam quality is less crucial. 
However, corrugated horns should also be considered for LO 
injection in the ALMA receivers. An efficient production 
method will be needed for the 70–140 horns required for each 
of the ALMA receiver bands, and it should not be a signifi-
cantly greater effort to make them for LO injection as well as 
for signal coupling. The main benefit is that improved match 
should lead to better stability and less LO leakage between 
bands, but the slight improvement in coupling at band edges 
may also be important. 

Very low VSWR transitions for corrugated feeds have 
been designed by using slots in the throat section of the horn 
that become narrower towards the horn apex [15]. However, 
as shown in Fig. 2, a design with constant-width slots can 
achieve a very low return loss over a 40 % bandwidth [16], 
which is larger than any of the bands proposed for ALMA 
[17]. 

It is often assumed that the aperture field of the horn is 
given by a truncated zeroth order Bessel function amplitude 
distribution with a spherical wavefront. Computations for a 
real feed using a mode-matching program [18] show that this 
is a good approximation over the band of the horn (Fig. 3). 
Calculations of the coupling to the telescope with the simpli-
fied and the more accurate fields show differences of less 
than 1 %. 
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Fig. 2.  Reflection loss calculated for corrugated horn for Band 3 of ALMA 
Prototype Antenna Evaluation Receiver. 
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Fig. 3.  Horn aperture field computed for a corrugated horn using mode-
matching software. Comparison is made with the usual simplifying assump-
tion of a spherical wavefront and Bessel function amplitude. 

B. Planar Feeds 
Quasi-optical or planar feeds may be used at the higher fre-
quencies. The most successful designs have based on twin-
slot antennas with hyperhemispherical lenses [19]. In the fol-
lowing sections it is assumed that a corrugated horn is used, 
but this could be replaced by a planar feed with optics to gen-
erate a similar beam. Efficiencies would then have to be ap-
propriately re-evaluated. 

C. Lenses 
Lenses are often used in millimeter optical systems and are 
relatively easy to manufacture on a lathe. The tolerances are 
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less stringent than for mirrors by a factor of (n –1), which is 
typically ~0.5, but this is offset by the greater difficulty in 
achieving this tolerance in the softer surface of a dielectric. 
Furthermore, lenses have two surfaces to be machined, each 
with its contribution to the surface accuracy. 

Lenses do not change the direction of propagation of the 
beam, which can be advantageous in some cases and  incon-
venient in others. The resulting axial symmetry makes it rela-
tively easy to align the lens with the optical axis. 

Reflection at a dielectric surface is significant and usually 
some type of anti-reflection treatment is applied to the lens 
surface. Typically this is in the form of concentric grooves 
machined into the lens surfaces. These, however, generate 
astigmatism and cross-polarization with a corresponding loss 
of 0.3–2 % for the two surfaces [20]. With the wide availabil-
ity of numerically controlled machines it is now practical to 
make an isotropic matching layer by drilling a large number 
of holes into the lens surface [21]. 

Having two surfaces also opens the possibility of shaping 
the illumination pattern to improve the antenna aperture effi-
ciency [22], [23], [24]. 

D. Focusing Mirrors 
Mirrors are often favored over lenses because of their lower 
loss, as well as the much lower VSWR. However reflectors 
are almost invariably used at non-normal incidence which 
results in non-axisymmetric optics and a deviation of the 
beam direction. These factors can make it harder to align 
mirrors, unless the mirror (or at least the center) is polished 
for laser alignment—lens materials are generally too opaque 
to allow this. 

The asymmetry is also responsible for some losses. For a 
single mirror with a focal length f the loss from a fundamen-
tal Gaussian mode into higher order co-polar modes with the 
same plane polarization is approximately [25] 

 )(tan
8
1 2 i

f
wL =  (4) 

where w is the radius of the Gaussian beam at the mirror and i 
is the incidence angle. Loss into cross-polar components is 
twice this. Although these losses are not necessarily a true 
loss of signal (e.g., coupling to an extended source), they do 
correspond to loss of point source sensitivity as they translate 
to increased sidelobes. The cross-polarization will directly 
affect polarization mapping accuracy. 

Obviously small incidence angles and large f-ratio mirrors 
are indicated. In the design of a focusing mirror it is often 
necessary to find a compromise between the geometrical 
problems incurred by requiring small angles of incidence, 
with the increased loss and cross-polarization associated with 
larger incidence angles. 

Sometimes these effects may be ameliorated or eliminated 
by combining two or more focusing reflectors. There have 
been several treatments of combinations of optical elements 
with cross-polar components that cancel. The most compre-
hensive is the paper by Dragone [26], which gives the geo-
metrical conditions for trains of conic section reflectors. The 

analysis uses geometric optics (GO) so it is not fully applica-
ble to quasi-optical systems (though it is the correct limiting 
case). In the GO analysis the distortion produced by one mir-
ror propagates to the second mirror unchanged except for a 
scaling factor. The second mirror then just has to have the 
same distortion to return the beam to its original distribution 
(Fig. 4a). If the beam passes through a focus the distortion 
and cross-polarization patterns are inverted, requiring the 
second mirror to be inverted (Fig. 4b). 

 
 

(a)

(b)

BA

B

A

 
Fig. 4.  Two possible geometrical arrangements of mirrors that can give 
cancellation of distortion and cross-polarization. The mirrors must keep the 
beam axis in the same plane and must have the same orientation if there is no 
intermediate focus (a), or one must be inverted if there is a focus between the 
mirrors (b).  

In the quasi-optical analysis, if a fundamental Gaussian 
mode is incident on Mirror A the distortion and cross-
polarization can be represented by antisymmetric higher or-
der modes [25]. As they propagate from mirror Mirror A to 
Mirror B, these higher order modes will slip in phase relative 
to the fundamental [27]. A small phase slippage corresponds 
to Fig. 4a, while a phase slippage of ~π corresponds to Fig. 
4b. (It is easily seen that resultant field obtained by adding an 
antisymmetric mode with a phase of π to a symmetric mode 
is an inverted image of the field obtained from a symmetric 
mode and an in-phase antisymmetric mode.) If the phase 
slippage is not close to zero or π the resultant field will also 
have a phase error at Mirror B which will not be compensated 
by it. Chu [28] discusses this in detail for a dual-reflector 
antenna and quantifies the loss in terms of the phase slippage 
parameter. 
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One important deduction from this is that cross-polar in the 
receiver optics will generally not cancel the cross-polar due 
to the feed offset very well. This is because the optics are 
near the secondary mirror, and the phase slippage from the 
secondary focus to the secondary mirror is ~π/2 so that the 
high-order cross-polar modes add in phase quadrature. At the 
higher frequencies the optics can be further from the focus 
and the cancellation may be somewhat better. 

Another effect not present in GO is the displacement of the 
phase centers of the input and output beam as a function of 
frequency. This appears as a comatic aberration, and 
Withington et al. [29] derive a closed form for the associated 
loss: 
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Ri and Ro are the radii of curvature of the input and output 
beams, w is the beam radius at the mirror, and the subscript m 
denotes the values at mid-band. 

E. Infrared Filters 
Several types of infrared filters have been used for millimeter 
and submillimeter receivers. Various materials which have 
absorption bands in the infrared but are transparent at longer 
wavelengths have been successfully employed [30], [31]. 
Some of these are solid materials, such as PTFE, Fluorogold 
and Fluorosint (both based on PTFE). Because of the 
appreciable dielectric constant, the interface reflections need 
to be taken into account. Rectangular or triangular matching 
grooves [32] can be machined into the surface to reduce the 
reflections. Triangular grooves give a larger matching 
bandwidth, but the depth is large compared to the pitch 
making fabrication harder. In large filters, significant 
temperature gradients can exist from the center of the filter to 
the periphery where they contact the cryogenic stations. This 
reduces their effectiveness [31] and the thickness may have to 
be increased to compensate, to the detriment of the RF loss. 

Fused quartz can also be utilised and is generally matched 
with PTFE layers. However, due to the relatively high dielec-
tric constant of quartz, the VSWR is not acceptable for 
ALMA requirements [33]. Furthermore, effective attachment 
of PTFE is difficult in the face of cryogenic temperature cy-
cling. Multilayer antireflection layers will increase the usable 
bandwidth, but this is a relatively complicated solution with 
more risk of delamination at low temperatures. Quartz has a 
higher thermal conductivity than PTFE [34], but significant 
temperature gradients may still exist in large filters since 
thinner material will probably be required (for RF losses). 

Materials with lower dielectric constants such as foamed 
polystyrene or PTFE are also useful. Because of the ex-
tremely low thermal conductivity there are large temperature 
gradients from the front to the back of the foam and it acts 
like multi-layer insulation, re-radiating back to the source. 
This has the benefit that the loading on the cryocooler is re-
duced relative to a solid absorbing filter. Measurements of the 
infrared and submillimeter transmission of an expanded 
PTFE material (Zitex [35]) have been made by Benford et al. 

[36] and the IR blocking properties investigated by Clarke 
and D’Addario [37]. This material is a very good filter candi-
date because of its high IR opacity and high (sub-)millimeter 
transparency. 

Other possibilities for infrared blocking include interfer-
ence filters and diffraction gratings. Interference filters could 
be made by evaporating thin films on to a substrate to reflect 
IR but transmit millimeter and sub-millimeter radiation. Sili-
con would be an ideal substrate apart from its high dielectric 
constant. If a nitride etch-stop layer is formed on the top to 
suspend the thin films, holes could be etched into the back of 
the silicon to reduce the effective dielectric constant (pro-
vided the hole spacing is less than half-a wavelength at the 
highest sub-millimeter frequency) [38]. Preliminary calcula-
tions reveal that the filling factor for the holes has to be very 
high, and further investigation is needed to see if this is prac-
tical. It does appear that a significant amount of rejection of 
IR could be achieved along with low loss for the signal beam. 
An attraction of this type of filter is that it does not cause any 
extra loading on any of the cryogenic stages. 

Reflective diffraction gratings (blazed echelles) also offer 
the potential of reduced loading on all stages by diffractively 
separating the IR and RF [39]. Unlike transmitting filters, 
reflective ones cannot cover the entire aperture and special 
baffles are needed to prevent IR from going round the edges 
of the grating. Some of the difficulties of the geometry are 
illustrated in Fig. 5. 

Vacuum wall
300 K

window

70 K shield

Blazed
grating

Ellipsoid

Feed horn

12

3

 
Fig. 5.  A blazed grating can be used to diffractively separate IR and mm or 
sub-mm waves. In this diagram the grating is designed to send IR coming in 
parallel to the optical axis back along the same path. Rays incident at other 
angles may be reflected to the interior of the vacuum vessel, (1), or the radia-
tion shield, (2). Highly oblique rays can be reflected multiple times and not 
be intercepted by the grating (3). By making the interior of the tube absorp-
tive this is avoided, though the thermal load is transferred to the shield. 
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F. Vacuum Windows 
Several vacuum window designs are in current use, though 
none are perhaps ideal. Optical requirements for low 
reflection, scattering, and loss generally conflict with the 
requirements for impermeability to gasses (particularly water 
vapor), and resistance to atmospheric pressure. 

Thin membranes, such as Mylar (PETP) are strong but 
have to be thin to avoid losses and reflections. Relatively 
large windows have been made by backing the membrane 
with a strong foam to resist atmospheric pressure [10]. A side 
effect is that the foam also acts as an IR block [31]. 

However, Mylar is somewhat permeable to water and he-
lium and lossy at millimeter wavelengths. Kerr et al. have 
used other materials that are somewhat better in this regard 
[10]. Ediss et al. [33] have investigated quartz windows, but 
these appear to be more lossy and difficult to match, requir-
ing two or more plastic film matching layers. An alternative 
is to cut grooves with a saw or ultrasonically to create small 
pyramids, emulating a gradual refractive index transition 
[40]. Further evaluation of designs will be needed for ALMA 
and it seems likely that more than one type will be needed to 
cover all the bands. 

G. Wire Grids 
Wire grids make excellent polarizers [41]. Although these 
may be made by etching metallic films deposited on 
dielectric films, the best results are obtained with free-
standing grids wound from BeCu or tungsten wire. Losses 
occur due to dissipation and leakage. For electric fields 
perpendicular to the grid leakage is due to displacement 
currents in the capacitance between the wires. This is reduced 
by increasing the wire spacing. For the orthogonal 
polarization, increasing the spacing decreases the effective 
shunt inductance of the grid causing more leakage for that 
polarization. Using formulas in [41] it is found that the 
leakage for the two polarizations is roughly equal for pitch to 
wire diameter ratios of 3–4 depending on the incidence angle 
of the field. 

Wire diameters are commonly 10–25  µm, depending on 
the wavelength. Leakage losses much less than 1 % can be 
expected. Uniformity of wire spacing is a serious concern and 
experimental [42] and theoretical [43] results show that the 
rms spacing should be less than ~10 % of the nominal spac-
ing. Ohmic losses can be estimated roughly by taking the 
reflectivity of a solid reflector of the same material and 
reducing it by the wire diameter to pitch ratio. 

V. OPTICAL CONFIGURATION 
We consider several possible layouts for the optics. As an aid 
to understanding the effect of various parameters on the 
efficiency of the feed we use the overlap integral approach 
given in [44]. Radiation from a distant (point) source incident 
on the aperture is assumed to produce a top-hat illumination 
at the secondary mirror. This propagates as a beam ψs 
diffracting towards the secondary focus. Likewise, the feed 
horn is assumed to generate a beam ψf traveling out towards 
the secondary mirror. Standard quasi-optical theory [45] is 

used to determine the propagation of these beams through 
free space and the optical elements. An estimate of the 
aperture efficiency is then given by 

 
2

sf ψψη =   (6) 

where the overlap integral may be made in any plane. When 
the effect of aperture stops must be estimated, the integral is 
most conveniently evaluated in the plane of the stop. 

With this formalism we can use paraxial beam theories to 
propagate realistic beam patterns through the optics rather 
than assuming that there is only a fundamental Gaussian 
mode. Since the same equations describe the propagation of 
all modes [27] the initial design can be done with the funda-
mental mode and later extended to the full mode-spectrum. 

Feed systems may have a simple feed horn, or a horn and 
several focusing and other optical components. The choice of 
configuration will affect the efficiency and bandwidth for 
coupling the telescope to the antenna. 

A. Feed Horn Only 
The simplest feed system is a corrugated feed horn directly 
illuminating the secondary mirror. This has the advantage of 
not requiring any optical elements with their associated 
dissipative and spillover losses. 

To estimate the aperture efficiency, we will assume that 
the corrugated horn aperture is at the secondary focus and 
that the aperture field is a truncated zeroth order Bessel func-
tion, J0, [11]. We take the Airy focal spot from the antenna 
and calculate the overlap integral with the horn aperture field 
using (6). The horn aperture radius may be optimized at some 
frequency, but since the Airy spot scales with wavelength, 
there is a reduction in efficiency at other frequencies. This is 
illustrated in Fig. 6. Note that the maximum efficiency is 
83.7 % and falls off to 75.5 % at the edges of a 40 % band. At 
the band center the edge taper is about 11.3 dB [44]. 
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Fig. 6.  Aperture efficiency for an ideal corrugated horn at the secondary 
focus (solid line), and at an image of the primary (dashed line). 
 

At the focus of a Cassegrain with a primary focal ratio f/D 
and magnification M, the Airy spot size is ~λMf/D. This is 
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quite large for the ALMA antennas with M = 20, so the horn 
will have a large aperture. The minimum length of horn can 
be estimated as follows.  

A corrugated horn produces a beam that is very close to 
being Gaussian (98 % of the power is in the fundamental 
mode [46]). Choosing the edge taper defines the beam radius 
of the Gaussian beam at the secondary mirror, ws, while the 
distance from the geometrical focus to the secondary sets the 
wavefront radius of curvature, Rs. These two values uniquely 
define the distance of the beam-waist from the secondary, zs, 
and waist-radius, w0, for a give wavelength λ. 
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Usually the horn is assumed to be long enough to have a 
negligible wavefront curvature at its aperture putting the 
waist close to the horn aperture, but this requires a very long 
horn. In general the horn can be located anywhere along the 
Gaussian beam as long as the aperture radius is w/0.6436, and 
its length is R, where w and R are the beam radius and wave-
front radius of curvature of the beam in the plane of the horn 
aperture (Fig. 7). The shortest horn will therefore have its 
aperture at the confocal point of the beam where the wave-
front radius of curvature is smallest. This is a distance [45] 

 
λ

π 2
0w

zc =  (9) 

from the waist. In this plane the beam radius is 

 02ww =  (10) 

and the wavefront radius of curvature is 

 czR 2=  (11) 

Such a horn is known as an optimum gain horn* [22]. 
Assuming that the secondary mirror is in the far-field of 

the waist, the waist radius required to give an edge taper of TE 
in dB is 

 )10ln(
20

][/2
0

dBTDMfw E

π
λ=  (12) 

For the ALMA receivers the secondary focal ratio is 
Mf/D = 8 [47]. At the center frequency for Band 2 of 
78.5 GHz with an 11 dB edge taper we get w0 = 21.9 mm and 
zc = 394 mm, for example. To launch this the corrugated horn 

                                                           
* Incidentally, insects discovered optimum gain horns and corrugated feeds 
several million years ago. 

would have an aperture diameter of 96 mm and a length of 
790 mm. Clearly this is impractical and we have to use some 
re-focusing element(s). 
 

w
aR

1/e beam radius
Corrugated horn

Wavefront

 
 
Fig. 7.  Relationship between a corrugated horn and the associated best-fit 
fundamental Gaussian beam mode. 
 

Coupling efficiency with an optimum gain horn will also 
have some frequency dependence, but less than a zero aper-
ture phase error horn  located at the secondary focus. 

Profiling has been used to reduce the lengths of corrugated 
horn [11]. I have not investigated this but suspect that it will 
not work very well for horns with an aperture diameter large 
compared to a wavelength. This is because the walls of the 
horn influence mainly the field close to them. The wavefront 
would be modified there but not at the center of the horn, 
resulting in a distortion of the wavefront. The large electrical 
size may make it difficult to verify this using mode-matching 
techniques. In any case the reduction in length would not be 
sufficient for practical purposes, the aperture radius would 
still be large, and the efficiency frequency-dependent. 

We must therefore consider a system with at least a lens or 
refocusing mirror. 

B. Corrugated Horn and Lens 
There are two ways of using a lens with a feed horn. One is 
the “lens-corrected horn” where the lens is at the aperture of 
the horn to make the aperture wavefront planar. Although this 
removes the restriction on horn length it does not reduce the 
aperture diameter or the frequency dependence. 

The other arrangement is to have the lens further from the 
horn aperture and to refocus the beam (Fig. 8). A common 
scheme is to have a relatively small feed with a nearly uni-
form aperture field phase located at one focus of the lens. The 
other focal point is at the secondary focus of the telescope. 
This can be viewed as re-imaging the secondary mirror on to 
the feed aperture. Efficiency can then be calculated by taking 
the overlap of the feed field at the secondary mirror and a 
top-hat function (Eq. 6), which yields an efficiency of 86.9%, 
independent of frequency for the correct choice of beam size. 
This is plotted in Fig. 6, which shows that this configuration 
has a higher efficiency than the simple horn alone, even at its 
design center frequency. This is the standard against which 
any optical system should be compared. 
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Fig. 8.  A corrugated horn and lens used to illuminate the secondary mirror. 
The lens allows a smaller horn to be used, and to have frequency independent 
illumination. 

The actual edge taper for this case is 10.0 dB, while the 
edge taper for the corresponding best-fit Gaussian is 12.3 dB. 
The image of the horn has a diameter of 1.306 times the sec-
ondary mirror diameter. 

C. Frequency Independent Design 
In Section B it was assumed that the illumination was 
frequency independent. However, this is not precisely true if 
the beam-waist is at the secondary focus except in the limit of 
zero wavelength. In general the waist will be located farther 
from the secondary mirror to give the correct radius of 
curvature. The optics can be designed to give the appropriate 
waist position as a function of frequency, however. 

There are several equivalent ways of stating the appropri-
ate conditions. Clearly, frequency-independence includes 
infinite frequency, or Geometrical Optics, so that ray tracing 
results apply and standard optics imaging equations may be 
used. Probably the first to expressly show that diffractive 
optics could be essentially frequency independent was Chu 
[48] who used the Fresnel integral and derived the same 
equations as for Gaussian Optics (i.e., paraxial ray optics). In 
an ABCD-matrix formulation [45], the B element must be 
zero. Finally, the total phase slippage, φ, for a Gaussian beam 
[49] accumulated between the horn aperture and the secon-
dary mirror should be equal to π [50]. 

By applying any one of these criteria a broad-band illumi-
nation system may be designed with several lenses or mirrors. 
To approach this ideal it is also necessary that beam trunca-
tion is minimized and that the focusing elements can be well 
approximated by pure phase transformers. Some guidelines 
for the required beam clearances are given in the following 
Section. 

D. Beam Truncation Criteria 
An alternative calculation of the aperture efficiency is 
obtained by evaluating the overlap integral at the secondary 
focus. This yields an identical answer to that in the previous 
section if the integral is taken over an infinite plane. By 
taking the integral over a finite radius the effect of aperture 
stops (such as dewar windows) can be estimated. The integral  

is over the product of the far-field pattern of the horn 
(produced by the lens) and the Airy pattern. Fig. 9 compares 
the two fields. Evidently, the higher efficiency in this case 
results from the partial interception of energy in the first Airy 
ring. 
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Fig. 9.  Aperture field and imaged field (Fourier transform) from a 
corrugated horn compared with the Airy pattern at the secondary focus of the 
antenna. 
 

Fig. 10 shows the reduction in efficiency as a function of 
stop radius*. Virtually all the efficiency is obtained when the 
first Airy ring is enclosed,  

 DMfr /33.2 λ=  (13) 

and only 1% is lost if  

 DMfr /86.1 λ=  (14) 

In terms of the best-fit Gaussian beam these correspond to an 
aperture diameter of 5.9w and 4.9w respectively. If, as is 
often the case, the lens is close to the secondary focus this 
will also be a good measure of the required size of the lens. 
Table II gives the minimum aperture sizes at the secondary 
focus to avoid losses greater than 1 %. 

We note that the amount of clearance required in the beam 
depends on the location of the stop relative to the horn or the 
secondary mirror. A truncation diameter of only 3.11w at the 
horn aperture (or an image of it) will pass the entire beam. In 
general, close to the horn aperture or an image of it smaller 
stops can be tolerated, but in the far-field a greater clearance 
must be allowed. The transition between the two regimes is at 
~zc. This factor of almost two in acceptable stop size is a re-
sult of the higher-order modes which account for only 2% of 
the feed pattern energy. Murphy et al. [51] present a detailed 
                                                           
* It is often assumed that a loss of 1 % from a beam is a loss of 1 % in effi-
ciency. In fact it can be seen from Eq. (6) that the efficiency is reduced by 
2 % since there is a product of amplitudes squared. 
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study of truncation for beams radiated by various types of 
horn. 

TABLE II. 
MINIMUM APERTURE DIAMETERS FOR A WINDOW AT THE CASSEGRAIN 

FOCUS THAT WILL DEGRADE APERTURE EFFICIENCY BY LESS THAN 1 %. 
 

Band 
Lowest frequency 

[GHz] 

Highest fre-
quency 
[GHz] 

5w Window 
diameter 

[mm] 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

31.5 
67 
89 

125 
163 
211 
275 
385 
602 
787 

45 
90 
116 
163 
211 
275 
370 
500 
720 
950 

351 
165 
124 
88 
68 
52 
40 
29 
18 
14 
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Fig. 10.  Effect of a circular aperture of radius r at the secondary focus on the 
antenna aperture efficiency. w is the radius of the Gaussian fundamental 
mode which is a best fit to a corrugated horn field. 
 

E. Optical System With Optimum Gain Horn 
To get a feeling for the parameter values for a simple optical 
system we will analyze an optimum gain horn with a lens. To 
simplify the problem we assume that the horn/lens 
combination produces a waist at the secondary focus. While 
this is true only at short wavelengths the values will change 
only slightly when the correct focusing conditions are 
imposed. Under these assumptions the problem may be 
parameterized by a single quantity which we choose to be the 

beam radius at the horn aperture wa = 0.6436 (Fig. 7 and Fig. 
8). 

The lens is assumed to be a pure phase transformer so that 
the beam sizes on the left and right sides must be identical 
allowing d2 to be written in terms of d1. The phase from the 
horn aperture to the secondary mirror is approximately 

 
2

arctanarctanarctan
2

2

11

1 πφ +��
�

�
�
�
�

�
+��

�

�
�
�
�

� ∆−��
�

�
�
�
�

� ∆+
=

ccc z
d

zz
d

(15) 

which is set equal to π for frequency independence. 
By applying these criteria we find the following (β is a pa-

rameter relating the beam width to the secondary mirror size 
and  β = 2.379 for optimum efficiency): 
Length of the horn: 
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Distance from horn aperture to lens: 
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Distance of lens from secondary focus: 
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The lens focal length is found from the inverse of the sum of 
the beam wavefront curvatures on the two sides of the lens: 
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For a 5 wL diameter lens the focal ratio is: 
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For an offset mirror the amplitude distortion and cross-
polarization are controlled by the ratio of the beam size to the 
mirror focal length, which is 
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Some these quantities are shown in Fig. 11 in a wavelength 
independent form. Horn apertures of at least 4 λ are required 
to have a lens or mirror with an f-ratio greater than 1. This 
means that the horn flare angle will be less than about 10°. 

F. Horn and Multiple Lenses or Mirrors 
The same imaging principles apply to systems with multiple 
focusing elements. A horn/lens combination may be used to 
make an image of the horn aperture relatively close to the 
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lens (rather than at the secondary mirror) and a second lens 
used to re-image that on to the secondary. This can obviously 
be repeated with an arbitrary number of focusing elements. 
Geometrical imaging may therefore be used for frequency 
independent design as before, and Gaussian beams used to 
find suitable clearances. Again, clearances need to be >5w 
near the secondary focus or images of it, but can be smaller 
near images of the feed aperture. 

The addition of extra focusing elements adds some flexi-
bility that may offset the extra losses. For example, cross-
polarization cancellation is feasible with suitably chosen 
conic-section reflectors (Sec. IV.D), or intermediate waists 
(foci) can be produced to minimize window sizes and associ-
ated IR loading. 

H
or

n 
ha

lf-
an

gl
e 

 [d
eg

re
es

]

0

5

10

15

20

25

30

N
or

m
al

is
ed

 h
or

n 
le

ng
th

, L
h/ λ

0

50

100

150

200

250

300

350

Normalised aperture radius, a/λ

0 2 4 6 8 10 12 14

Be
am

 ra
di

us
 a

t l
en

s,
 w

L/λ

8

10

12

14

16

18

Le
ns

 fo
ca

l r
at

io
, D

L/f

0

1

2

3

 
  
Fig. 11.  Some of the optical parameters for a system with an optimum gain 
horn and a single focusing element, calculated for an antenna with a 
secondary focal ratio of f/8. 

VI. EXAMPLE DESIGN  
As an example of the applicaton of the above design ideas we 
consider ALMA Band 3 (84–116 GHz). At the lowest 
frequency the 5w diameter of the beam at the secondary focus 
is abut 125 mm. A window into the dewar with this clearance 
would present a huge IR thermal load, so the beam must be 
focused down by a factor of ~3–5 (9–25 in area). This can be 
achieved with an ellipsoidal mirror. In this band the 
polarizations may be separated in waveguide so no space 
allowance needs to be made for an optical diplexer. 

If the window diameter is to be about 30 mm the feed ap-
erture should be somewhat smaller, say 25 mm. To get the 
distance from the feed to the ellipsoid, we multiply the dis-

tance to the secondary (6 m) by the ratio of the feed aperture 
to the desired image size of the feed (1.306 times the secon-
dary mirror size), giving 153 mm. At 84 GHz the optimum 
gain horn with an aperture of 25 mm is about 57 mm long 
and has a flare angle of 12.4°. The precise calculation of the 
optical parameters shows that the ellipsoid has a focal length 
f = 164.5 and is at a distance d = 168.7 mm from the horn 
aperture. An ellipsoid with a diameter of 5w has an f-ratio of 
about 0.83. There will be an associated co-polar distortion 
loss of about 0.25 % and a cross-polar power of 0.5 %, for a 
30° incidence angle. 

A disadvantage of this choice of parameters is that the 
beam divergence is large enough to make the window size 
significantly larger than the horn aperture. Using a longer 
horn will reduce the beam divergence and shift the waist to-
wards the horn aperture. Since the space between the horn 
and mirror is more critical than the length of the horn it is 
acceptable to extend the horn to 140 mm. The optical pa-
rameters are now f = 157.6 mm, d = 161.6 mm, and the mir-
ror has an f-ratio of 1.1. The smaller mirror and reduced beam 
divergence permit a smaller angle of incidence also reducing 
distortion and cross-polar content to ~0.15 % and ~0.3 %. 
Fig. 12 illustrates the geometry, with a plane mirror added to 
direct the beam up towards the secondary. The mirrors are 
large enough to capture the 5w beam diameter. The hole in 
the shield can be smaller than this since it is close to the feed 
aperture. The window is made from HDPE and is two wave-
lengths thick, with quarter-wave matching grooves machined 
on both sides. Below that is an expanded polystyrene foam 
infrared filter. 

50 K shield

Ellipsoid

IR filter

window
HDPE

100 mm

Cass. focus

Beam-waist

 Fig. 12.  Possible optical design for Band 3. The beam contours denote the w 
and 2.5w radii of the nominal Gaussian beam. See text for details of 
windows, filter, etc. 
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Although a full computation of the radiation pattern is 

complicated, a simple numerical integration assuming circu-
lar symmetry can give a good idea of the effectiveness of the 
design [50]. Calculations for two frequencies, taking into 
account the window and mirror stops is shown in  

Fig 13. The pattern is very close to being an image of the 
horn aperture field, which is also shown in the diagram. 
There is negligible phase error, so that no refocusing of the 
secondary as a function of frequency is required. 
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Fig 13.  Beam patterns calculated for the design given in the text. The dashed 
line shows the function J0(r), the ideal corrugated horn aperture field. Dash-
dot-dot line indicate the edges of the secondary mirror. The phase is relative 
to a sphere centered on the geometrical secondary focus. 
 

Estimates of the various losses in the optics are shown in 
Fig. 14. The total loss is estimated to be less than ~3.5 % 
across the band. One of the main contributions is the trunca-
tion loss due to the various apertures. Some of this will be 
reflected back to the dewar, part to ambient, and some on to 
the sky. It probably accounts for an additional 1–2 K in noise. 
A significant contribution comes from the foam used for the 
IR filter. Since the foam supports a temperature gradient from 
the upper face to the lower the average physical temperature 
will be less than the ambient temperature. Its noise contribu-
tion will therefore be ~1 K or less. The window is at ambient 
temperature and will contribute of order ~0.8 K to the noise, 
and the mirrors together add about 1.4 K due to ohmic losses. 
The Ruze scattering due to small scale errors in the mirror 
surfaces will be terminated at ambient, but this will be less 
than ~0.1 K. 
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Fig. 14.  Estimated optical losses for the example Band 3 design. The curves 
give the cumulative loss for (1) amplitude distortion, (2) cross-polar, (3) 
aberrations, (4) ohmic losses, (5) surface error (Ruze), (6) window reflection, 
(7) window dissipation, (8) IR filter loss, (9) truncation losses.  

VII. GENERAL DISCUSSION AND CONCLUSIONS 
From the perspectives of sensitivity, manufacturing, and 
reliability the simplest system possible is desirable. Optical 
systems for ALMA should, if possible, comprise only a few 
lenses or ellipsoidal mirrors and, for the higher frequency 
bands, wire grid polarizers and dielectric beam-splitters for 
LO injection. Some of the functions which have been done in 
the optics in previous systems such as image rejection and 
conversion of polarization states may be done by post-
processing. 

Complexity in the optics may be justified only if it will en-
hance sensitivity. Sideband rejection could achieve this if the 
degradation due to the added optics is less than the improve-
ment in rejecting sky noise. This issue is complicated since it 
involves the receiver noise temperature, IF frequency and 
bandwidth, diplexer Ohmic and overlap losses, observing 
modes and atmospheric conditions [52], [53], [54], [55]. 
However, it is clear that the additional elements add signifi-
cant complexity and bring reliability and maintenance issues 
which must also be considered in the decision. 

An important factor in the final optical design will be the 
influence of the cryostat on the layout. This poses a signifi-
cant space limitation that will be felt particularly in the lower 
frequency bands. Most of the compromises will have to be 
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made there, while the high frequencies will be relatively un-
restricted. 

As shown in the example design it is necessary to have 
some external optics for the low-frequency designs. Thus the 
optics have to allow for vacuum windows and IR filters be-
tween optical elements. On the other hand, some of the high-
frequency band optics may be contained entirely within the 
dewar since the windows are already small without external 
refocusing of the beam. This gives more freedom in the 
choice of optical design parameters. 

In the end, the design has to be a compromise among sev-
eral conflicting requirements. Some elements are not required 
at all for the optical design but have to be in the optical path, 
namely the vacuum windows and infrared filters. More de-
tailed studies will be required to best satisfy the need for 
strength, infrared blocking, vapor permeability and so forth. 

Because of the excellent site and antennas all efforts have 
to be made to minimize optical losses. A key factor will be to 
verify that all materials are tested at the frequencies at which 
they will be applied. Setups for verification of dielectric con-
stant, absorption coefficient, reflectivity, uniformity, etc. will 
be essential. Components should also be rigorously tested. 

While the general principles of optics for ALMA are gen-
erally clear, there remain several areas for further study. The 
principal of these are optimization of designs for windows 
and IR filters. In addition the challenges of production of 
significant quantities of components has to be faced. 
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