
1 

Lessons learned from the Planck 
optical system 
 
J. Tauber, on behalf of the Planck Collaboration 
 
B-modes workshop, Tokyo, Dec 2015 

J. Tauber, B-modes Workshop 2015 

Lessons learned related to optics 

1.  Background 
2.  Requirements & design 
3.  Telescope 

a.  Technology 
b.  Verification on ground 

4.  Horns & Detectors 
5.  Modelling 
6.  Performance in flight – recovery of parameters 
7.  Some misc issues  
8.  Summary 

J. Tauber, B-modes Workshop 2015 



2 

Planck - overview 

J. Tauber, B-modes Workshop 2015 

•  First proposals – COBRAS & SAMBA – 
in 1993 

•  Start of Planck in 1996 
•  Launch in May 2009 
•  Operations Aug 2009- Oct 2013 
•  First data release March 2013 
•  Second data release Feb – July 2015 

The finished product 

J. Tauber, B-modes Workshop 2015 
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Planck Telescope 

1.  Optimized offset gregorian 
2.  Primary: 1.50 x 1.89 m ellipsoid 

(CFRP) 
3.  Secondary: 1.02 x 1.04 m ellipsoid 

(CFRP) 
4.  System: 

a.  1.5 m circular projected 
aperture 

b.  Total ε <0.01 
5.  Operates at 40 K ! 

a.  System cannot easily be 
measured on the ground in 
flight conditions 

6.  Reflectors were developed by EADS 
Astrium (Friedrichshafen, D), under 
lead of ESA and a Consortium of 
danish institutes led by the Danish 
Space Research Institute 

7.  System architect: Alcatel Alenia 
Space (Cannes, F) 

a.  Structure 
b.  Baffle 
c.  … 

Planck telescope 

J. Tauber, B-modes Workshop 2015 
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Planck focal plane 

J. Tauber, B-modes Workshop 2015 Tauber et al 2011 

Typical beam pattern 

100 GHz J. Tauber, B-modes Workshop 2015 

Tauber et al 2011 

PR s/o 

SR s/o 
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Reflector features: print-through and 
dimpling 

J. A. Tauber et al.: Planck pre-launch status: The optical system

Fig. 5. A typical far side lobe pattern for Planck (in this case at
100 GHz), showing the main features of interest. The horizontal axis
corresponds to the angle around −YTEL in Fig. 3, and the vertical axis is
the angle around −XTEL; the spin axis is at (0, 0). The colour scale is in
dB from peak (note that the colour scale is cut off at −60 dB from peak).
The main beam is located at ∼85◦ from the spin axis. The “SR spillover”
is power from the sky that reaches the feedhorn without going through
the telescope, which is mostly concentrated in the region over the top of
the SR. The “PR spillover” is power from the sky that bypasses the PR,
and then reflects on the SR to reach the feedhorn; it is concentrated in
the region over the top of the PR. The “Baffle spillover” is power from
the sky that reflects from the inside of the baffle, and then reaches the
feedhorn via reflection on the SR. The sharp diagonal gradients corre-
spond to the shadows thrown by the edge of the baffle. In this coordinate
system, and with the current baseline orbit, the Sun traces a path within
the region θ ∼ 170◦ to 190◦; the Earth within θ ∼ 165◦ to 195◦ and the
Moon within θ ∼ 148◦ to 212◦.

5. Prediction of the in-flight geometry of the Planck
telescope

The prediction of the in-flight geometry of the Planck optical
system on the ground is one of the pillars of the pre-launch

Fig. 6. The deformations of the SRFM on small scales at about 50 K as
measured with λ10 µm interferometry (the indentation at left is caused
by vignetting in the interferometer optics). The gray scale is ±10 µm.
The print-through of the core walls is clearly seen for most cores. The
imprints of the three isostatic mounts are also clearly seen; we note
that the cells around them were reinforced with additional core walls.
To quantify the core-wall print-through and the dimpling, 3 masks per
core cell have been applied: one mask covering the core wall, one mask
covering similar areas on both sides of the core wall and one mask cov-
ering the central part of each cell. A few of these sets of masks are
shown in red in the upper part of the figure. Using these masks, the av-
erage print-through effect is estimated to be ∼0.4 µm in average, while
the mean (systematic) dimpling effect is smaller than 0.7 µm.

flight prediction. An overview of the test and verification pro-
gramme is provided in Tauber et al. (2005). We now outline the
programme of measurements of the geometry of both the reflec-
tors and telescope, its main results, how they compared to pre-
dictions of the thermomechanical behaviour, and how they were
used to establish the final on-ground alignment of the telescope.
We emphasize here that the goal of the Planck optical measure-
ment programme was not so much to ensure precise alignment
at a given configuration, since the optical performance of the
Planck telescope is rather insensitive to misalignment at the rel-
evant wavelengths, and the science objectives do not depend on
small variations in the optical performance. The goal was instead
to be able to predict the alignment and the reflector surface de-
formations at operational conditions with as little uncertainty as
possible, to improve the in-flight optical calibration.

5.1. Measurement programme

The programme was based on interferometric and photogram-
metric measurements of reflectors, telescope, and focal plane at
as close to operational conditions as possible. Each measurement
contributed some information to the final establishment of the
telescope alignment. The main difficulty in designing this pro-
gramme was related to the very low in-flight temperatures pre-
dicted (42 K for the PR and 45 K for the SR), which did not
allow us to carry out a full end-to-end measurement in opera-
tional conditions.
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Direction Grating scale Distance from main beam (✓g)
353 GHz 857 GHz

degrees mm PR SR PR SR
±30o±60o 52 1.1o, 2.2o, ... 0.52o, 1.0o... 0.46o, 0.93o... 0.21o, 0.42o...
±0o±60o 30 1.9o, 3.9o, ... 0.90o, 1.8o... 0.80o, 1.60o... 0.37o, 0.74o...
±11o±60o 19.6 3.0o... 1.40o... 1.20o... 0.60o, 1.1o...

Table 1. Direction of grating lobes due to dimpling.

Fig. 2. The footprint of the focal plane as seen by an observer at infin-
ity. An explanatory guide to the layout of the focal plane on the sky.
Frequencies are identified by colours; the horn identification numbers
are also indicated (LFI horns in red, HFI horns in blue). The crossed
lines indicate the direction of sensitivity to linear polarisation for pairs
of bolometers or radiometers within each horn (horns with no cross
correspond to bolometers sensitive to total power only). The plate scale
is ⇠32 �/m. The largest extent of the footprint on the sky is almost 9�
along the scan direction (i.e., between the outermost 44 GHz beams).
The scan direction shown is that of the beams across the sky, i.e., the
rightmost horn (e.g., 28) crosses a celestial source before the leftmost
(e.g. 27) does. The radius of the circle on the sky described by each
horn decreases from bottom to top on this diagram, i.e. horn 27 has a
radius of 88.�90 and horn 25 of 82.�59.

Fig. 3. An early model of dimpling showing the typical features of grat-
ing lobes. The model is based on 10µm amplitude dimples on both pri-
mary and secondary reflectors of a Planck-like telescope.

Fig. 4. The honeycomb structure of the Planck reflectors, showing the
most important periodicities and the angles at which they appear.

The regular (systematic) component of dimpling was mod-
elled using GRASP starting around 2000 (Nielsen 2005, 2004;
Dubruel 2009). These models were used to understand the main
features of the optical response to these distortions and to set
requirements on the amplitude of the mechanical distortions of
the reflectors. The current implementation of dimpling in the
GRASP software, see e.g. Fig. ??, consists of a 3 axis-cosine
deformation of the reflector surface added to the nominal reflec-
tor, with peaks at the expected physical location of the dimples
- namely the centres of the hexagonal cores - and with zeroes
along the edges of the hexagonal quilting. The physical model
as implemented in GRASP agrees quite well with the analytical
equations in terms of location, strength and shape of the lobes.

The full GRASP model that we use in this work is built
from the RFFM (which contains a detailed geometrical descrip-
tion of the telescope and focal plane at in-flight operational con-
ditions, as determined from ground measurements, see Tauber
et al. (2010)), to which we add further deformations of each re-
flector, e.g. dimples, whose amplitudes are fitted to the measure-
ments of planets. Each time we compute the GRASP beams for
all individual detectors at a given frequency and stack them be-
fore we compare the result to the stacked measurements (Section
2.2).

It is useful to note that because the RFFM uses a detailed
map of the secondary reflector surface deformations as deter-
mined before launch, it already includes dimple-like deforma-
tions. Any “new” dimpling found by fitting to in-flight data must
have been caused by additional deformations. Since the primary
reflector was measured on the ground to much lower spatial ac-
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Requirements 

1.  The main requirements set at system level were related to internal 
straylight (leading to thermal fluctuation reqts)  

2.  At telescope level, a geometrical design was imposed  
a.  The telescope was designed iteratively 

–  Starting point was an offset Gregorian / D-M system 
–  CodeV was used to optimize the WFE across the focal 

plane (not the final one) 
–  GRASP was used to check straylight levels and adjust 

horn tapers 
b.  Once the telescope configuration was defined, it was used to  

–  at telescope level, set geometrical requirements and 
optical requirements (WFE, peak gain degradation, 
ellipticity), etc etc 

–  At reflector level, set mechanical requirements: rms 
distortion levels by “rings”, “dimpling”, and roughness 

J. Tauber, B-modes Workshop 2015 
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Requirements 

The Planck approach was due mainly to the complicated contractor scheme. 
What we SHOULD have done but did NOT (formally) do 
•  Set optical requirements at high level, based on scientific reqts, and taking 

into account in-flight “calibration” and use of optical information 
•  Flow them down to subsystem level 
•  Set knowledge requirements 
•  Assess in detail ground requirements early enough 
The lack of system reqts and “ownership” led to serious problems: 
-  Confusion due to “duplicate” reqts (some due to language) 
-  (not) Meeting some requirements, e.g. the figures and alignment 
-  Verifying the whole system 
A-posteriori, it is clear that 
•  Some requirements were too tight (had little influence on performance) 
•  Other requirements were missing (some knowledge aspects) 
Overall, the balance between performance and knowledge was not right 

J. Tauber, B-modes Workshop 2015 

Verification – main measurements 

1.  At reflector level  
a.  Videogrammetry down to 95 K 
b.  Interferometry at λ10µm down to 40 K (only successful for SR) 

2.  At telescope level 
a.  Videogrammetry down to 95 K 
b.  Theodolite to tie all subsystems together 

3.  At system (telescope + FPU) level 
a.  Initial plan for cryo-Shack-Hartmann at λ10µm not implemented 
b.  Extensive CATR testing on RFQM (ambient temperature) 
c.  Cryogenic “RF check” on FM 

The initial verification plans were only partially fulfilled. Final on-ground 
verification was largely by extrapolation and analysis.  

J. Tauber, B-modes Workshop 2015 
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Telescope technology 

1.  CFRP was selected for many reasons, including the usual ones (CTE, 
mass, stiffness, …) 

2.  The manufacturer was ASED in Germany – heritage from Herschel 
3.  A proprietary fiber/resin combination and facesheet lay-up technique 

was developed 
4.  The reflectors met all the surface quality requirements 

J. Tauber, B-modes Workshop 2015 
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Earth Observation, Navigation & Science

CNC Facesheet Manufacturing
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Earth Observation, Navigation & Science

CFRP Core Manufacturing
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Earth Observation, Navigation & Science

CFRP Core Manufacturing
Core Milling

SR core during CNC milling

Finally milled PR core

Page 17 Planck 28th ESA Antenna Workshop June 2nd 2005

Earth Observation, Navigation & Science

Planck Reflector

Problems with use of CFRP 

•  The estimated mechanical parameters of the composite were (well) 
outside the ones expected from the fiber/resin combination 

•  FEM behavior with temperature did not match the measured 
one 

•  Figure (k, R) at op temp had to be extrapolated from 
videogrammetry at 95 K 

•  The shape of the “dimples” was more pronounced and more complex 
than expected from FEM 

•  The dimples scattered too much light and broke up the 
double-pass interferometric images of the PR 

•  Single-pass interferometry on the PR was too difficult 
•  SR was measured w/ interferometry, PR had to be guessed 

•  Fortunately Planck was quite forgiving as an optical system 

J. Tauber, B-modes Workshop 2015 
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J. A. Tauber et al.: Planck pre-launch status: The optical system

Fig. 14. The ground uncertainty in the shape of three specific main
beams at centre frequency, represented as the azimuthally integrated
power (in percent of total) of the difference between the best- and worst-
case patterns, as a function of the integration radius from peak. The
horns included are 70 GHz (horn 23), 100 GHz (horn 1), and 353 GHz
(horn 6). The vertical lines indicate the location of the −3 dB radius at
each frequency. The peak differences occur near the −10 dB contours
from peak. For comparison, the contour level at which a S/N ∼ 1 is
reached when observing Jupiter, is ∼−20, −30, and −43 dB from peak,
respectively.

8. Straylight

As shown in Fig. 5, light from the sky can enter the detectors not
only through the main beam but from other angular directions,
mainly confined to the three features marked, i.e. the PR, SR,
and Baffle spillover lobes (De Maagt et al. 2000).

The PR spillover lobe contains the most power of the three.
Its location close to the spin axis means that this lobe moves
slowly across the sky in synchrony with the scanning strategy.
It couples most effectively to the Galactic plane when the spin
axis crosses it, once per full-sky survey. The signal at detector
level peaks at each crossing with an amplitude of order ∼1 µK in
antenna temperature at frequencies around 100 GHz (Burigana
et al. 2004). At lower frequencies, the signal amplitude is in-
creased by a few (to ∼5 µK) as the spillover levels increase (see
Table 2) because of the geater importance of diffraction effects;
at higher frequencies, the amplitude decreases correspondingly.
The PR spillover lobe also couples to the CMB dipole, tracing
a large-scale pattern on the sky that depends closely on the de-
tails of the scanning strategy, with peak-to-peak amplitudes that
can be as high as ∼ ± 23 µK (scaled from Burigana et al. 2006)
at low multipoles; most of this signal remains constant in time
with only about 20% varying sinusoidally. The signals related to
the PR spillover are therefore of very significant amplitude, and
have to be detected in-flight and removed (since as described
in Sects. 5 and 6.2 the amplitude of the spillover lobes is pre-
dicted from the ground at best with an uncertainty of a factor of
a few). This will be possible because they are closely linked to
the scanning strategy and to well known sources in the sky, and
redundancies in the observations can be used to separate the two.

The SR spillover lobe typically contains less power than the
PR spillover (2), and it is more closely linked to the main beam
because it follows a similar path on the sky: the signal it pro-
duces will largely trace the Galactic plane. Because it is less
closely linked to the scanning strategy than the PR spillover,
it will be more difficult to directly measure its amplitude in-
flight; however, it is more accurately known a-priori than that of
the PR spillover, as it is mostly due to direct illumination of the
feedhorns, whose individual responsivities have been measured
on the ground.

Fig. 15. The top panel shows the predicted in-flight pattern at 353 GHz
(horn 6). The colour scale is in dB from peak. The bottom panel shows
the difference between best- and worst-case patterns for the same horn.
The colour scale shows differences between −5 and +5 dB. The largest
uncertainties are associated with the SR spillover lobes.

Page 15 of 22

Mechanical uncertainties 

1.  A “best-worst” GRASP model gives an idea of the 
uncertainties on the predicted pattern due to 
mechanical alignment uncertainties from the 
ground 

2.  It is clear that if one wants sub-percent accuracy 
then one has to “calibrate” the optical response 
in flight 

J. Tauber, B-modes Workshop 2015 
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cooled

detectors
are

used
(such

as
bolom

e-
ters),ground

based
and

balloon
borne

experim
ents

need
to

have
quasi-opticalcom

ponents
such

as
a

dew
ar

w
indow

and
interfer-

ence
filters

(A
de

etal.2006)
in

frontof
the

cold
optics.T

his
in-

evitably
results

in
m

ain
beam

distortion
and

an
overallincrease

in
sidelobe

levels.
B

ecause
H

FI
is

in
space,

it
is

possible
to

avoid
the

use
of

quasi-optical
com

ponents
in

front
of

the
the

horn.In
orderto

do
so

and
taking

therm
o-m

echanicalconstraints
into

consideration,a
triple

horn
configuration

has
been

adopted,
w

here
the

filters
are

located
betw

een
a

back-to-back
horn

and
the

detector
horn.In

this
position,the

filters
w

illhave
a

sm
aller

im
pacton

the
beam

shape.
T

his
configuration

w
as

first
used

as
a

90
G

H
z

radiom
eter

prototype
(C

hurch
etal.1996),and

subsequently
in

the
experi-

m
entB

O
O

M
E

R
anG

(de
B

ernardis
etal.2000).Itw

as
then

opti-
m

ised
forP

lanck-H
FI

and
operated

in
the

A
rcheops

experim
ent

(B
enoitetal.2002),the

balloon
borne

version
ofH

FI.
T

he
therm

o-m
echanical

purpose
of

this
triple

horn
config-

uration,
form

ing
the

detection
assem

bly
(or

pixel−
Fig.

1),
is

presented
in

detailin
a

jointpaper(A
de

etal.2010).H
ere

w
e

ex-
plain

how
the

opticaloptim
isation

has
been

perform
ed

and
also

com
pare

the
theoreticalm

odelling
w

ith
the

m
easured

results.

2
In

the
contextofthis

paper,“idealtelescope”
m

ustbe
understood

as
a

telescope
m

odelw
ith

design
alignm

ents
and

sm
ooth

m
irror

theoretical
surfaces.

Table
1.Sum

m
ary

of
opticalrequirem

ents
for

each
spectralband.

B
and

Target
Spillover

E
dge

taper
centralfreq.

resolution
(%

)
(dB

)
100

G
H

z
9.2

arcm
in

1
(0.5)

−
25

(−
30)at25

deg
143

G
H

z
7.1

arcm
in

0.7
(0.5)

−
28

(−
30)at27

deg
217

G
H

z
5

arcm
in

0.5
(0.3)

−
30

(−
32)at26

deg
353

G
H

z
5

arcm
in

0.5
(0.3)

−
30

(−
32)at26

deg
545

G
H

z
5

arcm
in

0.5
(0.3)

−
30

(−
32)at26

deg
857

G
H

z
5

arcm
in

0.5
(0.3)

−
30

(−
32)at27

deg

N
otes.N

um
bers

in
parentheses

refer
to

the
goalw

e
w

ere
aim

ing
at.

3.O
pticalrequirem

ents

T
he

scientific
goals

of
P

lanck-H
FI

(Tauber
etal.2010b)

dictate
the

instrum
ental

specifications
such

as
the

sensitivity,
the

fre-
quency

coverage
or

the
spatial

resolution.Taking
into

account
the

constraints
ofa

space
m

ission,these
specifications

are
trans-

lated
into

a
setofopticalrequirem

ents
thatare

listed
below

.

3.1.
S

patialresolution

T
he

size
of

the
P

lanck
prim

ary
m

irror
results

from
a

trade-o
ff

betw
een

the
desired

resolution
and

the
size

and
w

eight
lim

its
w

hich
can

be
flow

n
on-board

a
m

edium
size

space
m

ission.T
he

diff
raction

lim
itdictates

thatfor
frequencies

above
300

G
H

z,a
resolution

of
a

few
arcm

inutes
can

be
reached.H

ow
ever,calcu-

lations
(Planck

com
m

unity
2005)

have
show

n
that

pointsource
contam

ination
w

ould
be

too
high

to
extract

useful
inform

ation
at

high
m

ultipoles
in

the
C

M
B

pow
er

spectrum
.A

lso,in
order

to
be

com
pliantw

ith
a

correctsam
pling

of
the

sky
(due

to
data

acquisition
rate

and
speed

of
rotation

of
the

satellite),
a

m
axi-

m
um

resolution
of

5
arcm

in
has

been
set

(Table
1).

To
do

so,
tw

o
techniques

can
be

used:
either

under-illum
inating

the
tele-

scope,
resulting

in
a

sm
aller

eff
ective

aperture
diam

eter,or
al-

ternatively
m

aking
use

of
m

ulti-m
ode

optics.
W

e
have

chosen
to

slightly
under-illum

inate
the

telescope
for

the
353

G
H

z
band

and
to

use
m

ulti-m
ode

channels
(M

urphy
etal2001)forthe

tw
o

highestfrequency
spectralbands

(545
G

H
z

and
857

G
H

z).T
he

latter
technique

has
the

advantage
of

increasing
the

sensitivity
of

the
detection

assem
bly,each

m
ode

bringing
its

contribution
to

the
pow

er
detected,

but
has

the
draw

back
of

resulting
in

a
beam

w
hich

is
m

ore
com

plicated
to

m
odeland

less
predictable

than
single-m

ode
channels.

W
e

w
ill

describe
in

this
paper

the
general

principles
of

the
optical

optim
isation,

valid
for

all
the

H
FI

channels,
and

defer
a

m
ore

detailed
description

and
discussion

on
the

design
of

the
m

ulti-m
ode

channels
to

a
specific

paperto
follow

later
(2010).

3.2.
S

pillover,straylightand
sidelobe

rejection

Since
the

signalfrom
the

C
M

B
anisotropies

is
w

eak,itis
crucial

to
reduce

unw
anted

signals
to

a
m

inim
um

.T
hese

parasitic
sig-

nals
w

ill
com

e
notonly

from
the

instrum
entself-em

ission
sur-

rounding
the

focal
plane,

as
w

ell
as

from
potential

bright
ob-

jects
(such

as
the

E
arth,the

M
oon

or
brightstars

for
exam

ple).
T

he
o
ff

-axis
em

ission
of

these
brightobjects

w
ithin

the
spectral

bands
ofobservation

can
reach

the
detectorthrough

the
antenna

far-sidelobes,through
m

ultiple
scattering

on
the

baffl
es

and
in-

strum
entorthrough

the
partofthe

horn
beam

looking
directly

at
the

sky.
T

he
fraction

of
the

horn
beam

coupling
to

the
telescope

w
illcreate

the
antenna

m
ain

beam
through

w
hich

the
C

M
B

and
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Horns and detectors 

1.  Corrugated horns, high tapers 
a.  straightforward to design 
b.  Broad-band nature is a complicating factor, e.g. phase-center  

2.  LFI design very clean – feeds two orthogonally polarized LNAs via OMT 
3.  HFI design quite complex, feeds spider-web bolometers in a cavity 

a.  Back-to-back horns, filters, cavity etc 
b.  Coupling of radiation to bolometer in the cavity 
c.  Bolometer time response very complex 
d.  Multi-moding (545 and 857 GHz) not well understood 

4.  Monochromatic  single-mode measurements on the ground indicate that 
the beam pattern models of corrugated horns are quite good - except in 
polarization  

a.  Beware manufacturing tolerances at high frequencies ! 
5.  Bottom line: no measurement was made of detector angular response at 

operating temperature… 
a.  All GRASP modelling used “ideal” horn beams 

J. Tauber, B-modes Workshop 2015 
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Modelling 

1.  GRASP has been the modelling workhorse for Planck (PO for main 
beam, PO+MultiGTD for sidelobes) 

2.  It has some serious limitations 
a.  It requires experts to run it 
b.  It is quite slow and not easily parallelisable 

–  at high frequencies 
–  for complex geometries 

c.  It is expensive 
3.  Some implications: 

a.  Geometry designed to make modelling easier 
b.  Modelling very selective, especially at high freqs 

4.  Other tools we used: 
a.  CodeV (wherever many iterations are needed) 
b.  Zemax: for quick&simple analysis 
c.  ASAP for some straylight calculations 

J. Tauber, B-modes Workshop 2015 

Validation of the Planck GRASP model 

1.  A huge amount of work was put into this validation  
2.  The GRASP models work quite well but not perfectly 

a.  Main beams can be modelled to an accuracy of a few % in total 
power 

b.  The highest sidelobe levels differ from the model by a few dB, 
even after special corrections are made 

c.  Polarization was not “validated” 
3.  Note that even though the Planck analysis relies largely on measured 

beams, GRASP models enter the analysis in various ways 

J. Tauber, B-modes Workshop 2015 
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Measured vs modelled 

1.  bla 

J. Tauber, B-modes Workshop 2015 

J. A. Tauber et al.: Planck pre-launch status: The optical system

Fig. 12. The figures show cuts in the radiation pattern at 100 GHz (left) and 320 GHz (right) in the elevation direction through the beam peak; the
horizontal axis is in degrees, the peak of the main beam is at 85◦. The vertical axis is in dB from peak (which is 61.5 dBi at 100 GHz and 68.4 dBi
at 320 GHz). The measured level is shown in red, the initial model in blue, and the improved model in black. The regions labelled 1 and 2 show
the SR spillover (see Fig. 5). Region 1 shows an area where PO corrections are required to the GTD model. The area labelled 3 shows a region
where there is poor correlation between the model and the measurement; this lack of correlation could be caused by dust on the reflectors (note
that the nominal limit of the measurement noise is well below the measured level for both frequencies). The regions 4 and 5 correspond to artificial
peaks produced by known artifacts created by features of the CATR reflectors (edge serrations, milling channels). Note that the main lobe is not
well represented by this (multi-GTD) model which is specifically designed for the full sphere.

Fig. 13. The RFQM radiation patterns, as measured (left) and predicted (right). Clockwise from top left: 30, 70, 320 and 100 GHz. The colour
scales are in dB from peak. The coordinate system is as in Fig. 5. The measurements suffer from some systematic effects very close to the main
beam. Residual artifacts are also visible in the far side lobes, e.g. horizontal features at 320 GHz.

7. Flight performance predictions and associated
uncertainties

7.1. Methodology

The knowledge gathered on the ground was distilled into a pre-
diction of the optical performance in orbit. This prediction con-
sists of GRASP calculations using the inputs (i.e. PO parameters
and GTD ray families) correlated with the RFQM measurements
(see Sect. 5), and the most accurate estimates of the geometry of

the telescope in operational conditions. The most interesting as-
pect of this exercise is perhaps the estimation of the uncertainties
associated with the prediction. To identify the uncertainty range
in the estimation of radiation patterns in the far field, three dif-
ferent geometries were defined:

– a “nominal case”, which corresponds to the most accurate
(“best estimate”) of the as-built telescope and reflectors in
operating conditions (as described in Sect. 5);

Page 13 of 22

Performance in flight 

1.  Far sidelobe features have consequences on calibration, are detectable in 
the maps (not at all frequencies) and removed during map-making  

a.  LFI detailed models indicates the importance of broadband 
2.  Main beams are measured in flight on planets during the surveys (no 

dedicated observations)  
a.  LFI uses Jupiter, 8 passes 
b.  HFI uses Saturn, Jupiter, Mars, 4-5 passes 

–  Brendan’s talk on time constant deconvolution 
3.  Even stacking multiple seasons, there isn’t enough SNR in the 

measurements – for scientific analysis “hybrid” beams are built which 
combine measurements and models 

4.  There is only one bright polarized source in the submm sky: the Crab - it is 
unfortunately somewhat extended - there are still significant untreated 
issues in the recovery of polarization angle with respect to ground 
measurements 

a.  requirements on knowledge of e.g. det pol angle are quite low 
J. Tauber, B-modes Workshop 2015 
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In-flight retrieval 

An attempt to recover a single physically-motivated geometrical 
configuration that fits all Planck planet measurements has had only 
moderate success 
1.  Estimation of the small-scale properties of the reflector surfaces 

a.  Based on the near side lobes at 217 – 857 GHz:  
–  “ruze envelope” 
–  “grating lobes” 

b.  Requires very high SNR measurements 
–  Measure beams on planets 
–  Stack many planet epochs 

c.  Uses additions to GRASP 
2.  Estimation of the large-scale geometry of the optical system: alignment 

of SR, PR, FPU; and large-scale reflector deformations 
a.  Based on shape of main beams at 30-353 GHz 
b.  Uses iterative fitting of GRASP models based on POS 

J. Tauber, B-modes Workshop 2015 

Planck Collaboration: The Planck telescope

Fig. 6. Stacked observations of Jupiter for the frequencies 217 to 857 GHz. The axes are in arcminutes.

Fig. 7. Comparison of the stacked Jupiter and Saturn maps with a
stacked RFFM model. The cut is in the cross-scan direction.

both primary and secondary reflectors (M52 and S52 in Fig. 2.1).
The strength of these lobes (typically at -50 dB from peak) cor-
responds to a mechanical amplitude of the dimples of ⇠4 µm
(2 µm) for the primary (secondary) reflector. Fig. 2.3 shows the
changes in the model and the improvement to the fit as these
dimples are added.

The best-fit 353 GHz model is consistent with the levels
of the S52 lobes at 217 GHz (which are close to the noise
floor in the stacked Jupiter map). However, at 545 GHz the
clearly-detected M52 lobes are about 5 dB larger than predicted.
Similarly, at 857 GHz, the M52, M30 and S30 lobes are all ob-
served to be ⇠10 dB larger than predicted. The suspicion was
that this could be due to the multi-moded nature of the feed-
horns at 545 and 857 GHz, which is not taken into account in the
RFFM. Attempts have been made in the past to model the Planck
multi-moded horns (Murphy, Peacocke and Ma↵ei 2010, J. Instr.
5, pp T04001) which achieved limited success in reproducing
the main beam shapes. Nonetheless, a model was created with

5

The stacked measurements 

•  Grating lobes are 
clearly visible at 
freqs > 217 GHz 

•  There is 
additional power 
as compared to 
the RFFM 

Planck Collaboration: The Planck telescope

Fig. 6. Stacked observations of Jupiter for the frequencies 217 to 857 GHz. The axes are in arcminutes.

Fig. 7. Comparison of the stacked Jupiter and Saturn maps with a
stacked RFFM model. The cut is in the cross-scan direction.

both primary and secondary reflectors (M52 and S52 in Fig. 2.1).
The strength of these lobes (typically at -50 dB from peak) cor-
responds to a mechanical amplitude of the dimples of ⇠4 µm
(2 µm) for the primary (secondary) reflector. Fig. 2.3 shows the
changes in the model and the improvement to the fit as these
dimples are added.

The best-fit 353 GHz model is consistent with the levels
of the S52 lobes at 217 GHz (which are close to the noise
floor in the stacked Jupiter map). However, at 545 GHz the
clearly-detected M52 lobes are about 5 dB larger than predicted.
Similarly, at 857 GHz, the M52, M30 and S30 lobes are all ob-
served to be ⇠10 dB larger than predicted. The suspicion was
that this could be due to the multi-moded nature of the feed-
horns at 545 and 857 GHz, which is not taken into account in the
RFFM. Attempts have been made in the past to model the Planck
multi-moded horns (Murphy, Peacocke and Ma↵ei 2010, J. Instr.
5, pp T04001) which achieved limited success in reproducing
the main beam shapes. Nonetheless, a model was created with

5

J. Tauber, ESA Antenna Workshop 2015 
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Multi-moding 

1.  The 545 and 857 GHz 
horns are multi-moded 

2.  Modelling shows that 
multi-moding acts to 
increase the power in the 
grating lobes, qualitatively 
explaining the 
discrepancies at 545 and 
857 GHz 

3.  The model is not 
understood well enough to 
allow quantitative fitting  

Planck Collaboration: The Planck telescope

Fig. 8. Changes in the stacked model at 353 GHz comparing the RFFM (left) to the RFFM with the addition of a best fit constant-dimpling model
(centre). The cut (right) is a stack of cuts at ±16o to enhance the M52 and S52 lobes. The amplitude of the S30 lobes (not shown) is hardly
enhanced by the additional dimpling. use the same contour levels on both plots

GRASP which propagates 8 hybrid modes (HE01, 11, 21, 12,
22, 31, 13 and 41) through the 857 GHz feedhorns and adds the
individual beam patterns in quadrature. The results achieve the
desired e↵ect in increasing the level of the grating lobes close to
the measured ones (see Fig. 2.3. However, considering the lack
of detailed understanding of multimoding achieved in the core of
the main beam, these results should only be taken as indicative
of the e↵ect of multimoding.

2.4. Sinusoidal deformations

The best-fit model with constant dimpling resolves only a small
part of the di↵erences between the modelled and measured beam
skirts. A six-fold pattern of lobes at a distance of 0.3o from the
main beam is distinctly visible in the 353 GHz Jupiter map, and
appears as prominent shoulders in Fig. 2.2. This angular struc-
ture must be caused by deformations on the reflectors aligned
with their symmetry (longest) axis and at ±60o from it, and hav-
ing a mechanical periodicity of 90 mm on the secondary and 170
mm on the primary (due to the magnification). This size scale is
a half-multiple of the hexagonal core dimension (see Fig. 2.1),
and the orientations coincide with the triangle defined by the lo-
cation of the reflector’s Isostatic Mounts (Tauber et al. 2010).
Such deformations could originate in thermoelastic interaction
of the ISMs and the honeycomb structure. The three sinusoids
act to modulate the depth of the individual dimples in a regular
pattern across the reflectors.

Fitting the (unequal) amplitudes of the six lobes at both 353
and 217 GHz (where they are also clearly visible) yields am-
plitudes of the three sinusoidal deformations of the secondary
reflector (5, 4 and 0 µm in the 0o, 60o, and 120o planes), result-
ing in a remarkably close fit of the resulting pattern (see Fig.
2.4). Similar deformations can be fit at 353 GHz to yield much
lower amplitudes (<1.2µm in all three planes); at 217 GHz the
lobes caused by these features are below the noise floor. The
corresponding features at higher frequencies are not clearly ob-
served, as they appear at smaller distances from beam center
(0.2o (0.44o) and 0.12o (0.28o) due to the secondary (primary)
at 545 and 847 GHz) and - even after amplification by multi-
moding - at a level similar or below the skirt of the main beam;
there are clear hints of their presence in the measured maps, but
they cannot be used to infer the amplitude of potential sinusoidal
deformations of the primary.

Fig. 9. The e↵ect of multimoding is to increase the level of grating lobes
at 857 GHz close to the measured ones. Two stacked cuts are shown to
enhance the visibility of the main grating lobes (at top, cuts at ±26o, at
bottom cuts at i*60o). In blue, the single-moded RFFM plus constant
dimpling fit at 353 GHz, and in red the equivalent multi-moded model.
In black, the measurements on Jupiter.

2.5. Ruze-like deformations

Figs. 2.2 and 2.4 show that the (dimpling+sinusoidal deforma-
tion) model at 353 GHz still misses a significant amount of
power in the measured patterns around 0.1o from centre (be-

6

J. Tauber, ESA Antenna Workshop 2015 

Summary of the near-sidelobe 
analysis 

1.  Analysis of the in-flight measured grating lobes yields an improved model of the 
telescope geometry 

a.  Amplification of SR deformations by x1.2 
b.  Addition of ”constant” dimpling of amplitude ~4 µm to the PR 
c.  Addition of ISM-related sinusoidal deformation on the SR of amplitude 

~4 µm 

2.  No evidence for additional “random” (Ruze-like) components on the reflectors 
3.  Multi-moding can account for the increase in power in the grating lobes at freqs > 

545 GHz, but the current understanding of multi-moding is not detailed enough 
to allow to use this quantitatively 

4.  The grating lobes add significant power to the near-sidelobes (e.g. ~0.1% at 217 
GHz) 

1.  Overall the mechanical behavior of the Planck reflectors in flight is as predicted – 
some of the differences could be due to the (anomalous) in-orbit cooldown 

5.  There remain differences between measurement and model which are of the 
same order as the new elements of the model… e.g. at 217 GHz the integrated 
pattern difference is ~0.1% over angles <1o from peak 

J. Tauber, B-modes Workshop 2015 
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Overall geometry recovery 

1.  In principle you can use the fact that many detectors use the same telescope 
at different frequencies and focal plane locations to recover the properties of 
the telescope 

2.  In practice 
a.  There are quite a lot of degeneracies in the geometrical parameters 
b.  A single-parameter merit function is quite crude 
c.  The LFI is not very sensitive to small deformations 
d.  The HFI response is seriously complicated by the bolometer time 

response 
–  the HFI “map-making” beams are not optical beams 
–  The bolometer time response is “measured” in flight 
–  Only one Mars pass was designed to separate optical from time 

response (satellite spin-up) 
3.  We can converge on a reasonable configuration  

a.  Focal plane and reflectors are where expected (within 0.5 mm) 
b.  it represents all measurements only up to a few x0.1% (TBC) 

J. Tauber, B-modes Workshop 2015 

Misc issues 

1.  Broad-band aspects have probably been underestimated 
a.  Sidelobes 
b.  Polarization leakage 

2.  Vocabulary is a big issue 
a.  Meeting of many different disciplines – optical & RF engineers, 

radio and FIR astronomers 
b.  Requirements were set in different languages 
c.  “Calibration” did not mean the same to different people 

3.  Coordinate systems were not used consistently across teams 
a.  Polarization is particularly painful 

4.  Data and model results were not fully utilized (the “ownership” problem) 
5.  Contamination and emissivity: not an issue for Planck 
6.  Transformation of optical information into something useable for science is 

a complex process: optical beam -> scanning beam -> effective beam -> 
window function – it is quite slow and one of the significant cogs in the data 
analysis machine… 

J. Tauber, B-modes Workshop 2015 
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Some lessons learned – in view of 
next generation CMB missions 

1.  Optics is a system issue: institute a single “authority” for all optical aspects, 
and include them all, starting at design level 

a.  Manufacture, on-ground validation, transition to in-orbit 
b.  “calibration” in flight – need for dedicated measurements ? 
c.  Use of optical information in flight 

2.  CFRP technology is at the limit of what Planck could accept 
a.  It has serious mechanical predictability issues 
b.  On-ground characterization (in the IR) is complex 

3.  HFI-like optics are very difficult to characterize and simulate accurately 
4.  The time response of bolometers complicates significantly the understanding 

of optics 
5.  Broad-band aspects should not be underestimated 
6.  GRASP is a great tool but  

a.  It is complex and heavy to operate 
b.  It has some prediction shortcomings 

7.  Polarization has hardly been touched by Planck from an optical point of view…. 
J. Tauber, B-modes Workshop 2015 


