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Abstract 
We report on rigorous physical optics simulations of the ESA PLANCK dual- 

reflector telescope being designed for measuring the temperature anisotropies and po- 
larization characteristics of the Cosmic Microwave Background. Both polarized 
mono-mode and non-polarized multi-mode beams covering the frequency range from 
100 GHz to 857 GHr ( D/AL.i. - 5000) are computed by using a specially devel- 
oped ultra-fast physical optics code propagating the source field mode-by-mode from 
the apertures of profiled corrugated horns simulated by the scanering matrix ap- 
proach. Polarization characteristics of the broad-band incoherent beams have been 
computed for the purpose of the analysis of systematic errors in polarization meas- 
urements. 
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1. INTRODUCTION 
The ESA PLANCK Surveyor is the deep-space satel- 
lite being designed for the accurate measurements of 
temperature anisotropies and polarization characteris- 
tics of the cosmic microwave background (CMB). 
The satellite will carry a dual-reflector multi-beam 
telescope equipped with two focal plane instruments 
(the Low-Frequency and High-Frequency Instru- 
ments) for detecting the radiation in a wide frequency 
range extending from 30 GHz to 1000 GHz [ I ] .  

The High-Frequency Instrument (HFI) will operate 
in six frequency channels centered at 100, 143, 217, 
353,545 and 857 GHz. The HFI consists o f  36 corm- 
gated horn antennas feeding cryogenically cooled 
bolometric detectors. Channels operating at 100, 143, 
217 and 353 GHz use diffraction-limited mono-mode 
quasi-Gaussian horns. Half of these channels will be 
used for polarization measurements by utilizing po- 
larization-sensitive micromesh bolometers developed 
by Turner e/  al. [Z] 

The higher frequency channels (545 and 857 GHz) 
are non-polarized and incorporate non-diffraction- 
limited profiled multi-mode horns. All the HFI horns 
are broad band, with the bandwidth being about 30 % 
of central frequency. The horns are specifically de- 
signed to meet extremely constrain requirements on 
both the primary mirror edge taper (- 25-30 dB) and 
the angular resolution on the sky (about 5 arcminutes 
at the frequencies o f217457  GHz). 
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Since both the temperature anisotropy E = 6T / T 
and the degree of polarization a! of the CMB radia- 
tion are extremely small ( E  - andd < lo-"), 
the CMB measurements require an exquisite accuracy 
of the instrument and a tight control of possible 
sources of systematic errors. To achieve the goal, 
thorough simulations and testing of the instrument are 
needed at every stage of the design. 

Optical simulations are particularly challenging be- 
cause of multi-beam dual-reflector geometry of the 
telescope, significant refocus of elliptical mirrors, 
rather large primary mirror having projected diame- 
terD = 1.5 m (D/A,,, , ,  - 5000), strict requirements 
on the accuracy and, generally, multi-mode structure of 
the feed horn antenna fields. Physical optics (PO) is the 
most appropriate technique for this kind of simulations. 
Conventional software cannot, however, cope effi- 
ciently with the electromagnetic problem of this size. 

As an alternative, a special ultmfast PO code has 
been developed for the PLANCK simulations [3,4]. Tt 
allowed us to perform rigorous PO simulations of the 
main beams of the telescope in a few minutes for 
mono-mode HFI beams at a single frequency and in 
half an hour for the complete broad-band polarization- 
averaged multi-mode beams. Available comparisons of 
the results with much more resource-consuming 
GRASPS simulations prove the accuracy and the ad- 
vantages ofthis approach. 

The aim of this paper is to summarise the results of 
our simulations of the ESA PLANCK HFI beams and 
to consider the implications of the beam imperfections 
on systematic errors ofpolarization measurements. 
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2. SIMULATIONS OF THE HORN FIELD 
The electric field at the aperture of cormgated horns 
has been simulated by the scattering matrix approach. 
The effective modes of the electric field at the horn 
aperture, E,,,,, , are represented via the canonical TE- 
TM modes E , , ~  of a cylindrical waveguide as follows 

E ill,, ( A V )  = Ej=l ,,,, ;,,S’””II~’”~P,(P) (1) 

where S,,,,, is the scattering matrix computed by 
Gleeson el al. [ 5 ]  for each particular horn at various 
kequencies f (S,,,,, is used as an input in this work), 
n = 0, 1, .... N is the azimuthal index and 
m, j = 1, 2, .... 2M are the radial indices account- 
ing for both the TE ( m , j  = 1, .... M )  and TM 
( m , j = M + l ,  .... 2M)modes.  

Spatial structure of the E,,,,, aperture modes is es- 
sentially different from the structure of canonical 
modes E , , j .  It depends on the horn design and varies 
with varying the frequency within the bandwidth of 
the channel. 

Notice that the terms TE and TM in application to 
E,,,,, (unlike E,,? ) are mere notations since, generally, 
none of the E,,,,, modes is perfectly transverse. No- 
tice also that the total power of the horn field is the 
sum of powers of E,,,,, modes. 

Fig. 1 shows the power contribution of different 
E,,,,, modes to polarized mono-mode beams HFI-143 
and non-polarized multi-mode beams HFI-545. In 
multi-mode beams, both the power contribution and 
the shape of E,,,,, modes vary significantly within the 
bandwidth, with many modes being rejected at the 
lower frequency edge. 

In case of mono-mode horns, all the aperture 
modes have the same shape and effectively sum up to 
a single mode which is of one unit of total power, 
almost perfectly Gaussian and linearly polarized on 
the horn aperture. Broad-band and mono-frequency 
far-field power patterns of the HFI-143 and HFI-545 
hams are shown in Fig. 2. 

To minimize polarization errors due to mismatch of 
different beams, the pairs of orthogonal polarization 
channels have been incorporated into the same horn 
by using the polarization sensitive bolometers [2]. In 
this case, the difference of power patterns of two 
channels is minimal (typically, less or about 1 %). It 
arises only due .to minor asymmetry of the polarized 
modes propagating through the horn and a slight dif- 
ference in propagation of different polarizations along 
the same path via the telescope (the mismatch of dif- 
ferent beams is much greater and depends on the horn 
location in the focal plane). 
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Fig. 1. Contribution of E,,,,, modes to (a) HFI-143 

and (b) HFI-545 beams in units of power of 
a single polarized mode 
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Fig. 3. Power patterns of (a,c) mono-frequency and 

(b,d) broad-band telescope beams from the 
multi-mode horns (a,b) HFI-545-1 and (c,d) 
HFI-545-2 computed by the scattering ma- 
trix approach 

tion. The reason is that, unlike the field of a conical or 
Gaussian horn, the modes of the profiled horns are not 
axially symmetric and the mode pattern in the sky 
depends on the polarization angle on the horn aper- 
ture. Also. because of broad frequency bands (-30 %), 
averaging over frequency is needed as well. 
Fig. 3 shows the mono-frequency (f = 545 GHz) 
and broad-band ( f  = 455 - 63.5 GHz) power pat- 
terns of the telescope beams from the profiled corru- 
gated horns HFI-545-1 and HFI-545-2 computed by 
the scattering matrix approach with averaging over 
polarization angle. Each horn is placed at the best 
refocus providing both the maximum gain and the 
best resolution of the. telescope. The best refocus is 
found by repeated PO simulations of the broad-band 
beams with different locations of the horn. For these 
multi-mode horns with the aperture radius 
a = 4.298 mm, the best refocus corresponds to the 
effective focal centre located at Rc = 5.0 mm inside 
the horn as measured from the horn aperture. 

The beams in Fig. 3 are computed with the horns 
optimized for the required angular resolution of the 
telescope (the full beam width on the sky 
W = 5 arcminutes) when satisfying the edge taper 
requirements on the primary mirror. The distortion of 
the beams at this level of resolution is mainly due to 
coma (aberrations of the wider beams are mainly due 
to astigmatism). Each beam has a well-defined flat top 
of the angular diameter W = 4.8 arcminutes when 
measured at the level of -3 dB which appears to be 

just the edge of the flat top. At the level below - 
IO dB, the beams, however, are rather complicated 
because of significant aberrations of the telescope. 
The aberrations are different for different modes and 
vary significantly when sweeping the frequency 
across the bandwidth ofthe frequency channel. 

4. SIMULATIONS OF POLARIZED BEAMS 
Polarized mono-mode beams of channels f = 100, 
143, 217 and 353 GHz are produced by profiled cor- 
rugated horns rather similar to multi-mode ones. 
These horns are also simulated in a general way as 
multi-mode ones. However, due to Gaussian-like pro- 
tile, selection of modes and sensitivity of the bolome- 
ters to  only one linear polarization, the aperture field 
of these horns consists of just two effective modes 
TE,, and TM,, (Fig. I,a) producing almost the same 
pattern on the sky both in terms of power and polari- 
zation. 

Because of these properties, the aperture field of 
the polarized horns can be well simulated by a clipped 
Gaussian source field with some curvature of the 
wave front. This model allowed us to find the required 
orientation of the polarization vector on the aperture 
of each horn by computing the orientation of the po- 
larization ellipse on the axis of the coherent telescope 
beam at the central frequency of each channel [4]. 

More rigorous approach requires the scattering ma- 
trix simulations with averaging of the polarization 
data over all the contributing modes and over all the 
frequencies of incoherent beam. The averaging of this 
kind is computed by representing the polarization data 
in terms of Stokes parameters of the telescope beams. 

We compute Stokes parameters defined with re- 
spect to the parallels and meridians of the spherical 
frame on the sky with the pole being the geometrical 
spin axis of telescope (the spherical frame of space- 
craft). This definition has an advantage that the po- 
larization data of this representation can be easily 
converted into the invariant E-B representation which 
is independent of the coordinate frame on the sky. 
Also, this spherical frame does not have artificial sin- 
gularities in the field of view of telescope and the 
beam patterns are directly superimposed and com- 
pared on the sky when the telescope is spinning about 
its geometrical axis. 

Fig. 4 shows the broad-band power patterns com- 
puted in this way for two pairs of beams, HFI-143-2a 
and HFI-143-4a of one pair, and HFI-217-6a and HFI- 
217-Sa of another pair. It is the beams of each pair 
that are directly superimposed on the sky when spin- 
ning the telescope. The patterns in Fig. 4 are plotted 
as projected on the plane normal to the line of sight of 
telescope. 

Accurate polarization measurements require identi- 
cal power patterns and perfect supevosition of two 
beams on the sky. In reality, as shown in Fig. 4, the 
beams are distorted in different manner because of 
different locations of horns on the focal plane, and the 
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Fig. 4. Power patterns of the pairs of beams to be 
superimposed on the sky (a with b and c 
with d) for polarization measurements when 
spinning the telescope (broad-band channels 
(a,b) f = 121-166GHz and (c,d) 
f = 182-252 GHz) 

Fig. 5. The U Stokes parameter pattern of the 
broad-band beam HFI- 143-4a 

difference of power patterns provides an important 
estimate on the level of possible systematic errors in 
the measurements of CMB polarization. 

Fig. 5 shows the U Stokes parameter pattern of the 
broad-band beam-HFI-143-4a (the V pattern is rather 
similar, although greater in magnitude and slightly 
twisted about the beam axis). 

As one can see, positive and negative values of the 
M parameter are well balanced over the beam pattern 
and the average value is very close to zero. It proves 
that the chosen direction of polarization of the horn 
field as found by Yurchenko [4] for a simplified 
model of a coherent mono-frequency quasiGaussian 
beam is really an optimum (ideally, U should be zero 
in this polarization). 

The amplitude values of both the U and V 
parameters are small enough ( lU l  < 1% and 

< 4 % of maximum beam intensity) that ensures 
a sufficiently small magnitude of the cross-polarized 
power ( Pcross < -30 dB) as required by the telescope 
specification. 

Recent simulations of the HFI-100 channels show 
that even these rather low-frequency beams are suffi- 
ciently perfect (difference of power patterns of or- 
thogonal polarization of the same beam is about 1 %) 
and the cross-polarized power is well below -30 dB 
(e.g., for the HFI-I00-3abeam, &ss < -37 dB). 

4. CONCLUSION 
Polarized mono-mode and non-polarized multi-mode 
HFI beams of the ESA PLANCK telescope have been 
computed by physical optics propagation of the horn 
aperture field simulated by the scattering matrix ap- 
proach. Beam patterns of Stokes parameters have 
been computed and the required polarization angles 
on the horn apertures have been found. Beam patterns 
have been studied for the estimate of systematic errors 
in polarization measurements. 
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