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The scientific objectives of the Planck mission include observations of the temperature anisotropy of the cosmic
microwave background. With a target launch date of early 2008, Planck will be inserted into the Lagrange-2 point of
the Earth-sun system. The payload comprises two instruments with focal planes operating at 20 and 0.1 K,
respectively. We describe the verification of the design of the Planck cryogenic chain, which consists of five stages of
cooling. The first stage uses multiple V-groove and high-emissivity radiators to passively reach a temperature of less
than 60 K. The second stage of cooling uses thermal compression and Joule-Thomson expansion of hydrogen in a
sorption cooler that achieves a temperature of 20 K for operation of the Low Frequency Instrument and a
temperature of 18 K for precooling of the High Frequency Instrument. The third stage of cooling uses Joule—
Thomson expansion of helium-4 to achieve a temperature of 4.5 K for cooling of the Low Frequency Instrument
radiometer reference loads and for further precooling of the High Frequency Instrument. The final cooler uses
dilution of helium-4 and helium-3 isotopes to achieve a base temperature of 0.1 K for operation of the High Frequency
Instrument detectors, with the dilution return mixture expanded through a Joule-Thomson orifice to provide
additional cooling at 1.6 K. The complex interfaces between instruments and coolers on Planck result in highly
interdependent thermal performance between the subsystems. To verify the system-level performance of the
complete cooling chain, a system-level thermal model was built that incorporates the subsystem thermal models of
the complete cooling chain and the payload instruments and that predicts the cooldown and steady-state
performance of the Planck flight model. These modeling predictions demonstrate by analysis that the flight model
thermal design meets the requirements for in-orbit performance. To complement these analyses, additional
performance verification by test was performed through on-ground testing of the Planck cryogenic qualification
model. In this test, the required cooldown performance and final base temperatures were achieved, including the
0.1 K temperature needed for the coldest detectors. To guide the definition and execution of the test, the system
thermal model was adapted to reflect the precise configuration of the tested hardware and to include the thermal
shrouds and baffles of the cryogenic test facility. The predictions of this modified thermal model are presented as a
preliminary correlation against actual test data. Good agreement was obtained between the experimental data and
the model predictions, and we conclude that a high degree of confidence in the performance of the Planck cooling

chain was gained at the system level.

Nomenclature

Ey, = efficiency factor for the sorption cooler heat exchanger

H = enthalpy of the working fluid

M = mass flow rate

Puigu = pressure of the high-pressure sorption gas

Piow = pressure of the low-pressure sorption gas

0 = cooling power

Opci = heat load from the sorption cooler onto the warmest V-
groove radiator

Qo = sum of the thermal dissipation and parasitic heat load

gor. = dilution cooling power assuming simplified
thermodynamic properties for the working fluids

T = temperature

Tpci = temperature of the first sorption precooler (at the

warmest V-groove radiator)
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temperature of the hydrogen gas exiting the sorption
compressor

Tsce =

I. Introduction

HE scientific objectives of the Planck mission include mapping

of the cosmic microwave background (CMB) anisotropies,
measurement of the amplitude of CMB structures, determination of
the Hubble constant, and testing of inflationary models of the early
universe. Planck will be launched by an Ariane 5 vehicle, together
with the Herschel Space Observatory, to a Lissajous orbit about the
L2 Lagrange point of the Earth—sun system, with a target launch date
of 2008 [1]. The spacecraft will spin at one revolution per minute and
perform two full-sky surveys of the CMB during a lifetime of 18
months, over a range of observational wavelengths.

The science objectives require the sensitivity to detect temperature
fluctuations on the order of better than one part in 10° of the nominal
2.7 K temperature of the CMB. To meet this challenging
requirement, the detectors must operate at temperatures sufficiently
low to allow the required levels of sensitivity and speed of response
to be achieved. The detectors for the Low Frequency Instrument
(LFI) and the High Frequency Instrument (HFI) operate at
temperatures of 20 and 0.1 K, respectively. In addition, the
instrument optics and surroundings must also be cryogenically
cooled to reduce radiative emission onto the detector focal planes.
Rather than using a cryostat with expendable cryogens for cooling,
which could potentially impose constraints on the mission lifetime,
payload mass, and mission cost, Planck uses a complex chain of
cryocoolers linked in series to achieve successively colder stages.
For many spacecraft, the coolers and instruments are almost
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Fig. 1 Planck spacecraft major thermal design features.

standalone black boxes that are bolted onto the structure and that
have little thermal interaction with the other subsystems of the
spacecraft. This design philosophy is reflected, for example, in the
Envisat spacecraft, with ten payload instruments and two pairs of
active coolers [2]. However, the design architecture of Planck is
particularly challenging because of the complex thermal interactions
between all of its subsystems. To accommodate and link the
individual coolers and the payload instruments, the design of Planck
must simultaneously address a number of thermal, optical, and
mechanical demands [3]. All of this leads to the need to have a
modeling tool that can be used to help verify the basic thermal design
of the complete spacecraft.

The overall verification approach for the Planck thermal design is
performed though a combination of analysis (modeling) and testing.
Verification by analysis is performed using the system-level
modeling tool, which guides the design of the protoflight model
(PFM) and gives confidence in the expected in-orbit performance of
Planck. Validation of the system model itself is performed first
through correlation with the cryogenic qualification model (CQM)
test data. The system thermal model is then refined in preparation for
the later PFM tests.

This paper first describes the thermal design of the subsystems of
Planck. This is followed by a summary of the thermal modeling of
these subsystems, together with a description of the manner in which
these individual models were integrated in a system-level thermal
model. A summary of the CQM test results will then be presented,
along with a preliminary correlation of the model with these test
results. Finally, the lessons learned from this program of work and
the associated conclusions are presented.

II. Thermal Requirements and Design

The Planck top-level thermal requirements derive from the need
for cryogenic cooling of 1) the scientific instruments to achieve
required instrument sensitivities and 2) the surroundings of the
instruments to reduce thermal self-emission from these components
against which the scientific signals would otherwise be lost. The
spacecraft will initially be at ambient temperature and will cool down
during the cruise phase. The payload will be kept permanently in
solar shadow, with the spin axis pointing toward the sun. In this way,
the payload will be protected from direct solar illumination by the
rest of the spacecraft. Because of the limited cooling power available
for refrigeration of the payload module, there is a need to keep the
heat load from the service module to the payload module as low as
possible. The spacecraft therefore makes use of thermal decoupling
between the cryogenic payload module and ambient temperature
service module. A schematic of the spacecraft is shown in Fig. 1,
highlighting the main thermal design features that will now be
described.

A. Spacecraft
1. Service Module

The Planck service module (SVM) is an octagonal-shaped box
supporting a circular solar array and housing the warm parts of the
scientific instruments and the spacecraft control subsystems. The
nominal temperature of the SVM must be close to 300 K. The top of
the SVM, composed of a circular equipment platform and upper
closure panels, is covered by aluminized multilayer insulation (MLI)
blankets to minimize the thermal loads on the payload module. For
the same reason, the rear side of the external portions of solar arrays is
covered by aluminized MLI blankets.

2. Payload Module

Exploded and assembled views of the PLM are shown in Figs. 2
and 3, respectively. The Planck payload module (PLM) is composed
of the telescope, the telescope baffle to reduce the stray light that
would otherwise enter the telescope optics, a series of three radiators,
and the cryogenic parts of the two instruments. The PLM is
mechanically supported via low-thermal-conductivity struts on the
SVM. The requirement on the telescope in-flight temperature is that
it must be passively cooled to below 50 K. A characterization
program to guide the selection of materials for the PLM has been
carried out at cryogenic temperatures [4].

B. Coolers

Here, we describe the passive radiative cooling and three active
coolers on Planck. Care was taken with the design of each active
cooler to ensure that its thermodynamic performance is not
compromised in a zero-gravity environment.

1. Payload Module Radiative Coolers

The PLM makes use of V-groove radiators that have the dual
function of minimizing the radiative flux coming from the SVM and
rejecting this flux to space. The radiators are three canted shields
[5,6] made of aluminum honeycomb panels covered with two
aluminum skins at high purity (99.99%), thereby maximizing the
radiative decoupling. In addition, the shields are inclined with a
5-deg angle between successive shields. This design feature rejects
part of the remaining heat flow to deep space through multiple
reflections. Each shield has six internal flat segments surrounded by
dismountable external segments, with all sections made from
aluminum. The telescope baffle and the upper surface of the third V-
groove (facing the telescope baffle) are highly emissive, to radiate the
remaining heat flow to space. The high effective emissivity of the
surfaces is obtained through the use of black-painted open
honeycomb. The V-groove temperature requirements are given in
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Fig. 2 Planck payload module, exploded view.

Table 1 (note that the payload instrument interfaces have a separate
set of thermal requirements).

2. Hydrogen Sorption Cooler

The 20 K sorption cooler uses thermal compression of hydrogen
followed by Joule-Thomson (JT) expansion through an orifice to
cool both payload instruments [7]. A schematic of the cooler is
shown in Fig. 4. To obtain a constant supply of high-pressure
refrigerant, a sequence of six hydride beds (Fig. 5) is used to
alternately desorb and adsorb the hydrogen gas. Gas-gap heat
switches are used to connect or thermally isolate the compressors
from a dedicated radiator on the SVM [8]. Hydrogen at 48 bar
pressure is precooled to below its JT inversion temperature through
thermal contact with the shields of each V-groove radiator, with three
thermal interfaces at the third V-groove, to improve heat transfer at
this final precooling stage. The hydrogen is then expanded through a
JT restrictor [9] into the two-phase region. The liquid evaporates
under the heat load from the instruments to be cooled, and the gas
returns via recuperative heat exchangers to the compressor sorbent
beds. The sorption cooler performance requirement is a cooling
power of ~1 W for a cold end temperature of less than 20 K, at a final
precooling temperature of 60 K. The heat load allocations for the

interfaces of the sorption cooler with the spacecraft are given in
Table 2.

3. Helium Joule—~Thomson Cooler

A closed-cycle mechanical cryocooler for Planck has been
developed at the Rutherford Appleton Laboratory (RAL) to achieve a
base temperature of 4 K [10]. Two compressors compress the helium
gas to pressures of approximately 1 and 9 bar. The helium passes
through three counterflow recuperative heat exchangers and then a
JT expansion orifice to achieve cooling. An ancillary panel housed in
the spacecraft service module includes a getter and filter to ensure the
purity of the gas, thus preventing the JT orifice from becoming
blocked with contaminants. A low-vibration electronics unit
manages the cooler housekeeping data, getter heating voltage, and
cooler drive voltage waveforms. These drive waveforms are under
active control to reduce self-induced compressor vibrations up to the
fifth harmonic. In addition to generating microphonic pickup on the
detector signals, these vibrations also have a dissipative heating
effect that could reduce the final cooling power available at the 0.1 K
stage. Cold-temperature plumbing includes the heat exchangers,
filters, and gas purifiers on each cooling stage. At the 4 K cold end
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(Fig. 6), a sintered reservoir contains the liquid helium in zero
gravity. Figure 7 shows a schematic of the cooler assembly.

4. Helium Dilution Cooler

In a dilution cooler, pure *He and “He isotopes are precooled in a
heat exchanger, then mixed together to produce cooling due to the

Table 1 Thermal requirements for V-groove radiators
V-groove Maximum temperature, K
V-groove 1 160
V-groove 2 100
V-groove 3 60

enthalpy difference between the pure isotopes and the dilute mixture.
Above 0.87 K, a *He-*He mixture is in a single phase state for all
concentrations of 3He, and so separation is never observed. For
mixtures below 0.87 K with a concentration of *He greater than
6.4%, the mixture separates into two phases, one of which is rich in
“He and the other of which is rich in He. As the temperature is
reduced, the concentration of He on the diluted side tends to a
constant value of 6.4%, so that even at the lowest temperatures, 3He
remains dissolved in superfluid *He [11].

The dilution system on Planck is designed to meet the difficult
challenge of operating without the use of gravity for separation of the
3He and *He in the still [12]. The system was developed by the Centre
de Recherches sur les Tres Basses Températures (CRTBT) and is
being space-qualified by Air Liquide. As shown in Fig. 8, the

Fig. 5 Compressor assembly for the 20 K sorption cooler (from [20]).
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Table 2 Sorption cooler heat load requirements

Interface Requirement on maximum Requirement on maximum
temperature, K heat load, mW

V-groove 1 160 566
V-groove 2 100 447
V-groove 3 60 1175

4K cooling stage

4K to 20K heat exchanger
20K Stage Attachment

Attachment to third V-groove
radiator

Fig. 6 Photograph of the 4 K cooler cold end.

High-pressure
compressor

1111

isotopes flow from the storage tanks through the control unit and the
piping via counterflow heat exchangers and charcoal filters to the
0.1 K stage. The cooling performance of the dilution cooler is
susceptible to microvibrations, which could be created by the
pumping system and/or by the circulation of the cryogenic fluids.
The design of Planck at the system level and the test program must
therefore ensure that these microvibrations are not introduced at
unduly high levels.

C. Payload Instruments

‘We now give an overview of the design of each of the two payload
instruments, focusing on their thermal/cryogenic cooling needs.

1. Low Frequency Instrument

The Low Frequency Instrument is a radiometer receiver array that
is designed to produce high-sensitivity multifrequency measure-
ments of the microwave sky in the frequency range of 27 to 77 GHz
(wavelengthrange of 11.1 to 3.9 mm) [13]. The radiometer concept is
chosen to maximize the stability of the instrument by reducing the
effect of nonwhite noise generated in the radiometer itself. In this
scheme, the difference between the inputs to each of the chains (the
signal from the telescope and that from a reference black body,
respectively) is continuously observed. To remove the effect of
instability in the back-end amplifiers and detector diodes, it is
necessary to switch the signal detected at the diodes at high rate. To
achieve the required level of sensitivity, the LFI uses low-noise
amplifiers that require cryogenic cooling down to 20 K. To reduce the
heat load to the focal plane, the radiometers are split into two
subassemblies connected by waveguides, one located at the PLM,
the other on the SVM. These design features allow the power
dissipation of the entire front-end low-noise amplifier to be less than
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Fig. 7 Schematic of the 4 K cooler.
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Fig. 9 Schematic of the Low Frequency Instrument, including the waveguide support structure (WGSS), upper support structure (USS), V-groove 1
(VG1), V-groove 2 (VG2), and V-groove 3 (VG3).

0.55 W, which is low enough to allow active cooling of the focal
assembly to be performed. The radiometer array assembly carries the
most critical elements of the LFI (the front-end unit and the
waveguides) and of the HFI focal plane unit, with its 4 and 0.1 K

ELECTRONICS
BOXES

INTERFACES WITH
V-GROOVES

cooler pipes. The radiometer array assembly interfaces thermally
with the payload module structure, including the three V-grooves. A
block diagram of the instrument is shown in Fig. 9 and an illustration
is shown in Fig. 10.

FOCAL PLANE

Fig. 10 View of the Low Frequency Instrument (shown integrated with the HFI focal plane unit).
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The LFI reference load provides a stable blackbody signal at 4 K
that is continuously compared against the CMB signal from the sky.
The reference load consists of custom-shaped targets mounted on the
HFI 4 K shield in front of LFI front-end modules. Each target
contains an iron-loaded epoxy-absorbing material (Eccosorb CR110
and Eccosorb CR117), to achieve high emissivity at cryogenic
temperatures. The thermal requirements are a radiative heat load onto
the HFI of less than 1 mW and a thermal stability within the uK
range.

2. High Frequency Instrument

The High Frequency Instrument is designed to produce high-
sensitivity multifrequency measurements of the diffuse sky radiation
in the frequency range of 100 to 857 GHz (wavelength range of 3.0 to
0.4 mm) [14]. The HFI makes use of an array of direct detection
bolometric (thermal) detectors [15] that must be cryogenically
cooled to achieve sufficient sensitivity and speed of response. The
detectors must be cooled to 0.1 K and the feedhorns to below 5.5 K.
In addition to the stringent requirements on temperature, the
temperature stability must also be carefully controlled. The required
temperature noise spectral density must be better than 20 nK Hz =%
at 100 & 5 mK, 28 K Hz %% ata temperature lower than 2.1 K, and
10 uK Hz %3 at a temperature lower than 4.8 K. A schematic of the
instrument is shown in Fig. 11.

The HFI uses three stages of active cooling at4, 1.6, and 0.1 K. The
4 K stage cooling is provided by the helium JT cryocooler described
earlier, whereas the 1.6 and 0.1 K stage cooling is provided by the
3He / “He dilution refrigerator, also described earlier. For cooldown,
athermal switch connects the 4 K stage with the 18 K stage. This gas-
gap switch functions by making use of temperature-dependent
adsorption properties of hydrogen gas onto carbon; it remains fully
closed when the 18 K stage temperature is above 64 K and is fully
open when this temperature is below 52 K. A similar switch, using
helium as the working fluid, connects the 4 K stage to the 1.6 K stage;
itremains fully closed when the 18 K stage temperature is above 25 K
and is fully open when this temperature is below 17 K [16].

HFI focal
plane unit

plate (LFI)

60K stage

80K
LAY A AT

2. Cryo-harness 140K

Readout
Main electronics

elec- ]
tronics

Data processing
unit

18K SC cooler

4K JT cooler

Dilution cooler

300 K
Fig. 11 Schematic of the High Frequency Instrument and sorption
cooler system.

III. Thermal Performance Verification by Analysis

In addition to the overall objective of verifying the performance of
Planck by analysis, the system-level thermal model has a number of
specific goals: enable tradeoffs to be performed to optimize the
thermal design; perform sensitivity analyses to assess the robustness
of the design; perform sensitivity analyses to understand the
degradation in performance over the course of the mission; provide
information on the cooling margins available at each stage in the
cooling chain; make predictions to guide the planning of the testing
program; and allow quantification of temperature stability levels at
each of the stages of the cooling chain. The temperature stability
must also be evaluated for those components for which there is a line
of sight to the detectors, because such temperature fluctuations
would lead to additional noise on the detectors and need to be
disentangled from the scientific signal.

The following sections describe the thermal design and modeling
of each of the major subsystems of the spacecraft, followed by a
description of the full system model. The subsystem models were
significantly reduced in size and complexity to obtain a final system
model that can run with a reasonable computational runtime. For the
active coolers in particular, this means that phenomenological
models were used to describe their thermal behavior in a simplified
manner [17].

A. Subsystem Thermal Models
1. SVM

For the purposes of the system model, focused on PLM thermal
study, the full detailed thermal SVM model of ~2500 thermal nodes
was reduced to 115 nodes. Furthermore, all SVM nodes (except MLI
outer layers) are boundary nodes.

2. PLM

The PLM thermal model (~1700 thermal nodes) includes
complete modeling of the primary and secondary reflectors, baffle,
V-grooves, structures, struts, all piping, and all harnesses. The
performance of the V-groove radiator as predicted by the detailed
PLM thermal model is shown in Fig. 12. The central sections of the
three shields were predicted to achieve temperatures of 135-149, 95—
100, and 48-53 K, respectively.

3. Hydrogen Sorption Cooler

Although a detailed thermal model was developed by NASA’s Jet
Propulsion Laboratory to guide the design of the cooler, a simplified
thermal model is used here to calculate the heat loads of the hydrogen
flow on each of the precooler stages and to calculate the final cooling
power at the cold end. The heat load Qp¢; on the first (warmest) V-
groove radiator is calculated according to

[ Edemal part of groowe 3 :47k - 51K |

| Struts : Tmax = 300K I | Central part of groove 2 : 95K - 100K

External part of groove 2 : 40K - 77K

Central pant of groove 1 135K - 148K
External part of groove 1@ 57K - 113K

Fig. 12 Predicted temperatures of the V-grooves and struts.
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Fig. 13 Refrigeration produced and required (without margin) for the
20 K sorption cooler, as a function of the cooler’s temperature at its
coldest interface with the third V-groove radiator.
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QPCI =M- {[H(PHIGH7 TSCC) - H(PHIGHv TPC])]

1

— Eo1 - [H(Prow: Tsce) — H(Prow, Tec1)]} M
Similar equations apply for the heat load on the other precooler stages
and for the heat lifted through the JT expansion at the coldest stage.
The refrigeration produced depends very sensitively on the
precooling temperature of the third V-groove. Figure 13 shows how
this refrigeration produced decreases with increasing precooler
temperature at the interface with the V-groove radiator. The same
figure also shows how the amount of refrigeration required increases
with increasing precooler (third V-groove) temperature. It can be
seen that there is little margin between available and required cooling

power for the maximum allowable interface temperature of 60 K.

4.  Helium Joule—~Thomson Cooler

A detailed thermal model of the JT cooler was developed at the
Rutherford Appleton Laboratory to predict the cooler performance.
This model calculates the thermal loads at each precooler
temperature stage and the final cooling power based on the cooler
geometry, compressor temperatures and pressures, precooling stage
temperatures, and helium mass flow rate. A simplified version of this
thermal model was developed for use in the system thermal model, in
which precooling loads from the helium fluid are modeled simply as
a function of precooling stage temperatures and compressor
temperature:

compressor temperature
thermal load on 20 K stage = f { 50 K precooling temperature }
20 K precooling temperature

2

thermal load on 20 K stage = f{ 50 K precooling temperature}

20 K precooling temperature

3

Operational temperature ranges are identified for each cooling stage,
and detailed algorithms are used to calculate a number of precooling
load values over that range. Regression analysis is then used to derive
parametric equations to fit the data. Figure 14 shows the predicted
cooling power at a nominal cold head temperature of 4.5 K as a
function of the temperature of the 20 K precooling stage and
compared with the cooling requirement (with and without the
assigned 30% margin). It can be seen that for a precooling
temperature above 18.4 K, there is no excess cooling power,
compared with the requirement (with margin). This analysis
underlines the need to have a combination of adequate precooling
and sufficiently low heat load at the interface of the HFI with the
sorption cooler.

8

Required,
(with margin)

p—
—_—

Produced

Y
(=]

Y
(<]

Refrigeration, mW
=

12 Required,
(without margin)
10
8 T T T T
17.5 18.0 18.5 19.0

Precooling Temperature, K
Fig. 14 Refrigeration produced and required for the 4 K Joule—
Thomson cooler, as a function of its interface with the sorption cooler
coldest stage.

5. Helium Dilution Cooler

The open-cycle dilution cooler operates at an excess of *He greater
than the 6.4% solubility limit below 0.1 K, and the theoretical cooling
power is therefore only a function of the “He mass flow and the
temperature. At constant isotope mass flow, the temperature
response of the cold tip is accurately described [18] by a classical
square-temperature law below 0.4 K:

Q:fl4'CIDIL'T2—Qo “4)

where 74 is the mass flow rate of “*He, gpy, for the Planck dilution
cooleris ~3 JK2mol~!, and Q, is an estimation of the losses due to
viscous dissipation and due to thermal conduction in supports and
wires. At unit-level testing, the Planck dilution cooler has achieved
0.1 K, with the required 100 nW of heat load applied [19]. However,
this low level of cooling power creates difficulty for inclusion within
a system thermal model that must simultaneously account for power
levels of several tens of watts elsewhere in the system. It is therefore
impractical to predict the performance of the dilution cooler at the
system level. Instead, for cooldown analyses, the system thermal
model uses parametric equations to apply temperature-dependent
heat lifts at the 0.1 and 1.6 K stages. Once each stage reaches its
nominal temperature, the thermal model sets the stage as a boundary
node. The model also includes the thermal conduction along the
pipes and harness, as well as the fluid loads on the third V-groove and
on the HFI 18 K stage.

6. Low Frequency Instrument

The LFI thermal model has 106 thermal nodes, structured in three
parts. The focal plane unit at 22.5 K comprises the main frame, the
front-end unit, and the first liquid-vapor heat exchanger for the 20 K
sorption cooler. At intermediate temperatures, the waveguides are
modeled as one beam, accounting for the different materials and
thermo-optical properties for the different stages. The waveguide
support structure is modeled to include the thermal strap connections
to the waveguides. Because of the large temperature range spanned
by the electrical harness, this harness has detailed modeling. Finally,
the warm electronics box (the back-end unit) at ambient temperature
is modeled as a boundary node. The power dissipation of the
electronic componentsi as condensed into three nodes. In the
separate reference load thermal model, two reference load targets are
represented per diffusion node, each coupled to the LFI 20 K stage by
means of radiative conductors that take into account the target
surface and the Eccosorb high infrared emissivity (& & 1).

The predicted heat loads at each of the LFI stages are given in
Table 3.
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Table 3 Low Frequency Instrument heat load predictions and allocations

Interface Predicted temperature, K Predicted total heat load with margin, mW  Heat load allocation, mW
V-groove 1 166 463 710 for both instruments
V-groove 2 106 337 560 for both instruments
V-groove 3 51.4,57.6 2939 5370 for both instruments

Table 4 High Frequency Instrument heat load predictions and allocations

Interface Predicted temperature, K Predicted total heat load with margin, mW Heat load allocation, mW
V-groove 1 165 60 710 for both instruments
V-groove 2 110 24 560 for both instruments
V-groove 3 50 744 5370 for both instruments
20 K stage 18 149 190

4 K stage 5 11 15

1.6 K stage 1.6 0.3 0.4

0.1 K stage 0.1 —0.0001 (set to available cooling power) 0.0001

7. High Frequency Instrument

There are three versions of the HFI thermal model: a detailed
version for steady-state analysis, a reduced version for transient
analysis, and a coarse version for cooldown duration calculations.
The models include the details of all HFI stages, down to 4 K. The
warm power amplifier unit electronics box is modeled, as is the JFET
box that contains the first stage of amplification of the detector
signals and that is heat sunk to 50 K. The electrical harness is
modeled to account for the heat loads it imposes on the V-grooves,
the struts of the cryostructure, and the rear panel. The models were
created using IDEAS-TMG, with which the main HFI thermal
analyses were also performed, and then exported to ESATAN format
for the purposes of inclusion in the system-level model. The
calculated heat loads at each of the HFI stages are given in Table 4.

The steady-state model sets the 1.6 K stage as a boundary node and
does not include details of the 0.1 K stage. The transient model does
not include the 1.6 and 0.1 K stages, but cooldown calculations can
be performed down to a temperature of 4 K, after which the model
relies on experimental data from subsystem unit-level testing to
account for the remaining time needed to cool down from 4 to 0.1 K.

B. System Thermal Model Description and Predictions for Flight

We now describe the content of the overall system-level model,
together with factors influencing how it was built. We then describe
the predictions derived from the model for the cooldown and steady-
state performance of Planck.

1. Description

To calculate the radiative couplings between the various surfaces
of the thermal nodes, a geometrical model describing the SVM,
PLM, and the two payload instruments was built and processed by
ESARAD. The large number of shells used for the detailed and
system models is conveyed in Table 5. The resulting radiative
couplings were assembled, together with the conductive couplings,

the heat loads, and the thermal capacitances to build three system
thermal models in ESATAN format. These models represent the
following configurations: the flight model in space, the flight model
in the test facility, and the cryogenic qualification model in the test
facility. Nominal and hot case models for all configurations were
created. Because of computational processing time constraints, a
version of the system model was simplified further to enable transient
cooldown cases to be analyzed.

A number of modeling issues needed to be addressed in how the
system-level model was built, including configuration control,
software compatibility, margin philosophy, model runtime, and
allocation of node-number ranges. Rigorous configuration control
was implemented to ensure that all model versions were clearly
identified, all model updates were fully documented and distributed,
and improvements at the subsystem-model level were reflected at the
system level. Software compatibility was also akey issue that needed
to be carefully addressed. Although, in most instances, the subsystem
models were built using ESARAD/ESATAN software, in some
cases, it was necessary to convert models that were originally created
in other formats (for example, IDEAS-TMG). For this adaptation,
conversion utilities were generally found to give acceptable results
after correlation at the subsystem level. In addition, a generic margin
philosophy was agreed upon at the outset of this program of work. To
prevent excessively conservative models being generated, margins
were not taken into account in subsystem models, but were included
at the system level. With respect to runtime, the steady-state system
model took under 1 h to run, and the cooldown system model took
several hours to run. Node-numbering ranges were allocated to all
subsystem models to facilitate integration into the system-level
model.

2. Flight Predictions

The predicted interface temperatures at the end of the passive
cooldown are presented in Table 6. It can be seen that all predictions

Table 5 Nodal breakdown of detailed subsystem and overall system models

Subsystem Detailed models Implementation in system model
Steady state Transient
SVM ~2500 115 39
V-grooves 666 666 171
Baffle 12 12 6
Mirrors, support frames, and struts 1000 1000 222
LFI ~300 106 106
HFI IDEAS-TMG model 257 82

Sorption cooler

4 K Joule-Thomson cooler
Dilution cooler

Total

Detailed SINDA model
Detailed algorithms
Detailed algorithms

34 nodes with simplified algorithms
8 nodes with simplified algorithms
8 nodes with simplified algorithms

2206 676
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Table 6 Predictions of system thermal model for flight configuration in orbit

Subsystem Interface Required maximum temperature, K~ Maximum predicted temperature
in-flight, K
LFI waveguides VGI1 170 165.4
VG2 120 99.6
VG3 60 55.0
Sorption cooler VGl1 170 155.9
VG2 120 98.7
VG3 60 53.7
LFI focal plane 22.5 20.3
HFI ring 19.0 18.5
HFI JFET box Rear panel 60 54.5
4 K cooler VG3 60 55.6
4 K plate 5.2 4.8
Dilution cooler VG3 60 55.6
Detectors 0.1 0.1 (set point)

Primary reflector N/A 50 46.4
Secondary reflector N/A 50 48.3

for in-flight interface temperatures are compliant with the
requirements, giving a good level of confidence in the design
approach. In particular, the interface temperature of the sorption
cooler with VG3 is significantly colder than 60 K.

The predicted temperatures for the coldest parts of the two
instruments were also in agreement with the requirements. A series
of sensitivity analyses were run to assess how the system would

perform under non-nominal conditions. A number of cases were
chosen based on areas of uncertainty, for example, increased cooler
loads, increased power dissipation levels, and reduced heat rejection
efficiency radiators. The studies showed that the model was robust
and helped to identify critical areas of the system design.

Further design verification and model validation were then
performed by actual testing in a cryogenic facility, guided by
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Fig. 16 Thermal tent, Planck spacecraft, and vacuum chamber before integration.
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adaptation of the system-level thermal model in accordance with the
configuration of the test specimen and the characteristics of the test
facility.

IV. Thermal Performance Verification by Test

The Planck PLM was initially qualified by test at the cryogenic
qualification model level. In preparation for this, the system thermal
model was modified to reflect the test configuration and to include the
test chamber and then used to generate test predictions and to
anticipate potential problem areas (e.g., uncertainty in the shroud
temperatures). In addition, another important task of the system
model was to predict the duration of the cooldown to optimize the
cooldown procedure. During the test, the temperatures on the PLM
were acquired by 64 platinum resistance thermometers (Minco
PT100 S651) and 46 silicon diodes (Lakeshore DT470), all with an
accuracy of 12 mK at 77 K. Upon completion of the thermal test,
the model was correlated to improve its applicability for making
cooldown and steady-state predictions for the flight model
performance. The detailed correlation will be presented elsewhere;
here, we will focus on an initial summary of these data.

A. Test Specimen

The test specimen consisted of the cryogenic qualification model
of the PLM, with a simplified substitute used for the SVM. Because
of scheduling reasons, the qualification model of the LFI was not
available for this CQM test sequence. It was therefore necessary to
replace this with mass and thermal dummies of the focal plane unit,
the waveguides, and the back-end unit. This structure imposed the
allocated thermal loads on the passive radiator and provided the HFI
focal plane with representative mechanical and thermal interfaces.
Accordingly, the system thermal model includes an appropriately
modified version of the LFI thermal model. Similarly, the
compressors for the 20 K sorption cooler were unavailable for this
test and were replaced by a supply of high-pressure hydrogen from
gas bottles. The thermal interaction with the SVM radiator of the
compressors was simulated using heaters. A precooling loop was
used to expedite the cooldown of the coldest stages of the HFI, which
are thermally isolated from the remainder of the instrument. The
effect of this precooling loop was included in the thermal model
cooldown calculations. The complete Planck spacecraft, including
the full LFI and the 20 K cooler compressors, will be tested during the
PFM test campaign.

B. Spacecraft Test Facility

The Planck spacecraft was tested at the system level at
representative cryogenic temperatures in the test facility at the Centre
Spatiale de Liege. The test setup is shown in Figs. 15 and 16. The
large size of the spacecraft, the extreme temperature range of
operation, the miniscule level of cooling power at the coldest
temperature, and the demanding requirements on temperature and
mechanical stability all led to a test that was extremely challenging to
perform. The test chamber made use of shrouds cooled to ~10 K by
cold gaseous helium and additional shrouds cooled to ~80 K by cold
gaseous nitrogen, to cool down the spacecraft radiatively, as close as
possible to flight configuration (i.e., with very highly absorptive
shrouds and appropriate shielding). A 4 K Eccosorb optical shield
filled with liquid helium and with a temperature stability of =1 mK
over 60 s was placed in front of the focal planes, providing a cold
reference source for the HFI detectors. Baffles were used to reduce
stray light reflections off the shrouds from the warm SVM to the cold
PLM. Because the performance of the Planck cryogenic cooling
chain depends very sensitively on the integrity of the vacuum level in
the test chamber, a large charcoal panel cooled to 4 K was used as a
getter to cryopump any residual helium gas from the test volume that
might originate either from the test facility or from the warm parts of
the coolers located on the SVM.

C. CQM System Model Predictions

An overall schematic of the system model, shown in Fig. 17, gives
an appreciation of the complexity of the interactions between the
different subsystems on Planck. This version of the thermal model
includes the nitrogen and helium shrouds and the optical shield at4 K
in front of the payload instrument detectors. In this figure, HS is the
heat switch, REU is the readout electronics unit, JFET is the junction
field-effect transistor, PAU is the power amplifier unit, LVHX is the
liquid-vapor heat exchanger, PC is the precooler, CFRP is the
carbon-fiber-reinforced polymer, and JT is the Joule-Thomson
expander.

The system-level thermal model was used to calculate the
expected cooldown time, which was important 1) to optimize the
switch-on sequences for the different elements of the active cooling
chain and 2) to facilitate the planning of the complex test sequence.
The predicted cooldown for 12 days following the start of cooling is
presented in Fig. 18, which shows that passive cooldown to 60 K is
predicted to take between 2.6 to 4.4 days. The colder V-grooves take
longer to cool down, due to their increasing levels of thermal
isolation from the rest of the warmer environment.

The predicted cooldown from 12 to 20 days is shown in Fig. 19.
The HFI precooling loop is switched on after 15 days, the 4 K cooler
after 16 days, and the dilution cooler after 17 days. The 4 K plate is
expected to achieve its base temperature after 18 days.

The predicted steady-state temperatures are given in Table 7,
which also lists the required temperatures at the relevant interfaces.
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Table 7 Predicted temperatures for CQM test

Subsystem Interface Required maximum temperature, K Predicted CQM test temperature, K
Min Max
LFI waveguides VGlI 170 150.8 167.8
VG2 120 83.5 93.9
VG3 60 48.4 56.6
Sorption cooler VGl 170 134.6 146.0
VG2 120 84.8 94.5
VG3 60 46.9 54.8
LFI focal plane 22 20 20
HFI JFET box Rear panel 60 45.9 52.8
4 K cooler VG3 60 484 56.6
4 K plate 52 4.8 4.8
Dilution cooler VG3 60 46.7 54.5
Detectors 0.1 0.1 (set point) 0.1 (set point)
Primary reflector N/A 50 42.0 47.9
Secondary reflector N/A 50 43.1 499

In every case, the predicted CQM test temperature is lower than the
required maximum temperature, giving confidence in the design of
the CQM hardware and the test facility.

D. CQM Test Performance

The cooldown of the CQM cryogenic chain during test is shown in
Fig. 20. Passive cooldown to below 60 K was achieved in 3.5 days,
which was within the prediction from the thermal model (minimum
2.6 days, maximum 4.4 days). After 12 days, the steady-state
temperatures of the sorption cooler interfaces with the three V-
groove radiators had stabilized to 148, 93, and 48 K. This compared
favorably with the predicted temperatures after the first 12 days of
140, 87, and 50 K, respectively. The dilution cooler plate after this
time was at 105 K, compared with the predicted value of 110 K.

As shown in Fig. 21, the cooldown of the HFI 4 K plate to 4 K took
18 days from the start of testing. This was in line with the prediction
shown in Fig. 19. In general, the 0.1 K dilution and the 4 and 18 K
plates cooled down more quickly than predicted, reaching 20 K
approximately one day earlier than predicted. The final stages of
cooldown were complicated by the presence of a cryogenic leak of
helium, possibly from the test facility, but the 0.1 K cooler did reach
its final required temperature, which enabled useful testing of the HFI
focal plane detectors to be performed.

For steady state, the temperatures achieved at relevant interfaces
with the passive cooling chain, compared with the minimum and
maximum predicted temperatures, are shown in Table §. It can be
seen that all passive element temperatures achieved were lower than
the maximum allowable levels for flight, with some telescope areas
being even colder than predicted. The sorption cooler cold end
functioned as required, albeit with fluid supply inputs not from

300
\
250 |\ DILUTION PLATE
\
¥ 200 \
- ' SORPTION COOLER
) . INTERFACE
% “ WITH VG1
5 150 .
g N
5 N
N
= 100 ‘~ =~ N e e e
.. SORPTION COOLER INTERFACE WITH VG2
50 R R R
SORPTION COOLER INTERFACE WITH VG3
0 T T T T T T T T T T T
0 1 2 3 4 5 6 7 8 9 10 11 12
Time, Days

Fig. 20 Actual cooldown performance during CQM test (0-12 days).

thermal compressors but from hydrogen gas bottles that made it
easier to achieve the required temperatures. The 4 K cooler operating
temperature was a little higher than predicted, but nonetheless still
cold enough and with enough cooling power to allow the dilution
cooler to function correctly.

It can be concluded that the system thermal model provided an
accurate prediction of the passive and active cooldown processes and
that the overall verification and test program was therefore deemed to
be successful. Further thermal model correlation is needed to
evaluate the levels of temperature stability at different stages in the
cooling chain. It should also be noted that although the on-ground
tests conducted so far were successful, the thermal performance of
the active cooling chain in a zero-gravity environment remains to be
fully verified.

V. Thermal Modeling Lessons Learned

Several lessons were learned during the development of the
system model. When constructing the model, it was necessary to
make a tradeoff between size, required analysis accuracy, and
runtime. The very challenging thermal requirements on Planck also
meant that calculation of the temperature and heat flux for the colder
areas of the instruments, for which requirements were the strictest,
were at the limit of the software resolution. In addition, it was difficult
to take into account all parasitic heat loads that can have a significant
impact on the performance of the cryogenic cooling chain. Parasitic
heat loads arising, for example, from gas conduction through
outgassing or leaks could significantly modify the duration of the
cooldown. Also, analyses were needed to assess whether certain
thermal results represented real thermodynamic phenomena or were
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Table 8 Comparison between predicted and achieved temperatures for CQM test

Subsystem Interface Required maximum Predicted CQM test Actual CQM test Deviation of actual temperature
temperature, K temperature, K temperature, K from predicted range, K
Min Max

LFI waveguides VG1 170 150.8 167.8 159.2 None
VG2 120 83.5 93.9 94.3 +0.4
VG3 60 48.4 56.6 49.8 None
Sorption cooler VGl1 170 134.6 146.0 148.4 +2.4
VG2 120 84.8 94.5 93.2 None
VG3 60 46.9 54.8 48.1 None
LFI FPU 22.5 20 20 20 None
HFI JFET box Rear panel 60 45.9 52.8 44.0 -1.9
4 K cooler VG3 60 48.4 56.6 49.8 None
4 K plate 52 4.8 4.8 53 +0.5
Dilution cooler VG3 60 46.7 54.5 48.3 None
Detectors 0.1 0.1 (set point) 0.1 (set point) 0.1 None
Primary reflector N/A 50 42.0 47.9 40.7 —-1.3
Secondary reflector N/A 50 43.1 49.9 422 —-0.9

instead numerical artifacts arising from the solution algorithms. The
issue of improving model clarity and configuration control without
unduly increasing runtime was also important, and this tradeoff must
be performed with models of this level of complexity. The benefits of
strict configuration control were made clear with the regular update
and exchange of the subsystem models.

Because of the intricacy of the steady-state model and the
capability of the software, it was necessary to perform tradeoffs and
to define a minimum cutoff point, below which radiative links would
not be output from the ESARAD software. The cutoff point, as
defined by the software, merely discarded links below a specified
value. At the same time, it was not possible to apply any weighting
criteria according to the thermal mass of the components or
according to their sensitivity to thermal fluctuations. This inability
sometimes caused problems when analyzing the level of radiative
heat loads on the cold instruments. When modeling thermally critical
components, which are often found on the cold instruments, the
components are typically discretized with a fine mesh of nodes,
meaning that each individual node has a small surface area. Radiative
links to these critical nodes are dependent on area and so are also
typically small and likely to be below the software’s minimum
threshold. Thus, the total calculated radiative load onto a component
made up of many small nodes could have been smaller than expected.
Critical areas of the system model were examined in detail to ensure
that this did not affect the model outputs. Subsequent to the creation
of the system thermal model, newer versions of the ESATAN
software were released that use more efficient computation
algorithms, thus allowing much larger models to be built and thereby
removing the need for a cutoff point.

VI. Conclusions

The design and cooling requirements have been presented for the
cooling chain and focal plane instruments of the Planck spacecraft.
The number and complexity of interactions between the different
subsystems have led to the need to build a system-level thermal
model of the complete spacecraft to assist in the performance
verification program. As inputs into the system-level model, the
detailed subsystem thermal models were simplified in a manner that
captures important elements of the thermal behavior, while allowing
for integration into a model system that has a manageable number of
thermal nodes. Predictions for the thermal behavior of the flight
model of Planck have given confidence in the in-orbit cryogenic
performance. To complement the verification by analysis,
verification by test was also performed and the initial test results
were presented for the performance of the cryogenic qualification
model of the spacecraft in the test facility. The cryogenic cooling
chain reached its required base temperature of 0.1 K. The test results
were compliant with the requirements and with the predictions from
the system-level thermal model. Detailed correlation of these results
is underway, including analysis of transient behavior and instrument

thermal stability. A number of lessons learned from this modeling
activity were described.
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