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ABSTRACT

Context. The Planck satellite was successfully launched on May 14th 2009. We have completed the pre-launch calibration measurements of the
High Frequency Instrument (HFI) on board Planck and their processing.

Aims. We present the results ot the pre-launch calibration of HFI in which we have multiple objectives. First, we determine instrumental parameters
that cannot be measured in-flight and predict parameters that can. Second, we take the opportunity to operate and understand the instrument under
a wide range of anticipated operating conditions. Finally, we estimate the performance of the instrument built.

Methods. We obtained our pre-launch calibration results by characterising the component and subsystems, then by calibrating the focal plane at
IAS (Orsay) in the Saturne simulator, and later from the tests at the satellite level carried out in the CSL (Liege) cryogenic vacuum chamber. We
developed models to estimate the instrument pre-launch parameters when no measurement could be performed.

Results. We reliably measure the Planck-HFI instrument characteristics and behaviour, and determine the flight nominal setting of all parameters.

The expected in-flight performance exceeds the requirements and is close or superior to the goal specifications.

Key words. cosmic microwave background — space vehicles: instruments — submillimeter: general

1. Introduction

The Planck satellite!, launched on May 14th 2009, will map the
sky in 9 frequency bands between 30 GHz and 1 THz. It is the
third generation satellite dedicated to the study of the CMB (cos-
mic microwave background) after COBE and WMAP. Beeing
the high frequency instrument on-board Planck, HFI covers fre-
quencies between 100 and 857 GHz. The HFI receiver is based
on cryogenic bolometric detectors operating at 0.1 K, a frac-
tion of which are sensitive to polarisation. Pre-launch calibration
is an essential step in characterising the instrument, estimating
the sensitivity, optimising its operational parameters, and iden-
tifying its systematics. The calibration method of balloon-borne
and orbital instruments in this frequency range is not well es-
tablished. A diverse range of strategies have had to be devoped
for different instruments and missions, such as COBE FIRAS
(Fixsen et al. 1994), PRONAOS (Pajot et al. 2006), Archeops

' Planck (http://www.esa.int/Planck) is an ESA project with in-
struments provided by two scientific Consortia funded by ESA member
states (in particular the lead countries: France and Italy) with contribu-
tions from NASA (USA), and telescope reflectors provided in collab-
oration between ESA and a scientific Consortium led and funded by
Denmark.

Article published by EDP Sciences

(Benoit et al. 2002), Boomerang (Masi et al. 2006), or WMAP
(Page et al. 2003). This paper describes the method and results
of the pre-launch calibration of the Planck-HFI at the instrument
level. The Planck mission, the satellite, and its instruments are
described in separate compagnion papers of this issue. In partic-
ular, the mission is detailed in Tauber (2010a), the LFI instru-
ment in Bersanelli et al. (2010), and its ground calibration in
Mennella et al. (2010).

The HFI instrument consists of 54 bolometers distributed be-
tween six frequencies of bandwidth Av/v = 1/3, of which 32
are polarisation-sensitive bolometers (PSBs), 20 are unpolarized
spider-web bolometers (SWBs), and two are dark bolometers
monitoring common-mode systematics. The polarised detectors
are oriented in the focal plane to enable the determination of the
linear polarization using combinations of three or more chan-
nels. The detectors couple to the telescope by means of 36 back-
to-back horn assemblies, including the optical filters defining the
frequency bands. The bolometers, 16 thermometers on the 4 K,
1.6 K, and 100 mK thermal stages, a reference resistor, and a
reference capacitor are read out by low noise electronics at the
nominal acquisition rate (roughly 180 Hz). Four thermometers
on the 4 K stage monitor the temperature of the HFI close to
the location of the reference optical loads used by LFI. Other
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Table 1. HFI design goals. P stands for polarisation sensitive bolometers.

Channel 100P 143P 143 217P 217 353P 353 545 857
Central frequency (GHz) 100 143 143 217 217 353 353 545 857
Bandwidth (%) 3% 33% 33% 33% 33% 33% 33% 33% 33%
Full width half maximum beam size @) 9.6 7.0 7.0 5.0 5.0 5.0 5.0 5.0 5.0
Number of bolometers 8 8 4 8 4 8 4 4 4
NEAT cump per bolometer (uKems s7?) 100 82 62 132 91 404 277 2000 91000
NEATR_; per bolometer (uKg_ys'/?) 77 50 38 45 31 34 23 14 9.4
Bolometer NEP (aWs'/?) 10.6 9.7 146 134 184 164 225 723 186
thermometers monitor the temperature of the 1.6 K and 4 K @ \3(\9‘
optical components, the 100 mK stage of the dilution cooler %\35\8 ;\00’5\3,\ \\QK\\
and the 100 mK bolometer plate. The 72 readout chains are N \A?\ c c® \(\‘;\
distributed between twelve belts of six channels. Housekeeping  pMain beam - W PY
telemetry includes all other thermometers and parameters sam- .. cide lobes PS
pled at longer intervals from one to several seconds. The cryo- S
. . . . . . pectral response Q- @
genic chain consists of passive cooling to 50 K achieved at the .
level of the third V-groove of the satellite, an 18 K hydrogen Tlmg respon.se ) ® ® ®
Optical polarisation T o )

sorption cooler, a 4 K mechanical cooler based on compressed
helium and a Joule-Thomson expansion, and a 100 mK dilution
cooler. Table 1 summarises the optical and sensitivity goals of
the Planck-HFI design. A complete description of the instrument
is given in Lamarre et al. (2010).

The HFI calibration was carried out between
September 2004 and August 2008 for two instrument models,
the cryogenic qualification model (CQM) and the proto flight
model (PFM). Each model of the focal plane unit (FPU),
which consists of the receiver but not its 4 K cooling system,
was tested in the Saturne cryostat of the calibration facility
of the Institut d’Astrophysique Spatiale in Orsay, and on the
satellite in the CSL (Centre Spatial de Liege) Focal 5 cryogenic
chamber. The calibration philosophy is described in Sect. 2 and
both the calibration setup and measurements in Saturne and
in the CSL facility in Sects. 3 and 4 respectively. The results
presented in Sect. 5 are intended to illustrate the measurements
performed and reflect their quality. The calibration data used in
the reduction process of the flight measurements are reported
in the HFI calibration and performance document (Pajot et al.
2008) delivered to ESA and the scientific team, and in the
IMO (instrument model), which is a numerical representation
of calibration data used as an interface to the data processing
pipeline.

2. Planck-HFI calibration strategy
2.1. Ground calibration goal

The goal of the pre-launch calibration is to provide

1. a final determination of parameters that cannot be measured
in-flight;

2. afirst estimate of parameters that can be measured in-flight;

3. an understanding of the instrument under a wide range of
anticipated operating conditions;

4. an estimate of the in-flight instrument performance.

Figure 1 lists the parameters required when calibrating the flight
data and the phases during which they have been or will be mea-
sured. The values determined for these parameters can be found
in Sect. 5.
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Fig. 1. Calibration philosophy. Blue dots indicate preliminary determi-
nations, red dots indicate final determination.

2.2. Angular response

The angular response of the optical system includes the main
beam and the far sidelobes and, at the sub-system level, the angu-
lar response of the feedhorn antenna of the bolometer assembly,
the latter beeing measured for each feed. The preflight estimate
of the beam (both the main beam and far sidelobes) is derived
from both the measured feedhorn antenna pattern and either
1) the numerical simulation of the reflector system performed
for the low frequency channels of HFI (Maffei et al. 2010) or
2) measurements performed on the RF (radio frequency) model
of the telescope (Tauber et al. 2010b). This determination will
be used until we are able to perform measurement for planets,
which are measurements that are critical for studying the beam
to 35-40 dB, and invert sky data for the far side lobes.

2.3. Spectral response

A measurement of the spectral response can only be performed
on the ground. At the sub-system level, the spectral transmission
of the filters and the horns were combined to predict the spectral
transmission of each type of horn-filter assembly. The complete
detector, filter, and horn assemblies, including the bolometric
detector, were then measured in turn to determine the spectral
response of each integrated pixel (Ade et al. 2010). Finally,
the spectral response of the fully assembled focal plane was mea-
sured in the ground calibration facility. Ultimately, the spectral
response is derived using both the measurements at the focal
plane level and subsystem data to check or adjust for system-
atics. In a similar way, the efficiency of the out-of-band blocking
was determined by a combination of individual measurements.
It was also checked at the subsystem level by comparing the
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response for sources with steep but with opposite spectral slopes
(using high- or low-pass filters).

2.4. Time response

‘We measured the time response on the ground with signals mod-
ulated at frequencies covering the range 0.01 Hz to 100 Hz.
Specific care was taken to measure the time transfer function
at low frequency, since the absolute response for the low fre-
quency channels (CMB channels) will be measured on the signal
coming from the CMB dipole modulated by the spacecraft spin
at ~1/60 Hz.

The ultimate determination will be verified using the in-flight
data by comparing the maps of the same bright sources, such as
planets, obtained with different scan directions and angles at dif-
ferent phases of the mission.

2.5. Optical polarisation

The absolute orientation of the polarisation and the cross-polar
leakage are deduced from both the sub-system measurements
and the FPU characterisation. Polarisation orientation and cross-
polar leakage are measured on individual horn assemblies and
the absolute orientation of the FPU is measured by taking into
account the geometry of the beam (Rosset et al. 2010).

The pre-launch determination of the beams and polarisa-
tion parameters was achieved using measurements of the FPU
(Maffei et al. 2010) and the radio frequency (RF) model of the
telescope (Tauber et al. 2010b).

The polarised emission of the Crab nebula was measured at
the IRAM 30 m telescope at frequencies near the HFI bands.
These data are used to derive the final calibration of the sky
data (Aumont et al. 2010). The galaxy polarisation is poorly
known today and is not neglible. At low frequencies measure-
ments do exist (Archeops, Benoit et al. 2002). New observations
at short wavelengths (e.g., PILOT balloon experiment, Bernard
et al. 2007) will be used to improve our understanding of the
polarised emission on the sky at these frequencies.

2.6. Optical efficiency, linearity, and sensitivity
to the temperature of the cryogenic stages

This group of parameters characterises the instrument behaviour
over an extended range of operational conditions. The optical
efficiency is the fraction of photons collected by the real optical
system with respect to an ideal system of same spectral response.
Bolometric detectors have a linear response when the optical sig-
nal is weak relative to the optical background, but a determina-
tion of the linearity curve is needed for photometric calibration
at the percent level. In addition, knowledge of the dependence
of the signal on the temperature fluctuations of all optical com-
ponents is essential to reduce the thermal systematic effects. The
instrument thermal design includes very stable thermal regula-
tion systems that are designed to keep these effects below the
detector noise (see Sect. 5.3.2). The characterisation of the cou-
pling coefficients gives, if required, the possibility of removing
second order correlations of thermal origin between channels.
These parameters are measured at the level of the detector sub-
systems, during the focal plane calibration, and are confirmed
with in-flight measurements.

2.7. Absolute calibration

The absolute calibration allows one to convert the digital sig-
nal into the sky brightness. The HFI does not use any inter-
nal absolute reference signal, therefore the total power is not
reliably measured by the HFI bolometers. The full sky maps
deduced from the HFI data are instead insensitive to a constant
emision level, such as the CMB monopole. A preliminary ab-
solute response was estimated during the focal plane calibration
with a precision of 10% (and a relative pixel to pixel calibration
of 3%). The ground calibration sources allowed us to perform
this measurement with an optical background that was represen-
tative of that expected in-flight. The final determination will be
performed in-flight (Piat et al. 2002). The goal is a 1% radio-
metric accuracy for the low frequency channels (v < 400 GHz:
100, 143,217,353 GHz) and 3% for the high frequency channels
(v > 400 GHz: 545, 857 GHz). The FIRAS experiment on the
COBE satellite has provided the most accurate photometric cali-
bration for extended sources in the millimeter and submillimeter
wavelength range producing a spectral image of the sky in the
range [0.1, 10 mm] (3000 GHz to 30 GHz), with a spectral reso-
lution of approximately 5% and a spatial resolution of 7°. FIRAS
used an absolute black body to provide a flux calibration with an
accuracy superior to 1% below 400 GHz and 3% above (Mather
et al. 1999). The in-flight calibration of the submillimeter chan-
nels of HFI will rely on this calibration. The CMB dipole com-
ponent, produced by the proper motion of Planck with respect to
the rest frame of the CMB, will be used for the low frequency
channels. Therefore, the absolute calibration procedures can be
detailed as follows:

1. For the channels below 353 GHz, the CMB dipole domi-
nates the galactic signal over most of the sky. The observed
dipole is the sum of two components, one resulting from
the peculiar velocity of the solar system in the CMB rest
frame, another resulting from the orbit of the Earth, hence
the L2 point and Planck, around the Sun. As long as the cir-
cles described on the sky have a different axis from that of
the dipole (the angle is always larger than 10°, which pro-
vides more than 15% of the dipole signal), a short-term rel-
ative calibration can be obtained from the dipole: the rela-
tive variation in the dipole signal is at most 0.9% per day
or4d x 1072% per hour, i.e., between two consecutive de-
pointings. This allows a straightforward ring to ring relative
calibration limited only by the level of the CMB fluctuations.
The use of WMAP data could improve the ring calibration,
although the absolute calibration will be obtained in a self
consistent way from the orbital dipole, observed on the sur-
vey timescale (6 months), more accurately than 0.4% (Piat
et al. 2002).

2. For the channels above 353 GHz, Galactic emission is the
dominant component. The Galactic signal has a high spatial
frequency component that makes relative calibrations from
ring to ring impossible because rings have a large angular
separation (2 arcmin, about half of the FWHM beam of these
channels). Observations of the Galactic disk at submillimeter
wavelengths exist only at lower angular resolution (typically
30 arcmin with balloon observations) with absolute calibra-
tions that are poorer than 10 to 20%, and at the very low spa-
tial resolution of FIRAS with an absolute calibration of 3%
above 400 GHz. We will average HFI data over one week
periods and more to obtain a pixel size of 7° identical to that
of FIRAS. This requires knowledge of the temporal variation
in the relative response over this timescale without the ben-
efit of an external calibration source. An instrument model
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based on the thermometry and the ground calibration will be
used to provide a relative calibration of the sub-millimeter
channels on the scale of a week. Future balloon experiments
observing the galactic structure in the submillimeter range on
angular scales comparable to HFI Planck (e.g., PILOT) will
also provide valuable information about this relative calibra-
tion. Finally, the absolute calibration of FIRAS will be used
to obtain the required 3% accuracy.

2.8. Detection noise

Although noise in the detectors and in the readout electronics
can potentially have a significant impact on the ultimate sensi-
tivity of the measurements, the goal of the HFI is to reach the
ultimate physical limitation which is the intrinsic statistical fluc-
tuations in the astrophysical background and foreground pho-
tons. The detector noise was measured during all phases of the
instrument development starting with the electrical NEP of blind
bolometers, and continuing with an optical background equiva-
lent to the expected flight background on the integrated horn,
filter, and bolometer subsystems. These measurements were also
reproduced during the focal plane calibration. The detector noise
measurements were carried out across a wide range of frequen-
cies, from a few mHz to the cut-off frequency of the low pass
filter needed by the analog-to-digital conversion of the lock-in
detection (a few kHz). The DPU (digital processing unit) can
provide the full sampling of any pixel before demodulation. This
DPU operation mode was used to monitor and measure the noise
level at audio frequencies during the FPU ground calibration
and in-flight. However the most important measurements will
come from in-flight data obtained in the demodulated (nominal)
mode of the DPU. The ground-based measurements will be used
to understand these data and to extract the different contribu-
tions to this noise including background photon noise, intrin-
sic detector noise, voltage and current noise in the electronics,
and the temperature stability of both the optical components and
the detectors.

2.9. Crosstalk

During the focal plane calibration, the electrical crosstalk was
checked by applying a bias signal to each bolometer in turn and
monitoring the response of the neighboring devices. To simulate
the stray capacitance of the wiring on the spacecraft, a harness
identical to the flight harness was used for the ground test setup.
On the ground, optical crosstalk and spectral leaks were checked
at the FPU level using illuminators in front of a subset of the
pixels. In-flight limits to the crosstalk amplitude will be deduced
from the sky data by applying two methods:

— scans across bright point sources, including planets;
— measurements of the cross-correlation between channels.

2.10. Readout electronics

The characteristics of the readout electronics are measured at
both the subsystem level (without the bolometers) and the instru-
ment level. The bolometers are bias modulated at a frequency
close in value to 180 Hz. The bias frequency is derived from
a clock common to the 4 K cooler compressors which is oper-
ated exactly at 1/4.5 times this frequency, or about 40 Hz. The
4 K cooler is the only mechanical subsystem operated above
the spin frequency of the satellite (1 rpm). The stability of the
bias generator, the pre-amplifier and amplifier gains, and the

Page 4 of 15

readout electronic noise are continuously monitored during the
flight. The bias control parameters were optimised both during
the focal plane calibration and in-flight for the actual instrument
and telescope background prior to the initiation of the first sur-
vey. Absolute in-flight calibration requires that the response of
the instrument be stable or at least well known for periods of
at least 15 days (see Sect. 2.7). The absolute calibration of the
measurement chain does not need to be superior to a few per-
cent, although knowledge of the relative response must be accu-
rate to a fraction of a percent, with a goal of 0.2% accuracy for
the relative time response and deviation from linearity. A similar
accuracy is required for the change of response with the back-
ground (static load on bolometers) and bolometer plate temper-
ature. These accuracies are achieved by performing dedicated
calibration tests, both on the ground and during the flight, and
by using sophisticated models of the detection chain.

2.11. Compatibility

All compatibility issues are checked on the ground. Tests are
carried out at the FPU level and during the tests of the inte-
grated satellite: compatibility with the cryocoolers, with the LFI,
and with the service module subsystems. The susceptibility of
the detectors and electronics to high energy particles hitting was
monitored during the focal plane calibration. Based on the pre-
launch knowledge of the particle environment at L2 and depend-
ing on the energy threshold, the rate of particle hits at L2 is ex-
pected to be between 1 and 10 hits per minute. For these rates,
and based on the amplitude of the particle hits observed on the
signal during the calibrations, masking the data to below the
level of the noise removes a negligible fraction of the integra-
tion time. However, the true rate and the corresponding energy
will be known only in orbit.

3. Focal plane calibration in the Saturne cryostat

The focal plane of HFI was calibrated in the Saturne cryostat of
the calibration facility of the Institut d’Astrophysique Spatiale
in Orsay. The HFI focal plane consists of the detectors, the op-
tical filters and horns, the 100 mK stage of the dilution cooler,
and the thermo-mechanical structure and its interfaces with the
4 K and 18 K cryocoolers. We designed and built an optical and
cryogenic simulator dedicated to this calibration.

3.1. Description of the Saturne simulator for HFI
3.1.1. Optical layout

The main difficulty in performing calibration measurements of
the HFI is simulating a radiative background environment that is
representative of the L2 orbit. An additional complication is the
repeatable simulation of the very low amplitude signal expected
from the astrophysical sources (Fig. 2). To achieve these require-
ments, the Saturne cryostat gives a thermal environment consist-
ing of a 2 K enclosure that contains the HFI FPU and the optical
calibration system. The calibrator is an integrating sphere fed by
both internal sources and a path to external sources. A spher-
ical mirror couples the output of the calibrating sphere to the
FPU. Finally, an instrumented wheel can be deployed in front of
the FPU, producing polarization and optical crosstalk measure-
ments (Figs. 3 and 4). The 2 K enclosure (Fig. 5) is optically
sealed, and the optical bench is partially covered by Thomas
Keating microwave absorber so that the cavity behaves like a
2 K blackbody source when all other sources are either turned
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Fig.2. Background radiation absorbed by the single mode detec-
tors (1> etendue) with a Al = 1/4 bandwidth. The telescope emis-
sion is simulated by a 60 K Planck spectrum with an emissivity
of 0.005(4/1 mm)~1/2,
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reference
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Fig. 3. Optical diagram of the HFI FPU calibration setup in the Saturne
cryostat.

off or blocked. The 2 K cavity is itself enclosed by vapor-cooled
20 K and 80 K shields. The scattering of the light inside the
sphere is obtained by a pseudo random machining of its inner
surface. Two internal thermal sources and two external sources
(an external chopped source and a Fourier transform spectrome-
ter) feed the integrating sphere.

3.1.2. The Saturne cryostat

The Saturne cryostat (Fig. 6) was used to perform the ISOCAM
calibrations (Vigroux et al. 1993). However, we completed an
important redesign to meet the requirements for the ground cali-
bration of the HFI instrument. The Saturne cryostat consists of a
vacuum chamber (1600 mm high, 1604 mm diameter) attached
to the ground by three legs. All the utilities and all the hermetic
interfaces are located at the bottom of the vacuum chamber. The
HFI calibration requires 24 h periods of operation that are unin-
terrupted by cryogen transfers from the 4 K storage tank to the
2 K chamber. The lowest temperature achieved is 1.8 K.

Fig. 4. Optical setup on the 2 K Saturne cryoplate with the HFI PFM.
The polariser and sources on the instrumented wheel are positioned out
of the optical path to the integrating sphere.

3o

Fig. 5. Optical setup after integration of the 2 K optical baffle. The HFI
detectors are looking into the 2 K enclosure. Only the back of the HFI
PFM is visible, with its 4 K and 18 K interfaces.

3.1.3. HFI thermal interfaces

The HFI FPU provides only the 100 mK dilution cooler stage.
The Saturne cryostat provides the cooling interfaces simulating:

the 50 K stage for the cold JFET preamplifier box (the JFET
themselves are heated to 130 K);

the 18 K sorption cooler;

the 4 K Joule-Thomson cooler;

the LFL

3.1.4. Internal optical sources

The integrating sphere is fed by two low-power thermal sources:

1. CS1 is an emissive ring heated to a temperature adjustable to
30 K, with an effective etendue of 1000 mm? sr, located in-
side the integrating sphere. This black body produces a back-
ground similar to that expected from the Planck telescope in
flight conditions.

Page 5 of 15


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/200913203&pdf_id=2
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/200913203&pdf_id=3
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/200913203&pdf_id=4
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/200913203&pdf_id=5

A&A 520, A10 (2010)

Fig. 6. The Saturne cryostat in the class 10 000 clean room. The two up-
per rings and the lid are removable for the integration of the calibration
optics and the instrument. The optical port is on the opposite side.

Fig. 7. Carbon fiber sources (OXT) in place in front of the HFI horns.

2. CS2 is a black body heated to a temperature adjustable to
20 K, and modulated at a fixed frequency close to 10 Hz by
means of a resonant tuning fork chopper.

Two other sources provide signals with a short time constant.
These sources are based on carbon fibers self-heated by Joule
dissipation of the electrical current (Henrot-Versillé et al. 2009).
Their optical flux is collimated by horns:

1. CSM is a carbon fiber located in a horn that couples directly
to the focal plane through a hole inside the mirror. It illumi-
nates all pixels simultaneously.

2. OXT refers to a set of carbon fiber sources located on the
instrumented wheel that can be positioned in front of a sub-
set of the HFI pixels. The coupling is sufficiently directional
for only the corresponding pixels to be illuminated, allowing
a measurement of the optical crosstalk at the per mil level
(Fig. 7).

3.1.5. External optical sources

The polarising Fourier-transform spectrometer (FTS) was pro-
vided by Sciencetech Inc. (Canada) under contract with IAS and
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Fig. 8. The three-position instrumented wheel that supports the rotating
polariser and the crosstalk sources.

ESA. It is derived from the SPS200 model. The source can be se-
lected from either a Mercury vapour arc lamp or a Globar (a sili-
con carbide rod heated by the Joule effect). The 300 mm transla-
tion stage generates symmetric interferograms with a maximum
theoretical (unapodized) resolution of 0.035 cm™!. Filtering of
short wavelengths in the optical path entering the Saturne cryo-
stat is achieved using:

— a vacuum window made of polyethylene (6 mm thick);

a 1st thermal filter at 300 K;

— a 2nd thermal filter at 77 K;

— a46 cm™! cut-off filter at 77 K;

— a 3rd thermal filter at 20 K;

— afilter wheel at 2 K allowing the selection between four con-
figurations of open, closed, 35 cm™!, and 10 cm™! cut-off
filters.

While scanning, encoder pulses from the translation stage are
time stamped with a clock that is synchronized with the HFI sig-
nal acquisition clock (provided by the spacecraft simulator used
during the calibration). In a similar way, a mechanical zero path
difference (ZPD) signal is stamped and stored in the database.
After verification, we found that the scanning speed was suffi-
ciently stable to be considered as constant along the section of
the interferogram needed for spectral processing. To provide a
reference monitor for the source flux, a dedicated bolometer was
used within the integrating sphere. The flux received by this ref-
erence bolometer is directly proportional to the flux received by
the HFI pixels on the focal plane, which is coupled via a mirror
to the integrating sphere output aperture. The reference bolome-
ter was provided with an absolute calibration by the team of
N. Coron and J. Leblanc at IAS. It is fed by a modified Winston
horn from Infrared Lab. Inc. (USA) and operated at 300 mK us-
ing a 3He fridge (Torre & Chanin 1985). The reference spec-
tra acquired during the calibration run with this bolometer were
used to identify standing wave features in the FTS source and
optical path (lamp, windows, ...) and to check the shape of the
source spectrum. The diffraction losses at low frequencies due
to the horn exit aperture diameter (2.6 mm) are taken into ac-
count in the data processing of the low frequency channels of
HFI. The FTS signal is fed into the Saturn cryostat and the in-
tegrating sphere through a vacuum pipe by means of collimat-
ing mirrors. An alternate path through this pipe allows the use
of either a mercury arc lamp or a Globar chopped by a 300 K
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Fig. 9. Planck in configuration ready to enter into the CSL Focal 5 cryogenic simulator.

rotative blade, operated at ambient temperature in vacuum con-
ditions. Chopping this source allows the measurement of the
time response of the HFI to 1 ms rise time signals, down to 1 Hz.

3.1.6. Polarisers

The instrumented wheel (Fig. 8) moves a rotating polariser di-
rectly in front of the HFI feed horns. A detailed description of
the setup and the measurement method of the polarisation prop-
erties of HFI can be found in Rosset et al. (2010).

3.2. Measurement campaigns

Two measurement campaigns of the HFI PFM were carried out
in Orsay in 2006: the characterisation in March (4 days of scien-
tific measurements with the HFI dilution cryocooler at an oper-
ational temperature close to 100 mK, 28 days for the total dura-
tion of the campaign including cooldown and warmup), and the
calibration in June—July (20 days and 42 days, respectively).

4. CSL TV-TB characterisations
4.1. The test optical configuration

From the point of view of the HFI, the goal of the thermal vac-
uum - thermal balance (TV-TB) testing was the validation of
the cryogenic chain including the 4 K cooler operation and the
end-to-end test of the detection chain with cold detectors (auto-
compatibility and compatibility with both LFI and the space-
craft). Following the measurements in the Saturne cryostat, a
more accurate characterisation of the low frequency time re-
sponse of the bolometers was also performed during the CSL
PFM campaign. The optical setup was the following:

— the satellite was in the Focal 5 cryogenic simulator of CSL
(Fig. 9).

— the complete cryogenic chain (passive cooling, 18 K and 4 K
cryocoolers, 100 mK dilution) was operated.

— a skyload was placed just in front of HFI and LFI
horns, in front of the secondary mirror. The skyload is an
Eccosorb panel cooled to 4 K by liquid helium, equipped
with three sensitive thermometers (carbon glass type from
LakeShore Inc.). Three carbon fiber sources (similar to the
OXT sources) are placed at the center of the skyload dur-
ing the PFM campaign to illuminate the HFI focal plane

Fig. 10. Skyload: panel of Eccosorb pyramids cooled at 4 K, within
which 3 carbon fiber sources are located with their collimating horn.

(Fig. 10). The sources can be biased with an arbitrary
waveform.

4.2. Measurements and results

The CQM TV-TB campaign was held from June to September
2005. It allowed us to partially characterise the cooling chain
and check compatibility issues. The total duration of the PFM
TV-TB campaign was 3 months (mid-May to mid-August 2008)
and the HFI detectors were cold (around 100 mK) for 15 days.
The active cooling chain performed nominally, with an over-
all performance that exceeded the requirements. The detection
chain and bolometer functional tests exhibited very good self
and mutual compatibility.

The behaviour of all HFI detectors was identical to that in
the Saturne cryostat: all 52 (non-blind) bolometers detected the
background fluctuations (Fig. 11). The I-V characteristics of the
bolometers agree with previous measurements (a finely sam-
pled network of curves at various bath temperatures in Fig. 12).
Bolometer NEPs (1 to 3 x 1077 WHz™'/?) are similar to the
values obtained during the calibration campaign in the Saturne
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Fig. 11. Amplitude spectral density of the signal of an HFI channel, dur-
ing the TV-TB tests. The cut-off observed at high frequency results from
the numerical filtering of the signal. The rise at low frequency is due to
the thermal fluctuations of the skyload and the thermal environment in
the Focal 5 simulator. The bolometer represented is the 100 GHz chan-
nel number 00-100-1a.
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Fig. 12. Network of I-V characteristics for various temperatures of the
bolometer plate and background, during the Saturne calibrations and the
TV-TB tests. The bolometer represented here is the 100 GHz channel
number 00-100-1a.

cryostat. Given the superior control of the background environ-
ment in the Saturne cryostat, pre-launch sensitivities are derived
from the Saturne measurement.

Popcorn noise (2-level oscillation at random intervals rang-
ing from a fraction to several seconds), already seen in the
Saturne cryostat, was observed on only two detectors during the
TV-TB campaign. Glitch rates and time constants are similar to
those seen in the PFM focal plane calibration in Saturne. When
the LFI was switched off, changes in the HFI noise level were
smaller than 1%. During the simulated DTCP (daily telecommu-
nication period), the transponders were activated as they would
for the communications to the Earth over periods of 3 to 6 h
integration. The noise spectra differed by less than 2.5% peak.
No noticeable influence from either LFI or the transponder could
be detected.
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5. Calibration and performance outline

We now present the main results of the Planck-HFI calibration
and performance document (Pajot et al. 2008) delivered to ESA
and which will be the reference for the flight data processing
by the scientific team. Only global results are discussed here
because we aim to demonstrate the validity of the method and
the conformity of the instrument with the requirements.

5.1. Optics
5.1.1. Beam geometry

The coupling of the bolometers to the telescope is provided by
the FPU optics consisting of an assembly of filters, lenses, and
horns. The beam pattern of the single mode channels depends to
first order only on the 4 K front horn, since the propagating wave
is defined in the single mode waveguide section of the back-to-
back horn. The spectral and geometrical properties of the horns
have been characterised individually. The measured beam pat-
tern of a typical front horn is compared with the prediction made
at the design stage. The agreement is excellent to very low levels
(% level), which supports our following characterisation of the
horns (Maffei et al. 2002):

— modelling and optimizing the horns before implementation;

— validating the model on some prototypes with a complete
measurement of the beam patterns (intensity and phase);

— checking the beam pattern intensity of all the horns and re-
lying on the fit to derive the phase.

The beam patterns of all single mode front horns were measured.
The most accurate estimate of the amplitude and phase of these
horns were used for the pre-launch beam estimation (Maffei
et al. 2010). The beam patterns of the multi-moded channels de-
pend on all optical elements within the entire optical path. Beam
predictions of the multimoded channels are less accurate than for
the single-moded channels. To achieve a more reliable assess-
ment, a campaign of dedicated measurements on spare multi-
moded channels with an improved experimental set-up has been
performed at Cardiff University.

Most of the photons selected by the horns arrive from the
telescope’s mirrors, which intercept a solid angle of about 27 de-
grees half-angle. The spillover can be defined as the overall ra-
diative power reaching the detector that does not originate from
the telescope’s reflector. This results in a signal that does not
originate in the observed source, and is therefore an impor-
tant parameter in assessing straylight and far-side lobe control.
Predictions and measurements of the far-side lobes were made
on the RFQM (radio frequency qualification model) and mod-
eled in addition using GRASP 9 (Tauber et al. 2010b).

To estimate the beam on the sky, we computed the propa-
gation from the bolometers to the sky using the most reliably
validated models of the various optical elements. The complete
scheme relies on mechanical and RF measurements at the com-
ponent and sub-system level, on the validation of modelling
tools, on tests at the system level (RFQM, RFFM), and on flight
data (Tauber et al. 2010b).

5.1.2. Spectral transmission

The in-band Saturne measurements show a noise floor of 1072
to 1073, The distribution of the 3 dB cut-on, central, and 3 dB
cut-off frequencies shows a good match of all pixels within the
same band, but with some slight differences (Fig. 13) between
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Table 2. HFI optical efficiencies assuming top-hat like channel spectral transmissions with nominal bandwidth edges.

Channel 100P  143P 143 217p 217 353P 353 545 857
Average efficiency (%) 322 432 287 313 257 213 234 157 131
Dispersion (1o, %) 4.1 3.55 1.5 2.7 1.1 2.8 5.8 14 2.2
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Fig. 13. 3 dB cut-on, central and 3 dB cut-off frequencies of all detectors
of all HFI bands.

PSB and SWB channels. The rejection of lower frequencies can
be obtained from waveguide theory with a good level of confi-
dence. However, for the multi-moded channels, the transmission
between the waveguide cut-on and the high-pass filter cut-on can
be conservatively estimated to be the product of the transmis-
sion of the single optical components as measured. Rejection
of higher frequencies is computed from the product of the sin-
gle filter transmission data. Each set of data has a noise floor of
about 1073 so that the combined information can reach a level
of 10715, The blocking of high frequencies was checked at the
pixel subsystem level, and the FPU calibration data agree with
these. An example of the resulting spectral bands is shown in
Fig. 14. Detailed information can be found in Ade et al. (2010).

5.1.3. Total optical efficiency

The most straightforward definition of the optical efficiency is
the ratio of the power detected by the bolometer through its op-
tics, to the power that would be observed with perfectly trans-
mitting optical elements in-band and complete rejection out-of-
band. The measurement of the end to end optical efficiency is
needed to estimate its absolute calibration and deduce the ex-
pected sensitivity of the instrument. The measurement was per-
formed by varying the temperature of the 2 K optical platform
from 2 K to 3.7 K, while regulating all thermal stages of HFI
at constant temperature. Table 2 shows the efficiencies obtained
from the ground calibration (Maffei et al. 2010). The absolute
calibration will be obtained from observations of the sky during
the flight.

5.1.4. Spectral dependence of beams

For convenience, the spectral transmission and the beam shape
are often considered to be independent quantities. In reality,
the beam pattern on the sky depends on the product of the spec-
tral intensity of the source and the shape of the transmission of
each channel. This dependence was studied for both single mode
and multimoded channels in Maffei et al. (2010).

Frequency [GHZz]

Fig.14. Averaged normalized HFI spectral bands compiled using
Saturne measurements (above 1%) and component characterisations
(below 1%).
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Fig. 15. Coupling coefficients of the 4 K stage. The error bars represent
the statistical errors deduced from repeated measurements in different
conditions.

5.1.5. Emissivity of the 4 K and the 1.6 K stages of the FPU

The thermal emission of the optical components on the 4 K
and 1.6 K stages of the FPU is part of the optical background
power absorbed by the bolometers. The thermal regulation of
these stages are designed to limit the level of the fluctuations
seen by the detectors below the noise of the detection chain. The
optical coupling of these stages with the detectors was measured
in the Saturne cryostat (Figs. 15 and 16).

5.1.6. Optical crosstalk

While illuminating one pixel by the OXT source in place, an
upper relative value of 10~ was measured for the signal coming
from a non-illuminated pixel. The crosstalk signals generated by
the only pixels facing an OXT source were checked. This value
agrees with the expected flux diffracted from the OXT sources.
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Fig.16. Coupling coefficients of the 1.6 K stage. These coefficients
could be measured only for the low frequency channels, the thermal
emission in high frequency bands being too small to be measured. The
error bars represent the statistical error deduced from repeated measure-
ments in different conditions.

5.1.7. Polarisation specific parameters

Cross-polar leakage is measured at the level of individual pixel
assemblies. The results show a typical value for the cross-
polarisation leakage of PSB of 5%, ranging from 2 to 9%.
The errors in these parameters is very low, below 0.2% (absolute
error) except for one PSB for which itis 1.3%. The SWB are also
minimally sensitive to polarisation, with cross-polarisation leak-
age ranging from 84% to 97%, and errors typically about 0.5%,
except 3% for one SWB.

The axes of polarisation sensitivity are measured in the
Saturne cryostat. The distribution of errors in angle measure-
ment is 0.6° for PSB and 5° for SWB. A detailed analysis and
results are presented in Rosset et al. (2010).

5.2. Response of the detection chains
5.2.1. Static response

The AC biasing of the HFI detectors allows one to perform a
total power measurement. The static response function is the re-
lation between the incoming power (in Watts) and the instru-
ment output data (in digital units or ADU), once all transients
have vanished. It is expected to be non-linear because both the
thermal conductance between the bolometer and the heat sink,
and the bolometer impedance have a non-linear dependance with
temperature (Holmes et al. 2003). The static response function
was measured during the PFM ground calibration in the Saturne
cryostat under a wide range of background conditions. The lo-
cal derivative of this response function infers the responsivity,
which is the quantity that will ultimately be derived from the in-
flight calibration on the sky (see Sect. 2.7). During the ground
tests, the responsivity is measured by illuminating all bolome-
ters by the CSM carbon fibre source modulated at a frequency
of about 1 Hz. The average background power is explored by
slowly changing the temperature of the CS1 source. Results are
presented in Fig. 17 for a 100 GHz bolometer. The non-linearity
of the detector is the deviation of this instrument function with
respect to a linear one as shown in Fig. 18. Results show that
the HFI bolometers are linear up to relative deviations of the
order of 0.1% (Saturne planet at 353 GHz). Saturation of the
read-out electronics is expected on bright sources for some chan-
nels. If we overplot the expected output for the second bright-
est source for HFI, the Saturn planet, we can observe that the
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Fig.17. Response function of the instrument for the 00-100-1a
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Fig. 18. Deviation from a linear response for channel 00-100-1a. The
channel deviation from linearity in this range of background is smaller
than 1%.

saturation of the electronics appears only for the highest fre-
quency channels (Fig. 19). The central lobe of the main beams
will therefore not be deduced from in-flight measurements of
Jupiter or Saturn, but fainter sources such as Mars or Uranus
(Huffenberger et al. 2010).

5.2.2. Temporal response

The temporal response function or transfer function of the
HFI detection chain results from both the bolometer intrinsic
thermal time response and the coupling of the readout electronic
chain to the detector. The former results from the complex ther-
mal architecture of SWB and PSB, the latter from the presence
of stray capacitance in the detection chain. The accuracy goal
of the characterisation of the time response of the instrument is
an accuracy superior to 0.2% within the [10 mHz, 70 Hz] range.
For a subset of the bolometers, the analysis of the ground cal-
ibration data clearly detects an enhanced response at low fre-
quencies. This low frequency excess response (LFER) concerns
the range of frequencies lower than a few Hz. Thus, the time re-
sponse function can be described as a cut-off filter function with
at least 2 time constants and weights. A very accurate knowledge
of the HFI response at these low frequencies is a key point for
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Fig. 19. Extrapolation of the response up to saturation. The range covered by Saturn is overplotted (solid red line).

scientific goals because, for most of the channels, the calibration
of HFI is obtained by a measurement of the CMB dipole signal
that appears in Planck at the frequency of 16.7 mHz. The fol-
lowing measurements are performed to characterise the time re-
sponse:

— The time response from 2 to 100 Hz is measured with the
chopped external source (ELS sequence).

— the low frequency range of the time response (from 8 mHz
to 10 Hz) is measured with a carbon fiber source to produce
a square modulation of period equal to up to 120 s. This
measurement is valid only in the low frequency range be-
cause the intrinsic time response of the carbon fiber source
is not negligible with respect to the bolometer time constant.
Unfortunately, the setup used for this measurement done dur-
ing the CSL TV-TB test (see Sect. 4), did not properly illu-
minate 20 of the 52 pixels of HFL.

— an additional measurement that does not rely on any external
source was performed to determine the transfer function in
the low frequency range. The bolometer is excited by a step
in its bias current, which dissipates an additional electrical
power in the bolometer. This sequence can be reproduced in-
flight. However, the computation of the time response from
a bias step measurement is more complex than that required
from an optical illumination measurement because the phys-
ical processes involved differ. A representative determination
of the time response function is shown in Fig. 20.

The temporal response functions for all bolometers were mea-
sured during the CSL TV-TB test using at least one of these two
methods. An excess in the bolometer response below a few Hz
has been identified. The amplitude of the excess response ranges
from 0.1% to a few percent (Lamarre et al. 2010). Improving
the knowledge of these functions in the low frequency range is
still necessary for 20 (of 52) bolometers that could not be char-
acterised more accurately than 0.5% during the CSL campaign.
In addition to these approaches, simulations were performed to
complete the time response functions using the in-flight data
themselves. For this purpose, we will use measurements taken
at various times of the survey with different scan directions.

5.2.3. Numerical compression

The data flow from the detectors (i.e., the science data) need to
be compressed to conform to the telemetry rate allocated to HFI
(75 kbit/s). The lossy quantization performed by the DPU adds
some extra noise to the data. Given a flat probability error dis-
tribution within [-Q/2, Q/2], where Q is the quantization step,
the total power after quantization of a white Gaussian noise of
standard deviation o is expected to be

2
L, Qo

2 ey

Otot ® O

For a properly balanced detector with o/ Q = 2, this adds 1% to
the level of the noise. This was checked using simulations and
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Fig. 20. HFI time response from 10 mHz to 120 Hz for the 11-217-5a
bolometer. These results concern two different sequences. The green
curve results from the bias current step sequence. The red points result
from the ELS sequence. The blue curve is the empirical model deduced
from the analysis.

Time (s)

400 —

300

200 - 1
I '

i
it 'u

L
100 -4 i \‘
¥

Signal (ADU, Channel 02)

i —=— without compression
® with compression

: 480 62)0 82)0
Time (sample number)
Fig. 21. Demodulated signal obtained with and without numerical com-
pression. The 02-143-1a bolometer is shown. The quantization step
used is ~1/2 times the standard deviation. The compression is per-
formed per slice of ~1.4 s duration.

during ground tests using a dedicated mode of the DPU allow-
ing the transmission of both the uncompressed and compressed
data from the detectors (Fig. 21). The compression settings on
non-CMB channels is less stringent than that on CMB chan-
nels: compression settings planned for the flight take into ac-
count both the telemetry allocation bandpass and the end-to-end
simulations carried out to check the impact on the science result.

5.2.4. Electrical crosstalk

The electrical crosstalk is the effect of the signal of a pixel or
of a thermometer coupling electrically into the signal of another
pixel or thermometer. It takes two forms:

— When the bias current of a detector is changed, a capacitive
coupling might affect the signal of another detector. This will
in turn change its response. The parasitic signal induced in
this case is not correlated with the signal of the modified
detector. This effect is the current crosstalk.
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Fig. 22. Electrical crosstalk measured for the PFM during the Saturn
calibrations. HFI detectors are organized in 12 belts of 6 detectors each.

— When all detectors are polarised with a fixed (modulated)
current, the response remains constant but electromagnetic
interference along the signal path generates a signal in an-
other pixel that is in phase with the first. This effect is the
voltage crosstalk.

Detailed measurements have been carried out at subsystem level
with the FET box and, during the Saturne and CSL PFM tests,
at instrument level. The electrical crosstalk was measured with
a dedicated telecommand sequence consisting of switching off
the bias current one detector at a time, without using any op-
tical source. The results (Fig. 22) show coupling factors lower
than 60 dB for neighbouring channels and lower than 80 dB
for distant channels. This meets the requirements (60 dB) for
all channels. The voltage crosstalk at constant bias current was
also measured during the Saturne PFM calibration by sending a
strong modulated optical signal when the CSM source is in the
focal plane, biasing only one detector and looking for a corre-
lated signal on a blind detector located in the focal plane. This
directly infers the voltage crosstalk signal for a given pair of de-
tectors. An upper limit of 60 dB was found, with an average of
90 dB, in agreement with the previous method.

5.2.5. Noise analysis

Understanding the noise behavior is of utmost importance to the
cosmological analysis. The different noise components that are
expected and/or measured in the HFI detectors are listed here:

— The dominant part of the noise is nearly white and Gaussian.
This is true for all detectors. Figure 23 shows an exam-
ple of the power spectrum of four bolometers during quiet
conditions and under the expected flight background. The
Gaussian part of the noise dominates the spectrum from
0.1 Hz to the modulation frequency of 86 Hz. At a mean
level of about 20 nV/sqrt(Hz), it constists mostly of pho-
ton noise, phonon noise, Johnson noise (a typical 10 MOhm
impedance will produce 7.4 nV/sqrt(Hz) at 100 mK), and
6 nV/sqrt(Hz) of the electronics (JFET). The measure of the
noise within a resistor in the focal plane using the same read-
out as the bolometers is in agreement with expectations. The
noise was studied as a function of bias current, JFET tem-
perature, and base plate temperature. All detectors record
valid signals and are dominated by Gaussian noise. Figure 24
compares the corresponding sensitivities with the goal values
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Fig. 23. Noise power spectrum of three bolometers during the Saturne
calibrations: the 74-857-4, the dark 1 and the dark 2. The noise spectral
density is shown from 10 mHz to 100 Hz, just above the modulation
frequency. The high frequency drop is due to the post-processing filter-
ing. The low frequency noise is slightly above the white noise because
of some 0.1 K fluctuations (for the dark bolometers) and some Saturne
background fluctuations (for the 857 GHz bolometer).
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Fig. 24. Individual sensitivity of all bolometers measured during cali-
brations compared to requirement and goal. The goal is twice as high
as the requirement. Sensitivities are consistent with the overall mission
goals given in the Planck Blue Book (The Planck consortium 2005).

(Table 1). A detailed discussion of sensitivities can be found
in Lamarre et al. (2010).

— During the ground tests, the PFM bolometers receive particle
impacts at a rate varying from 1 to 20 per hour, depending
on the bolometer.

— Because of the AC modulation scheme of the bolometers,
we do not expect 1/f noise from the electronics. Using the
10 MOhm resistor channel, we see that this is indeed the
case for frequencies above 3 mHz. For bolometers, signals
caused by fluctuations in both the background and the base
plate temperature mimic 1/ f noise. This set an upper limit to
the noise because a stable enough state could not be reached
during the ground-based tests.

— Some of the HFI photometric pixels are affected by pop-
corn or telegraphic noise. The signal hops from one value

to another as if in a two-level system. During the CSL cam-
paign, the instrument being integrated in the satellite, only
two channels exhibiting strong telegraph noise were iden-
tified (70-143-8 and 55-545-3), while many channels were
during the HFI PFM calibration in Orsay.

— Under vibrations, the detector signal can contains micro-
phonic lines at some specific frequencies. During the PFM
tests in Saturn and at CSL, excitation was produced and
found to originate in the facilities themselves (Helium re-
fill, cryocoolers, etc.). The only lines identified as originat-
ing in the satellite and instrument were due to the 4 K active
cryocooler of HFI. However, these lines were dominated by
EMI/EMC interferences known to originate from the drive
electronics of this cooler. These lines are very narrow be-
cause both the data acquisition rate and the cooler frequency
are determined by a common clock. They are removed from
the time domain data using a moving average template. The
microphonic contribution is very weak, and cancelled when
the vibration control system (VCS) of the 4 K cooler is ac-
tivated. Therefore, the frequency of the 4 K cryocooler used
during the CSL ground tests will be used during the flight.

5.3. Thermal behaviour
5.3.1. Static performance of the cooler and operation point

The behaviour of the full HFI cryogenic chain could not be tested
in the Saturne test cryostat because the sorption cooler and the
4 K cooler are integrated in a complex way in the spacecraft and
the payload module. They all rely on the passive cooling pro-
vided by the 3rd V-groove and the warm radiator, which radiates
into deep space the power of the sorption cooler. Tests and qual-
ification were carried out at the sub-system level or with an in-
complete setup for the CSL CQM tests, until the CSL PFM cam-
paign began. The overall performance of the cryogenic chain
were derived from this latter campaign.
The performance of the 4 K cooler concerns

— the heat lift capability;
— the temperature of the cold head providing the pre-cooling
of the gases of the dilution cooler;

as a function of the adjustable parameters

— the compressors frequency;
— the stroke amplitude;

and the environment parameters

— the pre-cooling of the helium gas by the sorption cooler;
— the temperature of the base plate of the compressors.

The filling pressure was chosen to be 4.5 bars. The lowest res-
onance frequency of the spacecraft panel on which the com-
pressors are mounted is 72 Hz. We therefore chose a frequency
above 37 Hz. The operating frequency affects the efficiency of
the cooler (ratio of heat lift to electrical power). This efficiency
shows a broad maximum around 40 Hz. Furthermore, because of
the failures of the lead-in wires and the change of design, the risk
are minimized by selecting a frequency lower than 45 Hz. We
thus chose a frequency in the possible range between 37.41 and
41.74 Hz and preferably one of the three frequencies used during
the TV-TB tests (37.41, 40.08, and 41.74 Hz). In view of a lim-
ited and well understood EMI-EMC and microphonics lines seen
in the data (mostly generated by the CSL facility), our choice of
the nominal frequency is 40.08 Hz. Furthermore, the frequency
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Fig. 25. 4 K stage temperature power spectrum during the CSL TV-TB
campaign. The active PID is controlled by the thermometer 95-Ther
PID4 N. The dashed line shows the requirement.

in this range is not a driver of the cooler performance. We end up
finally with one parameter adjustable in-flight: the stroke ampli-
tude, and one environment parameter: the pre-cooling provided
by the sorption cooler. This last parameter is expected to be close
to 17 K at the beginning of the life of the sorption cooler and
17.5 K at the end. A worst case situation is taken to be 18.5 K
for which some margin must still be present. The cooler perfor-
mance was found to be very close to the predictions based on
the characterisation during tests at RAL (Rutherford Appleton
Laboratory) and the CSL CQM tests. The heat lift performance,
measured during the thermal balance test, has shown a 4.5 mW
heat lift margin for 3.5 mm stroke amplitude. The heat lift is
somewhat higher than the predicted values.

The dilution cooler performed significantly better during the
PFM test in Orsay, probably because of the lower precooling
temperatures at the different interfaces. The temperature regime
reached at CSL could not be achieved in the test facilities used
earlier. The improvement is about 6 mK or equivalently 60 nW
cooling power. During the TV-TB test, the heat input onto the
bolometer plate from micro-vibrations was about 3 to 4 times
higher than during the PFM calibration in Orsay (36 nW instead
of 10 nW). The in-flight one should be less than 1 nW. The low-
est isotope flows were tested at CSL. The best flight operating
point in-flight is probably the lowest flow, which can provide
100 mK operations if we take into account the increased flow
resulting from the exchange of pressure regulators (19 bars in-
stead of 18 at the entrance of the restrictions) and add an extra
margin to the excess liquid production by the 1.6 K JT. It will
also increase the lifetime of the HFI survey operations to about
30 months relative to the 15 month baseline.

5.3.2. Dynamical behaviour

The temperature stability requirement for the HFI cryogenic
stages was defined by Lamarre et al. (2004). The maximum
allowed amplitudes of the temperature fluctuations in the fre-
quency range [10 mHz, 100 Hz] are:

- 4 K horns and filters: 10 uK Hz %% (30% emissivity);
- 1.6 K filters: 28 uK Hz %3 (20% emissivity);
— 0.1 K bolometer plate: 20 nK Hz %,

The main driver of these requirements is that the NEP of the
associated thermal noises at each stage is equal to one third of

Page 14 of 15

10

T

[— A3-Ther_PID1.6 R]

L

M

rararm|

L ) e e 1 e e 1) H”Z T
MR

Lo Lo Lo MR

10_9 1 Lol
0.01 0.1 1 10

Frequency (Hz)
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the NEP for the total noise in each HFI channel. The HFI active
thermal control system is made of various heaters located on the
HFI cryogenic stages with a heating power controlled by a PID
regulation algorithm implemented in the sensitive thermome-
ter readout system. Stability obtained during the CSL TV-TB
test is in agreement or close to the requirements (Figs. 25-27).
Because of the very long time needed for stabilization of the
100 mK bolometer plate temperature (tens of hours), its stability
at low frequency is expected to be greater in-flight than during
the ground-based tests.

6. Conclusion

We have carried out an extensive characterisation and calibration
program for the Planck-HFI instrument before launch. This pro-
vides accurate knowledge about the instrument behaviour and
expected performance (see Table 3). For the HFI, the main un-
certainties remaining in-flight consist of the true optical back-
ground on the detectors, the confirmation of the cryogenic chain
performance, and the rate of particle hits. There are therefore
few parameters that remain to be adjusted in-flight: the detec-
tor bias current, the fine tuning of the cryogenic chain, and the
numerical compression. Once the HFI operating point is set, the
main goal of the CPV (calibration and performance verification)
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Table 3. Determination of main HFI parameters status and references for their values.

Status and/or determination error

Reference

Beams and far side lobes

computed from front horns and telescope measurements

Maffei et al. (2010), Tauber et al. (2010b)

Spectral bands

0.1 cm ™" resolution, v < 400 GHz: 3% error, v > 400 GHz: 1% error

final determination within requirement

Ade et al. (2010)

Polarisation orientation

Cross-polarisation leakage

0.3°/0.6°/2.1° (min/avg/max) for Polarisation Sensistive Bolometers
0.1%/0.2%/2.2% (min/avg/max) for PSB
final determination requires sky data

Rosset et al. (2010)

4 K stage emissivity better than 1% Sect. 5.1.5
1.6 K stage emissivity better than 3% for v < 300 GHz Sect. 5.1.5
within requirements to allow correction of remaining
systematics coming from thermal stability below
Thermal stability determined within range [1 mHz, 100 Hz] Sect. 5.3.2
[flight data required for the final stability determination
Linearity 0.1% determination within requirements Sect. 5.2.1
Time response measured to better than 0.1% for 20 detectors Sect. 5.2.2
sky data expected for the complete set of detectors
Response 3% determination error Sects. 5.1.3,5.2.1

sky data required to provide the absolute calibration

Total detector noise

explored within range [1 mHz, 100 Hz]

Sect. 5.2.5, Lamarre et al. (2010)

Compatibility checked to 1% to 3% of noise level Sect. 4.2
flight data required to provide the ultimate values,
including particle hits rate
Optical crosstalk down to 60 dB Sect. 5.1.6
Electrical crosstalk down to 80 dB Sect. 5.2.4

determination within requirement, sky data to reach goal of 80 dB

phase taking place after the launch and before the start of the
survey will be to gather all information needed for the reduction
of the systematic effects. The balance we have achieved between
the pre-launch and the in-flight calibration strategies should al-
low us to maximize the effective duration of the survey, hence
the scientific return of the Planck mission.
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