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Abstract

We describe the optical design and performance of ’QUEST and DAST’ or 'QUaD’, a ground-based high-resolution experiment
designed to measure the polarisation properties of the cosmic microwave background radiation. QUaD uses bolometric detectors at
100 and 150 GHz on a 2.6 m Cassegrain telescope. The QUaD optics are designed to minimise systematic effects as well as to maximise
sensitivity, and we report here on the comprehensive quasi-optical analysis used to achieve this design. We also present initial optical
performance measurements achieved in operation, and discuss changes made to the optics to overcome some errors in the mechanical
construction of the primary mirror. The QUaD experiment is now fully operational and taking world-leading data at the South Pole.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The cosmic microwave background (CMB) has proven
to be an invaluable tool for cosmologists. Sensitive mea-
surements of the temperature anisotropy power spectrum
have made increasingly accurate estimates of the funda-
mental cosmological parameters. However, in addition to
the temperature anisotropy signal there is an anisotropy
in the linear polarisation of the CMB introduced by Thom-
son scattering of the photons at re-ionisation. This was
detected for the first time by the degree angular scale inter-
ferometer (DASI) experiment [1]. By breaking degeneracies
inherent in the temperature spectrum alone, accurate polar-
isation measurements by the latest generation of CMB
experiments will lead to tighter constraints on cosmological
parameters describing the density, composition, and expan-
sion rate of the universe [2].

The Q and U extragalactic survey telescope (QUEST) at
the degree angular scale interferometer (DASI) telescope
[3] (the combination now called QUaD) is a ground-based
experiment designed to produce the first high-resolution
high signal-to-noise map of the CMB E-mode polarisation.
It is also expected to make an important contribution to B-
mode surveys and when combined with the four-year
WMAP data will improve constraints on many cosmolog-
ical parameters [4]. QUaD began observations from the
South Pole in March of 2005.

Experiments such as QUaD require an in-depth under-
standing and control of systematic effects, particularly
those that could contribute to the polarised signal. In this
paper we deal specifically with the telescope and instrument
optics. In Section 2 we describe the basic design criteria for
the telescope and the preliminary optical configuration
developed to meet them. Section 3 deals with the more
detailed analysis of this design. In Section 4 we present
some of the initial beam pattern measurements and finally
describe some improvements made on the basis of these in
Section 5.

2. Initial optical design

The main criteria for the QUaD design were a high
degree of axial symmetry, a large field-of-view (at least
1°) and good image quality (strehl ratio > 0.98). It was
decided to make simultaneous observations in two fre-
quency bands (atmospheric transmission windows centred
at approximately 100 and 150 GHz) to allow spectral
discrimination between CMB and foreground signals.
Pairs of orthogonal polarisation-sensitive bolometers
(PSBs) [5] are used as detectors, each pair being fed by a
single corrugated horn antenna. The signals from each pair
are differenced to give a measure of the Q and U Stokes
parameters. The number of feedhorns are maximised to
give the high instantaneous sensitivity required for fast
mapping. The resolution of the telescope (~4.2" at
150 GHz) was chosen to span the expected peaks in the
polarisation signal.

An existing design for a 2.6 m parabolic primary was
incorporated into an on-axis Cassegrain system with the
secondary mirror supported by a Zotefoam (PPA-30) cone
in order to maintain the overall symmetry of the telescope.
The design allowed for a rotating achromatic half-wave-
plate of 100 mm diameter, the maximum size of sapphire
crystals that could be sourced at the time. The waveplate
was placed near an image of the primary mirror to mini-
mise its diameter. The dimensions of the horn antennas
were fixed by the requirement that they illuminate a trun-
cating cold stop with an edge taper of —20 dB at 12.3° (a
typical F-number for compact millimetre-wave horns).
The primary mirror is under-illuminated by the feedhorns
to minimise ground spillover. Spillover is further reduced
by a 30 cm skirt around the primary mirror where the sup-
porting foam cone for the secondary mirror is attached.
The focal plane and the cold Lyot stop are located in a
4 K cryostat whose window dimensions were constrained
by the maximum aperture of blocking filters available
(200 mm).

The initial optical design work for the telescope was car-
ried out with the software package Zemax [6] using ray-
tracing techniques. A novel design solution (Fig. 1) using
two strong field lenses was found to satisfy the above crite-
ria and result in acceptable blockage by the (0.225 m) sec-
ondary. The design is unusual in that the first lens is in
front of the primary mirror. The lenses convert the slow
beam at the focus of the telescope to the spherical F2.3
focal plane and give a field-of-view of 1.5°. An image of
the primary mirror is formed at the cold stop where the
sidelobes are truncated, resulting in well-defined beams
on the primary. To minimise losses and thermal emission
the lenses are anti-reflection coated and attached to the
4K stage. The focal plane contains 31 pairs of PSBs; 12
operating at 100 GHz, the remaining 19 at 150 GHz.

A hole is cut in the centre of the secondary mirror. This
serves to reduce the amount of power incident on the detec-
tors which may be reflected by the secondary mirror from
room-temperature parts of the cryostat. An unacceptably
large hole would have to be cut if its shadow, as seen from
all the feedhorns, were to exactly cover the hole in the pri-
mary. It was decided to eliminate most (>75%) of the
reflected power with a secondary hole of diameter 48 mm
and to reduce the remainder with a baffle and flat reflecting
collar around the cryostat window (Fig. 2). The reflecting
collar results in a sidelobe at approximately 10° off-axis.

The telescope was placed on the DASI alt-az mount so
that the entire instrument can be rotated about the optical
axis allowing us to characterise sources of instrumental
polarisation. In the end a rotating waveplate was not
installed. The whole telescope is surrounded by a shield
to reflect the beam sidelobes onto the cold sky, preventing
ground radiation from reaching the telescope.

Ray-tracing, although very successful at optical wave-
lengths, does not take into account the effects of diffraction.
At millimetre wavelengths it is important to analyse the
system in more detail by first determining the field at each
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Fig. 1. (a) The QUaD telescope front-end optics. (b) The telescope (shown in two positions) with the ground shield and the skirting around the primary

mirror.

Fig. 2. Ray-tracing shows a collar design to reflect power past the
secondary mirror.

of the horn apertures and then propagating these, taking
account of the effect of diffraction, through a model of
the telescope optics and on to the sky. We describe this
more detailed analysis in the following sections.

3. Quasi-optical analysis
3.1. Feedhorns

The QUaD 100- and 150 GHz horn design is described
in detail in a paper by Murphy et al. [7] and summarised
here. The QUaD horns have to produce well-controlled
beams that satisfy strict criteria with regard to cross-polar-
isation and sidelobe level. Corrugated horns have been
found to be suitable for wide-bandwidth (~33% in our
case) applications and are typically designed to transmit
only the linearly-polarised HE;; hybrid mode. We use
cylindrically symmetric horns which transmit both orthog-
onal polarisations and these are coupled to the orthogo-
nally-oriented PSBs.

The dimensions of each horn antenna are fixed by the
requirement that it illuminate the cold stop with an edge
taper of —20dB at 12.3°. Standard conical corrugated
horns that meet this criterion are too long to fit into the
QUabD cryostat, and so a number of alternative designs
were investigated. NUI Maynooth’s modelling software
[8] based on a rigorous electromagnetic mode matching
technique, was used to develop the prototype designs. Suit-
able profiled conical designs (e.g. Fig. 3) of approximately
the same length were found for both frequencies and man-
ufactured by TK Ltd. (UK). The 100 GHz beam profiles
were measured at the NUI Maynooth test range and were
found to be in excellent agreement with the theoretical pre-
diction. Above —20 dB, both beams are well fit by a Gauss-
ian function with a radius of 0.6435a at the horn aperture
(where a is the aperture radius).

For the QUaD horns the waveguide section acts as a
high-pass filter defining the lower band edge of each
channel; the high frequency band edges are defined by

polypropylene
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Fig. 3. Profiled conical corrugated horn design (100 GHz) for QUaD.
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hot-pressed polypropylene filters mounted at the front of
each horn antenna. The mode-matching technique was
used to fine-tune the horn-plus-filter design in order to
get a smooth band edge at the required frequency [9].
The phase centre position of each antenna was calcu-
lated by varying its position in the optical model and max-
imising the on-axis gain (so the beam centre of phase
curvature lies on the focal surface) [10]. The mode-match-
ing model was used to determine the horn aperture field
at five spot frequencies across each band and then these
were propagated through a quasi-optical model of the tele-
scope and added in quadrature. The resulting on-axis gains
as a function of horn position are shown in Fig. 4. In order
to avoid shadowing it was decided to place the front-end of
each horn-plus-filter combination on the same spherical
surface 23.5 mm in front of telescope focus. The layout
of the horns on the focal surface is shown in Fig. 5. A
Gaussian beam was propagated from each of these posi-
tions through the optical model of the telescope and onto
the sky using the techniques described in the next section.

3.2. Free-space propagation

We have used paraxial modal techniques (Gaussian
beam modes [11,12] and the commercial software packages
GLAD [13] and Zemax [6]), as well as a more rigorous vec-
tor physical optics analysis (GRASPS [14]), to model the
beam propagation through the telescope optics and include
the effects of diffraction.
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Fig. 4. Plot of on-axis gain as a function of horn position for the 100- and
150-GHz horns. The gain is a maximum when the phase centre is located
on the focal plane of the telescope.

Fig. 5. Layout of the 100- and 150-GHz horns on the QUaD focal plane.

In GRASPS a simplified model with only the primary
and secondary mirrors was used. Lenses and mirrors can
be analysed with the other packages and for systems such
as QUaD we have found that the approximate techniques
agree well with GRASP8 down to —25dB or less [15,16]
so long as care is taken with fast beams and near-field
effects. With Zemax, for example, we could switch to ray-
tracing when propagating from the secondary to the pri-
mary mirror where the beam is especially fast. The approx-
imate modal techniques are computationally much less
intensive and ideal for the design phase of the telescope.

3.3. Lenses

The QUaD design uses two re-focussing lenses between
the focal surface and the telescope mirrors. Three possible
materials were considered for these lenses: silicon (n = 3.4),
quartz (n=2.2) and HDPE (n=1.583, a value we
obtained from room-temperature measurements of our
sample and an extrapolation to 4 K based on published
warm and cold values). An important consideration for
an experiment such as QUaD is the introduction of any
polarisation effects. On propagating out from the focal
plane, each beam will travel through four vacuum/material
interfaces (the two lenses). At each interface there is a dif-
ference in transmission for radiation polarised perpendicu-
lar and polarised parallel to the plane of incidence [17].
This difference increases with increasing angle of incidence
and has the effect of imposing a measured polarisation on
an unpolarised source (even for anti-reflection coated
lenses because of the wide-bandwidth of the signal). It is
extremely important that this effect is minimised and care-
fully characterised. Table 1 lists the percentage power
transmission (see also Fig. 6) and instrumental polarisation
for the most off-axis 100- and 150-GHz QUaD pixel. For
single-layer anti-reflection coating HDPE was found to
be the most suitable lens material.

The anti-reflection coating on the lenses was chosen as a
A/4-thick layer of material of refractive index as close as
possible to /n with A taken as the wavelength midway
between the two observing bands. Since 3 x /4 for the
centre of the 100 GHz band is close to 5 x A/4 for the cen-
tre of the 150 GHz band, this was another option consid-
ered for the coating thickness. However, in this case, the
average transmission over each band was found to be
poorer (Fig. 7).

Table 1
Percentage power transmission (7) and instrumental polarisation (Pol)
through the lenses for the most-off-axis QUaD pixels

Frequency (GHz) HDPE Quartz Silicon

T (%) Pol (%) T (%) Pol(%) T (%) Pol (%)
100 97.6 0.3 92.1 0.3 82.1 3.6
150 95.9 1.3 84.6 29 635 22

Calculations were made for three different lens materials using Zemax.
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superimposed on the original parabola. (GRASPS can take
the measured data points as input.)

The warp on the primary mirror results in a different
best-focus position in orthogonal directions. Fig. 9 shows
the predicted beamwidth as a function of mirror separa-
tion, our most critical parameter. It is possible to adjust
this separation so that the beam is symmetric (although
not for all pixels simultaneously) but the beams will be
wider than for a perfect mirror. For all other separations
the beams are predicted to be elliptical in shape and any
variation in the mirror separation will result in beams of
varying ellipticities.

Near-field diffraction effects were found to produce
some power in the geometrical shadow of the secondary
mirror hole (Fig. 10). This ‘Poisson spot’ effect is not pre-
dicted by ray-tracing but for QUaD the amount of power
in the on-axis spike is very small.

3.5. Far-field beam pattern predictions

An example of the beam patterns for the on-axis pixel
and one of the off-axis pixels is shown in Fig. 11 for a per-
fectly parabolic primary mirror. The predictions made

10
\ /
\

9

2500 3000 3500

wavelength (microns)

2000

Fig. 7. Transmission as a function of wavelength for an AR coating
matched to the centres of both bands (2465 mm) and matched to a
wavelength between the two bands (0.595 mm).

3.4. Mirrors

The primary and secondary mirrors were designed to be
parabolic and hyperbolic, respectively. However, measure-
ments at the observing site found a systematic deviation
from the primary mirror design surface (Fig. 8). This devi-
ation is well-modelled by a Zernike astigmatism term
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Fig. 8. Measured deviations (in mm) from the design parabolic surface of
the primary mirror.
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using the various techniques and software packages agree
well to —40 dB. Using the exact horn beam patterns calcu-
lated from the mode-matching analysis rather than the
Gaussian approximation only affected the beam patterns
below the —25 dB level.

The cross-polar power in the far-field beam pattern
(Fig. 12) was investigated using Zemax and GRASPS. Both
packages predict that the telescope mirrors introduce only
very low levels of cross-polarisation. For the most off-axis
pixel, the peak cross-polar power level was 42.5 dB below
that of the co-polar power.

The beam patterns for the warped primary mirror were
also calculated for different mirror separations. The separa-
tion would be expected to vary with any thermal expansion
or contraction of the foam cone, for example. Fig. 13a—e
show that a variation of a few millimetres would have a sig-
nificant effect on the beam patterns.

4. Beam pattern measurements

The QUaD beam patterns were measured by scanning
the bright compact (<1’ [18]) galactic HII region RCW38.
Examples of the resulting raster maps are shown in
Fig. 14a. As predicted, the beams were elliptical in shape
with the widths along the major and minor axes differing
by up to a factor of 2.

Y(Arc Minutes)

X(Arc Minutes)

The optimisation function in Zemax was used to vary
the model mirror separation and the orientation of the pri-
mary mirror until the beamwidths and orientations pre-
dicted matched those measured. A separation 2.5 mm
smaller than the nominal position was found to fit the data
well (Fig. 15a). It was decided to re-focus the telescope
(move the secondary further from the primary by
1.7 mm) to make as many of the beams as possible symmet-
ric. The post re-focus beams are shown in Fig. 14b.

The re-focus maximised the number of symmetrical
beams but the inner ring of 150 GHz pixels remained ellip-
tical (major-to-minor ratio of up to 1.2) and the ellipticity
of the pixels still varied with any change in mirror
separation.

Although we found our optical model to be very suc-
cessful in modelling the beam shapes, a more sophisticated
model is required to reproduce all the features observed
during our calibration observations. For each pixel we
found that the beam centres of the orthogonal polarisa-
tions were displaced, by up to 0.2’ in the case of the most
off-axis 150 GHz pixels. We would need to, for example,
introduce birefringence into our window or lenses in order
to predict such an effect. Measurements of birefringence in
plastics have been made elsewhere, e.g. [19], but values are
very dependent on sample production methods. We also
found a sharp radial sidelobe (below about —60 dB),

b 10

¥ (Arc Minutes)

5 a
X[Arc Minutes)

Fig. 12. Normalised (a) co- and (b) cross-polar far-field beam patterns (scale in dB) for the most off-axis pixels calculated using GRASPS (no lenses
included in the model). The peak cross-polar power level was ~42.5 dB below the on-axis co-polar value.
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pixel the best-fit elliptical Gaussian and its orientation are shown (units are degrees).

appearing mainly in the outer 150 GHz beams, associated
with stray radiation entering the system directly from the
front edge of the cryostat, possibly due to diffraction from
filter rims. Adding a cylindrical eccosorb forebaffle
removed this sidelobe at angles greater than about 14°
from the main lobe but at the cost of increasing the thermal
loading of the outer pixels. It was decided not to use such a
baffle.

5. Season two modifications

Improving the symmetry of the beams was considered a
high priority for the second QUaD observing season. Since
the error on the primary can be well-modelled by a low-
order Zernike polynomial, it was decided to compensate
for the distortion by manufacturing a new secondary mir-
ror and including such a term. The beam predictions with
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this new secondary mirror are presented in Fig. 13f—j. The
beams are predicted to be significantly more symmetrical
over a large range of mirror separations, and this has
indeed been found in practice.

Since variations in external temperature have been
found to have a significant effect upon the mirror separa-
tion, it was also decided to fit a mechanism to the telescope
to allow dynamic repositioning of the secondary along the
optical axis. The secondary is first mounted at the optimum
distance from the primary and a further £10 mm of travel
is allowed by the linear actuators of the new focus
mechanism.

The measured FWHM along the major and minor axis
of the season two beams are plotted in Fig. 15b. The mod-
ifications to the optics have greatly improved both the sym-
metry and reproducibility of the beams. An example of the
season two beam maps, made using scans of RCW38, is
presented in Fig. 16, and in Fig. 17 we show a total- and
polarised-intensity map of the moon made in August
2005, a few days from Full Moon. The expected radial
polarisation pattern (e.g [20]), with polarisation increasing

Dec offset (dea)

0.2 0,1 0 -0,1

Rf offset dos (deg)

-0,2 -0,3 -0.4

Fig. 17. Total intensity and polarisation vector map of the Moon made by
QUaD on August 15th and 16th 2005. The primary mirror was partially in
the shadow of the ground shield during this observation.
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towards the rim, is clearly seen. A comprehensive descrip-
tion of the entire instrument design and calibration can
be found in [21] and the first-season’s CMB results in [22].

6. Summary and conclusions

In this paper we have described the design and analysis
of the front-end optics for QUaD, a ground-based CMB
polarisation experiment. Ray-tracing techniques were used
to develop the initial Cassegrain configuration based on an
existing design for a 2.6 m parabolic primary. A novel solu-
tion was found which satisfied a strict set of criteria with
regard to sensitivity, field of view and cross-polarisation.

This design was then further analysed using techniques
more suitable for millimetre wavelengths. We compared
the predictions of software that use paraxial modal tech-
niques to model diffraction (GBM, GLAD, ZEMAX) with
those from a more rigorous, and computationally intensive,
vector physical optics approach (GRASPS). We found that
once care was taken with fast beams the results compared
well for our system. Because of their speed and flexibility,
the more approximate modal techniques were found to
be particularly useful in the design phases of the project.

We described results from the diffraction analysis of the
telescope, tracing beams from the focal plane feedhorns,
through the lenses, mirrors and finally out onto the sky.
The surface of the primary mirror was measured and found
to have a small systematic distortion which our model pre-
dicts will result in elliptical beams, the ellipticities of which
depend sensitively on the separation of the primary and
secondary mirrors. Beam maps made from raster scans of
the compact galactic source RCW38 showed that this
was indeed the case. The optical model was used to re-focus
the telescope taking the primary distortion into account.
The secondary mirror was then re-designed for the second
season of observing to compensate for the error on the pri-
mary. The season-two beam patterns were found to be sig-
nificantly more symmetric and stable.
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