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Abstract

Detectors already require cooling to millikelvin temperatures in space to maximize
energy resolution so that more distant sources o f radiation can be identified. The
lowest temperature that has been achieved in orbit so far is 302 mK on the infrared
telescope for space (IRTS) in 1995. The Japanese ASTRO-E satellite launched
unsuccessfully in February 2000 was to achieve 65 mK. Future instruments such as
ESA’s x-ray evolving universe spectrometer (XEUS) will require cooling to 30 mK
and below.

This thesis presents the design o f a cryogenic cooling system that will surpass the
needs o f XEUS and encourage the development o f a new generation o f very low
temperature, high-resolution detectors for space.

With a single mechanical cooler maintaining thermal shield temperatures o f 150 K,
20 K and 4 K, the adiabatic demagnetization refi-igerator (ADR) proposed cools from
a bath temperature o f 4 K to 10 mK. The maximum amount o f time for which the
ADR can maintain this temperature is around 145 hours with no cooling power on the
detector stage. This value falls as the cooling power increases, with a heat lift from
the detector stage o f 100 nW possible for 30.6 hours’ continuous operation. A recycle
time o f around two hours is required between successive cycles.

In response to launch vibrations, the proposed system can theoretically withstand
accelerations at least six times higher than typical launch qualification levels. The
total mass o f the system is around 100 kg, including ADR, thermal shields and
mechanical cooler. This is very low considering that the design promises unlimited
lifetime operation and cooling to an unprecedented level.
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National Aeronautics and Space Administration

O PT R

Orifice Pulse Tube Refrigerator

PLA N C K

Formerly COBRAS/SAMBA - renamed in honour o f Max Planck

PSD

Power Spectral Density

RAL

Rutherford Appleton Laboratories

r.m .s.

root mean square

SAMBA

SAtellite for Measurement o f Background Anisotropies

SET

Service des Basses Températures (Grenoble, France)

SH O O T

Superfluid Helium On Orbit Transfer

SR

Stirling cycle Refrigerator

STJ

Superconducting Tunnel Junction

STJ-C

Superconducting Tunnel Junction Camera

TES

Transition Edge Sensor

W EI

Wide Field Imager

XEUS

X-ray Evolving Universe Spectroscopy mission

XRS

X-Ray Spectrometer
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Yttrium Barium Copper Oxide
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Yield Stress
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Overview of Thesis

This thesis presents the design o f a long-life refrigeration system capable o f cooling
to 10 mK in space.

The first chapter introduces the field of space cryogenics, explaining why cooling to
10 mK in space is desirable and outlining the current technologies that can provide
such low temperatures. The harsh space environment is described, including the
thermal environment in which the spacecraft must operate and the mechanical
stresses to which spacecraft are subjected before, during and after launch. It is shown
that the technology best suited to achieving a temperature o f 10 mK in space is an
adiabatic demagnetization refrigerator (ADR), pre-cooled by passive radiators and a
mechanical cooler.

The components o f a 10 mK ADR are described in Chapter 2. In particular, the
importance o f the paramagnetic refrigerant, the superconducting magnet and the
suspension straps is stressed.

Suspension straps should have the minimum possible thickness, to reduce conducted
heat within the ADR and thereby to optimize the thermal performance o f the system.
Good mechanical performance is also important for a space refrigerator, though, as
launch vibrations can cause large stresses in support structures. Since the strength and
stiffness o f suspension straps decrease as the strap thickness is reduced, however, the
prescriptions for optimum mechanical design conflict with those for good thermal
performance. Mechanical and thermal performances are modelled in Chapters 3 and 4
respectively. Taken together, the results o f these chapters allow us to achieve a
suitable balance between good vibration response and good thermal performance.
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Chapter 5 presents an optimization o f both the system o f thermal shields that reduces
the radiative heat load on the coldest parts o f the system and the geometry o f the
ADR. The latter is particularly important if paramagnetic materials and suspension
straps compete for a limited amount o f space within the magnet bore.

The design o f the superconducting magnet is the subject o f Chapter 6. The magnetic
field profile, the stresses in the magnet and the eddy current heating in the former are
analysed for a space ADR. A ‘hybrid’ aluminium alloy/composite magnet former is
presented, which has low mass and good thermal and mechanical properties.

With the main features o f the 10 mK refrigerator established, the conclusions o f the
thesis are presented in Chapter 7. This includes a summary o f what has been
achieved, and suggestions for further work.

Finally, references are listed in Chapter 8.

We therefore begin with an introduction to the field o f space cryogenics.
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1

Introduction to Space
Cryogenics

Overview o f Chavter 1
In this chapter, we discuss what ‘space cryogenics’ means, why it is useful and what
different cryogenic technologies exist.

First, Section 1.1 answers the question ‘what is space cryogenics’. Section 1.2
describes the space environment and contrasts the temperatures available with
cryogenic cooling with the ambient temperature in space. This is followed in Section
1.3 with a discussion o f what space cryogenics has to offer, and Section 1.3.1 outlines
the need for 10 mK refrigeration in space.

Section 1.4 moves on to the more practical question o f how cryogenic temperatures
are achieved in space and outlines the benefits o f the various technologies available.

Finally, the main points o f the chapter are summarized in Section 1.5.

Chapter 1
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1.1

What is space cryogenics?

The word cryogenics is derived from the Greek word ‘kruos’, which means ‘frost’ or
‘icy cold’. According to the Oxford English Dictionary,cryogenics istherefore “the
branch o f physics and technology that deals with the production

o f very low

temperatures and their effects” \ ‘Very low temperatures’ means different things to
different people, but it seems reasonable to assume that the temperatures o f all
‘cryogens’ must be cryogenic. The cheapest and most widely used cryogen is liquid
nitrogen, which makes accessible temperatures down to its boiling point o f 77 K (196 °C). Probably the most common concept o f a cryogenic temperature is therefore a
temperature around or below the boiling point o f liquid nitrogen at 77 K.

In fact, this thesis describes a refrigeration system capable o f cooling to 10 mK (273.14 °C), one hundredth o f a degree Celsius above absolute zero (-273.15 °C). In
the context o f this thesis, therefore, a ‘very low temperature’ usually refers to a
temperature below 1 K (-272.15 °C). Nevertheless, ‘cryogenic’ will generally be used
to describe temperatures below around 77 K.

Space cryogenics is simply that subset o f cryogenics that considers the means o f
producing such low temperatures in space. Satellites, transport vehicles such as the
space shuttle, space stations and any other man-made bodies in space may have
requirements for equipment to be maintained at cryogenic temperatures. As discussed
in Section 1.2 below, the space environment is very different to the environment on
Earth, so refrigeration systems that are designed for laboratory use on Earth will not
generally be suitable for use in space.
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1.2

The space environment

In addition to the obvious difficulty in providing maintenance in space, there are three
important differences between a space environment and that o f a laboratory on Earth.

Firstly, there is no atmosphere in space. Our atmosphere traps much o f the infrared
radiation that is emitted by the surface o f the planet by the greenhouse effect. This
means that the mean temperature on the surface o f the Earth remains relatively
constant over a twenty-four hour period, at 22 °C

In London in July, for example,

the average maximum daily temperature is 22.8 °C and the minimum at night is 12.8
°C

Mercury is a planet without an atmosphere, and has an average temperature o f

350 °C during its day and -170 °C at night^. The changes in temperature experienced
by a body in space when moving fi*om shadow into sunlight will therefore be much
greater and more sudden than corresponding changes on Earth (as day becomes
night). These rapid temperature changes can impart significant thermal stresses upon
spacecraft due to differential thermal contraction between materials. Today’s
satellites therefore carry complex temperature regulation systems.

Secondly, the Ig gravitational force to which we are accustomed on Earth is absent in
space. This means that any processes that rely on gravity will not function in space as
they would in a laboratory on Earth.

Finally, the vacuum in space causes the outgassing o f some materials, as the extreme
low pressure causes sublimation o f surface atoms at temperatures encountered during
operation. For a sublimation rate o f 10 /an per year, for example, cadmium requires a
temperature o f 77 °C, whereas titanium requires 1070 °C and tungsten 2150 °C
Although outgassing at this rate is unlikely to have a significant effect on mechanical
performance, subsequent deposition o f material can damage optical and electrically
sensitive devices. The choice o f material is therefore important.

In addition to these differences, any instrument designed to operate in space must be
able to survive the mechanical stresses experienced during launch o f the spacecraft.
This complicates the design o f the refi*igeration system significantly, as the

Chapter 1 Introduction to Space Cryogenics
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assumptions that govern the design o f traditional cryogenic systems must be
compromised to achieve a balance between thermal and mechanical performance.

The mechanical environment is the subject o f Section 1.2.1 below.

1.2.1

The mechanical environment

To provide a satisfactory mechanical design for the refrigeration system, we require
knowledge o f the mechanical environment to which the spacecraft will be subjected.
Structural loads upon the spacecraft will be o f several forms and are summarized in
Table 1-1 below"^.

Load type

Example

Weight o f supported
Static

External

components within the
spacecraft
Pressure o f stored propellants,

Static

Self-contained

mechanical preloads,
thermoelastic loads
Engine thrust, sound pressure,

Dynamic

External

wind load, vibrations during
land transportation
Continued vibration o f a

Dynamic

Self-contained

component after exciting force
has been removed

Table 1-1 : Sources o f structural loading
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Launch generates the greatest loads for most structures, but any other event can be
critical for parts of the structure. The highest acceleration during a typical Ariane 4
launch is around 4.2g as shown in Figure 1-1 below (load factor of 4.2)

Dramatic

spikes in acceleration, which represent the launch vehicle’s dynamic response to
transients, are observed at certain times such as when the first stage bums out and the
second stage ignites. The deterministic loads upon the structure can be predicted as a
function of time by analysing the transmission o f (usually sinusoidal) vibrations from
the base of the spacecraft. Random loads such as due to acoustic pressure can only be
estimated statistically.

5
First-stage

Second-stage bum out

bum out

4

3

2
Third-stage cut-off'
and payload separation

0
0

200

400

600

800

1000

1200

Flight Time (sec)

Figure 1-1 : Axial acceleration profile for Ariane 4

Although preliminary spacecraft structure design is usually based on the load factors
provided in launch-vehicle user guides, dynamic loads analysis, as described in
Chapter 3, is required to predict structural response to low and high frequency
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vibrations. In this analysis, we attempt to find both the most suitable materials and the
best geometric configuration o f the system. For a refrigeration system, the best
material is determined not just by mechanical properties such as density. Y oung’s
Modulus, and tensile and compressive yield stresses but also by thermal properties
such as thermal conductivity.

The large range o f temperatures the materials must operate under further increases the
complexity o f the design, as both mechanical and thermal properties vary with
temperature. The system outlined in this thesis will cool from around 300 K to 0.01 K
(a factor o f 30000 decrease in absolute temperature).

The thermal conditions under which the refrigeration system must operate are
discussed in Section 1.2.2 below.

1.2.2

The thermal environment

It is a common misconception that it is always cold in space. In fact, the temperature
varies greatly between around 2.73 K in deep space when isolated from all radiation,
and around 300 K for a body orbiting the Earth in direct view o f the sun. O f course,
higher temperatures still are obtained by bodies closer to the sun. Recall from Section
1.2 above that the daytime surface temperature o f Mercury is 350 °C - i.e. 623 K. The
temperature at the surface o f the sun is 5800 K.

The thermal design o f a spacecraft requires a balance at the desired temperature
between the heat input via radiation from the sun and planets, and heat output from
the spacecraft’s cooling fins. Maintaining spacecraft components at the correct
temperatures is crucial, as many cannot operate outside a quite narrow range o f
temperatures. The temperature tolerances o f some typical spacecraft components are
shown in Table 1-2 below^:
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Minimum

Maximum

Temperature (°C)

Temperature (°C)

Electronic equipment (operating)

-10

+40

Batteries

-5

+15

Fuel (e.g. hydrazine)

+9

+40

Microprocessors

-5

+40

Bearing mechanisms

-45

+65

Solar cells

-60

+55

Solid-state diodes

-60

+95

Table 1-2: Temperature tolerances o f typical spacecraft components

The components o f thermal radiation incident upon the spacecraft are discussed in
Section 1.2.2.1 and illustrated in Figure 1-2 below. The emission o f heat fi’om the
spacecraft to space is discussed in Section 1.2.2.2. Heat is also transferred between
warm and colder parts o f the spacecraft.

1.2.2.1

Components of thermal radiation Incident upon spacecraft

This radiation has three components: solar radiation, albedo radiation and planetary
radiation. These are considered in turn in the following three sections. The letter J is
used to denote the radiation intensity, with first subscripts s, p, a and i referring to
solar, planetary, albedo and spacecraft surface / emissions (i.e. first subscript denotes
source o f radiation). A second subscript, where present, refers to the target o f the
radiation. Js,p, for example, is the power emitted by the sun that is incident upon the
planet. The planet as far as this discussion is concerned is planet Earth, although the
analysis is applicable to any body in space. The subscript ‘p ’ will therefore refer to
the Earth from this point onwards. Js,p is therefore the power emitted by the sun that is
incident upon the Earth, which is equal to 1371 W/m^.
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1.2.2.1.1 Solar radiation

This is radiation emitted by the sun that is directly incident upon the spacecraft. The
spectral energy distribution of the sun resembles a Planck curve^ with effective
temperature 5800 K, which means that 99% o f the solar energy has wavelengths
between 150 nm and 10 /jm with a maximum at around 450 nm.

Radiation from
Spacecraft

Solar Radiation

t
Planetary
Emissions

Albedo Radiation

Figure 1-2: Components of radiation incident upon spacecraft

With the total power output of the sun, P = 3.8 •10^^ W , the solar radiation intensity,
Js,d, for a distance d from the sun is given by:
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The solar radiation falling at right angles onto an area o f 1

at a distance o f 1 AU

(«150 million km) from the sun, Js,p, is approximately 1371 W/m^ and is called the
solar constant. The total power input,

, to the satellite from solar radiation is then

given by the sum o f the power absorbed by each o f the spacecraft’s surfaces:

where Ai^s is the projected area o f the surface / in the direction o f the sun and or, is the
absorptance o f the spacecraft surface material to short wavelength solar radiation.

1.2.2.1.2 Planetary radiation

This is the thermal radiation emitted by the planets due to their temperatures. The
planets behave as black body radiators and the Earth emits predominantly infrared
radiation with a wavelength greater than 1.5 /mi.

At satellite altitudes, it is reasonable to assume that the planetary radiation emanates
from the entire surface o f the planet. Although planetary emissions vary seasonally
and with latitude, long-term averages provide an adequate approximation for thermal
design o f spacecraft, with a figure o f Jp = 231 W/m^ generally used for the Earth.

The fraction o f this radiation that is incident upon the spacecraft is dependent upon
the orientation or ‘view factor’ o f the spacecraft relative to the planet surface. The
view factor between two surfaces A i and A 2 a distance x apart is defined by^:

Chapter 1 Introduction to Space Cryogenics_________________________________ 29

[1.3]

nx

^2

where ^ and ^ are the angles between a line joining the two surfaces and the
normals to the respective surfaces. The power input to surface i o f the spacecraft due
to planetary emissions is then:

=

[14]

where Fp^i is the view factor between the planet and the surface, Ai is the area o f the
surface and at,p is the absorptance o f the surface material for planetary (longwavelength)

emissions.

In

fact,

for long-wavelength radiation,

the

surface

absorptance is approximately equal to the surface emissivity, £■,. The total planetary
radiation absorbed by the spacecraft is therefore:

[1- 5]

Q ^=Y,Jp-F,yA,-s,

To find the view factor between a spherical planet and a spacecraft surface, the
surface is modelled as a flat plate. The view factor then depends on the angle, A,
between the normal to the plate and the local vertical on the planet surface, the
altitude o f the spacecraft, h, and the radius o f the Earth, R (see Figure 1-3 below).
Writing P = —^ — , the view factor for angles 0 < A < ;r/2 - sin"^ p is given by*:
R +h
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[ 1.6 ]

For angles f c j l - s \ n ' yS < ^ < ;r/2 + sin '

P~ COSAcos"

[ 17 ]

, the view factor is given by*

- I-V -1 cot A - l / ' -

n
+—

-\p^ -co s^ /l - sin '

Fp, =

sin/I

2

V

Figure 1-3: View factor geometry between planet and satellite

Planetary radiation clearly has a maximum when cos /I = 1, i.e. when À = 0 and the
surface o f the satellite faces the closest point on the Earth’s surface.
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1.2.2.1.3 Albedo radiation

Some solar radiation reflects o ff the Earth before reaching the spacecraft. Planetary
albedo, a, is the fraction o f the incident solar radiation reflected from the planet.

[ 1.8 ]

J „ = a- J s, p

Earth’s albedo varies with surface conditions - for clouds it is 0.8 whereas for forests
and fields it ranges from 0.03 to 0.3.^ The average albedos o f the planets o f the solar
system and the moon are compared in Table 1-3 below. As for planetary radiation
described above, the amount o f albedo radiation that is incident upon a spacecraft is a
function o f its altitude and attitude. The geometric view factors for planetary radiation
also apply for albedo radiation. They must be adapted, however, to account for the
brightness o f the part o f the Earth’s surface visible to the satellite. This is shown in
Figure 1-4 below.

Mercury

0.06

Venus

0.61

Earth

0.34

Mars

0.15

Jupiter

0.41

Saturn

0.42

Uranus

0.45

Neptune

0.52

Pluto

0.16

Moon

0.07

Table 1-3: Average planetarv albedo, a
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^=0.5

6! =90"

I

\

<9=270

K=OJ

Figure 1-4: Albedo radiation incident on satellite

The visibility factor for albedo radiation is defined as the proportion o f albedo
radiation intercepted by the spacecraft. The visibility factor, F, can be defined as
some fraction, K, o f the view factor, Fpj.

[1.9]

F = K F . p,i

where 0 < AT < 1. The value o f K can be made to take the values required by writing:

[ 1. 1 0 ]

K =

sin<9 +1
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The total albedo radiation incident upon the surface z, Ja,i, is therefore:

=

[111]

and the total albedo radiation absorbed by the surface is:

[112]

Q ,a= J.yA-a,,

where at,a is the absorptance o f the spacecraft surface material for albedo radiation.
Since albedo radiation is simply reflected solar radiation, the absorptance o f albedo
radiation will be the same as the absorptance o f solar radiation, a,.

We can therefore write an expression for the total albedo radiation absorbed by the
spacecraft:

[113]

The relative sizes o f the three components o f radiation described above will vary with
time, depending on the specific orbit o f the spacecraft, atmospheric conditions on the
Earth and the level o f solar activity.
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1.2.2.2

Radiation of heat to co/d space

As shown in Figure 1-2 above, the spacecraft also radiates heat to cold space. This
has a residual temperature o f 2.73 K from the big bang. Cold space can therefore be
modelled as a 2.73 K black body for precise calculations, although it is considered to
be a 0 K black body for most approximations.

Heat loss occurs over the entire surface o f the spacecraft, although passive radiators
are designed for the specific purpose o f reducing surface temperature. If surface / o f
the spacecraft is at temperature 7}, the heat radiated by the spacecraft to cold space (at
temperature To) is given by Stefan’s Law^ as:

where Ai is the area o f the surface /, £/ is the emissivity o f the surface material and cr
is the Stefan-Boltzmann constant with value 5.67 10“* W m'^K'"^.

We assume for now that there is negligible heat generated internally within the
spacecraft and that the spacecraft uses no active or cryogenic cooling systems (which
are described in Sections 1.4.2 and 1.4.3 below respectively). The spacecraft’s
equilibrium surface temperature will then be that temperature at which the heat
radiated from the spacecraft,

, is exactly balanced by the heat incident upon the

spacecraft due to solar, planetary and albedo radiation, Q.„ = f t + 2^ + ôa •

Typical spacecraft surface temperatures range from 300 K to around 60 K

To

achieve lower temperatures than this, cryogenic refrigeration systems are required,
which substantially increase the mass and complexity o f the spacecraft. We should
therefore consider the benefits o f cooling to cryogenic temperatures in space. This is
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the subject o f Section 1.3. This is followed in Section 1.4 with a description o f the
technologies available for achieving these temperatures.

1.3

The need for cryogenic temperatures in space

At present, the main requirement for space cryogenics is to improve the precision o f
sensing equipment. Generally, “the requirement for cryogenic cooling in space
revolves around the need to reduce ‘noise’ and fundamental principles o f detector
physics”^. The need for cryogenic temperatures in space is well-documented^’^® and
will not be covered in detail here. Examples o f technologies that require cryogenic
temperatures

are

any

detectors

employing

superconductivity

(such

as

superconducting tunnel junctions - STJs), which will not operate at all above their
critical temperatures, and bolometric x-ray detectors, which detect quanta o f heat and
have an energy resolution that is proportional to

The lower we can keep the

temperatures o f these detectors, the lower the energy o f the radiation that can be
detected (and therefore the more distant the sources that can be resolved). Cryogenic
temperatures are also required by infrared sensors on satellites, with applications such
as military surveillance and environmental monitoring (including the ozone hole and
greenhouse gases/pollution).

Many missions have been flown which include cryogenic cooling systems to improve
the sensitivity o f their detectors. The most recent o f these, which would have set a
record for the lowest temperature achieved in orbit, was the ill-fated Japanese
ASTRO-E mission (Japan’s fifth x-ray astronomy mission). The detectors for the xray spectrometer (XRS) on this spacecraft, developed by America’s National
Aeronautics and Space Administration’s (NASA’s) Goddard Space Flight Center
(GSFC), were to be cooled to 65 mK. This temperature was needed for the x-ray
microcalorimeters, which detect the thermal energy produced by individual x-rays
and convert it into an analysable signal^\ Unfortunately, ASTRO-E’s launch in
February 2000 was unsuccessful and the spacecraft was destroyed.
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Nevertheless, there have been countless successful sounding rocket and orbital
spacecraft missions employing a variety o f cooling technologies (see Section 1.4 and
Figure 1-6). In 1983, the Infrared Astronomical Satellite, IRAS, carried liquid helium
(see Section 1.4.3.1.1) into orbit for the first time, spending 300 days in space and
maintaining a temperature below 1.8 K. Further successes with liquid helium include
the Cosmic Background Explorer mission (COBE) in 1989, which achieved 1.5 K for
306 days, and the Superfluid Helium On Orbit Transfer mission (SHOOT). This
proved the feasibility o f topping up liquid helium supplies during orbit. The
extremely successful Infrared Space Observatory (ISO) was launched in 1995 and is
shown in Figure 1-5 below. ISO operated successfully for 863 days. Mechanical
coolers (see Section 1.4.3.2 below) have also been successfully used in space since
the Improved Stratospheric And Mesospheric Sounder (ISAMS) mission in 1991.

A

Figure 1-5: ISO spacecraft

12

Despite the successes o f previous missions, none has achieved a temperature
approaching those that will be required by the next generation o f space detectors. The
need for these low temperatures is discussed in Section 1.3.1 below.
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The need for 10 mK refrigerators in space

As detector technology becomes more and more advanced, it demands lower and
lower temperatures, requiring increasingly sophisticated cooling systems to minimize
noise and to maximize energy resolution. There is therefore a constant drive to
develop refrigeration systems capable o f cooling to millikelvin temperatures^^. A
summary o f the lowest temperatures achieved or required in space for past and future
missions is given by Figure 1-6 below^.

Several new detector technologies require cooling to 100 mK and below. These
include superconducting tunnel junctions (STJs) and superconducting transition edge
sensors (TESs)^^. Current and future space missions already demand sub 100 mK
temperatures, with the most recent (unsuccessful) launch, ASTRO-E, requiring 65
mK. Within the next ten to twenty years, the NASA observatory, Constellation-X^^,
and the European Space Agency’s (ESA’s) X-ray Evolving Universe Spectroscopy
mission (XEUS*"^) will demand 50 mK and 30 mK respectively.

100
Various

Visible/IR Radiometer

g

-a

i

COBE

IRAS

g

1
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IRTS

ASTRO-E
XEUS

0.01
Figure 1-6: Lower and lower temperatures required for space instruments
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Since the requirements o f XEUS most closely match the capabilities o f the
refrigeration system developed here at Mullard Space Science Laboratory (MSSL), it
will be described in Section 1.3.1.1 below in some detail.

1.3.1.1

XEUS

The XEUS mission planned for launch in 2010-2015 will require cooling to 30 mK
and will probably employ either STJs or TESs. The refrigeration system presented
here aims to exceed the requirements o f XEUS. The specifications for XEUS are
therefore used as a benchmark throughout the design study.

The XEUS mission aims to place a permanent x-ray observatory in low Earth orbit
(LEO) with a telescope aperture equivalent to the largest ground-based optical
telescope built to date’^. The payload o f XEUS will include three x-ray imaging
spectrometers. Firstly, there will be a wide field imager (WFI), using charge-coupled
devices (CCDs) at around 150 K. In addition to this, there will be two cryogenic
imaging spectrometers (CISs) with operating temperatures between 30 mK and 200
mK. The x-ray observatory will be operated continuously for periods o f around 5
years between successive rendezvous with the International Space Station (ISS).

The XEUS project identified four target science areas*®:

i.

The behaviour o f matter under strong gravity, near the event horizons o f black
holes

ii.

The exploration o f distant objects and the evolution o f the high-energy
universe

iii.

The creation and redistribution o f the elements

iv.

The distribution o f dark matter in the universe
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The temperature o f 30 mK is required by the CISs to give an extremely high energy
resolution. This represents a considerable challenge, and will require a refrigeration
system superior to any that has been flown to date. Existing technologies for cooling
in space are described in Section 1.4 below.

1.4

Cooling technologies for space

Thermal control for the spacecraft as a whole is usually achieved by a combination o f
active and passive cooling systems. Passive systems, such as radiators, require no
power and no feedback control, and operate continuously. Active systems such as
thermostatic heaters, on the other hand, may use power-consuming mechanical or
thermoelectric devices and often have moving parts. They are therefore inherently
less reliable than passive systems.

The systems required for maintenance o f a stable spacecraft temperature are
inadequate for providing cryogenic cooling for components that require particularly
low temperatures. Even if a radiator were shielded from all radiation and insulated
from conducted heat indefinitely (which could never happen in practice), it could
only ever achieve a temperature approaching that o f deep space at To, i.e. 2.73 K. This
is because the cooling power,

, in Equation [ 1.14] becomes zero when T = Tq. In

fact, the lowest temperature that can be achieved with typical radiators^ is around 60
K. In order to achieve the detector temperature o f 10 mK required, therefore,
specialized cryogenic refrigeration techniques are needed.

Figure 1-7 below is a schematic showing the heat flows in a basic spacecraft and the
relationship between passive, active and cryogenic refrigeration systems. Red arrows
represent positive heat flows and blue arrows represent negative heat flows.

Heat flows into the spacecraft from solar radiation absorbed by the surface material
iQ sur)

the solar array (ôso/)- Heat is generated within the spacecraft by some
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components such as electronics, and escapes from the spacecraft

via the

passive (or active - see Section 1.4.2.1) radiator. Cold components that must be kept
warm to operate (recall Table 1-2) are heated by active thermostatic heaters (see
1.4.2.2). In order to maintain the detectors, which receive power input

at the

desired temperature, a cryogenic cooling system is required. This cryogenic system
may either be pre-cooled by the passive radiator or else take heat out o f the system to
assist the radiator, depending on the format o f the cryogenic system and the
prevailing operating conditions. Passive, active and cryogenic refrigeration systems
are described in Sections 1.4.1, 1.4.2 and 1.4.3 respectively.

Q sol

Solar Panel

Spacecraft
Surface

t

Heater
---- r-H---Cold
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Cryogenic System
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Figure 1-7: Spacecraft refrigeration svstems
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1.4.1

Passive refrigeration systems

Passive thermal control systems operate by using materials and surface finishes
chosen so that the temperature remains within acceptable limits for the range o f
orientations and incident radiation levels expected during the spacecraft’s lifetime^. A
simple example o f a passive system is a space radiator thermally coupled to heat
generating components by conductive paths.

1.4.1.1

Passive radiators

As described in Section 1.2.2.2 above, heat can be radiated by a hot body to its colder
surroundings. This effect is employed by passive radiators. Heat flows from heat
dissipating equipment to a specially designed radiator with large surface area.

Traditional radiators have been constructed from honeycombed aluminium panels,
although Carbon - Carbon (C-C) composite radiators are currently being developed
in the United States*^. C-C is a composite material with pure carbon used for both the
reinforcing fibres and the matrix (see Figure 1-8 below). This yields a material with
high thermal conductivity in all directions, high strength and a density o f only 65% o f
that o f aluminium. Furthermore, unlike mechanically

inferior honeycombed

aluminium, C-C can be used as a structural material itself, not just as a covering for
the surface o f the underlying structure. Research so far suggests that C-C, which is
currently used on the leading edge o f Space Shuttle wings, may soon feature in a
wide range o f spacecraft components, including radiators, battery sleeves and
electronics boxes^^.

As well as flat rectangular radiators, two-stage radiators have been designed for use in
space, which employ conical baffles to maximize the surface area and to minimize the
Earth radiation incident upon the low temperature stage o f the radiator. Such a
s y s t e m w a s flown on the unsuccessful German ABRIXAS (A Broadband Imaging
X-ray All-sky Survey) satellite launched on 28^*’ April 1999.
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The amount o f cooling power that can be provided by a passive radiator at
temperature T is a function o f the difference between the total incident radiation
falling upon the spacecraft and the heat radiated into cold space by the spacecraft.
This cooling power is required to compensate any heat generated internally within the
spacecraft as well as providing any pre-cooling o f cryogenic refrigeration systems.

Figure 1-8: Carbon - Carbon (C-C) radiator 16

Equation [ 1.14 ] in Section 1.2.2.2 above gives the amount o f heat emitted by the
spacecraft to cold space. The total radiation incident upon the spacecraft due to solar,
planetary and albedo components is given by:

[ 1.15]

Qin - Q s ^ Q p ^ Q a

and from [ 1.2 ],[ 1.5 ] and [ 1.13 ], the radiation incident on the

0 ,. = ./..p ' 4.. GT,+

-4 - + ./..p -a '^

surface is

'4 '
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so the total heat absorbed by the satellite is:

[116]

A,s + 4

, can then be obtained from Equations [ 1.14 ]

The cooling power,

and [1. 16]. Approximating the temperature o f deep space, To, to be zero:

\
[117]

=E
V

y

Passive radiators are designed to maximize the heat radiated from the spacecraft and
minimize the heat absorbed. This is achieved by using a large area radiator made
from a material with a low absorptance to emissivity ratio {c d é ) and by linking the
radiator thermally to the heat generating components o f the spacecraft. This way, as
much heat as possible is made to flow to the radiator so that it can be radiated to deep
space. Performance o f passive radiators is obviously greatly affected by the
orientation o f the spacecraft with respect to the planets and the sun, the position o f the
radiator and the orbit o f the spacecraft.

Consider the cooling power o f a passive radiator operating at 150 K, the operating
temperature for the first spectrometer on XEUS^"^. Assuming that the spacecraft
attitude is controlled so that the radiator never faces the sun, the projected area o f the
radiator in the direction o f the sun, Ar,s, is zero. The cooling power o f the radiator,
, is then given by:
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[1.18]

which can be expressed in words:

Qr =

heat emitted

incident planetary

incident albedo

by radiator

radiation

radiation

For a large two-stage radiator'^ o f surface area Ar= 12

with emissivity £>• = 0.9

and temperature Tr= 150 K, the heat emitted by the radiator (the first term o f [ 1.18 ]
above) becomes 310 W.

The remainder o f Equation [ 1.18 ], i.e. the incident radiation, will depend on the
orientation o f the radiator with respect to the planet and the sun. When the radiator
faces away from the planet (as at point C in Figure 1-9 below) so that Fp^ = 0, the
cooling power has its maximum value o f 310 W. If the radiator were ever to face the
planet directly with the sun behind (as at point A in Figure 1-9 below), then the
planetary and albedo power inputs would both be maximum (with cos X = \ and K =
1). The cooling power o f the radiator would therefore have a minimum.

If we assume that the absorptance o f the radiator ov = 0.2, the Earth’s planetary
emissions Jp = 231 W/m^, the LEO altitude h = 700 km, the radius o f the Earth R =
6380 km, the solar radiation J,s,p
Equation [ 1.6 ] gives

1371 W/m , and Earth’s albedo a = 0.34, then

cos>^
^
= 0.81 for maximum heat input.

The minimum cooling power o f the radiator then equals 310 W - 2991 W = -2681 W.
This means that the radiator at 150 K theoretically imposes a heat load o f 2681 W
upon the spacecraft when the radiator faces the Earth with the sun directly behind.
This is the worst case scenario, as the spacecraft is exposed to the maximum possible
albedo radiation.

Chapter 1 Introduction to Space Cryogenics________________________________ 45

Radiator
Figure 1-9: Worst case passive radiator performance

The attitude o f the spacecraft, (j), is assumed to be fixed relative to the sun as the
spacecraft orbits the Earth as in Figure 1-9 above. The position o f the spacecraft in its
orbit is described by the angle, 6, between the local nornial to the planet surface and
the normal to the planet surface on the border between daylight and darkness. This is
shown in Figure 1-10 below. The angle, A, between the normal to the radiator and the
local normal to the planet surface is then given by:

[1. 19]

X = e-(l)

Since planetary radiation varies during orbit only with the view factor, F = F {X) = F
{0 - <z^), a fixed attitude spacecraft will experience the same peak levels o f planetary
radiation regardless o f the choice o f attitude, (f>. We know from [ 1.9 ] to [ 1.11 ] in
Section 1.2.2.1.3 above, however, that albedo radiation depends on the visibility
factor, K ■F = ^—^

- • F (9 - (/)), for which the peak values vary as the attitude o f

the spacecraft is changed. Assuming that the radiator is never permitted to face the
sun, the best radiator performance is therefore obtained when the albedo radiation is
minimized, i.e. when the radiator spends the minimum amount o f time facing the
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bright side o f the Earth. This is the case if the spacecraft faces Earth at point D (or B)
in Figure 1-9 instead o f at A. With this orientation, both solar and albedo components
o f radiation are minimized. This is therefore the optimum attitude, with (f>=0.

Figure 1-10: Spacecraft orbiting the Earth with constant attitude

This orientation is shown in Figure 1-11 below. In this case, when <9 = 0, T = 0, AT =
0.5 and the view factor, Fpj, has its maximum value (0.81). As ^ increases to 180°, À,
increases to 180° and Fp r has its minimum value o f zero.

Figure 1-11 : Optimum attitude for constant attitude spacecraft
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The values o f view factor, Fp^r, and visibility factor, K -

as

varies between 0

and 360° are calculated from Equations [ 1.6 ], [ 1.7 ], [ 1.9 ] and [ 1.10 ], and are
shown in Figure 1-12 below.
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Figure 1-12: View factor and visibility factor as functions o f orbital position, 9

Substituting these values o f Fp^,- and K •

into Equation [ 1 . 1 8 ] above, the amount

o f cooling power available from the radiator as the satellite orbits the Earth at
constant attitude is shown as a function o f orbital position, 9, for various radiator
temperatures, T, in Figure 1-13 below.

The mean cooling power during orbit as a function o f radiator temperature is shown
in Figure 1-14 below, and these values together with the maximum and minimum
cooling powers are summarized in Table 1-4. It is clear that the minimum radiator
temperature to give a positive mean cooling power is 200 K.
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Figure 1-13: Cooling power vs. orbital angle, 0, for various radiator temperatures, T
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Radiator

Max cooling

Min cooling

Mean cooling

Temperature, T

Power

Power

Power

(K)

(W)

(W)

(W)

100

61.2

-2510

-914

125

150

-2420

-826

150

310

-2260

-665

175

574

-2000

-401

200

980

-1590

4.67

225

1570

-1000

594

250

2390

-180

1420

275

3500

930

2530

300

4960

2390

3990

Table 1-4: Radiator performance at various temperatures. T

The components o f radiation for a 200 K radiator (the lowest temperature radiator
with a positive mean cooling power) are shown in Figure 1-15 below. For this attitude
{(j>= 0), it is clear that planetary radiation is the dominant source o f incident radiation.

Since there is a negative mean cooling power for radiator temperatures below 200 K,
it would not be possible to maintain the wide field imaging (WFI) spectrometer at
150 K with this technology alone. An additional cooling mechanism is therefore
required to achieve the spectrometer temperature o f 150 K.

One possibility would be to use the cryogenic cooling system (see Section 1.4.3) to
provide part o f the cooling for the 150 K WFI.
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Figure 1-15: Components o f radiation as a function o f 0 for 200 K radiator

Alternatively, increasing the demands on the cryogenic cooling system could be
avoided by instead coupling a Peltier thermoelectric cooler'"^’’* to the passive radiator.
These coolers use electricity to create a heat differential between two surfaces,
pumping heat from the cold side to the hot (radiator) side. This way, with the WFI in
contact with the cold side o f the surface whilst the hot side is kept at, say, 225 K, an
average cooling power o f around 600 W is possible from the radiator.

Although the minimum cooling power during orbit in this case is -1000 W (for the
225 K radiator - see Table 1-4 above), excess heat can be stored when the incident
radiation to the radiator is high using fluid loops. This heat can then be removed
when the incident radiation is low (and the cooling power available is therefore
positive). Fluid loops are discussed in 1.4.1.2 below.
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1.4.1.2

Fluid loops

Two forms o f fluid loop can be used to transfer heat within the spacecraft. These are
fluids at rest that change phase, and fluids that move within the spacecraft.

1.4.1.2.1

Fluids at rest

In these fluid loops, heat is stored through melting or evaporation when the
temperature increases (such as when the spacecraft is in direct sunlight) and is
released through freezing or condensation when it is required later^ (when the
spacecraft is in shadow).

1.4.1.2.2 Fluids In motion

Here, heat is transferred at a steady rate from a temperature-controlled component to
a heat sink. Heat transfer may occur latently, inducing a phase change, or sensibly,
leading to an increase in temperature o f the fluid. The fluid flow is encouraged by
centrifugal or positive displacement pumps operated by electric motors, and is
sometimes assisted by capillary action.

Fluid loops only serve to store heat or to move it from one part o f the spacecraft to
another, however. Either a radiator or some form o f active refrigeration system is
ultimately required to expel excess heat to cold space.
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Active refrigeration system s

Control systems can regulate the heat flow around the spacecraft to maintain much
tighter temperature tolerances than is possible with passive systems alone. One
example o f an active refrigeration system is a Peltier thermoelectric cooler, as
described in Section 1.4.1.1 above. Three other common examples are briefly
mentioned below.

1.4.2.1

Bimetallic radiation fins

Bimetallic radiation fins are a simple form o f active thermal control system which
require no power and operate automatically. When the fins are closed, so that none o f
the yellow surfaces shown in Figure 1-16 below is visible, the surface has a high
absorptance to emittance ratio, a!s. This means that a high proportion o f incident
radiation is absorbed, so that the fins heat up.

—Low a / f surface

High d s surface

Figure 1-16: Bimetallic radiation fins^

When they heat up, the bimetallic strips open due to the differential thermal
expansions o f the two constituent metals, and expose the (yellow in Figure 1-16) low
absorptance to emittance ratio surfaces. With low d s , this surface absorbs a lower
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proportion o f incident radiation, allowing the temperature o f the fins to fall again. The
radiator is therefore able to regulate its own temperature to a certain extent.

1.4.2.2

Thermostatic heaters

Heaters controlled by thermostats are used to increase the temperatures o f devices
which are difficult to insulate, which do not generate much heat themselves and/or
which have stringent temperature tolerances (see Table 1-2). They are often used, for
example, to maintain battery temperatures during eclipse periods^.

1.4.2.3

Active fluid loops

Fluid loops, similar to those used passively described in Section 1.4.1.2 above, are
often included in more complex fluid transport systems that include actively
controlled heat exchangers. These systems are particularly useful in manned
spacecraft where air and water will necessarily be present anyway.

O f course, most cryogenic systems providing the temperatures necessary for lowtemperature detectors will also require active control systems. These cryogenic
technologies are discussed in detail in Section 1.4.3 below.

1.4.3

Cryogenic refrigeration systems

The passive and active thermal control systems outlined in Sections 1.4.1 and 1.4.2
can provide a stable thermal environment for the spacecraft and achieve temperatures
down to around 150 K. Cooling the detectors to temperatures as low as 10 mK,
however, demands a complex cryogenic refi'igeration system. Many cryogenic
technologies have been developed in the last century and, in recent years, several
have been used in space missions. The most important cryogenic technologies are
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those that use liquid cryogens (helium-4 evaporation, helium-3 evaporation, helium
dilution), mechanical cooling systems and demagnetization refrigeration (adiabatic
electronic and nuclear). The temperatures at which these technologies are effective
are summarized in Figure 1-17 below.
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Figure 1-17: Temperatures tvpicallv achievable with various cryogenic technologies

The cryogenic systems available and their suitability for use in space are discussed
below. Technologies that use liquid cryogens are discussed in Section 1.4.3.1,
mechanical

cooling

systems

are

described

in

Section

1.4.3.2,

adiabatic

demagnetization refrigeration is the subject o f 1.4.3.3 and nuclear demagnetization
refrigerators are discussed in Section 1.4.3.4.
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Liquid cryogens

Liquid helium is the only liquid cryogen widely used for space missions. Both the
common isotope, helium-4, and the more expensive isotope, helium-3, are attractive
for space due to their high cooling powers and proven track records.

The use o f liquid cryogens for cryogenic cooling in space is described in the sections
below. The simplest and cheapest method o f achieving low temperatures in space is
by the evaporation o f helium-4.

1.4.3.1.1

Helium-4 evaporation

Helium-4, with an atmospheric boiling point o f 4.2 K, was first liquefied'^ in 1908
and is still widely used. Even lower temperatures can be achieved by using a vacuum
pump to reduce the pressure above the surface o f liquid helium-4. This is shown in
Figure 1-18 below.

Vacuum pump
A

Heliium vapour

l i i i
Î Î Î 1 ■TT1 ;

î î

He ium liquic

Figure 1-18: Equilibrium between helium liquid and vapour
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Decreasing the pressure above the liquid surface reduces the liquid’s boiling point, as
the force keeping the molecules in the liquid state (represented by the green arrows in
Figure 1-18) is reduced. The most energetic molecules in the liquid then evaporate to
replace the vapour molecules removed by the pump, maintaining a balance between
the forces applied on either side o f the liquid surface (green and purple arrows in
Figure 1-18). This process can reduce the temperature o f the remaining helium-4
down to 1.3 K or lower. The vapour pressure o f both isotopes o f helium falls steeply
at low temperature (especially helium-4), however. Since most pumps work at a
constant-volume pumping speed, the rate at which vapour molecules can be removed,
and therefore the cooling power achievable, is proportional to the vapour pressure o f
the helium present. For helium-4, the lowest temperature that has been reached by
this method is 0.7 K

at which point the cooling effect due to pumping away o f

vapour is counterbalanced by the heat flowing into the system from the bath.

Helium-4, which is a product o f radioactive alpha decay, was originally obtained
from minerals when used in early experiments. Today, however, helium-4 is
extracted from natural gas sources - mostly in America, Russia, North Africa,
Holland and Poland - which can consist o f up to 10% helium. At £2.55 per litre o f
liquid^®, helium-4 is relatively cheap and is readily available. This makes it
particularly attractive for use in ground-based laboratories.

The cooling effect derived from liquid helium-4 comes from the latent heat required
to evaporate the liquid and the sensible heat required to heat the helium gas to the
temperature o f the warm body in contact. The amount o f heat required to evaporate^^
liquid helium-4 at 4.2 K is around 2.6 kJ//. This is two orders o f magnitude below the
enthalpy o f helium gas between 4.2 K and 300 K, which is around 200 kJ// (the
enthalpy is the heat transferable in a reversible, constant pressure process - for a
definition o f enthalpy see a thermodynamics text such as Rogers and Mayhew^).

This means that with 1 W o f heat applied, in other words with a heat load o f 1 W, 1.4
/ o f helium will evaporate per hour if the heat o f evaporation alone provides the
cooling. On the other hand, only 17 m/ would evaporate per hour if the enthalpy o f
the cold gas were also used. This has important implications for the design o f helium-
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4 storage vessels (cryostats). For example, helium cryostats must include an effective
vacuum jacket to isolate the liquid helium as much as possible from heat transferred
via conduction and convection.

It is helium’s large specific heat and vapour pressure that make it particularly useful
as a low-temperature refrigerant. At 1.5 K, the specific heat o f both isotopes o f
helium is around 1 J/g/K, whereas the specific heat o f copper, for example, is only
around 10'^ J/g/K

This enables helium to cool other materials without heating up

too much itself. In the Kelvin temperature range, the vapour pressures o f all
substances except helium are negligible. This means that helium is the only cryogen
that can be pumped to reduce the temperature below 1 K as described above. It also
means that helium automatically ‘cryopumps’ surfaces with which it is in thermal
contact, freezing molecules o f other substances to the cold surfaces and establishing a
very low pressure in the vacuum space.

Many helium-4 cryostats have already been flown in space, particularly by ESA and
NASA^. Although ESA is beginning to favour mechanical cooling systems for long
life space missions, (pumped) liquid helium-4 remains the favoured technology o f
many NASA scientists for temperatures down to around 1.5 K.

Successful NASA missions include the Cosmic Background Explorer^^ (COBE)
launched in 1989, the flight cryostat for which is shown in Figure 1-19 below, and the
Superfluid Helium On Orbit Transfer (SHOOT) mission^^’^^, launched in 1993. The
latter has proved crucial in maintaining interest in cooling by helium evaporation. It
verified that liquid helium cryostats could be topped up by transfer during orbit,
allowing the previously finite cooling time to be extended.

Despite the heritage associated with cooling by helium-4 evaporation, its use as a
technology for cooling detectors is now limited. Since many detectors currently
require temperatures below 0.5 K, and future detectors will demand temperatures as
low as 10 mK, helium-4 cryostats will probably only be used to provide buffers
between the outside world and the low-temperature refrigerators needed.
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Figure 1-19: Flight cryostat for COBE

Lower temperatures can be reached by helium-3 cryostats, which are discussed
below.

1.4.3.1.2 Helium-3 coolers

Helium-3 is the rare, lighter isotope o f helium. It constitutes a fraction o f around
1 • 10“^of the total helium from natural gas sources and 1 10 ^ o f the helium gas in the
atmosphere'^. Obtaining a reasonable amount o f helium-3 from these sources is
prohibitively expensive, and the small quantity o f helium-3 that is produced comes
instead as a by-product o f tritium manufacture in a nuclear reaction, which takes over
twelve years to complete. For the same quantity o f liquid, helium-3 costs o f the order
o f 50000 times as much as helium-4 (-£140000// for helium-3
for helium-4

compared to £2.55//

so it is used only under very strictly controlled conditions. With

helium-3 production so costly, it could be considered useful for cryogenic cooling
only if it offered much more than helium-4. This is, indeed, the case, and the range of
temperatures accessible using liquid cryogens is much greater when helium-3 is used.
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Helium-3 liquefies at 3.2 K. It is therefore only significantly superior to helium-4 for
achieving low temperatures when pumped as described in Section 1.4.3.1.1 above
(Figure 1-18). Using this technique, it can reach temperatures as low as 0.25 K.

In fact, the latent heat o f evaporation o f helium-3 at 3 K (-30 J/mol) is around a third
o f the latent heat o f evaporation o f helium-4 at the same temperature (-90 J/mol)^^.
This means that a given mass o f helium-4 at this temperature removes around three
times the heat through evaporation that would be removed by the same mass o f
helium-3. Helium-3 is therefore only generally used at temperatures below those that
can easily be achieved by pumping on helium-4.

Helium-3 can reach temperatures lower than the minimum attainable with helium-4
(-0.7 K) due to its higher vapour pressure at very low temperatures. The ratio o f
helium-3 vapour pressure to helium-4 vapour pressure is 74 at 1 K and around 10"* at
0.5 K. Since the cooling power achievable through pumping is proportional to the
vapour pressure (see Section 1.4.3.1.1 above), helium-3 can reach a much lower
temperature than helium-4.

Helium-3 has two further advantages over helium-4 for cooling below 1.5 K. Firstly,
whereas the specific heat o f helium-4 falls rapidly from around 500 mJ/mol/K at 1 K
to around 0.1 mJ/mol/K at 0.1 K, the specific heat o f helium-3 remains relatively
constant, falling from around 5 J/mol/K at 1 K to around 2 J/mol/K at 0.1 K. This
means that helium-3 retains the capability to cool warm bodies without itself heating
up, even at very low temperatures.

Secondly, at temperatures below 2.2 K, the film o f liquid which normally coats a
helium-4 cryostat’s inner walls will become superfluid and will tend to flow to a
hotter place from which it will evaporate^^. This requires special consideration when
designing pumped helium-4 cryostats^^’^^’^^’^*’^^. Pumped helium-3 cryostats do not
encounter this problem, as the superfluid transition temperature for helium-3 (<100
mK) is outside the range achievable through pumping.
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The pump used can be either an external gas transfer pump (a mechanical or diffusion
pump) or an internal capture pump (such as a charcoal adsorption pump described
below). The latter are preferred for use in space, as there are no moving parts (and
therefore no vibrations) and they are completely self-contained.

A schematic o f a helium sorption cooler suitable for space is shown in Figure 1-20
below. Note that the system shown requires a 2 K cold stage from which to begin
cooling, which could be provided either by a mechanical cooler (described in Section
1.4.3.2 below) or by a pumped helium-4 bath. Both helium-3 and helium-4 can be
used in sorption pumps, with helium-3 offering significantly better performance (see
below).

2 K Cold Stage
Thermal Link
Heat
Switch

Heat
Sorption

Switch

Pump Tube (helical)

Evaporator

Kevlar
Supports

Heater

Figure 1-20: A helium adsorption cooler for space 30

The helium adsorption cooler relies on the capability o f porous materials (such as
activated charcoal) to adsorb gases when cooled to low enough temperatures and to
desorb the gases when heated. The amount o f gas adsorbed onto a material surface
increases with pressure and falls with temperature. If a large enough surface area is
kept at a sufficiently low temperature above the helium bath, the cold surface (i.e. the
sorption pump) will adsorb the helium vapour and keep the liquid helium at a low
temperature.
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Operation o f a helium-3 sorption refrigerator begins by cooling all components down
to the starting temperature, To (~ 2 K), at which temperature all o f the helium-3 is
adsorbed by the charcoal in the sorption pump. With the heat switch to the evaporator
closed and the heat switch to the pump open, the refrigeration cycle begins by heating
the sorption pump to around 40 K with a resistive heater. During this process, the
evaporator becomes the coldest part o f the system. As the sorption pump heats up,
helium-3 gas is desorbed by the charcoal until the helium-3 pressure exceeds the
saturated vapour pressure at To, when surface tension helps liquid helium-3 to
condense on the porous material in the evaporator (for a laboratory based sorption
cooler, gravity would hold the liquid in the evaporator). The heat switches to the
pump and the evaporator are then toggled, so that heat can flow from the sorption
pump to the cold bath whilst the evaporator is thermally isolated. As the temperature
o f the pump falls, the vapour pressure o f helium-3 decreases and the evaporator
quickly cools to around 300 mK. This temperature is maintained until the liquid
helium-3 is exhausted. The cycle can be repeated indefinitely by heating the sorption
pump again.

Both helium-3 and helium-4 sorption coolers have been flown on sounding rockets,
achieving temperatures o f 360 mK and 960 mK r e s p e c t i v e l y ^ A helium-3 sorption
refrigerator was used to cool the bolometric detectors for the Far Infrared Photometer
(FIR?) in the Infrared Telescope in Space (IRTS). Launched in March 1995, this 0.87
kg cooler achieved a temperature o f 302 mK in orbit, with a duty cycle efficiency o f
94% and 1.8 mW average heat load on the 1.9 K bath.

One o f the benefits o f helium sorption coolers is the fact that, with no moving parts,
they produce no vibrations and no electromagnetic interference (EMI). This
advantage is attenuated somewhat, however, by the requirement o f sorption coolers to
be pre-cooled to around 2 K. To date, all helium adsorption coolers designed for
space have been thermally connected to a pumped helium-4 bath. For a long-life
space mission, however, a mechanical cooler (see Section 1.4.3.2) would probably be
coupled to the sorption refrigerator to provide the cold stage, introducing vibrations
o f its own.
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A 300 mK helium-3 sorption cooler for space has been designed by the low
temperature department (Service des Basses Températures - SBT) o f France’s atomic
energy commission (Commissariat a l’Energie Atomique - CEA) in Grenoble.
Unfortunately, since 250 mK is the lower limit o f temperatures achievable with a
sorption cooler, this technology would not be capable o f providing the cooling
required for X EUS’ 30-200 mK cryogenic imaging spectrometers.

The only liquid cryogen technology capable o f achieving these low temperatures is
dilution refrigeration, which is discussed below.

1.4.3.1.3 Helium-3/helium-4 dilution

Dilution refrigeration is the most popular ground-based refrigeration technology for
the range 5 mK to 1 K and the only continuous refrigeration method for temperatures
below around 300 mK

The cooling effect o f dilution refrigeration, obtained by mixing pure helium-3 with a
solution o f helium-3 in helium-4, is due to the enthalpy difference between pure and
dilute liquid helium-3. In a classical ground-based dilution refrigerator, the pure and
dilute helium-3 phases are separated in their common reservoir by gravity and then
recycled. Since this is impossible in space, a modified dilution refrigerator that
operates in an open cycle has been designed^^ and is shown in Figure 1-21 below.

This system is pre-cooled to 4 K by a mechanical cooler (see Section 1.4.3.2 below).
Streams o f pressurized pure helium-3 and helium-4 are then passed through two heat
exchangers prior to the mixing which produces the cooling effect as described above.
The mixture is then vented to space and is lost from the system. As a result o f the
continuous exhaustion o f helium, a system providing 200 nW o f cooling power at 100
mK would require an annual supply o f 1000 litres o f helium-3 gas and 4000 litres o f
helium-4 gas. Temperatures slightly lower than 100 mK could be achieved with this
system, but it would not be capable o f achieving the 30 mK required by XEUS
without prohibitively massive supplies o f gas^^.
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The dilution refrigerator could therefore provide the higher temperatures required by
the CISs (200-100 mK), but would be unable to reach the lower temperatures (100-30
mK). Given the expense and limited lifetime o f such a system, it is therefore of
limited value for the XEUS mission.

Output Mixture

Mechanical

Helium-4 Input Gas

Cooler
Helium-3 Input Gas
Heat Exchanger

Heat Exchangers

Impedance
4 K Screen

.6

K Screen
Mixing Chamber

10 mK Cold-Plati
Insulating Supports

Figure 1-21 : Schematic o f helium-3/helium-4 dilution refrigerator for space

Nevertheless, dilution refrigeration is still a useful technology for temperatures
around 100 mK and above in space, and has been baselined by ESA to provide the
100 mK stage required by the high frequency instrument o f PLANCK^^. This is
ESA’s major mission to examine cosmic microwave background radiation scheduled
for launch in 2007, following in the footsteps o f N A SA ’s successful COBE mission.
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1.4.3.1.4 Conclusions on liquid cryogens

Whilst it is difficult to argue that liquid cryogens have no place in a terrestrial
laboratory, they have serious drawbacks for use in space. Their primary shortcoming
is the finite duration o f their cooling power. In order for them to provide cooling,
liquid cryogens must necessarily be in contact with objects at temperatures above the
cryogens’ boiling points. This means that gas will inevitably be boiled o ff and lost
from the system. The rate o f the boil-off will depend on the amount o f cooling
required, but for most space missions, lifetimes o f greater than 5 years would require
prohibitively massive cryostats to be launched. As noted in Section 1.4.3.1.1 above,
the feasibility o f replenishing cryogen stocks by means o f an in-orbit transfer has
been demonstrated by the SHOOT mission. Nevertheless, the inconvenience and risks
involved with such procedures makes the proposition o f a cooling system which
could operate indefinitely without servicing seem much more attractive.

At present, there is no such system, although the reliability o f mechanical coolers has
improved so much in recent years that current technology promises a lifetime o f ten
or more years’ continuous operation^M echanical coolers are discussed in the next
section.

In relation to XEUS, the CISs could be cooled to 100 mK for a finite period (or
indefinitely, in theory, with on-orbit helium top-ups) by a dilution refrigerator. This is
the only liquid cryogenic technology capable o f achieving temperatures o f 200-100
mK in space, and no liquid cryogen is currently capable o f cooling to lower
temperatures. A different technology is therefore needed to provide the 30 mK
required at the lower end o f the spectrometers’ operating range. The only realistic
possibility for cooling these spectrometers to 30 mK is with an adiabatic
demagnetization refrigerator. This is discussed in Section 1.4.3.3.
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1.4.3.2

Mechanical coolers

Mechanical coolers perform closed thermodynamic cycles in which heat is rejected
from the cold bath to a hot sink. In principle, they require no servicing or refuelling
during their lifetimes and can provide large amounts o f cooling power with relatively
low mass. This gives them a significant advantage over finite supplies o f liquid
cryogens. Many forms o f mechanical cycle have been devised for ground-based use
and will not be discussed here (see Radebaugh^^ for a detailed description o f recent
designs). The two that hold most promise for future space cryogenics are the 4 K
Stirling cycle with Joule-Thomson stage and the 4 K pulse tube refrigerator.
Refrigerators that follow the reverse Brayton cycle, which has very high thermal
efficiency relative to other technologies at temperatures below 10 K, are also being
developed for space by NASA^^.

The performance o f a mechanical cooler is often compared to that o f a Carnot cycle,
as a measure o f its efficiency. This cycle is described in Section 1.4.3.2.1 below.

1.4.3.2.1

Ideal Carnot cycle refrigeration

The ideal Carnot refrigeration cycle^* is a reversible cycle that has the maximum
possible thermal efficiency. It consists o f four processes:

1-2

Reversible adiabatic (isentropic) compression

External work W n is done on the working fluid as it is compressed
isentropically

2-3

Isothermal heat rejection

Latent heat Q23 is then rejected to a reservoir at constant temperature Th as
the vapour condenses fully
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Reversible adiabatic (isentropic) expansion

The saturated liquid is then used to drive a turbine isentropically,
providing external work ^

34

. This isentropic cooling is in many ways

analogous to cooling by adiabatic demagnetization which is described in
Section 1.4.3.3 below.

4-1

Isothermal heat input

Finally, the wet vapour at the exit to the turbine takes heat from the cold
box to provide the latent energy required for evaporation

Condenser
^12

^

Compressor

Turbine

Evaporator

Figure 1-22: Ideal Carnot refrigeration cvcle set-up

It is useful when analysing the performance o f a refrigeration cycle to draw the cycle
on a graph (a 'T-S diagram’) with temperature on the y-axis and entropy on the x-axis.
Entropy can be used as a measure o f the reversibility o f a closed cycle process. In a
reversible, adiabatic (no heat flows into or out o f the system) process, the entropy
remains constant (the process is isentropic). An isentropic process is therefore
represented on a T-S diagram as a vertical line. See Rogers and Mayhew^ or any other
standard
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The processes outlined in the description o f the Carnot cycle above are shown in the
T-S diagram below (Figure 1-23). With two isothermal processes and two isentropic
processes, the ideal Carnot cycle forms a characteristic rectangle in the T-S plane.

T
Vapour

Liquid

Liquid - vapour

Q4 \

mixture

Saturated
vapour curve

Figure 1-23: T-S diagram for Carnot refrigeration cvcle

The coefficient o f perfomiance (COP) for the Carnot cycle is given by the heat taken
out o f the cold box {Q4 ]) divided by the net work (Wnet). We now assume that the
regenerator is perfectly efficient, and the work output o f the turbine is fed into the
compressor. The first law o f thermodynamics then gives the net work as the
difference between the heat lost from the system, Q2 3 , and the heat taken in from the
cold box, Q 4 \:

[ 1.2 0 ]

The heat flow for any reversible process a ^ b is given by:
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6

S

= ] t ds

[ 1-21 ]

For the isothermal process 4-1 (T\=T/^ = Tc), we can therefore write:

[ 1.2 2 ]

Q„ = It ds = T,AS„

Similarly, since the temperature for process 2-3 is constant at 72 = 73 = Th’.

[1.23]

Q,, = I t ds = T,àS,,

From Equations [ 1.20 ] to [ 1.23 ], the COP is therefore given by:

[1.24]

c O P c , ™ , - ^ - -------^

W„,

T,AS^-T,AS„

T ,-T ,

The COPs for various temperature ratios ThITc are shown in Figure 1-24 and Figure
1-25 below. It is clear that even the ideal Carnot cycle, which represents the
theoretical maximum cooling efficiency, has a very low COP for large differences
between 7% and Tc. The performance o f practical refi'igeration cycles is much worse,
with 0.5% o f Carnot cycle COP being achieved by a typical 300 K cryocooler^^.

4 K
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Figure 1-24: Carnot cvcle COP for all Tc/Th
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Figure 1-25: Carnot cvcle COP for low 7c/7h
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1.4.3.2.2 Practical refrigeration cycies

As mentioned in Section 1.4.3.2 above, the two most important practical mechanical
cooler technologies for use in space are the Stirling cycle refrigerator and the pulse
tube refrigerator.

Suitable Stirling cycle systems have been developed in the UK by Matra-Marconi
Space (MMS) with Rutherford Appleton Laboratories

and in the United

States by Ball Aerospace"^^. To reach 4 K, these systems typically employ a Stirling
cycle refrigerator (SR) that cools to 20 K, and a Joule-Thomson (JT) cycle cooler
using helium-4 as the working fluid, to cool from 20 K to 4 K. A brief description o f
Stirling cycle and Joule-Thomson cooling is presented below.

1.4.3.2.2.1 Stirling cycle cooler

Stirling cycle coolers have been flown on several successful missions, having been
first employed upon an orbital satellite by the IS AMS instrument in 1991, when the
80 K cooler operated successfully for 642 days in orbit.

The Stirling cycle is a practical refrigeration cycle that is theoretically capable o f
achieving the Carnot efficiency. Heat taken from the fluid during constant volume
cooling is stored in a regenerator o f large heat capacity and reversibly returned to the
fluid during constant volume heating later in the cycle. The net heat flow out o f the
system is therefore simply the heat rejected to the heat sink during the isothermal
compression (1-2 below). The perfect Stirling cycle’s COP is therefore equal to the
Carnot cycle COP.

The SR requires two reciprocating parts, usually a piston and a displacer. The piston
compresses and expands the working gas (usually helium) before the displacer moves
the gas through the regenerator from the warm compressor to the cold part o f the
refrigerator where it is allowed to expand. The heat transferred from the gas to the
regenerator in moving from the compressor to the displacer is ideally recovered by
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the gas on its return journey. Figure 1-26 is a photo o f the space-qualified Ball
Aerospace two-stage Stirling cycle cooler, which can cool to 30 K.

■

Figure 1-26: Ball Aerospace Stirling cycle cooler^^

Figure 1-27 shows a schematic o f a Stirling cooling cycle. The ideal Stirling
refrigeration cycle is as follows:

1-2

Isothermal compression

Heat generated during compression is rejected to a heat sink

2-3

Constant volume cooling

Hot working fluid passes through the cold regenerator matrix giving up
heat Ç 23 at constant volume

3-4

Isothermal expansion

Cold gas expands isothermally, taking heat Ç 34 from the cold box
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Constant volume heating

Cold fluid is passed back through the hot regenerator matrix absorbing
heat Q 4 ] at constant volume, completing the cycle. For an ideal
regenerator with large heat capacity, Q 23 ^ ^ 4 1 .

Regenerator
Matrix

Compressor

Figure 1-27: Schematic o f Stirling refrigeration cvcle

In the first stage (1-2) o f the cycle, the entropy is reduced whilst maintaining the
temperature at a constant level. In the cooling stage (2-3), heat is lost from the
working fluid as the temperature is reduced, so the entropy falls further. The pressure
and volume o f the working fluid can be represented graphically in a 'p-v plot’, which
has pressure on the y-axis and volume on the x-axis (Figure 1-28 below). This
illustrates the constant volume processes (2-3) and (4-1). A temperature-entropy (T-S)
diagram (Figure 1-29) is also shown for comparison with the Carnot cycle (Figure
1-23).
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P

Q\2

V

Figure 1-28: p-v diagram for Stirling refrigeration cycle

T

Th

Figure 1-29: T-S diagram for Stirling refrigeration cvcle

Chapter 1 Introduction to Space Cryogenics_________________________________ 74
Unfortunately, although the SR can theoretically achieve the Carnot cycle COP, the
Stirling cycle, like other regenerative cycles, is inefficient below around 20 K

This

is primarily due to losses associated with the regenerator. To operate efficiently, the
regenerator material needs a high volumetric heat capacity compared to the helium
gas, so that it can absorb a lot o f heat without its temperature rising significantly. As
the temperature decreases, however, the heat capacity o f the helium rises rapidly
whilst that o f most metals (fi-om which the regenerator matrix is made) falls
according to the Debye law (C ocT^). The regenerator therefore becomes inefficient
at low temperatures. In practice, temperatures below 15 K cannot be achieved by SRs
alone. SRs are typically used to cool from 300 K to 20 K. For this temperature
change, a good SR operates at around 2.3% o f the Carnot efficiency"^"*.

In order to provide cooling at temperatures below 20 K, a non-regenerative cycle is
required, such as that employed by the JT refrigerator.

1.4.3.2.2.2 Joule-Thomson cooler

In the Joule-Thomson (JT) cooler, a gas is expanded adiabatically through an orifice
with the enthalpy, H, o f the gas being conserved in moving from one side o f the
orifice to the other. For an ideal gas, the enthalpy is a function o f temperature only, so
the temperature does not change on passing through the restriction. For real gases,
however, 77 is a function o f both temperature and pressure:

We can plot curves o f constant enthalpy on a graph o f temperature against pressure,
such as Figure 1-30 below. The slope o f the curves o f constant enthalpy, (^2T/4?)//, is
called the Joule-Thomson coefficient, //.
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Inversion
Curve

P

Figure 1-30: Locus o f points for which {âTlà)\n= 0

The significance o f this parameter is that, for // < 0, temperature will decrease
following an infinitesimal pressure drop across the orifice whereas, for // > 0, the
temperature will increase. The locus o f points for which // = 0 is called the inversion
curve and is shown in Figure 1-30 as a dotted line. Given the Joule-Thomson
coefficient for the operating point o f a JT refrigerator, we can calculate the
temperature drop achievable across the orifice. As noted in Section 1.4.3.2 above, the
JT cooler developed by Matra-Marconi and RAL cools fi*om the 20 K provided by the
Stirling coolers to 4 K with helium-4 as the working fluid. The cooling power o f the
Stirling/JT cooler"^ at 4 K is 10 mW. The COP o f the SR/JT system cooling from 300
K to 4 K is around 0.6% o f the Camot cycle COP. If temperatures lower than 4 K are
required, for pre-cooling a helium-3 adsorption refrigerator, for example, helium-3
can be used instead o f helium-4 in the JT stage. In this case, 5 mW o f cooling power
is available"^"* at 2.5 K

The Joule-Thomson cooler is a proven technology for space and has been baselined
for ESA’s major PLANCK mission, due for launch in 2007.
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An alternative technology to the SR with the Joule-Thomson valve is the pulse tube
refrigerator. Although historically less efficient than SRs, recent developments have
made them serious contenders for future space missions.

1.4.3.2.2.3 Pulse tube refrigerators

The orifice pulse tube refrigerator^^ (OPTR), which is the only type o f pulse tube
refrigerator that achieves cryogenic temperatures, operates on a similar cycle to the
Stirling cycle. However, the phase difference between pressure and mass flow is
provided by a passive orifice instead o f a moving displacer”^^. Since the pulse tube
refrigerator has no moving parts, it has several advantages over the Stirling cycle.
These include greater reliability, lower electromagnetic interference (EMI) and lower
vibration. Some pulse tube cold heads are shown in Figure 1-31 below"^^.

Figure 1-31 : Various pulse tube refrigerator heads
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Transmission o f vibrations from mechanical coolers has been a constant concern for
the designers o f space refrigeration systems, especially with sensitive detectors on the
cold finger. With their low vibrations, OPTRs would therefore seem to be an
extremely attractive technology. Recent research has shown, however, that even when
vibrations or EMI may impair detector operation"^^’"^*, steps can be taken to minimize
the transmission o f vibrations through sophisticated control systems"^^ and by
distancing the compressors from the detectors^®. If vibrations can be controlled in this
manner, then OPTRs must offer similar cooling performance to Stirling cycle coolers
to remain a competitive technology.

In the past, only very large OPTRs were able to achieve reasonable COPs. The first
two-stage OPTR developed by the University o f Giessen^’ in Germany, for example,
provided 0.42 W o f cooling power at 4.2 K for an input power o f 6.3 kW. This
equates to a COP o f around 0.4% o f the Camot value. Furthermore, OPTRs are
orientation dependent, with 65 K (1/* stage) cooling power falling by over 50% and
4.2 K (2"^ stage) cooling power falling by around 40% with a 45° rotation from the
vertical^^.

Although pulse tube cryocoolers have only recently become commercially available,
however, they have improved so much since the early designs that their COPs are
now comparable to those o f good Stirling cycle/JT coolers. The pulse tube cooler at
MSSL, for example, operates at 0.54% o f Camot efficiency at 4 K - providing 0.37
W o f cooling power with an input power o f 5 kW. Furthermore, even though pulse
tube refrigerators do not have the proven track record o f Stirling cycle coolers in
space, they have been developed for use on the Atmospheric Infrared Sounder (AIRS)
instmment^^ by NASA’s Jet Propulsion Laboratory (JPL). Part o f N A SA ’s Earth
Observing System (EOS) aqua platform, the 55 K AIRS instmment is scheduled for
launch around December 2000. The AIRS pulse tube cooler with electronics is shown
in Figure 1-32 below.

If detectors become more sensitive to vibrations, and the low-vibration pulse tube
technology continues to mature, OPTRs are likely to play a leading role in future o f
space cryogenics.
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Figure 1-32: AIRS pulse tube refrigerator for space

Regardless o f future progress, it is clear that long-lifetime closed-cycle coolers exist
with the capability o f providing a 4 K cold bath from which further cooling down to
10 mK can commence.

The only cooling technologies that currently promise to be able to reach 10 mK in
space are adiabatic demagnetization and nuclear demagnetization. These are
discussed below in Sections 1.4.3.3 and 1.4.3.4 respectively.
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1.4.3.3

Adiabatic demagnetization refrigerators (ADRs)

Although adiabatic demagnetization refrigeration (or ‘magnetic cooling’) is a
relatively mature technology, its value has been greatly enhanced by the recent
interest in cooling to millikelvin temperatures in space. ADRs designed for space
have traditionally used liquid helium-4 cryostats, although modem mechanical
coolers can provide the 4 K bath from which cooling o f the ADR begins. Cooling by
adiabatic demagnetization is therefore the only proven technology capable o f
maintaining temperatures below 300 mK in space without need for a finite supply o f
helium. The Japanese ASTRO-E spacecraft was to be the first spacecraft to carry an
ADR (which would have cooled to 65 mK) into orbit when it was launched in
Febmary 2000. Unfortunately, the launch failed and the satellite was destroyed. The
ADR is a key feature o f many proposed sounding rocket and orbital satellite
refrigeration systems, however, and offers great promise for the future. In fact, the
ADR has been recognized by both NASA and ESA as a crucial technology for the
attainment o f sub 100 mK temperatures in space^^'^"*'^^.

As in the mechanical Camot cycle presented above, ADRs utilize the concept o f
isentropic cooling. Instead o f pressurizing a vapour to achieve the ordering required,
however, magnetic coolers apply a magnetic field to a paramagnetic salt to align
electronic magnetic moments.

1.4.3 3.1

Principle of isentropic cooling

The entropy o f a system is a monotonically increasing function o f temperature. We
can therefore consider any process o f cooling to be one o f entropy reduction^"*.

We can write entropy as a function o f temperature, T, and a physical property o f the
system, X:

[ 1 .2 6 ]

S = S{T,X )
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If the physical property is changed from Xi to X 2 isothermally, as shown in Figure
1-33, the entropy, S, decreases (A-B in Figure 1-33). If it is now possible to change X
back to its original value isentropically (B-C), we find that the temperature is
reduced.

It follows from the Second Law o f Thermodynamics that, in terms o f the external
work required, an isentropic process is the most efficient means o f changing from one
thermodynamic state to another. Although it may seem possible through a finite series
o f steps (such as A-B-C in Figure 1-33) to reduce the temperature o f the system to
absolute zero, this is not possible in practice. The third law o f thermodynamics,
which can be expressed ‘at absolute zero the entropy differences disappear between
all those states o f a system which are in internal thermodynamic equilibrium’,
explains why this is so^’^"*.

Figure 1-33: Principle o f isentropic cooling

The variable X can be associated with the pressure applied to a gas (as in mechanical
refrigeration cycles), or with the magnetic field applied to magnetic dipoles (as in
adiabatic demagnetization refrigeration). Paramagnetic salts are effective for
magnetic cooling because o f the weak force that restrains the electronic magnetic
moments. This means that, even down to very low temperatures, the entropy can be
reduced either by cooling or by applying a magnetic field^^.
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1.4.3.3 2 The ADR cooling cycle

The ADR cooling cycle is illustrated in Figure 1-34 and Figure 1-35 below.

S

Entropy vs. temperature
curves for applied
fields 8 2 , 8 3 Tesla

Th

T

Figure 1-34: Principle o f adiabatic demagnetization refrigeration

T

Figure 1-35: T-S diagram for magnetic cooling (for comparison with Figure 1-23)
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This technique was first demonstrated practically by Giauque and MacDougall^^ in
1933. By maintaining contact between the paramagnetic salt and the 4 K cold bath
during magnetization, the heat o f magnetization is lost to the cold bath in the same
way as the heat generated in compressing the working fluid in the Cam ot cycle is
rejected. The magnetization is therefore isothermal, and the result is a paramagnetic
salt at the same temperature but with lower entropy than prior to magnetization. This
is shown in process 1-2 in Figure 1-34 and Figure 1-35, in which the magnetic field is
increased from 5 i = 0 to

whilst the temperature remains constant at Th.

The salt can then be cooled rapidly by isolating it from the cold bath using a heat
switch and removing the magnetic field adiabatically. This process is equivalent to
the adiabatic expansion o f the saturated liquid in the Camot cycle turbine stage. The
magnetic field is not usually reduced to zero immediately, although this would
provide the minimum salt temperature, Tmw. Instead, the field is reduced initially to
some intermediate value, B^, between zero and the maximum applied field, B 2 (which
is at point 2). By then reducing the field gradually to zero (= ^4) over a period o f time,
the temperature can be maintained at the desired value (7^) with the energy input to
the salt from the environment being exactly counterbalanced by the controlled
decrease o f magnetization energy. This is shown by stage 3-4 in Figure 1-34 and
Figure 1-35.

This process is analogous to 4-1 for the Camot cycle in Figure 1-23, in which the heat
input to the working fluid is absorbed as latent energy o f vaporization whilst the
temperature remains constant. Upon complete demagnetization, the cycle is repeated
from stage 1. We have therefore seen that both the ideal Camot cycle and the
adiabatic demagnetization cycle employ the principle o f isentropic cooling. For
comparison with the mechanical coolers described in Section 1.4.3.2, the COP o f the
ADR will now be investigated.

The ADR cycle theoretically operates with the Camot cycle efficiency. Its effective
performance, however, depends on the final temperature required. Recall from
Section 1.4.3.2.1 above that a rectangular path in the T-S plane is characteristic o f the
Camot cycle. It is clear from Figure 1-35, therefore, that if the low temperature, 7^, is
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such that the cycle describes the rectangular path 1 - 2 - 3* - 4*, then the cycle will
have Camot efficiency. If the cycle follows a path such as 1 - 2 - 3 - 4 - 4% on the
other hand, then the efficiency o f the cycle depends on whether the cooling power
available between points 4 and 4* can be usefully employed. Note that the cooling
power available between two points in the T-S plane is represented by the area under
the curve joining the points. If this cooling power can be harnessed, then the cycle
still has the Camot efficiency. This is because the area under the curve between
points 4 and 4* (and therefore the cooling power available) could be represented by a
series o f infinitesimal rectangles, each corresponding to a cycle with Camot
efficiency. If the cooling power between 4 and 4* is lost, however, then the fraction o f
Camot cycle efficiency achievable depends on the difference in length between the
paths 1 - 2 and 3 - 4 in Figure 1-35.

Applying Equation [ 1.24 ] in Section 1.4.3.2.1 above, the COP for a general ADR
cycle can be written:

[1.27]

jT d s
3_4

COP^oR =

ds1 -2

_
ds

Cooling Power
Magnetization Energy - Cooling Power

3 -4

This is equal to the Camot cycle COP if the cooling power available between points 4
and 4* is used. In the more likely case that the cooling power between points 4 and 4*
is lost, then the fraction o f Camot cycle COP achievable is given by:

[1 .2 8 ]

C O P «,„=
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For the thermal design presented in Chapter 4 below, it is assumed that the ADR
operates in a cycle such as 1 - 2 - 3* - 4*, so the ADR has the Camot cycle
efficiency.

Since the ADR has no moving parts or regenerator matrix, it avoids the major
efficiency limiting characteristics o f a mechanical cooler. Practical A D R cycles can
therefore achieve a high percentage o f the Camot efficiency theoretically possible.
The ADRs at MSSL, for example, operate at around 75% o f Camot COP. Adiabatic
demagnetization refrigeration is therefore an attractive technology for cooling the
200-30 mK CISs on XEUS.

Although it may seem that ADRs could be effective for cooling at higher
temperatures, they are not currently used above around 10

This is because

paramagnetic refrigerants can only produce a cooling effect at temperatures for which
the entropy associated with thermal lattice vibrations is small. Furthermore, the
discontinuous operation o f the ADR makes it less versatile for higher temperature
cooling applications than mechanical coolers. ADRs require around 2 hours’ recycle
time between successive cooling periods. More importantly, however, developing a
superconducting magnet that provides the necessary field at temperatures above 10 K
is very difficult.

At present, most ADR use is therefore reserved for cooling from around 4 K to
millikelvin temperatures, although there is considerable interest in employing ADR
technology to provide cooling from 20 K to 4 K as well^*.

1.4.3.4

Adiabatic nuclear demagnetization refrigerators

Nuclear demagnetization is a process very similar in principle to refrigeration by
adiabatic demagnetization. Whereas ADRs provide cooling by reducing the magnetic
disorder entropy o f electronic magnetic moments in paramagnetic salts, however,
nuclear demagnetization refrigerators reduce the magnetic disorder entropy o f nuclear
magnetic moments. These nuclear magnetic moments are o f the order o f the nuclear
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magneton,

= 5.05-10"^^ J/T,

rather

than

of

the

Bohr

magneton,

//g = 9.27-10“^'^J/T, as is the case for electronic moments. This means that the
ordering temperature for nuclear dipole interaction is o f the order o f 0.1 /^K or less,
instead o f ~1 mK as is the case for electronic dipoles. Much lower temperatures can
therefore be achieved using nuclear demagnetization than can be reached by
(electronic) adiabatic demagnetization.

At such low temperatures, however, the minimization o f heat leaks becomes o f
paramount importance. Very small heat leaks can cause large temperature gradients to
develop since thermal conductivities are so low at microkelvin temperatures and
because o f thermal contact problems at very low temperatures. With heat leaks o f the
order o f 10"’®W, today’s best (terrestrial) nuclear refrigerators are even affected by
the heat generated by incident cosmic rays and building vibrations^^. Providing the
shielding necessary to isolate the nuclear refrigerator from such minute sources o f
heat would be extremely challenging in space.

Furthermore, in order to achieve cooling by nuclear demagnetization, much larger
magnetic fields are required than for electronic demagnetization (around 8 T
instead o f 2 T), and the starting temperature must be o f the order o f a few millikelvin.
Nuclear demagnetization therefore offers cooling which is beyond the requirements
o f a 10 mK refrigeration system and, more importantly, requires starting conditions
that would not currently be achievable in a long-life space mission without an ADR
as a pre-cooler. Since the ADR is easily capable o f providing the 30 mK required by
XEUS’

low-temperature

spectrometers

on

its

own,

however,

the

nuclear

demagnetization refrigerator would be redundant.

The nuclear demagnetization refrigerator therefore does not yet have a place in space
cryogenics. Since it is the only technology currently capable o f reaching the
microkelvin range, however, perhaps it will feature in the future o f space detectors.
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1.5

Summary of Chapter 1

This chapter began with the definition o f space cryogenics. It is the branch o f physics
concerned with the production o f temperatures below around 77 K in space.

At very low temperatures, infrared and x-ray detectors become more sensitive. For
future detectors, we will be particularly interested in achieving temperatures in the
range 10-100 mK.

Various technologies used in the field o f cryogenics have been described, from
traditional methods using passive radiation and liquid cryogens to more recent
ground-based developments using dilution refrigerators and nuclear demagnetization.
The refrigeration system described in this thesis is designed to achieve a temperature
o f 10 mK in space. This would be suitable for ESA’s XEUS mission planned for
launch around 2010, which requires cooling o f one spectrometer to 150 K, and two
spectrometers to between 200 mK and 30 mK.

Section 1.4.1.1 showed that the 150 K stage could be provided by a combination o f
passive radiators and either Peltier coolers or mechanical coolers. In Section 1.4.3, we
found that the 200-30 mK spectrometers could be partially cooled by a helium
dilution refrigerator, pre-cooled by a Stirling cycle/Joule-Thomson mechanical
cooler. The only proven technology capable o f achieving 30 mK for a long-lifetime
mission, however, is adiabatic demagnetization refrigeration. It is therefore proposed
that the 200-30 mK CISs be cooled from a 4 K mechanically-cooled bath by an ADR.

The provision o f the higher temperature stage (150 K) is taken as given and is not
considered further. The remainder o f this thesis describes the design o f a 10 mK
system that employs mechanical coolers to pre-cool an ADR from 300 K to 4 K. The
ADR then cools from 4 K to 10 mK.

Chapter 2 describes the components o f this 10 mK refrigeration system in detail.
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2

The Components of a
10 mK Space ADR

Overview o f Chavter 2
It was determined in Chapter 1 that an adiabatic demagnetization refrigerator will be
used to cool the 10 mK stage. This chapter describes the internal structure o f an ADR
designed for space.

In Section 2.1, the key components o f an ADR are outlined. A paramagnetic salt and
superconducting magnet produce the cooling effect. A mechanical cooler provides the
bath temperature from which cooling begins and heat switches link the various stages
within the ADR. Control systems regulate the current supply to these heat switches
(and to the magnet). Thermal shields protect the ADR from high-temperature
radiation, and mechanical support structures link the various enclosures within the
system.

Section 2.2 describes the various ADR configurations that are considered. These are
the single-stage ADR, the two-stage ADR and the double ADR.

Section 2.3 explains why the double ADR is preferred for use in space, and Section
2.4 provides a summary o f the chapter.
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Components o f an ADR

An ADR consists of the components contained within the grey thermal shield shown
in Figure 2-1 below. The total mass of the ADR for space is around 10 kg. Around 7
kg of this is contributed by the superconducting magnet (1 kg former plus 6 kg
windings - see Chapter 6), and 3 kg is due to the salt pills, cold-plate (which links the
ADR to the cold bath), current leads, support structure and heat switches.

l=Paramagnetic Salt

5=Control Systems

2=Superconducting Magnet

6=Thermal Shields

3=Cold Bath

7=Mechanical Support Structure

4=Heat switch
Figure 2-1 : Components of an ADR
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The key components illustrated in Figure 2-1 are discussed in turn below.

2 . 1.1

Paramagnetic salt

The paramagnetic material is the heart o f the refrigerator. It provides the cooling
effect when the magnetic field is applied isothermally and then removed
adiabatically, as described in Section 1.4.3.3.2 above. Although generally referred to
as paramagnetic salts, or ‘salt pills’, as early paramagnetic materials were all hydrated
salts, paramagnetic refrigerants now also include garnets (O 12 compounds) and
perovskites^^ (AIO3 compounds).

The choice o f paramagnetic material depends largely on the final temperature
required. At a certain temperature called the ordering temperature or Neel
temperature, 7n, the entropy o f the paramagnetic materials falls to zero. Since the
cooling effect o f ADRs requires a positive relationship between temperature and
entropy, no cooling can be obtained at temperatures below the Neel temperature. A
paramagnetic material’s Neel temperature therefore represents the minimum
temperature that can be achieved with that material.

Other important material properties include the heat capacity, which determines how
easily the temperature o f the pill is changed, and the ionic weight, which determines
the mass o f material required to give a given cooling effect. As will be shown in
Equation [ 4.29 ] in Chapter 4 below, the cooling is also affected by the spectroscopic
splitting factor, g, and the angular momentum quantum number, J, but the effect o f
these on the hold time is found to be relatively small. The ionic weights and Neel
temperatures o f some important paramagnetic materials are given in Table 2-1 below.
Values for heat capacity are not given as heat capacity is strongly dependent upon
temperature.
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Material

Cerium Magnesium Nitrate

Formation
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Ionic

Approx.

Weight (g)

7 k (K )

Ce2Mg3(N03)i2 ' 24H2O

765

0.002

CrK(S04)2 I 2H2O

499

0.01

CsCr(S04)2 I2H2O

592

0.01

FeNH4(S04)2 I 2H2O

482

0.03

Mn(NH4)2(S04)2 ‘ 6H2O

391

0.2

Dy3Ga50i2

343

0.4

YbA103

248

0.8

Gd3GasOi2

337

0.8

Dy3Al$Oi2

271

2.5

DyA103

237

3.5

GdA103

232

3.8

(CMN)
Chromic Potassium Alum
(CPA)
Cesium Chromic Alum
(CCA)
Ferric Ammonium Alum
(FAA)
Manganese Ammonium Sulfate
(MAS)
Dysprosium Gallium Garnet
(DGG)
Ytterbium Orthoaluminate
(YbOA)
Gadolinium Gallium Garnet
(GGG)
Dysprosium Aluminium Garnet
(DAG)
Dysprosium Orthoaluminate
(DCA)
Gadolinium Orthoaluminate
(GOA)

Table 2-1 : Important properties o f some paramagnetic materials
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Paramagnetic salt pills consist o f a paramagnetic material housed within a container
(usually fibreglass or stainless steel to minimize eddy currents - see Section 6.6 for a
discussion o f eddy currents) and connected to a cold stage via a thermal bus.

Garnets and perovskites grow in large crystals, which can be bonded directly to the
thermal bus. Hydrated salts, on the other hand, are connected to the thermal bus via
strands o f high thermal conductivity copper wire. These salts either are grown around
the strands o f copper wire, or, if this is not possible, are grown separately in a beaker
and then put into the container with the wires before being compressed into a powder.

Compressed pills are slightly less efficient for a given volume than crystals as the
packing efficiency is only around 80 percent. The volume o f paramagnetic material
that can be fitted into a compressed pill is further reduced by the presence o f the
copper wires.

O f the paramagnetic salts listed in Table 2-1 above. Cerium Magnesium Nitrate
(CMN) is the only suitable candidate for cooling to 10 mK due to its low ordering
temperature (~2 mK). As will be described in Section 2.2.3 below, however, our 10
mK ADR employs two paramagnetic pills in series, with a higher temperature pill
used to pre-cool the low-temperature pill. Several o f the materials listed in Table 2-1
above would be suitable for use as the higher temperature pill in a 10 mK ADR.
Dysprosium Gallium Garnet offers good performance^®, for example, and can cool
from 4 K to 0.75 K with a 2 Tesla field. A typical DGG crystal (of mass 62 g) that
could be used in the space ADR is shown in Figure 2-2 below.
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Figure 2-2: DGG crystal for space ADR

2. 1.2

Superconducting m agnet

A superconducting magnet is used to provide the field necessary to cool to 10 mK.
Superconducting niobium-titanium wire is wound onto a former, which provides
rigidity and conducts heat away from the wires. It is important to have a strong
former material with high conductivity and low density and electrical conductivity (to
minimize eddy current heating). Traditionally, copper formers have been used, but
because copper has a very poor ratio o f yield strength to density, it is undesirable for
space.

The superconducting magnet for a laboratory ADR, which has a gold-plated copper
former, is shown in Figure 2-3 below. This magnet has a total mass o f 14.2 kg
including the base-plate (not shown).
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Figure 2-3: Superconducting magnet for laboratory ADR
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Chapter 6 describes the design o f the A DR’s magnet in detail. This includes the
development o f a hybrid magnet former that combines the strength and stifBiess o f a
lightweight composite such as carbon-flbre reinforced plastic, with the high
conductivity o f copper or aluminium.

2.1.3

Cold bath

A cold bath at around 4 K is required to pre-cool the ADR prior to magnetization.
Good thermal contact between the 4 K bath and the ADR outer casing is vital. For a
laboratory ADR, the cold bath is provided either by liquid helium-4, which can be
pumped to reduce the temperature below 4.2 K as described in Section 1.4.3.1.1
above, or by a mechanical cooler. A suitable mechanical system has been developed
by Matra-Marconi Space (MMS) with Rutherford Appleton Laboratories (RAL) and
was described in Section 1.4.3.2 above. This consists o f a Stirling cycle refrigerator
(SR) to pre-cool to 20 K and a Joule-Thomson (JT) cycle cooler using helium-4 as the
working fluid to cool to 4 K. Future missions might also employ pulse tube
refrigerators as described in Section 1.4.3.2.2.3, as these promise lower vibrations
than traditional Stirling cycle coolers.

The feasibility o f transferring liquid helium on orbit has been demonstrated and was
discussed in Section 1.4.3.1.1. Liquid helium could therefore also be used to provide
the cold bath for a long-life refrigeration system in space. The lower mass o f a
mechanically cooled system, however, and the fact that no maintenance is required,
make this technology preferable for a long-life refrigerator.

2.1.4

Heat switches

A heat switch is needed so that the paramagnetic salt can be cooled by the 4 K bath
prior to and during magnetization, and can then be thermally isolated from the bath
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during demagnetization, allowing it to cool further. This switch could be a
mechanical device or a gaseous sorb. These are discussed in turn below.

2.1.4.1

Mechanical heat switches

A typical mechanical heat switch is a device that moves conducting plates into
physical contact open activation o f an electromagnet, creating a thermal path between
two bodies. These devices have the advantage o f offering high closed switch
conductivity and zero open switch conductivity. They also require very little power to
operate. For these reasons, a mechanical heat switch is employed by the laboratory
prototype ADR. Mechanical devices are generally undesirable for use in space,
however, due to concerns over reliability. Extensive testing would therefore have to
be carried out before including mechanical heat switches in the final design o f a space
ADR.

2.1.4.2

Gaseous heat switches

Gaseous heat switches employ a gaseous sorb that promotes conduction by desorbing
conducting gas (usually helium) into the vacuum between two bodies^\ This gas is
then re-absorbed when the switch is to be opened. Although they are preferred to
mechanical heat switches for use in space because o f their greater reliability, they
require large amounts o f power to heat up the sorb to its operating temperature
(around 40 K). With a liquid cryogen cold bath, the fact that the heat switch requires
a high cooling power for a short time is acceptable. This is because the lifetime o f the
cryogen supply is dictated by the time-averaged heat load on the cold bath. With a
mechanically cooled system with a low cooling power at 4 K (typically 10 mW - see
Table 4-6 below), however, a gaseous heat switch may cause problems.

The design o f a reliable heat switch that requires very little power to operate is an
important goal for future ADR development. Whatever form o f heat switch is chosen,
a control system will be needed to regulate the current to the device.
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2.1.5

Control systems

Control systems are required for the heat switch, the superconducting magnet and the
mechanical cooler. Not only the circuitry necessary to implement the control logic but
also the properties o f the current-carrying leads need careful consideration. The
current leads supplying the superconducting magnet have traditionally not themselves
been superconductors. There is therefore a significant amount o f resistive Joule
heating in these wires, as well as heat conducted to the cold ends o f the wires from
the hot ends. The optimization o f these current leads to minimize heat flow to the 4 K
bath is discussed in Section 4.1.3.

In future, high critical temperature (Tc) superconducting current leads could replace
conventional vacuum current leads for the range 4 K - 20 K. This would eliminate
Joule heating and therefore limit the thermal load to that due to the thermal
conductivity o f the material.

High Tc leads were designed by NASA for the XRS instrument launched on ASTROE in February 2000

These carried current between the solid neon tank at 17 K and

the superfluid helium tank at 1.3 K. The material chosen for these leads was Yttrium
Barium Copper Oxide (YBCO), which has a superconducting transition temperature
o f 18.5 K. The heat load was reduced from 2.7 mW with copper wires to 500 / Æ
with YBCO wires.

The development o f high Tc leads for the 10 mK space ADR is a future area o f
development which should be investigated. This is discussed further in Section 4.1.3.

2 . 1.6

Thermal Shields

The ADR is supported using an arrangement o f poorly conducting composite straps
within a system o f 5 mm thick concentric cylindrical aluminium alloy enclosures as
shown in Figure 2-4 below. This relatively large enclosure thickness is justified, since

Chapter 2 The Components of a 10 mK Space ADR

97

these enclosures must support the load o f the ADR (about 10 kg) during launch
vibrations and must be o f sufficient strength to withstand stress concentrations around
strap attachment points (see Section 3.7.2 below).

ADR

Electronics

Aluminium
4K

Enclosures

ADR
Mechanical
Cooler

20K
150K
300K

Thermal
Links
Composite
Support Straps

Figure 2-4: Thermal shields around 10 mK ADR

These enclosures, or thermal shields, serve to reduce both the total radiation load on
the ADR and the net cooling requirements o f the mechanical cooler. They are covered
in multi-layer insulation (MLI) to reduce the emissivity o f the surfaces (Section 5.1.3
below discusses the effectiveness o f MLI). The four shields are maintained at 4 K, 20
K, 150 K and 300 K respectively by a mechanical cooler that is outside the system o f
thermal shields. The optimization o f the temperatures o f the shields, their materials
and their geometry is considered in Chapter 5.
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M echanical support structure

A difficulty facing space cooler designers is striking the correct balance between
mechanical and thermal performance. Large cross-section support structures provide
the strength and stiffness necessary to survive launch, whereas slender members are
preferred for their lower thermal conductivity. Within the ADR, Kevlar is found to
provide the best combination of mechanical strength and stiffness, and thermal
resistance. The mechanical performance o f Kevlar cords in the ADR is analysed in
Chapter 3, and the cord diameters necessary to prevent failure are calculated. The
thermal performance o f these cords is then considered in Chapter 4.

Outside the ADR, glass-fibre and carbon-fibre composites are used to link the various
aluminium thermal shields. Straps are preferred to struts as they are easier to attach to
the shields^^, provide excellent axial strength and stiffness, and higher resonant
frequencies than struts^^. They are attached to bobbins as in Figure 2-5 below.

Strap

Bobbin

Figure 2-5: Tvpical strap shape

Chapter 2 The Components of a 10 mK Space ADR

99

The bobbins are then attached via pins to the shields as shown in Figure 2-6, with the
initial tensions set using the nuts shown.

Aluminium

Pre-tension

Shield

Adjustment Nut
Strap
Aluminium
Shield

Figure 2-6: Possible strap attachment regime

The arrangement o f straps between any two neighbouring enclosures is shown in
detail in Figure 2-7 and is similar to that described by Kittel^'^. There are six straps at
the top and bottom o f each enclosure (exactly the number required to provide stability
in the six degrees o f freedom).

Models that can predict the vibration response o f such a system are developed in
Chapter 3, which describes the mechanical design o f the refrigeration system. The
optimization o f the support structure geometry is discussed in detail in Chapter 5.

Having described the layout o f the refrigeration system as a whole, we shall now
consider the design o f the ADR itself.
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100mm

50mm

Figure 2-7: Suspension strap geometry (third angle projection)
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ADR designs

The ADR only needs a single paramagnetic salt and magnet to provide a cooling
effect. Better cooling performance can be obtained at the expense o f greater mass and
complexity, however, by combining two salt pills with either a single magnet or one
smaller magnet for each pill. The three common types o f ADR are described below.

2.2 .1

Single-stage ADR

The single-stage ADR has just one paramagnetic salt pill, one magnet and one heat
switch connecting the salt pill to the cold bath as shown in Figure 2-8 below.

Detector Stage
rm

Magnet

Magnet

HS=Heat

4K Bath

Figure 2-8: Single-stage ADR lavout

Switch
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Chromium potassium alum (CPA) is used as the paramagnetic salt in our laboratory
single-stage ADR (shown in its cryostat in Figure 2-9 below) and can cool from 4.2 K
to 50 mK with a magnetic field o f 6 Tesla. Much better performance can be obtained
if we use two paramagnetic salt pills as in the two-stage ADR and the double ADR.

Û

Figure 2-9: Laboratory single-stage ADR
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Two-stage AD R

The two-stage ADR employs two paramagnetic salt pills that are thermally isolated
from each other as shown in Figure 2-10 below^^ A single superconducting magnet
provides the field for both pills.

Detector Stage
m

CMN
Magnet

DGG/GGG

HS=Heat
4K Bath

Switch

Figure 2-10: Two-stage ADR layout

The first (high-temperature) pill cools the enclosure directly surrounding the lowtemperature pill. This means that the first pill effectively reduces the bath temperature
for the low-temperature pill.

As with the single-stage ADR, the two-stage ADR

requires just one heat switch - between the high-temperature salt pill and the bath.
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With a large enough field, the two-stage ADR can cool to 10 mK with CMN as the
low-temperature refrigerant. A number o f materials could be chosen for the hightemperature pill, with Dysprosium Gallium Garnet^® (DGG) and Gadolinium Gallium
Gamet^^ (GGG) performing well.

The two-stage ADR in our laboratory will cool from 4 K to 10 mK with an applied
field of 6 Tesla, using DGG or GGG as the high-temperature pill and CMN as the
low-temperature pill.

2 .2 .3

Double ADR (dADR)

The dADR employs two paramagnetic salt pills as with the two-stage ADR, but
unlike the two-stage ADR, the dADR also has a heat switch between the pills^^. This
means that the low-temperature pill starts cooling from the final temperature reached
by the high-temperature pill. Each pill has its own superconducting magnet. The
dADR is effectively two single-stage ADRs in series with a heat switch between
them. A solid model o f the laboratory dADR is shown in Figure 2-11 below.

The high-temperature pill acts as a precooler for the low-temperature pill. Starting
from a lower temperature, the low-temperature pill requires a smaller magnetic field
to achieve a given final temperature than does the two-stage ADR.

Since the cooling o f the low-temperature pill starts from the final temperature
achieved by the high-temperature pill, the final temperature o f the high-temperature
pill is even more important than for the two-stage ADR. Using a 2 Tesla field, for
example, DGG and GGG will cool to 0.75 K and 1.4 K respectively. With the same
field, 0.263 moles o f CMN (with mass 201 g) will then give a zero heat load hold
time at 10 mK o f 145 hours starting from DGG’s final temperature o f 0.75 K, or 40.0
hours using GGG at 1.4 K. DGG is therefore recommended for the 10 mK dADR.
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High-temperature stage
(0.75 K)
Low-temperature
(detector) stage (10 mK)

Kevlar suspension cords

Magnet for CMN pill

CMN pill

Pre-tension springs

Cancellation coil

Mechanical heat switch

DGG pill

Magnet for DGG pill

Cancellation coil

Mechanical heat switch

4 K interface with
mechanical cooler

Figure 2-11 : Solid model o f laboratory dADR
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Figure 2-12 shows the main features o f the dADR schematically, for comparison with
Figure 2-8 and Figure 2-10 above.

Detector Stage
I
1

Magnet %

Magnet

CMN

DGG

% Magnet

% Magnet

FlS=Heat
4K Bath

Switch

Figure 2-12: Double ADR (dADR) lavout

We should now consider which system provides the best cooling performance for
inclusion in the 10 mK refrigeration system for space.

2.3

The 10 m K ADR for space

Table 2-2 below compares the key features o f the three types o f ADR considered. The
hold time has been calculated for each system, assuming the same amount (201 g, or
0.263 moles) o f CMN as the (low-temperature) pill, DGG (0.18 moles) as the hightemperature pill where present, and zero heat load on the detector stage. It is also
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assumed that the magnet mass is proportional to the field strength required (the mass
o f the magnet is calculated in Chapter 6). It can be seen that the dADR has the lowest
magnet mass and longest hold time o f the ADR designs. The two-stage ADR does
have the advantage o f requiring one heat switch fewer than the dADR (one instead o f
two). Since the reliability o f the ADR’s heat switches will have to be unquestionable
before they would be considered for a space system, however, the benefit o f
removing a heat switch is small. The 10 mK ADR for space will therefore be as
shown in Figure 2-12.

ADR Type

No. o f

No. of

No. of

Field

Magnet

10 mK Hold

Pills

Magnets

Heat

(T)

Mass

Time (hours)

Switches

(kg)

Single-stage

1

1

1

6

30

4.00

Two-stage

2

1

1

6

30

142

Two-stage

2

1

1

2

10

26.1

dADR

2

2

2

2

10

145

Table 2-2: Comparison between tvpes o f ADR

2.4

Summary of Chapter 2

In this chapter, the key components o f an ADR have been described. These are
summarized in Table 2-3 below.

The double ADR (dADR) is chosen for the 10 mK space refrigeration system. The
dADR consists o f two independent paramagnetic salt pills, each with its own magnet.
The high-temperature pill cools to an intermediate temperature between 4 K and 10
mK (around 0.75 K), and the low-temperature pill cools from this intermediate
temperature to 10 mK.
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Component

Role

Design choice

Paramagnetic refrigerants

Provide cooling effect

DGG for high-temperature
pill and CMN for low-

(salt pills)

temperature pill
Superconducting

Provide field necessary for

2 T field ; wound on

magnets

cooling o f salt pills

conduction-cooled former

Cold bath

Provides 4K starting

Mechanical cooler

temperature for cooling
Heat switches

Allow salts to remain at

Mechanical heat switches

bath temperature when

between 4K bath and

magnetized and cool to

DGG pill and between

millikelvin temperatures

DGG and CMN pills

when demagnetized
Control systems

Control power supply to

Computer

heat switches and
superconducting magnets
Thermal shields

Reduce radiation load

BOOK, 150K, 20K and 4K

upon bath and ADR

aluminium enclosures,
5mm thick with MLI.

Mechanical support

Prevents conduction o f

Kevlar, glass-fibre and

structure

heat from BOOK enclosure

carbon-fibre composite

to 4K enclosure and salt

support straps arranged as

pills. Isolates ADR from

in Figure 2-7, to provide

vibrations o f outer shield.

stability in six degrees o f
freedom

Table 2-3: Summary o f ADR components

The thermal performance o f the ADR requires knowledge o f the precise dimensions
o f the support structure. This in turn can only be determined by considering the
response o f the system when subjected to vibrations. This is the subject o f Chapter 3.
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This chapter begins in Section 3.1 with a description o f typical launch qualification
tests for both sinusoidal and random vibrations. The remainder o f the chapter is
concerned with modelling the stresses in the 10 mK refrigeration system and
comparing them with the launch qualification levels, so that appropriate materials and
dimensions for support structures can be established.

As described in Section 2.1.6 and Section 2.1.7 above, the refrigeration system
consists o f an adiabatic demagnetization refrigerator suspended by composite straps
within an arrangement o f aluminium thermal shields. Cooling o f these shields to
temperatures intermediate between 300 K and 4 K is provided by a mechanical cooler
which is housed outside the arrangement o f shields. The composite straps therefore
support both the masses o f the aluminium enclosures themselves and the mass o f the
ADR. The total mass o f the ADR is assumed to be 10 kg (see Section 2.1 above).
Within the ADR, the CMN pill is suspended from the DGG pill’s enclosure and the
DGG enclosure is suspended within the cold bath enclosure (at 4 K). The 4 K shield
is then suspended within the 20 K shield, the 20 K shield within the 150 K shield and
the 300 K enclosure is rigidly attached to the spacecraft. There are therefore five
masses suspended from composite straps or cords (the largest being the 150 K
enclosure). The total mass suspended within the 300 K enclosure is 35.9 kg,
comprising the ADR plus the thermal shields.

We assume an arrangement o f straps connecting each pair o f masses as shown in
Figure 2-7 in Section 2.1.7 above (and again in Figure 3-1 below). It is also assumed
for now that the walls o f the aluminium enclosures are completely inflexible or rigid.
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Considering a single enclosure first in Section 3.2, we can write equations that predict
its response to vibrations in three dimensions, as the surrounding enclosure is
subjected to sinusoidal excitations. For the simple geometry considered, finite
element analysis is not required. A numerical model to solve these equations is
presented in Section 3.3.

This model (Model 1) takes into account the rotations o f the mass due to differential
tensions in the suspension straps, the varying stiffiiesses o f the straps as they are
stretched, and the changing angles that the straps make with the mass as it moves in
three dimensions. The complexity o f this model (which is non-linear) makes it
inefficient for computing the response o f the real five-mass system. It would therefore
be preferable to derive an analytical model that doesn’t require very small time steps
to provide sufficient accuracy. Such a model (Model 2) is described in Section 3.4.
The accuracy o f Model 2 is verified by comparing its results with those o f Model 1. It
is found that the analytical model under-predicts the peak stresses experienced by less
than two percent. The analytical model is then extended to the real five-mass system.
This model (Model 3) is described in Section 3.6.

The validity o f the assumption that the aluminium alloy enclosures are perfectly rigid
and the sizes o f the stresses induced within the enclosures themselves under
sinusoidal excitations are considered in Section 3.7.

In Section 3.8.1, the results o f the five-mass analytical model (Model 3) are presented
and compared to the requirements o f a typical Ariane launch. Finally, Section 3.8.2
presents the system’s predicted response to random vibrations. It is found that the
response to vibrations can be excellent without compromising thermal performance
and without requiring a launch lock.

To avoid confusing references, a model which describes the motion o f a single-mass
will be referred to as a ‘simple’ model. A model which describes the real (five-mass)
system will be described as ‘complex’. The three models that are described in the
following sections are therefore a simple numerical model (Model 1), a simple
analytical model (Model 2) and a complex analytical model (Model 3).
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3.1

Launch vibration quaiification tests

Secondary spacecraft structures, i.e. structures that do not lie in the primary
spacecraft load path, must be designed to survive both sinusoidal vibrations and
random vibrations. Both o f these will be considered in turn below.

Spacecraft are also subjected to shock loads, during separation o f the fairing and
particularly on actual spacecraft separation. Shock loads are generally o f much less
concern than random or sinusoidal vibrations^*, however, with the main shock
excitations occurring above 400 Hz

At these relatively high fi-equencies, the

performance o f our system is very good (see Figure 3-27 in Section 3.8.1.1 below, for
example). Shock loads will therefore not be considered further.

The severity o f the vibrations that a spacecraft is expected to survive is launch vehicle
specific and is detailed in the launch vehicle user’s manual^’^^.

3.1.1

Sinusoidal vibration quaiification levels for launch

Sinusoidal vibrations are used to describe in-flight vibrations caused by unstable
combustion, separation, coupling o f structural and propellant system resonant
fi*equencies and imbalances in rotating equipment. They also cover ground-based
vibrations encountered in transporting the system by road, rail or air.

Secondary spacecraft structures are usually required to have natural frequencies o f at
least 100 Hz to avoid coupling with fundamental launch vehicle and spacecraft
vibration modes. A typical Ariane 5 excitation regime^* for spacecraft mounted
equipment subjected to sinusoidal vibrations is then as follows:
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A sinusoidal vibration survey o f 0.5g is applied to the equipment base and
separately along each axis for frequencies o f 5 to 2000 Hz at a sweep rate
o f 4 octaves/second.

11.

The following accelerations (0 to peak) are applied at the equipment base
and separately along each orthogonal axis at a sweep rate o f 2
octaves/second.

Frequency (Hz)

Acceleration (g)

5-15

11 mm (~ lg -10g)

15-35

lOg

35-60

20g

60-100

lOg

Table 3-1: Sinusoidal vibration qualification levels

3 . 1.2

Random vibration quaiification for iaunch

Random vibration spectra are used to test a spacecraft’s ability to withstand
simultaneous or unpredictable vibrations over a range o f frequencies and are typically
used to describe mechanical vibrations transmitted through the spacecraft structures
and acoustic pressure.

As for the sinusoidal vibrations described above, random vibration qualification
levels are project specific, but a typical acceleration power spectral density (PSD)
function for components with natural frequencies above 100 Hz is shown in Table 3-2
below.
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PSD (g"/Hz)

Range (Hz)
X, y and z

20-2000

Average

Duration (s)

Acceleration
0.2

19.9g

2

Table 3-2: Random vibration qualification levels

Acoustic pressures are usually considered up to a frequency o f 8000 Hz and are
expressed in terms o f decibels. It will be shown in Section 3.8.2 below, however, that
the response to random vibrations is most critical at the lower end o f the frequency
range considered. The random vibrations analysis in Section 3.8.2 below therefore
disregards high frequency acoustic response and focuses on the lower frequency
response to general random vibrations.

Having discussed the launch qualification requirements, the models required to
predict the performance o f the system when subjected to sinusoidal excitations are
developed in Sections 3.2 to 3.7 below. The results o f this sinusoidal analysis
together with the results o f random vibrations modelling are then presented in Section
3.8.

First, we consider the mechanics o f a single vibrating mass in Section 3.2.

3.2

Mechanics of single-mass excitations

Each o f the models developed below invokes N ewton’s laws o f motion to predict the
responses o f masses to the forces applied by the stiffiiess elements (straps or cords).

Newton’s Second Law o f motion can be expressed as:
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[3.1]

F = m-

where F is the resultant force acting on mass m with displacement s.

In angular form, we can write:

[ J .2 ]

r . , . "

where T is the resultant torque acting on body with moment o f inertia I and angular
displacement 9.

To establish the linear and angular accelerations, we must therefore calculate the
resultant forces and torques on the body. In an evacuated cryostat, these forces and
torques are simply due to the tensions applied to the mass by the suspension straps,
and the damping forces due to the energy dissipated in stretching and relaxing the
stiffiiess elements.

The parameters assumed for the single-mass analysis are summarized in Table 3-3
below and are equivalent to assuming that the entire contents o f the 150 K shield are
a single solid mass (35.9 kg), vibrating within the 300 K enclosure.

Note that suspension straps are assumed for simplicity to be cords o f circular crosssection, although in reality they would be straps as shown in Figure 2-5 in Section
2.1.7 above. The optimum diameter of these cords is established from the mechanical
analysis presented below. The actual dimensions o f the support straps will then be
chosen to give an equivalent stiffiiess, and therefore similar mechanical performance,
to these circular cross-section straps.
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Variable

Value

Total suspended mass

m

35.9 kg

Number o f upper straps

nl

6

Number o f lower straps

n2

6

Equivalent diameter o f upper straps

dial

12 mm

Equivalent diameter o f lower straps

dia 2

12 mm

Upper strap position counter

ql

0,1,2

Lower strap position counter

q2

0, 1,2

r

250 mm

Radial distance between upper strap ends

bl

50 mm

Radial distance between lower strap ends

b2

50 mm

Half-height o f suspended body

h

500 mm

Vertical distance between upper strap ends

hi

100 mm

Vertical distance between lower strap ends

H2

100 mm

Angle between +x axis and inner end o f first upper strap

61

0

Angle between +x axis and inner end o f first lower strap

62

0

Young’s Modulus o f upper S-glass composite straps

El

57 GPa

Young’s Modulus o f lower S-glass composite straps

E2

57 GPa

Poisson’s Ratio for upper straps

vl

0.35

Poisson’s Ratio for lower straps

v2

0.35

Radius o f suspended body

Table 3-3: Physical parameters for single-mass vibration analysis

The tensions are calculated by assigning a time-dependent position vector to each end
o f each o f the six top and six bottom suspension straps, which are shown in Figure
3-1 below. The twelve ends o f the straps that are attached to the mass have their
positions (r) defined in a local coordinate system relative to the centroid o f the body.
The angles that the first upper and lower straps make with the positive x-axis are
denoted 61 and 02 respectively. Since the ends o f the straps are assumed to be spaced
equally around the circumferences o f the enclosures, the positions o f each end o f the
straps can then be defined using the data presented in Table 3-3 above.
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R1

R li

Ri o

100mm

50mm

r2

R2i

R2o

Figure 3-1: Position vectors o f suspension straps
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rcos OI + I t T ’

**lql -

2^1
nl j

h
2 ql

rsm 0 \ + 2/r

nl

rcos 02 + 27T
and

«•2q2 =

\

2 q2

n2 ,

-h
rsm 02 + 2jt '

2 q2

n2

The twelve ends o f the straps that are attached to the outer enclosure have their
positions (R) defined in a global coordinate system. The position vectors o f the ends
o f the straps are illustrated in Figure 3-1 above.

(M + r)cos
V

(614-r) sin
V

(62 + r)cos 02 + 27T
and

«1

3y

«1

3y

h + hi

2 q2

n2

3.

-{ h + h2 )

^q2 (62 + r)sin

02

+ 2 ! t - ^ +n2
3

R li (where the counter, i, takes the values 0, 1, 2) represents the position o f the outer
end o f the i^^ upper strap. Similarly, R2j gives the position o f the outer end o f the i*
lower strap, and r li and r2i are the positions o f the inner ends o f the i* upper and
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lower straps respectively. To find the vector (R -r) that describes the position o f each
strap, the positions o f the mass-ends o f the straps are first converted into the global
coordinate system. A transformation matrix maps the rotated local axes to a position
in global axis space. Only when the suspended body has rotated relative to the
surrounding enclosure will the global and local axes not coincide. The transformation
matrix is purely a function o f the rotations about the three coordinate axes:

Co

where

c6 x

and

=

sO x

COySO^

- cO^sO^ + sO^sOyCO^

sO^sO^ -\-c6 ^s6 yC 0 ^

cOycO^ + s 6 ^ s 0 y S 9 ^

- sOycO^ + cO ^sO ySO ,

sO^cOy

CO^COy

stand for cos(6^) and sin(6^) respectively, and

O x,

Oy

and

6z

represent the rotations o f the suspended body about the x, y and z-axes respectively.

Once a vector describing each strap has been obtained in this manner, the tension in
the strap can be calculated by integrating the extension dependent stiffness, k, with
respect to the extension as described below:

According to Hooke’s Law, the tension, F, developed in a member subjected to
extension, e, is given by:

e

[3.3]

F = j k de

For small displacements, if the stiffness is independent o f the extension.
Equation [ 3.3 ] can be simplified to:
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F - k-e

[3 .4 ]

Since stress, cr, is related to strain, s, by the expression:

cr = E e

[3 .5 ]

where E is the Young’s Modulus o f the material, and since we can write:

[3 .6 ]

<j =

F
—

A

and true strain is defined:

[3 .7 ]

= f—
,

.

= ln

(L+ e^

/

we obtain from Equation [ 3.5 ] that:

[3.8]

F
— = E ln
A

V

*0

y
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The area is dependent upon the extension due to the Poisson’s ratio contraction o f the
material. The strain in the radial direction, Sr, is negative the Poisson’s ratio, v;
multiplied by the strain in the longitudinal direction, ei. By definition:

[3 .9 ]

S = - V ' s,

and using Equation [ 3.7 ],

[3 .1 0 ]

In

= - y In

v 'o y

= In
V

*0

y

which gives:

[3 .1 1 ]

and since A =

, Equation [3.11 ] becomes:

.2v
[3 .1 2 ]

A ~ A)

J o+ e y
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From Equation [ 3.3 ], we can now write:

,2v

In + e

F = \k(e)de =
e=0

|(/o +
e=0

e=0

which gives:

[3 .1 3 ]

2v~

_ 4 ,£
1 -

4

1

2v

as the tensile force, F, developed in a strap of original length Iq and cross-section Ao
when extended by e. The difference between Equation [ 3.13 ] and the simplified
version [ 3.4 ], which can be written:

[3 .1 4 ]

F =^ - e

is shown in Figure 3-2 below.

Figure 3-2 shows that approximating the stiffnesses o f the straps to be constant is a
valid assumption for small extensions (in this case up to about 2 mm). Since an
extension o f 2 mm corresponds to a stress o f 30 GPa, more than ten times the yield
stress o f the brittle carbon-fibre considered for this example, it is fair to assume that
the stiffness is constant. This is verified by the comparison in Section 3.5 between the
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results o f the numerical model and those o f an analytical model that assumes constant
stiffness.

1.6

1.4
Constant Stifihess

1.2

Variable Stifihess

1

0.8
0.6
0.4
0.2

0
0

5

10

15

20

25

30

Extension (mm)

Figure 3-2: The effect o f variable stiffness on strap tension

Representing the positions o f each end o f the straps as a vector, we can calculate the
lengths and therefore the tensions o f the straps at any instant in time. It is also
possible to calculate the jc, y and z-components o f the tensile forces and therefore to
write a vector equation o f motion in three dimensions.

The damping forces are assumed to be proportional to the relative velocities o f the
ends o f the straps in the relevant direction (i.e. damping force in y-direction is given
by CyVy). The constant o f proportionality (the damping constant, c) is assumed to be
given by the empirical relationship^^’^^ for the damping ratio, ÿ
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[3 .1 5 ]

f =

1

I
k
c
where fn is the natural frequency in Hz defined by /„ = — . — and ^ - — , the ratio
27r\m
o f the damping constant to the critical damping constant.

The critical damping constant is by definition:

[ 3,16 ]

c =

m

where k and m are the stiffness and mass o f the system respectively. Inserting values
o f Cc,

and

given above, we can therefore write:

Since there is considerable uncertainty involved in approximating the damping
constant in this manner, the effect o f reducing c by a factor o f ten is investigated in
Section 3.8.1.1.2.

The equation o f motion can now be established. The resultant force is the sum o f six
tensions applied to the top and the bottom o f the mass, and the damping force. The
direction o f each strap tension is represented by the unit vector in the direction o f the
strap. This is given by the vector position o f one end o f the strap relative to the other
(PQ li, PQ2i, for the i*^ upper and lower strap respectively) divided by the modulus o f
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this vector (|PQ1;|, |PQ2;|). Note that vectors expressed in global coordinates are
shown in capitals. The equation o f motion is therefore:

[3 .1 8 ]

F = X F l , ~ ^ + i F 2 , . ^ + c . ( V Q - V ) = mS
/=!

i=l

*

where F I and F2 are the tensions in the upper and lower straps calculated from
Equation [ 3.13 ], c is the damping constant vector and VQ and V are the velocities o f
the outer enclosure and the mass (m) respectively. Recall that P Q l and PQ2 are
vectors representing the displacements o f the outer ends o f the upper and lower straps
respectively relative to the inner ends.

If R li is the displacement o f the i^^ outer strap end, D is the displacement o f the outer
enclosure, S is the vector displacement o f the mass, r l; is the displacement o f the i**^
inner strap end in local coordinates and C is the coordinate transformation matrix,
then P Q l is given by:

[3 .1 9 ]

P Q l; = R 1 , + D - ( S + C r l ; )

The equation o f motion [ 3.18], describes the acceleration o f the mass in terms o f its
displacement and velocity. Equation [ 3.18 ] is non-linear, and cannot easily be
solved analytically. If we assume that the three-dimensional accelerations (a) are
constant for a time step, however, we can use them to calculate the velocities (v) and
displacements (s) at the next time step with a numerical model. The development o f a
numerical model (Model 1) is described in Section 3.3 below.
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3.3

Numerical prediction of single-mass vibration
response (Model 1)

A simple numerical method o f calculating the displacement, St, and velocity, V/, o f the
mass as a function o f time is obtained by assuming that the acceleration is constant
for the duration o f a time step, dt. In this case:

[ 3.20 ]

-v^+a^-dt

and.

This expression for s is just a truncated Taylor expansion o f s{t+dt), which in standard
form is written:

[ 3.22 ]

s{t + df) —s{f)

dt • s {t) H—

• s (^) + 0{dt^^

Where 0{dt^) means that the remaining terms truncated from the expansion are o f the
order o f the time step to the power three. The local error (the error in each step) for
this expression is therefore o f order d f . Since a given time interval At requires Atldt
time steps, the global error for the displacement is o f the order dt^ldt = df^ and the
expansion is said to be second order. A much more accurate numerical method is
provided by the Runge-Kutta algorithm which predicts the displacement and velocity
at times ^ ~

and t + dt using a Taylor expansion and then feeds these predicted
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values back into the original expressions for velocity and displacement to get better
predictions^\ A third order polynomial is then fitted to the values o f s obtained at
times t, and ^ ~

to obtain a prediction for s at t + d t . Since this method has a

global error o f the order o f the time step to the fourth power, it is called a fourth order
predictor-corrector algorithm. It is described in Section 3.3.1 below.

3.3.1

Runge-Kutta algorithm for vibrations analysis

The following algorithm^* is used to calculate each component o f displacement, s,
and velocity, v, at each time step.

The inputs required are the acceleration as a function o f s and v (which is calculated
from the equation o f motion - Equation [ 3.18 ] above), the number o f steps, N, the
time step, dt, and the initial values, 5o and

vq.

For n = 0,1...N-1

K=dt^a{s„,v„)

/
k1 j - d Jt - a{s„
+ — , \ + — )X

1
I /
dt
kj.
k,=d t-a(^ s„ +— , v „ + - ^ )

k ^ = d t ’ a{s^ + dt,v„ + &])
=s„+dt

^n+ l ~ ^ n + ~ { k l +

o

2^2 + 2^3

+ k^)
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With the acceleration o f the mass obtained directly from the equation o f motion, the
velocity and displacement are given by the algorithm above. The stresses are also
known from the tensions and cross-sectional areas o f the straps already derived. We
will now consider whether this model can be applied to the real five-mass system.

In principle, the single-mass model could be used repeatedly to calculate the response
o f the five-mass system. Model 1 could first be used to determine the response o f the
150 K enclosure as the 300 K enclosure is excited. Then, the excitation o f the 150 K
enclosure predicted by the results o f the model could be fed into the model again
when used to predict the response o f the 20 K enclosure. This process could be
repeated for the 4 K enclosure, for the high-temperature ADR pill and finally for the
low-temperature pill.

The difficulty with this method arises when we attempt to feed back the output
displacements from the model as the input for the next stage. Whether this is possible
in practice depends on the output displacement’s waveform. If the output
displacement is sinusoidal, then inputting it back into the model for the next stage is
relatively straightforward. If the output is periodic, then we can attempt to represent
the waveform as a Fourier series and return an approximation to the waveform as the
input for the next stage. If the output signal is not periodic, however, then returning
the output for one stage as the input for the next stage is difficult - requiring the
displacement and velocity to be explicitly specified for each time step. Such an
aperiodic response would be obtained if non-linearities and three-dimensional effects
such as rotation o f the masses were significant.

If a sinusoidal excitation gives a sinusoidal response, on the other hand, then it is
likely that an analytical model will accurately predict the system’s behaviour. The
comparison between Model I ’s and Model 2 ’s results in Section 3.5 verifies that this
is, indeed, the case. The analytical single-mass model can easily be extended to
predict the response o f the real five-mass system and is a lot more efficient in its
computation than a numerical model. The development o f the analytical model is the
subject o f the next section.
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3.4

Single-mass analytical model for vibrations
(Model 2)

As discussed in Section 3.3.1 above, the complexity o f the numerical model (Model
1) makes it inefficient for calculating the response o f even a single-mass system.
Requiring very small time steps to provide sufficient accuracy, Model 1 would be
incapable o f dealing with a complex five-mass system. In this section, we examine
the effect o f ignoring the non-linearities and modelling the single-mass system
analytically. By establishing the complex exponential functions that describe the
motion o f the mass, the accuracy o f the results becomes independent o f the time step
chosen and greatly reduces the number o f computations required.

The response o f the refrigeration system to sinusoidal excitations is analysed
analytically by representing each stiffness element as an equivalent linear spring. This
assumption is only valid as long as we ensure that:

i.

The stiffnesses o f the support structures are converted to equivalent linear
stiffiiesses.

ii.

The

stresses in the supports are calculated by applying the predicted

displacements to the actual support geometry.

iii.

Rotations o f the bodies are negligible or have little effect on linear response.

iv.

The effects o f non-linearities in the system are accounted for. Non-linearities
exist due to the varying angles o f the suspension straps as the masses move up
and down and the varying cross-sections (and therefore stiffnesses) o f the
straps as they are stretched.

V.

The straps used are always in tension and never go slack.
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vi.

The effects o f simultaneous excitation in more than one direction are
considered.

The first five considerations listed above are addressed in the following five sections.
The accuracy o f the adaptations made to the simple one-dimensional model, as well
as the effects o f rotations and non-linearities outlined in points (iii) and (iv) above,
are then quantified. This is achieved by comparing the results o f the threedimensional numerical model (Model 1) with the results o f the single-mass analytical
model (Model 2) that is presented below in Section 3.4.6. The response under
simultaneous excitations in more than one direction is then considered in Section
3.5.1.

3.4.1

Calculation of effective linear stiffness

To predict the response o f the system analytically, we must convert the actual
stiffnesses o f the suspension straps to equivalent linear stiffiiesses, by considering the
geometry o f the suspension system. Recall that for any spring within its linear-elastic
region, the actual stiffness, k, is related to the extension o f the spring, e, by Hooke’s
law:

[ 3.4 ]

F = k ‘6

For the system considered, the straps are at an angle to the vertical to provide both
vertical and horizontal support (Figure 3-3).

The equivalent linear stiffness (in the ^/-direction) is the vertical component o f tensile
force produced by a vertical displacement, y.

Chapter 3 Mechanical Design

130

As the upper end of the strap (B) is displaced vertically a distance y relative to the
lower end (A), the tension developed in the strap is given by:

[3 .2 3 ]

AT —

—Iq) —k '

+ {dy + y Ÿ —yjci^ + dy^ j

a

Figure 3-3: Geometrv of straps connecting adiacent enclosures

and the vertical component of this force is given by:

[3 .2 4 ]

AT^.=AT

+y
+(dy + y f

If we now write:

_ k•

+ {dy + y Ÿ —^Ja^+ dy^ ^• {dy + y)
+(c/y + y y
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.Ja^+dy" = f ( d y )

[3 .2 5 ]

then a Taylor expansion gives:

2

[ 3.26 ]

= f {dy + y) = f {dy) + y • / {dy) + ^

• / {dy) +

Substituting [ 3.25 ] and [ 3.26 ] into [ 3.24 ], we have:

_
[ f j à y + y ) - f { d y ) ) • {dy + y)
AT^=k^
f { d y + y)

which gives:

y ' f ( d y ) + — ’f { d y ) + ... '{dy + y)
[3 .2 7 ]

A T ^ = k - ^ ----------------------------- 2---- ------------f ( d y ) + y • f '{ d y ) + y • f { d y ) +...

AT
As y -> 00, AT - ^ k - y , and the effective stiffness, given by k = — - , becomes the

real stiffiiess, k.

The average discrepancy between the real stiffiiess and the effective stiffiiess is
obtained when the suspended mass is in its equilibrium position {y = 0). In this case.
Equation [ 3.27 ] simplifies to:
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y

dy
=

[3 .2 8 ]
fi^y)

-yja^ +dy^

a^+dy^

Here, the effective stiffiiess is given by:

The same answer can be obtained by energy methods.

The effective stiffiiess for x-z plane (lateral) excitations is clearly not the same as for
y-direction (vertical) excitations. By summing the %-components o f the restoring
forces developed in each strap, for example, we can obtain a total restoring force for a
given x-displacement. The effective x-direction stiffiiess o f each strap is then found
by dividing this total force by the displacement that caused it and by the number o f
straps. We then obtain:

N

[3 .3 0 ]

k =

n=0

N ‘( a ^ + d y ^ )

where N is the number o f straps at each end o f the enclosure.
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3.4.2

Evaluation of stresses In straps

Once the displacements have been calculated, it is relatively straightforward to
calculate the stresses in the straps. It is assumed in the analytical model that the
stresses are much lower than the yield stress so that there is negligible difference
between engineering stress and true stress. Engineering stresses are calculated with
the assumption that the tensile loads carried by the straps are spread over their
unstretched cross-sectional areas, not their stretched cross-sectional areas.

We can therefore write:

[3.31 ] <r = - = E L _ y = ^ i l ® . ( / - / ) = £
A
A
l-A
°

I

=E

a^+dy
^

'\a^+{dy +y) ^

where y is the relative displacement between the two enclosures from their initial
position and a is the distance in the x-z plane between the ends o f the straps. The
numerical model works with true stresses and logarithmic strains to give a more
accurate prediction. Since the results o f the numerical model (Model 1) are negligibly
different to the results o f the analytical model (Model 2), the engineering stress
assumptions are reasonable.

3.4.3

The effect of angular displacements on linear
response

As the mass moves in three dimensions, the six straps attached to the top and bottom
o f the mass will extend different amounts and will therefore develop different
tensions. With reference to Figure 3-1 above, it is clear that if the tensions in the
straps are different, there will be a net torque applied to the mass. The mass will
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therefore acquire an angular acceleration according to Newton’s Second Law
(Equation [ 3.2 ]), affecting the motion of the mass and the stresses in the straps. If
the effects of these rotations can be shown by the numerical program (Model 1) to be
negligible, the faster, more efficient analytical program can be used with confidence
to predict the response to vibrations in three dimensions. It can be seen from the
results of Model 1, which are given in Figure 3-4 below that, even for the large
enclosure considered (1.0 m high), rotations are negligible.
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1.5E-16

"o

2

l.OE-16
5.0E-17
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1
(A

O.OE+00
0.16

N -5.0E-17
3
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< -l.OE-16
-1.5E-16

-2.0E-16

Figure 3-4: Rotation of a mass subiected to sinusoidal vibrations

3.4.4

The effect of non-linearities on vibration response

As the enclosures move up and down relative to one another, the angles between the
suspension straps and the direction of motion change. Furthermore, as the straps are
stretched and their cross sectional areas reduce (due to the Poisson’s ratio
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contraction), the stiffiiesses o f the straps change since stiffiiess is calculated using the
relationship:

k=

[3 .3 2 ]

where A, E and / are the cross-sectional area, Young’s modulus and length o f the
strap respectively.

The system with changing strap angles and stiffiiesses cannot be described by a linear
differential equation and therefore cannot be solved easily^\ In order to establish
whether these non-linearities significantly affect the vibration response, they are
incorporated within the single-mass numerical Mathcad program (Model 1) described
in Section 3.3 above. The results o f this program are compared to the results o f the
single-mass analytical model (Model 2) in Section 3.5 below. We discover that nonlinearities and rotation effects together increase the maximum stresses by less than
one percent. This error is clearly negligible compared to the uncertainties in the yield
stresses o f the materials used.

3.4.5

Ensuring that the straps do not slacken

It is obviously only valid to treat straps as springs if they are always in tension, as
straps offer no resistance to compression. This is ensured by pre-stressing the straps
by more than the maximum predicted compressive stress.

Having addressed the considerations that are required before creating an analytical
model, we are now in a position to derive Model 2 itself.
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Derivation of single-mass analytical model (Model 2)

The response of a mass to sinusoidal vibrations is described by the sum o f a transient
component and a steady-state component. The transient component is determined by
the physical properties of the system alone, i.e. the mass, the stiffness and the
damping coefficient. It is written in terms of a complex exponential with frequency
given by the natural frequency of the system. The steady-state response is dictated by
the forcing function and is a complex exponential function with the frequency o f the
forcing function.

The first step is to calculate the equivalent linear stiffnesses of the supports as
described in 3.4.1 above. The damping constant is calculated in the same manner as
for the numerical method outlined in Section 3.3 (Equation [3.17 ]).

!\
m

s{t), cfr/dr.

f m . da^dr

Figure 3-5: Single-mass model for vibrations analvsis

The twelve suspension straps (six top and six bottom) can be represented by a single
equivalent linear spring as shown in Figure 3-5 above. The equation of motion can be
written:
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m ’ S = k { 5 - s) + c { 5 - s)

[3 .3 3 ]

We can now establish the steady-state and transient responses.

3.4.6.1

Steady-state response

The steady-state response is found by assuming a displacement o f the form:

where A contains complex phase information and co is the angular frequency o f the
forcing function. We can also write:

s { t) = A i c O ' c ' ^

s{t) = Ai^co^e'^ = —Ao)^e“^
0 { t ) = d sin(ü;r) =

and

)

0 { t ) = CO d cos(ûJt) = Im(/ c o - d e " ^ )

Substituting into [ 3.33 ], we obtain an expression for the steady-state displacement:

[3 .3 4 ]

and the velocity is given by:

\ k + icco-mco

J
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icdco + kd
v„„ = Im ICO
V
k + icco-mco

[3 .3 5 ]

J

The transient response must now be calculated.

3.4.6.2

Transient response

The transient response is found by solving the equation o f motion with the forcing
function set to zero. This procedure is straightforward for a single-mass system. For a
multiple-mass system as described in Section 3.6, however, the resulting second order
equations describing the forces acting on each mass are best solved by first reducing
them to pairs o f first order equations in matrix form. This is achieved by defining the
velocities o f the masses as variables as well as the displacements o f the masses, so
that accelerations can be defined in terms o f derivatives o f the velocities rather than
as second derivatives o f displacement. For the single-mass model, we can then write
in vector form^*:

s=

or

=5

and

S2 = j,

and, since the homogeneous (forcing function set to zero) equation o f motion can be
written:

.. c . A:
5 H— s + — s = 0 ,
m
m

we can write:
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i, = ^2

Si

k
-------m

and

c
m

^2

or, in matrix form,

s=

0
k

1
c

m

m.

The eigenvalues (A) o f this matrix correspond to the natural frequencies o f the
system. The transient displacement and velocity as functions o f time are then given
by:

5,^(0

and

=

+ ai\l^ e

=

+ ai\lie

where v l and v2 are the eigenvectors corresponding to eigenvalues A; and A2
respectively. The same technique is employed when analysing the behaviour o f a
system o f more than one mass as in Model 3. The overall response is then found by
summing the transient and steady-state components.

We are now able to compare the results o f the single-mass analytical model (Model
2) and the numerical model described in Section 3.3 above (Model 1).
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Figure 3-6: Stresses in suspension straps as functions of time

Figure 3-6 above shows the stresses predicted by Models 1 and 2. It is clear that the
magnitudes of the stresses are almost identical, although there is a slight phase
difference between the analytical and numerical results (due to non-linearities).

Table 3-4’s comparison of the results of Model 1 (numerical) and Model 2
(analytical) shows that the root mean square (r.m.s.) stress is the same in the
analytical model as in the numerical model. The maximum stresses predicted by the
analytical model are less than 0.25% different from those predicted by the numerical
model. This means that the linear spring approximation, the conversion of stresses in
the linear model to the three-dimensional case and the effects of rotations and other
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non-linearities together account for less than 0.25% error in the maximum stress
predictions.

Numerical (Model 1)

Analytical (Model 2)

Stress (MPa)

Upper Straps

Lower Straps

Upper Straps

Lower Straps

Root Mean Square

31.76

31.78

31.76

31.78

Maximum Tensile

131.7

125.3

131.5

125.0

Max. Compressive

123.3

129.5

123.5

129.7

Table 3-4: Comparison o f Model 1 and Model 2 results

Having established that the analytical model is valid for analysing vibrations in one
direction, we now consider the effect o f simultaneous excitations in more than one
direction.

3.5.1

Simultaneous excitations In more than one direction

The effect o f simultaneous excitations in more than one direction is considered using
the Runge-Kutta numerical model (Model 1) and the analytical model (Model 2).
Although the numerical model predicts the dynamics o f simultaneous threedimensional excitations exactly, the analytical model can only accurately predict the
stress due to displacement in one direction at a time. Since stress is a function o f
displacement, and a displacement in three-dimensional space is given by the square
root o f the sum o f the squared displacements in each orthogonal axis, we can try an
approximation to the stress,

given by:

[3 .3 6 ]

♦

I

2

2
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where Gx is the maximum tensile stress under excitation in the x direction alone.

This approximation will be the same for each o f the six top straps, as the linear spring
approximation replaces the six straps with a single equivalent spring.

Maximum Tensile Stress in Upper Straps (MPa)
N um erical

N um erical

A nalytical
R atio

Sum o f

A nalytical /

Strap

Simultaneous

independent

Number

X, y and z

X, y and z

N um erical

1

200.1

371.4

1.48

2

348.5

379.4

0.85

3

246.3

342.4

1.21

4

136.9

394.5

5

369.7

401.2

0.80

6

300.9

341.0

0.99

^xyz

297.0

2T 7

Table 3-5: The effect o f combined excitation in more than one direction

The maximum stresses predicted by the model for the six top straps are given in
Table 3-5 above and shown in Figure 3-7.

Table 3-5 also shows the sum o f the stresses due to independent excitations in each
direction as predicted by Model 1 and Model 2. The last column o f Table 3-5 shows
by how much Gxyz over-predicts the maximum stresses due to simultaneous x, y and
z-direction excitations for each strap. On average,

over-predicts the stress by

11%. Summing the independent stresses in this manner therefore generally provides a
conservative

approximation

to

the

excitations in more than one direction.

stresses

experienced

under

simultaneous
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450

s,
!/3
</)
ë
0^

«
□ Numencal - Simultaneous xyzexcitations
□ Analytical approximation
Numerical - Sum o f independent excitations

Strap Number

Figure 3-7: Stresses due to simultaneous excitations in

v and z-directions

The validity of using the analytical model as an approximation to the more complex
numerical model for predicting the response to sinusoidal excitations has been
established. We can now develop the single-mass model into one that can predict the
response of the real five-mass system to launch vibrations.

144
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3.6

Five-mass analytical model (Model 3)

Model 3 is simply an extension of the single-mass analytical model (Model 2)
described in Section 3.4 above. A schematic of the layout of the system is shown in
Figure 3-8 below.

C and c, are respectively the supported mass, the effective linear

stiffness (see Section 3.4.1 above) and the damping constant of the

strap system

(including upper and lower straps), where / is a counter taking the values 1-5.

300K

Figure 3-8: Five-mass analvtical model for prediction of launch vibrations
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The equations o f motion for each mass are written down, including components due
to stiffness and damping elements.

The displacement, 5/, and velocity, v/, o f each mass,

are then assigned as variables

and a matrix is compiled from the equations o f motion as for Model 2.

= 2A:, (^2 - 5j ) + c, (ij - j j

= 2k^{s^-s^) + 2k^{s^ -s^) + C2(s^ - i 2 ) + Cj(i, - i j )

=

^ 4 5 4

2 ^ 3 (5 4

-

5 3 ) + 2 ^ :3 (^2

-

j '3 ) +

=2k^{s^-s^) + 2k^(s^ - 5 4 )

C3 (.^ 4 - ^

+ C4(55 - i

3 ) +

4

C 2(^2

“

) + C3 ( i 3 -

*^3 )

5 4

)

= 2 k ^ ( S - s ^ ) + 2k^(s^ -5 5 ) + C 5 (^ -i5 ) + C4(i4

Since there are five masses in Model 3 instead o f just one (as in Model 2), the matrix
that describes the velocities, i , in terms o f the displacements, s, (see 3.4.6.2 above)
has ten rows and ten columns instead o f two rows and two columns. This matrix is
shown below.

s=

A

B

C

D
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^0 0

where:

m,
.A .
rrij
C=2

0>

0

0

0

0

A= 0

0

0

0

0

0

0

0

0

0

J)

0

0

0

0;

"10

0

0

0"

1 0

0

0
0

B = 0

0

1 0

0

0

0

1 0

J)

0

0

0

k.]

w,
+ ^2
7^2

0

- A

0

0

0

0

0

0

___

0

,

1>

0

0

0

- A
nij
^2 ^3
m,

0

0

A
m3
k^-\-k 4

0

_A _

K

m^

0

A

0

771,

c,

,

Cj

0

771^

k^

k,

4-

771,

0

0

0

0

._£l

0

TWl

__£l
1712

and

D =

0
0
0

C, +C2

C2

n il

1712

__£l

Cl + C3
m3

0
0

0

771,

^3 + c 4
m^
c.
^

Q
771,
C, +

-

m^

771,

C5
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Transient and steady-state responses are calculated in exactly the same way as for the
single-mass system, with the initial conditions that each mass starts with
displacement and velocity equal to zero.

As with the single-mass model, each spring in Figure 3-8 represents six straps. The
optimum dimensions o f the straps are outlined in Table 3-6 below. The optimum
lengths o f the straps are determined by the spacing o f the shields and are established
in Chapter 5 below.

Strap

Location

Material

No.

1

Inner-Outer

Vertical

Radial

Young’s

Equivalent

distance

distance

Modulus

Diameter

between

between

(GPa)

(mm)

strap ends

strap ends

(mm)

(mm)

Kevlar

82

1.2

10

5

Kevlar

82

3.0

10

5

151

8.0

100

50

57

11.0

100

50

57

12.0

100

50

ADR Pill
Outer ADR
2

Pill - 4K A1
Enclosure

3

4K-20K

Carbon

Aluminium

Fibre

Enclosure

4

20K-150K

S-Glass

Aluminium

Fibre

Enclosure

5

150K-300K

S-Glass

Aluminium

Fibre

Enclosure

Table 3-6: Dimensions o f suspension straps
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The optimum materials for the straps and optimum strap diameters are determined by
consideration o f the thermal and mechanical performances o f various candidate
materials. The mechanical performance is predicted by Model 3. The thermal
performance is calculated using the analysis presented in Chapter 4.

Masses m \ i o ms are described in Table 3-7 below. The mass m\ corresponds to the
mass o f the inner (low-temperature) pill o f the ADR. This is assumed to be 201 g,
with a CMN pill o f length 80 mm, diameter 40 mm and density 2.0 g/cm^. Mass m 2 is
the high-temperature DGG pill and its surrounding casing. Mass m3 is the sum o f the
mass o f the body o f the ADR including the superconducting magnet and the mass o f
the surrounding aluminium enclosure to which it is attached. Masses m^ and ms are
the masses o f the corresponding aluminium enclosures alone. Note that masses m\ to
ms represent the masses o f the bodies themselves, not the total mass o f everything
enclosed within the body. m4, for example, is just the mass o f the 20 K aluminium
enclosure, not the mass o f the 20 K enclosure plus the 4 K enclosure plus the ADR.
The total mass o f the system including the 300 K shield is 57.1 kg.

Label

Description

Mass (kg)
0.201

mi

Inner ADR Pill

m2

Outer ADR Pill + casing

1.00

m3

ADR body + magnet (10 kg) + 4K Enclosure (3.4 kg)

13.4

m4

20K Aluminium Enclosure

7.70

ms

150K Aluminium Enclosure

13.6

Table 3-7: Masses o f svstem components

Since the outer enclosure in Figure 3-8 (the 300 K aluminium enclosure) is directly
excited by the forcing displacement, its mass (21.2 kg) and displacement are not
required by Model 3. The results o f the analytical program are presented in Section
3.8 below. First, however, we consider the flexibility o f the aluminium enclosures
and its effect on the vibration response.
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Stresses and flexibility within the aluminium

3.7

enclosures
We have assumed that the displacements o f the points to which the upper straps are
attached are the same as the displacements o f the points to which the lower straps are
attached. The vertical distance between the points to which the upper straps are
attached and the points to which the lower straps are attached is therefore constant
(A/%0 in Figure 3-9). This approximation is equivalent to an assumption that the bodies
to which the straps are attached are perfectly rigid. If the enclosures are not perfectly
rigid, the distance between the straps during excitation can change (as shown in
Figure 3-9).

SI

Aho+{Sl-S2)

Mo

7fT
\/

Figure 3-9: Phvsical significance o f rigid enclosure approximation

The bodies within the ADR itself are currently made o f copper not aluminium, but
since they are much smaller than the outer enclosures and copper has a higher
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Young’s modulus than aluminium, flexibility effects within the ADR will be less
significant than within the large aluminium enclosures. Furthermore, it is established
in Chapter 6 that future space ADRs are likely to be constructed from aluminium
alloy (or a composite o f glass-fibre or carbon-fibre), so the analysis presented
represents a worst case scenario.

Considering the largest enclosure (at 300 K), we can model the body as an aluminium
alloy cylindrical shell o f wall thickness 5 mm, length 1.0 m and diameter 0.5 m. The
cross-sectional area is then 7850 mm^ and the mass is 21.2 kg (since the density o f
aluminium 6082 is 2.71 g/cm^). With aluminium 6082’s Young’s Modulus o f 69
GPa, Equation [ 3.32 ] in Section 3.4.4 above gives the stiffness o f the shell as 540
MN/m. If each end o f the aluminium shell is excited by the same frequency and
amplitude, we can now calculate the dynamic axial displacement o f any point along
the shell’s length relative to the displacement o f the ends. The shell is initially
modelled as a thin, uniform solid rod as shown in Figure 3-10 below.

u + {du!oy) dy

Figure 3-10: Displacement o f rod element

dy + {du!dy') dy
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Consider an element o f the rod o f length dy as shown in Figure 3-10^^. If the
displacement at distance

along the rod is given by m, and the displacement diXyrdy is

u + — ’d y , then the unit strain is simply — . If the Young’s modulus o f the material
is E and the cross-sectional area is A, then we can write another expression for the
unit strain in terms o f the unit force, P.

Differentiating with respect to y gives:

We now want to eliminate P. Applying Newton’s Second Law to the elemental mass:

[3 .3 9 ]

— 'd y + mg = m ^ - ^

where m is the elemental mass. Since the second term on the left-hand side produces
a displacement which is independent o f both time and position within the rod, we can
neglect this term and superimpose its effect after we have solved the partial
differential equation. This mass is simply the density multiplied by the elemental
volume:
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[ 3.40 ]

m - pAdy

Substituting from [ 3.40] to [ 3.39 ], we obtain:

13.4,1

dP

and combining Equations [ 3.38 ] and [3.41 ] to eliminate — gives:
dy

Separate variables and try a solution o f the form:

[3 .4 3 ]

u {yd ) = Y{y)T{t)

Substituting into Equation [ 3.42 ] gives:
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1 d^Y

[3 .4 4 ]

y

1 d^T
cT

=—
P

where

The left-hand side o f [ 3.44 ] is a function o f y only and the right-hand side is a
fiinction o f t only. The only way that these functions can be equal is if they are both
independent o f y and /, i.e. if they are each equal to a constant k.

Consider now the possible values o f k\

(i) k = Q

_

If k IS equal to zero then

Therefore

d^Y

d^T

.

— - = — —= 0
dy
d t‘

w(y, t) = (A + By)(C -h D t)

As t becomes large, this solution tends to infinity (if D > 0) or is constant (if D = 0),
and is therefore rejected.
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(n)k = (f>0

dy-

d ^T
—-j— c^/k^T —0

and

These equations give solutions for w(y, t) o f the form:

u{y,t) = (A e ^ + B e -^ )(C e ^ ‘ + D e~^‘)

For finite w a sf tends to infinity, A and C must be zero. Therefore:

This solution cannot fit the boundary conditions o f a rod o f finite length and
continuous sinusoidal excitation and, therefore, must also be rejected.

fiiii

l fk = y ,

/ <0

~
dy

+ y^Y = Q

Chapter 3 Mechanical Design_____________________________________________ 1 ^

^ ^ + /^ c ^ T = 0

and

We therefore have a solution for u of:

[ 3.45 ]

u{y,t) = {A cos}y + B sm yy){C c o s;r/ + D s in yet)

We have a boundary condition that w = 0 for / = 0 for all y.

Therefore, constant C in [ 3.45 ] must be zero and we have:

[3 .4 6 ]

w(y, r) = (y4 cos

+ .8 sin %y) sin

where A and B are constants.

Now if the ends o f the rod are excited sinusoidally with the same amplitude, d, and
angular frequency, a), then:

[3 .4 7 ]

Substituting

[3 .4 8 ]

u(Od) = u{l,t) = dsmcot

w(0,t) = dsm o)t

into Equation [ 3.46 ] , we have:

dsmcLa = A sm yct
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Since this equation must hold for all t, we have A = d and œ = yc.

Also, u{l,t) = d sin cot, so that:

[3 .4 9 ]

dsincot = {d cos yl

Bsm.yl)sm. yet

Recalling that co= yc. Equation [ 3.49 ] becomes:

d sm cot = (d cos yl + B sin yl)sm cot

[3 .5 0 ]

B=

or.

d ( \ - c o s yl)
sm yi

We therefore have an expression for u{y, t) of:

[3 .5 1 ]

^
(1 -c o sX ) .
^
u { y j) = cos%^; + -------------- sm%)/ d sin yet
sm yl

In order to find the normal modes o f vibration, consider how the second term, w , in
the brackets o f Equation [3.51 ] affects the displacement.
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[3 .5 2 ]

w' =

1 -c o sX ^ .
-sm )y
sm]d

This expression will become infinite if and only if sinX is zero and cosX ^ 1 • This is
true when X is an odd multiple o f ;r, so that sinX = 0 and cosX = -1.

The normal modes are therefore given by:

X = (2« + l);r

or

^ _ (2 ^ M 4 ^

(« = 0,l....oo)

and since co= yc.

[3 .5 3 ]

^ ^ (2« + l ) ^

(n = 0,l....oo)

The normal modes are therefore at frequencies co = ^ , 3 ^ , 5 ^ ....( 2 « + 1 ) ^

These results calculated for a solid rod also hold for a cylindrical shell, since only
axial displacements have been considered.

For the aluminium 6082 shell considered, we have a Young’s modulus o f E = 69 GPa
and a density o f p = 2710 kg/m^. Recalling from Equation [ 3.44 ] that c=
find the normal modes for a length / o f 1.0 m have angular frequencies:

ÏË
— , we
\P
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= 47600 rad/s,....

corresponding to frequencies in Hertz of:

f i = 2520 Hz,

f 2 = 7570 H z,....

The smaller enclosures will have the same value o f c but smaller values o f / so the
natural frequencies will be higher. The lowest natural frequency for the system is
therefore at 2520 Hz. This frequency is above the range o f sinusoidal vibrations
generally encountered during launch (0 - 2000 Hz), so the largest deformation o f the
aluminium shell will occur at the top o f the frequency range considered - i.e. at 2000
Hz. The first natural frequency corresponds to the first normal mode. This is shown in
the graph below (Figure 3-11). The axial displacements o f all points along the shell
are in phase (Figure 3-12).

u

y
Figure 3-11 : First normal mode o f shell vibration
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y

Figure 3-12: Schematic o f shell showing in-phase displacements

In the second mode, shown graphically in Figure 3-13 below, it can be seen that the
midpoint o f the shell is in anti-phase with the ends.

u

Figure 3-13: Second normal mode o f shell vibration
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Figure 3-14 shows this schematically.

y

Figure 3-14: Schematic o f shell showing anti-phase displacements

For all excitation frequencies up to the first normal mode (-2520 Hz), the
displacements in the shell will be in phase. For a 2000 Hz excitation frequency, we
can establish the maximum stresses and displacements within the shell. 2000 Hz
corresponds to an angular frequency o f 2 ^ - 2000 = 12566 rad/s. For a launch
vibration o f 20g, we can calculate the amplitude, d, o f the sinusoidal forcing
displacement from:

[3 .5 4 ]

This gives d = 1.24 //m.

2 0 g = o)^d

Chapter 3 Mechanical Design

161

For the first mode o f vibration with all displacements in phase, the largest error due to
assuming perfectly rigid enclosures will be if the top straps are attached to the top o f
the enclosure and the bottom straps are located at the mid-point o f the shell (as shown
in Figure 3-15).

IK

IK

in

Figure 3-15: Worst case geometry with flexible enclosures

We can now estimate the differential displacements between the ends o f the top and
bottom straps using Equation [3.51 ].

Figure 2.18 shows that the difference. Aw, between the peak displacement o f the
midpoint o f the shell and the peak displacement o f the ends (=

is an increasing

function o f excitation frequency.

For the 2000 Hz (nearest to resonance) case considered above, with a 20g base
displacement o f 1.24 //m, the peak midpoint displacement is 3.74 //m.
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Figure 3-16: Difference between midpoint displacement and end displacement

Since the stresses within the suspension straps are proportional to the forcing
displacement, the maximum forcing acceleration to failure at 2000 Hz will be reduced
by at most a factor o f three. This is o f little concern, however, as at least 50000g o f
acceleration can be withstood at 2000 Hz with rigid enclosures.

O f greater concern than the effect of the enclosures’ flexibility on the stresses in the
composite suspension straps, is the stress developed within the aluminium shell itself.

Recall from the beginning o f this section that Equation [ 3.37 ] gave the strain in the
shell as:

[3 .3 7 ]

8 -

âu
4/
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We can relate stress to strain using Hooke’s Law, so we have the following equation
for stress:

[3 .5 5 ]

a = Ee = E —

Differentiating [ 3.51 ], we obtain:

[3 .5 6 ]

âu

- X sm

+

(1 -c o sX )
sinX

4/

A
d sm y c t
J

and therefore, from Equation [ 3.55 ]:

[3 .5 7 ]

cr =

(1-cosX)
sm )y-\--------------- cos%y d y sinyct - E
sinX

The stress within the shell as a function o f frequency can now be calculated.

The peak stress increases from zero up to 600 kPa at 2000 Hz. This stress is well
within aluminium 6082’s yield stress o f 255 MPa.
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Figure 3-17: Aluminium enclosure stress as a function o f excitation frequency

The stress varies along the shell in an almost linear fashion. The peak stresses occur
not at the midpoint o f the shell where the displacement is maximum, but at the ends,
where the rate o f change o f displacement with respect to distance along the bar (i.e.
strain) is maximum. The stress profile for a 2000 Hz excitation frequency is shown in
Figure 3-18 below.

So far, the gravity force acting on the aluminium shell has been neglected. There is a
small stress developed in the shell due to the straining o f the inter-atomic bonds, even
when the material is at rest.
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Figure 3-18: Stress profile along shell for excitation frequency o f 2000 Hz

This is due to the weight o f the material beneath the section considered, as shown in
Figure 3-19 below. More significantly, there are non-trivial forces applied to each
end o f the enclosure to hold it in place under its own weight. If the weight is shared
equally between supports at the top and bottom ends o f the shell, we can calculate the
stress at a distance y from the top o f the enclosure. From Figure 3-19, we can write:

[3 .5 8 ]

cr(>>) =

Where L is the length o f the shell.

mg
2A

mg f y ]
A

UJ
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Figure 3-19: Calculation o f gravitv-force induced stress along the shell

We therefore have a variation o f tensile stress along the length:

m g/lA

/ / / / /
Figure 3-20: Variation o f gravitv-force induced stress along shell

Since the area, A, is 7850 mm , and the mass, m, is 21.2 kg, the maximum gravityforce induced stress is around 13 kPa. This is small compared to the vibrationinduced stresses (600 kPa at 2000 Hz - around fifty times greater), and can be
neglected in this model.
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3. 7 .1

Conclusions on effects of enclosure flexibility

Enclosure flexibility is most significant at the top end o f the frequency range
considered - i.e. at around 2000 Hz. The effect o f enclosure flexibility on strap stress
in the worst possible case is to reduce the maximum sustainable acceleration by a
factor o f three at 2000 Hz, by 20 percent at 1000 Hz and by less than one percent at
200 Hz. Fortunately, the performance o f the composite suspension straps is most
critical at low frequencies - i.e. around 100-200 Hz, so the effect o f enclosure
flexibility on the performance o f the straps can safely be ignored.

The stresses due to flexibility developed within the enclosure walls themselves are
600 kPa and below. Since the failure stress o f aluminium alloy is 255 MPa, this
performance is more than adequate.

3.7.2

Stresses in enclosure walls due to strap tensions

The analysis o f Section 3.7 above has assumed an aluminium enclosure thickness o f 5
mm, to ensure sufficient strength and stiffness to carry the weight o f the ADR and to
avoid problems with stress concentrations around attachment points. In fact, it can be
seen from Equations [3 .5 1 ] , [ 3 .5 3 ] and [ 3.57 ] respectively that the displacement
within the enclosure wall, the natural frequencies and the stress in the aluminium are
all independent o f enclosure thickness. It may therefore seem possible to reduce the
mass o f the system by reducing the enclosure thickness.

The stresses in the enclosure walls due to the tensile forces applied by the straps have
not yet been considered, though.

The axial force in the enclosure wall is the sum o f the axial components o f the
tensions in the six top and six bottom suspension straps. When the enclosure is in its
equilibrium position, the force applied to the enclosure wall, Fe„c, will be:
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F enc —Ô ' CTstrap '

strap

where Gstrap is the stress in the straps (assumed to be vertical as in Models 2 and 3 and
as shown in Figure 3-21 below).

'strap

'strap

Figure 3-21: Vertical straps for calculation o f shield stress due to strap tensions

The results in Section 3.8 below will reveal that the worst performance relative to
launch qualification requirements is obtained under 15 Hz excitations in the x-z plane.
With a 20g forcing acceleration, the maximum stress in the straps between the 150 K
and 300 K enclosures is 146 MPa, with a strap diameter o f 12 mm. Since the launch
qualification test only applies an excitation o f lOg at 15 Hz (see Table 3-1 in Section
3.1 above), the expected maximum stress will be around half o f 146 MPa, or 73 MPa.
This peak stress assumes zero pre-tension in the straps, however. Recall fi*om Section
3.4.5 above that the straps will be pre-stressed by more than the predicted
compressive stress (73 MPa in this case). We now assume that the straps are in fact
pre-stressed by 200 MPa to give a good margin o f safety, and that the stress in the
enclosure walls does not increase much from the level predicted when the enclosure
is in its equilibrium position. This is a reasonable assumption, as any increase in
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upper strap stress will be accompanied by a decrease in lower strap stress following
any displacement from the equilibrium position. Inserting CTstrap = 200 MPa into
Equation [ 3.59 ] gives the maximum force in a section through the enclosure wall as
136 kN. With the wall thickness o f 5 mm, this gives a stress o f 17.3 MPa - 14.8 times
less than aluminium 6082’s yield stress of 255 MPa.

As noted above, however, attachment o f the suspension straps to the enclosure walls
will cause considerable stress concentrations. Recall the strap attachment regime
shown in Figure 2-6 in Section 2.1.7 above.

Stress concentrations will particularly develop around the holes in the enclosure walls
for the pre-tension adjustment bolts. The peak stresses in a material with a circular
hole develop around the edge o f the hole. Under tensile loading, the elastic stress
concentration factor, Kt, is defined as the ratio o f the maximum stress at the boundary
o f the discontinuity to the average stress at that cross-section o f the body, i.e.:

^^

^

L ^ «0V j

^ _ Maximum stress at discontinuity
t

•

Average stress at cross - section

For a small hole in a thin, infinite plate under tension, the stress concentration factor
has the value o f three. For larger holes in smaller plates, Kt takes smaller values,
falling to around two for very large holes^^. Stress concentration factors around other
discontinuities take similar values.

We can therefore assume that the peak stresses around the strap attachment points in
the enclosure walls are at most three times the average stresses at the cross-section
calculated above. If the peak stress around the attachment points increases by a factor
o f three from 17.3 MPa to 51.9 MPa, the safety factor on the yield stress o f
aluminium 6082 under launch qualification excitations falls from 14.8 to 4.91.
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At frequencies other than the 15 Hz considered, the safety factor will be higher still,
as the size o f the strap stresses falls relative to the launch qualification requirements
(see Table 3-14 in Section 3.8.3.1 below).

The 5 mm shield thickness therefore gives a good safety factor (see Section 3.8.3.1
below for a discussion o f safety factors). The mechanical performance o f a system
with lower shield thicknesses is discussed in Chapter 5 below, which considers the
optimization o f the thermal shield system and the geometry o f the ADR.

For this chapter and the thermal design chapter that follows, however, the default
shield thickness o f 5 mm is assumed.

Having considered the stresses in the enclosure walls, we return to the stresses in the
suspension straps themselves. The results o f Model 3 are presented in Section 3.8.

3.8

Results of mechanical modelling

The effect o f sinusoidal launch vibrations in the %, y and z-directions has been
analysed using Model 3 (described in Section 3.6 above). The results are presented
and discussed in Section 3.8.1. The system’s response to random vibrations is then
considered in Section 3.8.2. The performance o f the system is seen easily to exceed
typical launch qualification specifications.

3.8.1

Sinusoidal vibrations analysis

Recall from Section 3.1.1 above that sinusoidal vibrations can be used to describe
both in-flight vibrations and ground vibrations encountered during transportation o f
the spacecraft. Consider first the response to y-direction (vertical) excitations. The
frequency range 5 - 2000 Hz is considered. Note that stresses quoted or shown in
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graphs assume zero pre-tension in the straps unless stated otherwise. In fact, straps
will be pre-tensioned to more than half the maximum expected stress so that they do
not slacken. The forcing acceleration to failure discussed later therefore assumes that
the straps are pre-tensioned to exactly half o f the yield stress o f the relevant material.

3.8.1.1

Vertical (y-direction) excitation analysis

Having considered and made allowance for the potential problems with an analytical
model in Section 3.4, we are now able to use Model 3 to make design decisions for
the refrigeration system. This can only be done in conjunction with the results o f the
thermal models presented in the next chapter, however, as the thermal performance
has a crucial effect upon the choice o f materials. The materials chosen for the various
straps were summarized in Table 3-6 in Section 3.6 above. Kevlar fibres are chosen
for the suspension cords within the ADR, carbon-fibre composite for the straps
between the 4 K and 20 K baths and S-glass fibre composite for the 20 K - 150 K and
the 150 K - 300 K straps. These decisions will be justified in the next chapter.

The dimensions o f composite straps necessary to provide the strength to survive
launch can be established using Model 3 and the results fed into the thermal model
presented in Chapter 4. Different material choices for the suspension straps result in
different strap size prescriptions and therefore affect the thermal performance. By
testing various combinations, however, the configuration suggested above was found
to give the best overall thermal performance (for a given mechanical performance).

The displacements o f the innermost and outermost suspended bodies when subjected
to a 20g 15.9 Hz (100 rad/s) vertical excitation are shown in Figure 3-22 below. The
inner pills remain stationary until the vibrations transmit through from the outer
enclosure, which is being shaken. This is illustrated by Figure 3-23, which shows the
early response o f the system in more detail. Although the transient response shows a
significant discrepancy between the displacements o f the masses and the forcing
displacement (Figure 3-23), the steady state is for the masses to follow the forcing
displacement closely (Figure 3-22).
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Figure 3-22: Displacements of bodies under v-direction (vertical) excitation
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The velocities o f the masses under vertical excitation exhibit similar behaviour, as
shown in Figure 3-24. Due to damping, the initially stationary masses quite quickly
adopt the velocity and frequency of the forcing excitation.
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Figure 3-24: Velocities o f masses under sinusoidal v-direction excitation

The initial velocities o f the masses are zero. Since the outer masses are excited first,
the velocities o f the inner masses remain zero until the vibrations are transmitted from
the outer elements. This is shown in Figure 3-25, which illustrates the early response
o f the system.

Having established the displacements o f the pills, it is possible to calculate the
stresses developed within the suspension elements as described in Section 3.4.2
(Equation [3.31 ]). i.e.:
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a = E- 1
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+ dy‘
-

a +{dy + y y

where a is the lateral distance (in the %-z plane) between strap ends, dy is the initial
vertical (y-direction) distance between strap ends (as shown in Figure 3-3 above) and
y is the vertical displacement from the equilibrium position.
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Figure 3-25: Initial velocities of masses subjected to vertical excitations

The maximum stresses in suspension straps under 20g y-direction (vertical)
excitations for the range 15 - 2000 Hz are shown in Figure 3-26 below. Note that a
20g excitation at 5 Hz requires a forcing displacement of 20 cm (compared to 11 mm
required by the launch qualification). Since the stresses due to a 20g excitation at
frequencies below 15 Hz are therefore very large, they are not shown on this graph.
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Figure 3-26: Stresses in five-mass system under vertical sinusoidal excitation

The shape of Figure 3-26 is explained by considering the forcing displacement and
the resonant frequencies of the system. For a sinusoidal excitation:

[3.61 ]

y = d s in cot

Angular acceleration is related to forcing displacement and angular frequency by:

[3 .62]

dr

=

-CO d

sin cot
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The peak forcing acceleration is therefore o}d. For a constant forcing acceleration,
the amplitude of the forcing displacement, d, must therefore decrease in proportion to
the square of any increase in frequency, co. Since the stresses developed in the straps
are approximately proportional to the excitation amplitude, d, the stresses in the
straps should fall roughly as the square of the frequency (ignoring resonance effects).
This is illustrated in Figure 3-26 above, which includes a power-law approximation to
the stress in the outer aluminium enclosure. The fitted line actually has the equation:

6 r -2 .2 2

[ 3.63 ]

cr = 3 .0 4 0 V

Superimposed on this general decrease in peak stress are the resonances around the
natural frequencies of the system. Each mass and spring element contributes a natural
frequency, so the five-mass system has five natural frequencies. In the y-direction
these are:

Mass

Corresponding Natural
Frequency (Hz)

150K Aluminium enclosure

160.6

20K Aluminium Enclosure

490.1

4K Aluminium Enclosure

713.0

Outer ADR Pill

1102

Inner ADR Pill

1155

Table 3-8: Natural frequencies for v-direction excitation

Given that the amplitude of the forcing displacement decreases as the forcing
frequency increases, the most critical resonance will be at the first natural frequency i.e. 160.6 Hz.
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Launch specifications are usually made in terms of the multiple of g that instruments
will be expected to survive. It is therefore useful to calculate the nominal forcing
acceleration to failure for each strap system as a function of forcing frequency.

Although the peak stresses in each of the five sets of straps are different, the
excitation acceleration that the straps can withstand is designed to be roughly the
same. This is achieved by giving the straps that are made from stronger materials
(carbon-fibre) smaller cross-sectional areas than those that are made from the weaker
materials (S-glass fibre). Assuming nominal failure stresses of 1.8, 2.0 and 1.3 GPa
for Kevlar, carbon-fibre and S-glass fibre respectively, the nominal forcing
acceleration to failure for each strap can be compared as in Figure 3-27 below (for the
frequency range 5 - 2000 Hz). Note that the minima in Figure 3-27 correspond to the
maximum stresses in Figure 3-26 above, occurring at the resonant frequencies. Recall
that this analysis assumes that each strap system is pre-tensioned to half the yield
stress of the relevant strap material.
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Figure 3-27: Forcing acceleration to failure under v-direction (vertical) excitations
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The design chosen is capable of withstanding a minimum of 30.1 g at 5 Hz, 91.1 g at
15 Hz increasing to over lOOOOOg at frequencies above 2000 Hz. The behaviour of
the system near to resonance is the subject of 3.8.1.1.1 and the effect of reducing the
damping constant, which is very difficult to estimate, is investigated in 3.8.1.1.2.

3.8.1.1.1

Near resonance response of system

The behaviour of a system at or near resonance is a crucial factor in mechanical
design. The displacement of a single undamped mass on a spring becomes infinite
when excited at the natural frequency. We should therefore examine in detail the
response of the five-mass system when excited at frequencies around the natural
frequencies. Model 3 has been used to examine the frequency range 159-162 Hz,
where the first and most critical natural frequency is located (where the largest
stresses are obtained, as shown in Figure 3-26 above). The results are presented in
Figure 3-28 below.
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Figure 3-28 shows that the response o f the system to excitation at the first natural
frequency is good. The resonant peak is quite flat because o f dam ping and the
interactions o f the five masses. The highest stresses are developed in the outer
suspension straps (as we w ould expect as w e are looking at the low est natural
frequency corresponding to the largest mass and m inim um stiffness). The m inim um
forcing acceleration to failure is 55.Ig. Since a typical launch vibration qualification
only tests com ponents to 0.5g at frequencies over 100 Hz (see Section 3.1.1 above),
the perform ance o f the system presented is more than adequate.

Figure 3-27 and Figure 3-28 m ight suggest that the dim ensions o f the straps have not
been optim ized to make the acceleration to failure in each system the same. These
figures represent the system ’s response to excitations in the y-direction only,
however. The system has also been designed adequately to survive excitations in the
x-z plane. For these lateral excitations, the relative stresses in the various straps are
different from those under y-direction (vertical) excitations. It is found that the design
presented offers a good response to both y-direction and x-z plane excitations. The
behaviour o f the system under lateral excitations is considered in Section 3.8.1.2
below.

First, how ever, we remain w ith y-direction vibrations as we consider the effect o f
reducing the dam ping ratio by a factor o f ten.

3.8.1.1.2 Vertical excitations with damping reduced by a factor of ten

Since the approxim ation o f the dam ping constant (Equation [ 3.15 ]) is inherently
inaccurate, the excitation response is recalculated using M odel 3 w ith the dam ping
constant reduced by a factor o f ten.

There is little effect on the natural frequencies, w ith the highest natural frequency
(corresponding to the inner A D R pill) increasing from 1155 H z to 1160 H z. The
m axim um stresses increase significantly as the dam ping is reduced, however.
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The peak stresses with one-tenth the previous damping are shown in Figure 3-29
below, under a 20g excitation for the range 15 - 2000 Hz.
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Figure 3-29: Peak stresses with damping constant reduced by factor o f ten

A direct comparison between the stresses calculated with normal damping and the
stresses with the damping constant reduced by a factor o f ten is made in Figure 3-30
using a logarithmic scale. It is clear that the traces are quite similar away from the
resonant peaks, particularly for the 150 K enclosure (green traces in Figure 3-30).

At resonance, however, the low damping factor system is unable to restrain the
vibrations as effectively as the normal damping factor system, leading to large
differences in stresses between the two systems.
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Figure 3-30: Comparison o f normal damping and low damping peak stresses

Figure 3-31 below shows the forcing acceleration to failure for the low damping
system over the full frequency range. When damping is reduced by a factor o f ten, the
maximum sustainable acceleration at 15 Hz is reduced by 11% from 91.1 g to 81.2g.
Around resonance, however, the reduction in damping factor has a much greater
effect. Comparing Figure 3-31 with Figure 3-27, which shows the normal damping
system’s forcing acceleration to failure, it is clear that the resonant peaks are much
sharper when the damping is reduced. The amount o f damping present in the system
is therefore crucial in determining the response o f the system at resonant frequencies.
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Figure 3-31 : Forcing acceleration to failure with 1/10^ damping constant

The behaviour o f the low damping system around the first resonant frequency is
shown in detail in Figure 3-32 below. As has been seen in the figures above, the
resonance is much sharper with low damping than with normal damping (see Figure
3-28 above).

With low damping, the minimum forcing acceleration to failure at the lowest natural
frequency (160.6 Hz) is reduced from 55.Ig to 5.32g. As we saw in Section 3.1.1
above, the maximum acceleration that is applied to the system at frequencies above
100 Hz is 0.5g. Even with this very low damping, therefore, the forcing acceleration
sustainable
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Figure 3-32: Forcing acceleration to failure at natural frequency with 1/10^^ damping

The response o f the system to excitations in the x-z plane is now considered.

3.8.1.2

Analysis of lateral (x-z plane) vibrations

So far, analysis o f vibrations has been restricted to vertical, y-direction excitations.
By calculating an equivalent stiffness for lateral vibrations as described in Section
3.4.1 above, we can reuse Model 3 to calculate the response to excitations in the x-z
plane. The validity o f the results is confirmed by comparing them to the output from
the Runge-Kutta numerical model (Model 3) for x and z-direction excitations. The
stresses under x-z plane excitations are calculated for a worst case geometry. That is,
we assume that the excitation direction is parallel to the projection o f one o f the straps
onto the x-z plane. This assumption means that the corresponding strap will
experience the maximum possible extension (and therefore stress).
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The natural frequencies of the response to x-z plane excitations are shown in Table
3-9 below, and the maximum stresses as a function of frequency for 20g excitations
in the range 15 - 2000 Hz are shown in Figure 3-33. The natural frequencies for
excitations in the x-z plane are around 50% higher than those for vertical excitations.

Corresponding Natural

Mass

Frequency (Hz)
150K Aluminium enclosure

233.2

20K Aluminium Enclosure

640.9

4K Aluminium Enclosure

1118

Outer ADR Pill

1390

Inner ADR Pill

2126

Table 3-9: Natural frequencies for x-z plane (lateral) excitations
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Figure 3-33: Peak stresses under x-z plane sinusoidal excitation
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This is partly because o f the smaller radial distance between strap ends than vertical
distance and partly because o f the geometry o f the strap spacing (both o f which make
the effective x-z plane stiffness greater than the y-direction stiffness).

This is desirable for two reasons. Firstly, lower y-direction stiffiiess allows the system
to withstand greater accelerations in the y-direction than in the x-z plane, as vibrations
are not transmitted as well to the iimer enclosures by low-stifïhess members. This is
preferable because y-direction accelerations are likely to be greater during launch due
to the reflection o f acoustic pressure waves from the launch pad.

Secondly, higher lateral stiffiiess allows the radial distance between thermal shields to
be small. The radial distance between the large shields should be smaller than the
axial distance because the radiative areas increase as the square o f the radius o f the
enclosure, but only increase in proportion to the length o f the enclosure. It will be
shown in Chapter 4 below that the radiation o f heat between shields imposes a
significant heat load on the mechanical cooler. The radial clearances within the ADR
should also be minimized, so that the diameter o f the CMN pill can be as large as
possible (the hold time o f the ADR is roughly proportional to the volume o f the CMN
pill). The radius o f the CMN pill is therefore important in determining the ADR’s
performance.

The peak stresses under x-z plane excitation are shown in Figure 3-33 above. The
corresponding forcing accelerations to failure are shown in Figure 3-34. The forcing
acceleration to failure at the first natural frequency is 47.4g. The system can
withstand 20.9g at a forcing frequency o f 5 Hz.

The response o f the system around the lowest x-z plane natural frequency, 233 Hz, is
shown in Figure 3-35 below. As we would expect, the maximum stresses are
developed in the S-glass fibre straps between the 150 K and 300 K aluminium
enclosures, which have relatively low stiffiiess and carry the greatest total mass.

The effect o f reducing the damping constant by a factor o f ten is again examined.
Figure 3-36 shows the lateral forcing acceleration to failure with low damping.
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Figure 3-36: x-z plane forcing acceleration to failure with 1/10^ damping

As with y-direction excitations, the forcing acceleration to failure at frequencies
around the natural frequency is considerably lower with reduced damping. Figure
3-37 below shows that, with 1/10‘^ normal damping, the forcing acceleration to
failure in the x-z plane is only 5.00g in the straps between the 150 K and 300 K
enclosures. As was noted for y-direction excitations above, this is still comfortably
above the forcing acceleration that an instrument would be expected to survive during
launch.

In Section 3.8.3.1 below, the results of Model 3 presented above are compared to the
launch qualification requirements described in Section 3.1. First, however, we
consider the effects of random vibrations on the system.
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Figure 3-37: x-z plane acceleration to failure with 1/10^ damping near resonance

3.8.2

Random vibrations analysis

The response to random vibrations can be predicted using Miles’ equations'll

3.64

d^x

. dr
V

^

.
/ rms

U -L-W (fn)
\
44-

where fn is the natural frequency in Hz and W{fn) is the input acceleration power
spectral density (from Table 3-2 in Section 3.1.2 above).

The natural frequencies were shown in Table 3-8 and Table 3-9 to be:
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y-direction

x-z plane

Natural Frequency

Natural Frequency

(Hz)

(Hz)

150K Enclosure

160.6

233.2

20K Enclosure

490.1

640.9

4K Enclosure

713.0

1118

Outer ADR Pill

1102

1390

Inner ADR Pill

1155

2126

Mass

Table 3-10: Natural frequencies for vibrations in x, v and z-directions

These natural frequencies correspond to the normal modes o f vibration o f the five
masses. The lowest frequency corresponds to the highest mass - i.e. the 150 K
enclosure and the highest frequency corresponds to the lowest mass - i.e. the lowtemperature (inner) pill o f the ADR.

Using Equation [ 3.64 ], these natural frequencies give the root mean square (r.m.s.)
accelerations shown in Table 3-11 below. These r.m.s. accelerations are then
converted into peak accelerations by assuming that the peak acceleration is three
times the r.m.s. acceleration^*. This is a conservative estimate, as a sinusoidal
response has a peak value just yfl times greater than the r.m.s..

Since acceleration o f a sinusoidal motion is related to amplitude by the expression:

[ 3.65 ]

a = -CO s .

where a is the acceleration, co is the angular frequency (in rad/s) and s is the
amplitude o f oscillation, we can calculate the maximum displacement, ^max,
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corresponding to this acceleration. The stress experienced by the straps is then found
by imposing y^ax as a static displacement o f one mass relative to another. The
maximum stresses due to y-direction excitations were given by Equation [3.31 ] in
Section 3.4.2 above:

cr = E

[3 .3 1 ]

The damping ratio,

1

-

a +{dy + y)

is given by Equation [ 3.15 ] in Section 3.2 above. The

maximum stresses in each o f the sets o f straps are then as shown in Table 3-11 below.

Natural

Damping

Frequency

Ratio

PSD

Rms

Maximum Static

Acceleration

Displacement

/«(H z)

)

Stress

ymax(/in)

o(MPa)

(g'/Hz)
160.6

0.0394

0.2

25.3

74.5

40.3

490.1

0.0226

0.2

58.4

18.5

9.77

713.0

0.0187

0.2

77.3

11.6

6.35

1102

0.0151

0.2

107

6.71

0.169

1155

0.0147

0.2

111

6.33

0.099

Table 3-11 : Results o f v-direction random vibration analvsis

It can be seen that the stresses are much lower than those calculated for the sinusoidal
analysis considered above. If the damping constant is reduced by a factor o f ten, the
stresses under random vibrations are increased approximately by a factor o f y/ÏÔ or
3.2, and the highest stress predicted becomes 127 MPa. This is still much lower than

Chapter 3 Mechanical Design

191

the stresses predicted under sinusoidal excitations, and a factor o f ten lower than the
yield stress in the relevant (glass-fibre) strap o f 1300 MPa.

Consider now the stresses due to random vibrations in the x-z plane. For the geometry
considered here, the maximum stress due to lateral excitations would be experienced
if the motion were parallel to the projection o f one o f the straps onto the x-z plane,
with the corresponding strap experiencing the greatest stress. In this case, if we
consider excitations in the x-direction, causing an equivalent static displacement %max,
the stress is given by Equation [3.31 ]. We can therefore write:

[ 3.66 ]

1

-

since the a and x directions are assumed to be aligned for maximum stress. The
maximum stresses for x-z plane random vibrations are summarized in Table 3-12
below. These stresses are considerably lower than for ^/-direction random vibrations,
and are also well below the stresses calculated for x-z plane sinusoidal excitations.

Natural

Damping

Frequency

Ratio

PSD

Rms

Maximum Static

Acceleration

Displacement

)

/«(H z)

Stress

o(MPa)

(g'/Hz)
233.2

0.0327

0.2

33.4

46.7

5.80

640.9

0.0198

0.2

71.4

13.2

1.95

1118

0.0150

0.2

108

6.59

4.79

1390

0.0134

0.2

128

5.02

2.28

2126

0.0108

0.2

175

2.95

1.05

Table 3-12: Results o f x-z plane random vibrations analvsis
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3.8.3

Comparison

of predicted stresses

with

launch

qualification levels

The accelerations that a spacecraft’s components are expected to survive during
launch were outlined in Section 3.1 above. In this section, the results o f the sinusoidal
and random vibrations analyses presented in Section 3.8.1 and Section 3.8.2 are
summarized and compared to these qualification levels. Consider first the results o f
the sinusoidal analyses.

3.8.3.1

Sinusoidal results compared to launch qualification levels

Table 3-13 below compares the launch qualification levels given in Section 3.1 with
the results o f the sinusoidal analyses presented in Section 3.8.1. For each frequency
range considered, the lowest forcing acceleration to failure is found, corresponding to
the highest stresses. As can be seen from Figure 3-26 in Section 3.8.1.1 above, the
maximum stresses fall (and therefore the forcing acceleration to failure increases)
approximately as the square o f the frequency away from the natural frequencies,
where it has sharp minima. The data in Table 3-13 for frequencies above 100 Hz
therefore represent the first and most critical natural frequencies.

Frequency

Qualification

Minimum Forcing Acceleration to Failure (g)

(Hz)

Acceleration

Normal Damping

(g)

1/10^ Damping

y-

x-z

y-

x-z

direction

plane

direction

plane

5

1

30.1

20.9

26.8

19.1

15

10

91.1

62.6

81.2

57.2

35-60

20

214

147

184

134

60-100

10

277

253

255

222

>100

0.5

55.1

47.4

5.32

5.00

Table 3-13: Comparison o f sinusoidal results with launch qualification levels
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Defining the safety factor as:

[3 .6 7 ]

Safety Factor =

Minimum Forcing Acceleration to Failure
Launch Qualification Forcing Acceleration

the results presented in Table 3-13 above give the safety factors shown in Table 3-14
below.

Frequency

Qualification

(Hz)

Acceleration
(g)

Safety Factor
Normal Damping

1/10“*Damping

y-

x-z

y-

x-z

direction

plane

direction

plane

5

1

30.1

20.9

26.8

19.1

15

10

9.11

6.26

8.12

5.72

35-60

20

10.7

7.33

9.22

6.70

60-100

10

27.7

25.3

25.5

22.2

>100

0.5

110

94.8

10.6

10.0

Table 3-14: Safety factors for sinusoidal excitation

It is clear that the minimum safety factors for normal and low damping systems are
6.26 and 5.72 respectively, which are comfortably above the ultimate safety factors
that are usually applied to flight structures o f between 1.25 and 3.0

The design

presented should therefore easily be able to withstand sinusoidal launch vibrations.

Consider now the performance o f the system under random vibrations.
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3.8.3.2

Random vibrations resuits compared to quaiification ieveis

In Section 3.1.2, it was shown that a typical random vibration test subjects a structure
to a power spectral density (PSD) o f 0.2 g^/Hz for the frequency range 20-2000 Hz. It
was shown in Section 3.8.2 above, that the highest stress developed under this test is
127 MPa, even with low damping. This is over ten times less than S-glass fibre’s
nominal failure stress o f 1.3 GPa. The stresses under random vibrations are therefore
well below those due to sinusoidal vibrations and comfortably within the yield
stresses o f the materials used.

3.9

Summary of Chapters

In this chapter, a thermally shielded ADR o f total mass 57.1 kg has been designed to
give a good balance o f thermal and mechanical performance.

The lowest safety factor for the stresses in the 5 mm thick aluminium enclosures is
4.91, assuming a stress concentration factor o f three around the strap attachment
points. With normal damping and the suspension straps pre-tensioned to half their
yield stresses, the 15 Hz forcing accelerations to strap failure are 62.6g and 91.1 g
under lateral (x-z plane) and vertical (y-direction) excitations respectively. This is
over six times higher than the minimum recommended by ESA (Table 3-1) for flight
components. At other frequencies, the performance relative to launch qualification
levels is even better. Away from the natural frequencies, the minimum forcing
acceleration to failure increases roughly as the square o f the forcing frequency.

Due to damping and the interactions o f the five masses, the resonant peaks are quite
flat. The natural frequencies easily exceed the 100 Hz minimum specified by ESA.
The lowest y-direction natural frequency is 160.6 Hz and the lowest x-z plane natural
frequency is 233.2 Hz. The system can withstand accelerations o f 47.4g and 55.Ig in
the x-z and y-directions respectively at these frequencies. Above these frequencies,
the performance is better still.
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Since the amount o f damping in the system is difficult to estimate, the response with
the damping reduced by a factor o f ten has also been calculated. The salient minimum
forcing accelerations to failure with normal and 1/10^ damping are summarized in
Table 3-15 below.

Frequency

Qualification

Minimum Forcing Acceleration to Failure (g)

(Hz)

Acceleration

Normal Damping

(g)

1/10^ Damping

y-

x-z

y-

x-z

direction

plane

direction

plane

5

1

30.1

20.9

26.8

19.1

15

10

91.1

62.6

81.2

57.2

35-60

20

214

147

184

134

60-100

10

277

253

255

222

First Nat.

0.5

55.1

47.4

5.32

5.00

(at 161 Hz)

(at 233 Hz)

(at 161 Hz)

(at 233 Hz)

Frequency

Table 3-15: Salient forcing accelerations to failure

The predicted response to random vibrations is less critical than the response to
sinusoidal vibrations, with maximum stresses o f 40.3 MPa and 127 M Pa for normal
and low damping systems. These give safety factors o f 32.3 and 10.2 respectively on
the nominal yield stress (1300 MPa) o f the S-glass fibre straps in which they are
developed. Safety factors for the carbon-fibre and Kevlar supports will be greater
still, as the stresses developed in these straps are lower and the nominal yield stresses
o f these materials are higher.

O f course, the results o f this chapter’s modelling must be confirmed experimentally
in a vibration test, prior to confirmation of the final design. The analysis suggests that
the mechanical performance is very good, however, so there is no need for a launch
lock to reduce the stresses on the support structures. We can now consider the thermal
performance o f the system. This is the subject o f the next chapter.

196

4

Thermal Design

Overview o f Chapter 4
To establish the best design o f the refrigeration system, both mechanical and thermal
characteristics must be optimized. The mechanical performance was considered in
Chapter 3. This chapter describes the thermal performance o f the system.

The thermal system is represented in Figure 4-1 and consists o f four 5 mm thick
aluminium enclosures mechanically cooled to 300 K, 150 K, 20 K and 4 K
respectively with an adiabatic demagnetization refrigerator (ADR) cooling from 4 K
to 10 mK. The thermal performance of the system can be described under two
headings. Firstly, the amount of cooling power that is required to maintain the
aluminium enclosures at their operating temperatures and, secondly, the length o f
time for which the ADR can maintain the temperature o f the detector stage at 10 mK.

Section 4.1 describes the heat loads upon the aluminium enclosures and finds that
cooling powers o f 8 mW, 219 mW and 487 mW are required for the 4 K, 20 K and
150 K enclosures respectively.

Section 4.2 analyses the performance o f the ADR. The 10 mK hold time o f the ADR
is calculated to be 145 hours with no heat load on the detectors, 30.6 hours with 100
nW heat load, 6.75 hours with 500 nW and 3.42 hours with 1 //W.

Section 4.2.4 discusses the hold time at detector temperatures above 10 mK. It is
found that, within the range 1 0 -1 0 0 mK and for CMN heat loads above 100 nW, the
hold time is roughly proportional to the temperature o f the detector stage.
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Heat lifts
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required

to

maintain

enciosure

temperatures

40 cm

30 cm

20 cm

150 K

300 K

Figure 4-1 : Dimensions of aluminium enclosures

The amount of cooling power required from the mechanical coolers is the sum of the
total heat loads upon each enclosure.
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The net heat loads upon each enclosure consist o f three components:

i.

Net radiated heat incident upon the enclosure

ii.

Net conducted heat from support straps

iii.

Heat flow along current leads for the superconducting magnet, which are heatsunk at each intermediate enclosure

These components are considered in turn in the following sections.

4 . 1.1

Radiated heat Incident on each enclosure

The heat radiated by a grey body is given by Stefan’s Law^:

[4.1]

Q j^= £ A a -r

where 6" is the emissivity o f the body (£'=0 for white body,

for black body), A is

the area over which heat transfer occurs, cr is the Stefan-Boltzmann constant
(=5.67 10~* Wm’^K'"*) and T is the absolute temperature o f the body. KirchofTs law
tells us that the emissivity, s, o f the body is equal to the absorptivity, a, o f the body.
Assuming no heat is transmitted through the body we can also state that the
reflectivity, p, and the absorptivity, a, must sum to unity. We can therefore write:

[4.2]

p =\-£
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Consider the heat transfer between two concentric cylinders as shown in Figure 4-2
below. Body A radiates heat onto body B. A fraction Sb of this heat is absorbed by B
and the remainder is reflected back at A. This reflected heat is in turn either absorbed
by A or reflected back at B. This process continues ad infinitum and the net heat flow
from body A to body B can be represented by an infinite series:

D

Q

ab

ba

Figure 4-2: Heat flow between concentric enclosures

Similarly, the heat flow from B i o A can be written:

[ 4.4 ]

- £ ^£ gC7 '

A i^{\ + { \ - £ ^ ) { \ - £ j^ ) A - { \ - £ ^ Ÿ { \ - £ ^ Ÿ + ...)
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Since the term (1 - g^)(l - e ^ ) is necessarily less than one, the bracketed expressions
in [ 4.3 ] and [ 4.4 ] converge. The sum to infinity o f a geometric progression with
first term a and common ratio r is given by:

[4.5]

"
\-r

so [ 4.3 ] and [ 4.4 ] can be re-written:

The net heat exchange between A and B is therefore given by:

The aluminium enclosures are assumed to be covered by MLI radiation shields
twenty layers thick with spacers. The emissivity o f these shields is assumed to be
0.0022 ^ (see Section 5.1.3 below).
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This net radiated heat load is calculated for each enclosure and is shown in Table 4-1
below.

Enclosure

Surface Area

Net Radiated Heat

Temperature (K)

(m")

Load

4

0.0126

424 nW

20

0.0424

3.18 mW

150

0.101

92.9 mW

Table 4-1 : Net radiated heat load upon each enclosure

The net conductive heat transfer between enclosures is calculated in 4.1.2 below.

4 . 1.2

Conducted heat transfer between enclosures

The rate at which heat is conducted along the composite supports between adjacent
enclosures is calculated using the heat conduction equation:

[4.9]

dt

dx

where À is the conductivity o f the supports and A is the cross-sectional area.

Define the thermal potential^'*, 0 :

[4 . 1 0 ]

© = jA(T)dT
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so that integrating Equation [ 4.9 ] gives:

[4 .1 1]

à2=-j[0,-02]

We now need to calculate the length o f the supports, L

Figure 4-3: Calculation o f strap lengths

The projected length o f the straps in the x-z plane is represented by the parameter a .
The value o f a is calculated using the cosine rule for the triangle shown in Figure 4-3
above:

[4.1 2]

- 2/?rcos60° =

-R r
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and the length o f the straps is then given by:

L—

[4 .1 3 ]

+ dy^

where dy is the initial vertical distance between the ends o f the straps.

Using Equations [ 4.10 ] to [ 4.13 ], the conducted heat transfer between enclosures
can now be calculated for various strap materials, assuming a cross-sectional strap
area suitable to survive launch vibrations and thermal conductivity described by a
function fitted to experimental data^^’^^’^^’^*’^^.

We find that carbon-fibre straps conduct the minimum heat onto the low-temperature
4 K stage and that S-glass conducts less than carbon-fibre at higher temperatures.
Since both the heat radiated between enclosures and the heat load due to the current
leads are independent o f suspension strap material, the following design choices can
be made.

Enclosure Temperatures (K)

Composite Strap Material

4-20

Carbon-Fibre

20-150

S-Glass Fibre

150- 300

S-Glass Fibre

Table 4-2: Suspension strap material choices

The corresponding conducted heat loads on each stage are as shown in Table 4-3
below.
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Enclosure

Strap

Strap

Net Conducted Heat

Temperature (K)

Material

Diameter (nun)

Transfer (mW)

4

C-Fibre

8

3.32

20

S-Glass

10

125

150

S-Glass

12

248

Table 4-3: Conducted heat loads on each enclosure

The heating effect o f the current leads on the four enclosures is now considered.

4.1.3

Current lead heating of enclosures

Current leads are required to provide the power for the superconducting magnet that
operates the ADR. To minimize the heat load on the ADR itself, the leads are heat
sunk at each intermediate bath, i.e. at 150 K, 20 K and 4 K. There is therefore a heat
load due to the thermal conduction from the higher temperatures to the lower
temperatures as well as the heat load due to the resistive Joule heating o f the
w nes 80,81,82,83 . Ideally, we would like to minimize both o f these components. This
would require both low thermal conductivity and low electrical resistivity. However,
the Wiedemann-Franz Law suggests that À and p are inversely related, i.e.:

[4 .1 4 ]

Z( T )p (T ) = L J

where L q is the Lorentz number, equal to 2.45 10"* WQK'^. Since many metals obey
the Wiedemann-Franz law quite well, design optimization is concerned not so much
with material selection as with the calculation o f the optimum shape o f lead for a
given current and material.

Chapter 4 Thermal Design

205

In the steady state, the temperature distribution in a lead will remain constant with
time as Joule heat (= f'R) generated due to the passage of current is conducted away
to the cold bath. Figure 4-4 below shows the flow of heat through an element of
current lead.

X+ÔX

H
V

/ x+ Sx

i^p(T)ac

Figure 4-4: Heat flow in current leads

For uncooled current leads of length / and cross-section A with the hot and cold ends
of the leads held at temperatures Th and Tc respectively and a current / flowing, we
can write a heat balance equation:

[4.15]

d_^
dx

dx )

A

where X{T) and p{T) are respectively the thermal conductivity and electrical
resistivity of the material.

Making the substitution u =

dx

, we obtain:

206
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-— {X{T)u) - —
ax
A

[4.16]

I f we now multiply both sides of [ 4.16 ] by 2Xu, we have:

2A uA (zu)=-^X (T)p(T)u = ~ X ( T ) p ( T ) ^
dx
A
A
dx

or.

±{Xuf = - ^ X ( T ) p iT ) f
dx
A
dx

[4 .1 7 ]

2 / 2 T'.

( jT

Integrating:

{ X u f = — — ^X{T)p(T)— dx + C
dx

[ 4 .1 8 ]

(Xuf = ~

or,

\X{T)p(T) d T + C

Where C is an arbitrary constant o f integration, determined by boundary conditions.

We can therefore write:

[4.19]

j't/r 'i
=

ydx)

A^X(Tf

K - 2 \X{T)p{T) d T
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where K is another arbitrary constant.

The heat flow at a distance x from the cold end o f the wire is given by:

[ 4.20 ]

Q = AÀ(T) — + — \p(x)dx
dx
A ^

The heat flow out o f the cold end o f the lead (x = 0) is therefore given by:

[4 .2 1 ]

& =

f dT^
—

Substituting from Equation [ 4.19 ] with T = T c into [ 4.21 ], we obtain:

[ 4.22 ]

= Iy/K

2c =
/o

Since the heat flow out o f the cold end o f the current lead is proportional to the square
root o f the constant K, we need to minimize K to minimize heat flow along the leads.
The minimum value o f K can be found from Equation [ 4.19 ]. In order for
real, the right-hand side o f [ 4.19 ] must be positive. We can therefore write:

dx

to be

208
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[4 . 2 3 ]

= 2 ] m p { T ) dT

and the corresponding minimum heat flow into the cold bath is given hy:

[4.24]

2 m in

2 ]x{T)p{T) dT
Tr

We can find the optimum shape o f the current leads by integrating Equation [ 4.19 ]:

dT _
dx

I
AÀ{T) ^

L -1 r

[4.25]

K - 2 j/l(T )p (T ) dT

;i( r )

A~ 1

, which gives

dT

k m m - 2 \X{T)p{T) d T

Taking the expression for Kmin from [ 4.23 ],

X{T)

1=1 f.
A

/1

dT

I

2 \x { T )p { T ) d T - 2 j X ( T ) p ( T ) d T
Tr

so that,
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U T)

[4 .2 6 ]
y y opt

dT

2 ] l{ T )p { T ) d T

We now have expressions for the minimum heat flow into the cold bath [ 4.24 ] and
the optimum geometry o f current lead [ 4.26 ]. In order to evaluate these expressions,
we need data for the thermal conductivity, A, and electrical resistivity, p, o f the
current lead material.

If we assume that the current lead material obeys the Wiedemann-Franz law, then
Equation [ 4.14 ] above holds and Equations [ 4.24 ] and [ 4.26 ] can be simplified.

Substituting À (T )p(T ) = L^T into [ 4.24 ] gives:

[4 .2 7 ]

6mm = / 2

dT =

which can be evaluated easily. However, substituting [ 4.14 ] into [ 4.26 ] yields:

[4 .2 8 ]
y^Jop,

4 'iT,

X(T)
dT
-T

which cannot be solved without knowing the form o f À{T).

Chapter 4 Thermal Design

210

To evaluate [ 4.24 ] and [ 4.26 ], polynomials are fitted to experimental thermal
conductivity and electrical resistivity data^"^ for two candidate materials - aluminium
and copper. With the assumption that four current leads run between each pair o f
baths, the minimum heat loads per amp current are then calculated and are presented
in Table 4-4 below. The heat loads predicted by Equation [ 4.27 ], which assumes a
Wiedemann-Franz law relationship between MT) and p{T), are also shovm. It is clear
that aluminium current leads impart a smaller heat load upon each enclosure than
copper current leads (especially at low temperatures) and are therefore preferable.
The Wiedemann-Franz assumption under-predicts Qmin by an average o f 5.1% for
copper leads and over-predicts by an average o f 52% for aluminium leads. The
assumption is therefore reasonably accurate for copper but o f little value for
aluminium leads.

Minimum heat loads per amp current (mW) [4 leads]
Path

Aluminium

Copper

WiedemannFranz Law

4 K - 20 K

5.06

14.5

12.3

2 0 K - 150K

91.4

98.3

93.1

150 K - 300 K

146

155

163

Table 4-4: Minimum heat loads along current leads

These heat loads represent the heat flows out o f the cold ends o f the current leads.
They are given by the sum o f the Joule heat generated within the leads, and the heat
flows into the hot ends o f the leads. Optimal leads have temperature distributions
chosen so that the heat flows into the hot ends o f the leads are zero. This requires that

dx

be zero at x = /. This is, indeed, the case for our optimized leads, as shown by the

temperature distribution plotted in Figure 4-5 below.
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In the steady state, the temperature gradient is also such that the extra heat generated
by Joule heating within an element o f wire is compensated by the difference between
the conducted heat out o f the element and the conducted heat in. With reference to
Figure 4-4 above, this means that when À{T) and p{T) are approximately constant, the
magnitude of

will always be less than that o f
dx

/.Ï+&

dx

as we move from the

cold end to the hot end. This is also demonstrated in Figure 4-5, which shows the
temperature distribution along 100 cm optimized 150 K - 300 K leads.

300
280
260
240

220

I 200
180
160
140

T

20

40

60

80

100

Distance along lead (cm)

Figure 4-5: Temperature distribution along 150 K - 300 K current leads

The optimum length to area ratio o f the leads is given by Equation [ 4.26 ]. From this,
the optimum lead diameter can be determined for a given lead length and current. The
relationship between current lead length and optimum area is shown in Figure 4-6
below.
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From Figure 4-6 we can see that, as the temperature o f the leads decreases, the
optimum cross-sectional area for a given length falls as low thermal conductivity
becomes more important than low electrical resistivity.

The graph shows the optimum diameter o f current lead per y[Â current. For 10 A
current, the optimum diameters shown in Figure 4-6 should be multiplied by

V ÎÔ

to

reflect the increased importance o f Joule heating, as predicted by Equation [ 4.26 ].

1000
900
800

2

700
600
4 K - 20 K

500
.2

20 K - 150 K
400

E
I

300

O

200

150 K - 300 K

100

0

20

40

60

80

100

Current Lead Length (cm)
Figure 4-6: Optimum current lead diameter for aluminium wires

So far, it has been assumed that normal copper or aluminium current leads are used to
supply current between the warm spacecraft at around 300 K and the magnet and heat
switches at 4 K. These leads are heat sunk at the intermediate bath temperatures o f
150 K and 20 K. It would therefore be possible to use different materials between the
different temperature enclosures within the system. In particular, it may be possible to
use a superconducting material between the lowest temperature enclosures (4 K - 20
K). This is investigated in Section 4.1.3.1 below.
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4.1.3.1

It was

High Tc superconducting current leads for 4 K - 20 K

noted

in

Section 2.1.5

above

that high

critical temperature

(7^)

superconducting current leads have been developed by NASA for the XRS instrument
launched on ASTRO-E. Superconducting leads have no Joule heating as electrical
resistance is zero. Using very small diameter leads, the total heat conducted to the
cold end can therefore be significantly reduced.

For our purposes, the highest bath temperature theoretically accessible with high Tc
leads is 20 K. Tc represents the temperature at which superconducting materials make
the transition to normal conductivity. At bath temperatures above Tc, normal Joule
heating will therefore occur. No materials remain superconducting up to the next
highest shield temperature in our system, 150 K

Use o f superconducting current

leads is therefore only possible between the 4 K and 20 K shields.

The leads for XRS^^, for example, linked the 17 K solid neon tank to a superfluid
helium tank at 1.3 K. The critical temperature o f these Yttrium Barium Copper Oxide
(YBCO) leads was 18.5 K. The effect o f using high Tc leads for XRS was to reduce
the heat load on the 1.3 K bath by more than a factor o f five - from 2.7 mW with
copper wires to 500 / Æ with YBCO wires. If a similar reduction in heat load could
be obtained for the 4 K - 20 K current leads for our system, then the current lead
heating o f the 4 K stage would be reduced from 5.06 mW to around 1 mW. As will be
shown in Section 4.1.4 below, this would reduce the total heat load on the 4 K
enclosure by around fifty percent.

The development o f high Tc current leads for the 10 mK space refrigeration system is
therefore an important area for future research. For the remainder o f this chapter,
however, it is assumed that normal aluminium current leads are used throughout the
system.

Having calculated the radiative, conductive and current lead contributions to the heat
load, we can now sum them to find the total heat load on each enclosure and the
relative sizes o f the three components.
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Total heat load on each enclosure

We now assume that we use the optimum design o f aluminium current leads and
carbon-fibre supports between the inner enclosures (4 K - 20 K) and S-glass fibre
between the other enclosures (20 K - 150 K and 150 K - 300 K). The components
due to radiation, conduction and current leads, and the total heat load on each
enclosure are summarized in Table 4-5.

Enclosure

Heat Load (mW)

Temp. (K)

Radiated

Conducted

Current Leads

Total

4

424 nW

3.32

5.06

8.38

20

3.18

125

91.4

220

150

92.9

248

146

487

Table 4-5: Summary o f heat loads on each enclosure

The total heat lifts available from a modem 40 kg space cryocooler'^^’'^'^ such as
proposed for the STJ-C Camera mission in 2002 are shown in Table 3.6 below:

Stage Temperature (K)

Available Heat Lift (mW)

4

10

20

250

150

500

Table 4-6: Cryocooler heat lift capability
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The heat lifts presented in Table 4-6 exceed the requirements summarized in Table
4-5. Furthermore, the heat load on the 4 K stage could potentially be reduced further
to around 4 mW by using high

superconducting current leads between the 4 K and

20 K enclosures, as discussed in Section 4.1.3.1 above. A cryocooler similar to the
one proposed for the STJ-C Camera would therefore be adequate to provide the
refrigeration needs o f the aluminium enclosures.

Assuming normal (non-superconducting) current leads, the components o f heat load
for the 4 K, 20 K and 150 K enclosures are represented graphically in Figure 4-7,
Figure 4-8 and Figure 4-9 respectively.

Conducted
Radiated

0%

Current Leads
60%
Figure 4-7: Heat load components on 4 K enclosure

It can be seen from these figures that, whilst the conducted heat transfer accounts for
around 50% o f the heat load for all three charts, the relative sizes o f the radiative and
current lead contributions vary significantly. Radiated heat transfer is negligible
between the 4 K and the 20 K enclosures and between the 20 K and the 150 K
enclosures. It is, however, a major source o f heat transfer between the 150 K and the
300 K enclosures. The use of multi-layer insulation is therefore particularly important
for the large, hot surfaces at the outside of the system.
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Current Leads
42%

Radiated
1%

Conducted
57%
Figure 4-8: Heat load components on 20 K enclosure

Current Leads
30%

Radiated
19%

Conducted
51%

Figure 4-9: Heat load components on 150 K enclosure

Having discussed the cooling power requirements necessary to provide the 4 K bath
from which cooling of the ADR commences, we shall now consider the performance
of the ADR itself.
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4.2

Performance of the ADR

In Section 4.2.1, the principles o f magnetic cooling described in Section 1.4.3.3.1 are
employed to develop a Mathcad model that predicts the ADR’s performance. The
results from this program are presented and discussed in 4.2.2.

4.2.1

Development of Mathcad model to predict ADR
performance

The parameters required for the program are summarized in Table 4-7 below. The
lengths and cross-sections o f the Kevlar suspension cords are specified. The radiative
areas are calculated from the sizes o f the pills and the 4 K enclosure so that the
radiative heat transfer can be calculated as in 4.1.1 above.

The applied magnetic field strength is 2 Tesla. This enables the high-temperature pill
to cool to 0.75 K*^. The low-temperature pill then cools from 0.75 K to 10 mK. The
recycle time for the ADR will be around 2 hours.

The emissivities are assumed to be 0.1 for all surfaces. This is a conservative estimate
as actual emissivities will almost certainly be lower, which would tend to increase the
hold time. This effect is very small, however, as even a factor o f ten decrease in
emissivity yields only a one percent increase in hold time.

Note that the theoretical values calculated below for ADR hold times assume that the
ADR operates at Carnot efficiency (see Section 1.4.3.3.2 above). In reality, the ADRs
at MSSL typically achieve over 75% o f Carnot cycle efficiency, so the predictions are
reasonably accurate.
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Parameter
Field Strength

Value
2 Tesla
1A

Magnet Current
Input Power From Detector Stage

OnW

Inner/Outer Cord Diameters

1.2 mm/3.0 mm

Inner/Outer Cord Lengths

25 mm/30 mm

Bath Temperature (Tbath)

4K

Temperature o f DGG pill (Tdgg)
Surface Emissivity

0.75 K
0.1
145 hours

Hold Time
DGG Crystal Properties
Length

34 mm

Diameter

15 mm

Density

10.3 g/cm^

Mass

62 g

Ionic Weight

343 g

Number o f Moles o f Refrigerant

0.18 moles
4K

Start Temperature
CMN Pill Properties
Length

80 mm

Diameter

40 mm

Density

2 g/cm^

Mass

201 g

Ionic Weight

765 g

Number o f Moles o f Refrigerant
Start Temperature

0.263 moles
0.75 K

Table 4-7: Default parameters for thermal modelling o f ADR
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The program proceeds by calculating the entropy, S 2, after the field is applied
isothermally (i.e. at point 2 on Figure 1-34 in Section 1.4.3.3.2) using the equation^^:

X

sinh

/
coth
V

X

\\
(2 J + 1)

+ ln

- ( 2 J + l)coth|^|-(2y + l)
yj

sin h |^ |

where R q is the universal gas constant = 8.315 J m ol'^K '\ J is the angular momentum
quantum number and jc =

, where g is the spectroscopic splitting factor, p is the

Bohr magneton, B is the magnetic field, k is Boltzmann’s constant and T is the
absolute temperature.

The entropy when the field is completely removed is also calculated. The entropy for
these completely disordered paramagnetic ions is given by:

[4 .3 0 ]

The program then performs a loop, which calculates both the heat loads (radiated and
conducted) upon the salt pills and the entropy, as long as the entropy is greater than
the zero-field value. Once the entropy has reached the zero-field value, we know that
the temperature o f the CMN pill can no longer be maintained (we cannot further
reduce the field to compensate heating fi*om radiation and conduction). The time
taken to achieve this condition is the hold time o f the ADR.

The effect o f the diameter o f the suspension cords and the input power to the detector
stage on the A D R’s hold time are investigated and discussed in 4.2.2 below.
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Results of ADR modelling

4 .2 .2

The hold time as a function o f input power to the detector stage is shown below in
Figure 4-10 for the cord dimensions chosen. Note that the input power to the detector
stage, the heat load on the detector stage and the cooling power provided at the
detector stage are all synonymous, with the three terms used interchangeably.

160
140
g

120

100
80
60
40

20
0
0

200

400

600

800

1000

Input Power on Detector Stage (nW)

Figure 4-10: Hold time for 10 mK dADR as a function o f detector heat load

The hold time falls from 145 hours with no heat load on the detectors to 30.6 hours
with 100 nW, 6.75 hours with 500 nW and 3.42 hours with 1 juW.

Decreasing the diameter o f the suspension cords is found to have a large effect on the
hold time for small input powers, as the conducted heat along the cords is the
dominant source o f heat transfer.
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The effect is much smaller at higher heat loads (when input power from the detectors
is dominant). This is shown in Figure 4-11 below.

Inner and outer cord diameters are changed in proportion. When the outer cords have
a diameter of 3.0 mm, the inner cords have a diameter of 1.2 mm (default
configuration). When the outer cords are 6.0 mm, the inner cords are 2.4 mm etc.

600

500

400
o
«
2
o
X

0.6mm
300
1.2mm
200

2.4mm

100

0
0

200

400

600

800

1000

Input Power on Detector Stage (nW)

Figure 4-11 : Effect of changing cord diameter on hold time

The effect of changing the cord diameters is illustrated in more detail in Figure 4-12,
which shows the hold time of the ADR for various low input powers as the cord
diameter is varied.

So far, the 10 mK hold time of the ADR has been investigated with all cooling power
provided at the detector stage (and thereby flowing into the low-temperature pill).
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In Section 4.2.3 below, the performance of the ADR with power input directly to both
pills is investigated.

---- 20nW Fleat Load
40nW Fleat Load
-N.

---- 60nW Heat Load
---- 8OnW Heat Load
---- 1OOnW Heat Load

20

-

0 +
0

2

3

4

O uter Cord Diameter (mm)

Figure 4-12: Hold time as a function of cord diameter for low input powers

4.2.3

System performance with power input directiy to
both pills

A Mathcad program has been written which predicts the hold time o f a double
adiabatic demagnetization refrigerator (dADR) which has heat input directly to both
the low-temperature pill (via the detector stage) and the high-temperature pill. The
effect of inputting power to both pills is shown in Figure 4-13 and Figure 4-14 below.
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Figure 4-13: Hold time as a function of heat load on DGG
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Figure 4-14: Hold time as a function of heat load on CMN
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It is clear from Figure 4-13 that power input directly to the high-temperature pill only
has a significant effect on hold time if the heat load on the CMN pill from the
detector stage is very low. Similarly, Figure 4-14 shows that the input power to the
CMN pill is most significant when the input power to the DGG pill is low.

In summary, the heat load on the high-temperature pill (DGG) has little effect on the
hold time for a 4 K bath when there are large heat loads on the detector stage. This is
because the heating effect o f this power input to the DGG is small in comparison to
the heat flow from the bath and the direct heating o f the CMN from the detectors. At
lower bath temperatures and with small heat loads on the CMN pill, however, the
effect o f direct heating o f the high-temperature pill is more significant.

This means that, for large (>100 nW) cooling powers at the detector stage, cooling
power is also available at the surface o f the DGG housing (at 0.75 K) with little effect
on the 10 mK hold time. Although the geometry o f the system presented makes
harnessing this cooling power difficult, future ADR designs could possibly employ
both a low-temperature (10 mK) and a high-temperature (0.75 K) stage. The cooling
power at the 0.75 K stage could be more than 20 /Æ .

We now consider the hold time o f the system at detector stage temperatures above 10
mK. This is discussed in Section 4.2.4 below.

4 .2 .4

The hold time at temperatures above 10 mK

So far, only the hold time at 10 mK has been considered. In fact, much greater hold
times can be achieved at higher temperatures. This is shown in Figure 4-15 and Table
4-8 below.

Chapter 4 Thermal Design

225

600

500

Final
Temperature
(mK)

400

□ 10
■ 15

□ 20

g 300

□ 30

2

■ 50

X 200

□ 100

100

100

500

1000

Heat Load on Detectors (nW)
Figure 4-15: Hold time as a function of final CMN temperature

Final CMN Temperature (mK)

Input
Power to

10

15

20

30

50

100

0

145

186

222

283

381

571

100

30.6

45J

59^

8T6

140

257

500

6 J5

10.1

13.5

20.2

33.7

66.9

1000

3.42

5.13

6^3

10.3

17.0

34.1

CMN
(nW)

Table 4-8: Hold time as a function of final CMN temperature
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It can be seen from Table 4-8 above that for heat loads o f 100 nW and above, the hold
time is roughly proportional to the final CMN temperature. For large heat loads, we
therefore obtain twice the 10 mK hold time at 20 mK, three times the 10 mK hold
time at 30 mK and around ten times the 10 mK hold time at 100 mK. With no heat
load on the CMN pill, there is around a fifty percent increase in hold time in moving
from a final temperature o f T mK to a final temperature o f 2T mK.

For comparison with the performance o f a helium-3/helium-4 dilution refrigerator,
the hold time with a detector stage cooling power o f 200 nW has also been calculated.
The hold time is 16.3 hours at 10 mK, 48.3 hours at 30 mK or 154 hours at 100 mK
(with a recycle time o f two hours). Recall from Section 1.4.3.1.3 above that the
dilution refrigerator could provide 200 nW o f cooling power continuously at a
minimum temperature o f 100 mK, needing an annual supply o f 1000 litres o f helium3 gas and 4000 litres o f helium-4 gas.

4.3

Summary of Chapter 4

The hold times o f the ADR with various heat loads on the detector stage (i.e. for
various cooling powers at the detector stage) are summarized in Table 4-9 below.

Heat Load on Detector Stage (nW)

Hold Time (hours)

0

145

100

30.6

500

6.75

1000

3.42

Table 4-9: Summarv o f ADR performance
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With a recycle time o f 2 hours between successive magnetizations, the system is
capable o f maintaining a temperature o f 10 mK for 145 hours with no heat load on
the detectors, decreasing to 3.42 hours with a heat load o f 1 juW on the detectors.

For high heat loads on the detector stage (greater than around 100 nW), power can
also be directly input to the high-temperature pill with little effect on the hold time.
This means that a second cold stage (at 0.75 K) could theoretically be employed, with
a cooling power o f 20 juW or more.

With high heat loads on the CMN pill, increasing the final temperature o f the CMN
pill offers increases in hold time roughly proportional to the increase in final
temperature. Doubling the detector temperature from 10 mK to 20 mK therefore
doubles the expected hold time for input powers greater than 100 nW. For low input
power to the detector stage, the advantage o f increasing the final temperature o f the
CMN pill is less. With 0 nW heat load on the CMN pill, doubling the detector
temperature from 10 mK to 20 mK yields around a fifty percent increase in hold time.
The possibility o f increasing ADR hold times further by geometric optimization is
investigated in Chapter 5 below.

The heat loads upon the mechanically cooled aluminium alloy enclosures are
summarized in Table 4-5, which is shown again below:

Enclosure

Heat Load (mW)

Temp. (K)

Radiated

Conducted

Current Leads

Total

4

424 nW

3.32

5.06

838

20

3.18

125

91.4

220

150

92.9

248

146

487

Table 4-5: Summarv o f heat loads on each enclosure
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The cooling power required to compensate these heat loads could comfortably be
provided by a modem cryocooler o f mass around 40 kg, with typical cooling powers
o f 10, 250 and 500 mW at 4, 20 and 150 K respectively (see Table 4-6). Furthermore,
the heat load on the 4 K bath could potentially be reduced to around 4 mW by using
high Tc superconducting current leads between the 4 K enclosure and the 20 K
enclosure.

So far, it has been assumed that the thermal shields are maintained at temperatures o f
4 K, 20 K, 150 K and 300 K. The next chapter investigates whether this configuration
is optimal and how the performance o f the system is affected by changing the number
o f shields or their temperatures. It also discusses the possible benefits o f optimizing
the geometry o f the ADR.
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5

Optimization of
Thermai Shields and
Geometry of ADR

Overview o f Chapter 5
Up to this point, we have assumed that thermal shields at 4 K, 20 K, 150 K and 300 K
isolate the ADR from the space environment. The distance between the thermal
shields has been assumed to be 10 cm in the axial/vertical (y) direction and 5 cm in
the radial/lateral (x-z) direction. The thickness o f the aluminium enclosures has been
set at 5 mm. In this chapter, the effect o f varying these assumptions is examined.

In Section 5.1, the physical characteristics o f the thermal shields are discussed,
including the choice o f materials, the shield thickness and the insulation used. Section
5.2 discusses the optimum number o f thermal shields, and the best temperatures for
these shields are established in Section 5.3. The choice o f spacing between the
thermal shields is justified in Section 5.4.

Attention is then turned to the ADR itself. The optimum geometry o f the suspension
cords within the ADR is investigated in Section 5.5. It is shown that substantial gains
in hold time can be achieved by optimizing an ADR’s geometry for the expected heat
load on the detector stage.

The chapter concludes with a summary in Section 5.6.
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5.1

Physical characteristics of each shield

The choice o f material for the thermal shields, the shield thickness and the type o f
insulation used are discussed in the following three sections respectively. A possible
system to attach adjacent shields was discussed in Section 2.1.7 and illustrated in
Figure 2-6 above, and will not be discussed further here.

5 . 1.1

Material choice

As noted in Section 3.7, Aluminium 6082 is chosen as the material for the thermal
shields. This provides an affordable combination o f good mechanical strength, high
thermal conductivity and low density.

Superior mechanical performance could be obtained by using a composite material
(such as carbon-fibre reinforced plastic (CFRP)). CFRP absorbs and emits much
more heat than aluminium, however, and would therefore need to be coated with a
reflective (aluminium) foil for use as a thermal shield. Due to the low density o f
aluminium 6082, significant reductions in mass could only be achieved using CFRP
by reducing its thickness below 5 mm. With the degradation o f strength that occurs
when machining composite tubes to low thicknesses, however, and the stress
concentrations that would exist around the strap attachment points, aluminium alloy
remains the preferred material for the thermal shields.

Furthermore, the thermal conductivity o f composites is so low and their heat
capacities are so high that initial cooling o f the shields to their required temperatures
would impose a significant additional load on the mechanical cooler.

The relevant properties o f aluminium 6082 are compared to some other candidate
materials in Table 5-1 below.
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Material

Yield

Young’s

Stress

Modulus

(MPa)

(GPa)

Aluminium

15

Aluminium

Density

231

Yield Stress/

Conductivity

Density

atO°C

(g/cm^)

(Nm/g)

(Wm'^K'^)

70

2.7

5.56

205

255

69

2.71

94.1

201

Copper

33

130

8.96

3.68

390

Non-magnetic

188

200

7.9

23.8

15.9

1000

130

1.75

571

0.5

6082

Steel
CFRP

Table 5-1 : Properties o f possible thermal shield materials

5.1.2

Thickness of enclosures

The enclosures should be thick enough to support the stresses encountered during
launch. The stresses in 5 mm thick aluminium shields during launch vibrations were
calculated in Section 3.7.2 above. It was found that the minimum safety factor over
launch qualification requirements was 4.91.

Since the cross-sectional areas o f the thermal shields, which carry the tensile forces
applied by the suspension straps, are approximately proportional to the wall thickness
o f the enclosures, the safety factor will decrease in proportion to any reduction in
thickness. The masses o f the enclosures will also fall as their thicknesses are reduced,
however, decreasing the stresses developed in the suspension straps under sinusoidal
excitations. With the same strap diameters assumed for all thicknesses, the maximum
strap stresses have been calculated for wall thicknesses from 5 mm down to 1 mm.
The maximum strap stresses obtained and the cross-sectional areas o f the enclosures
are summarized in Table 5-2 below, which also shows the predicted safety factors
and masses o f the systems for comparison with the default 5 mm thickness system.
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Shield

Maximum Strap

Shield C-S

Safety

System Mass

Thickness

Stress at 15 Hz

Area

Factor

(ADR + Shields)

(mm)

(MPa)

(mm^)

1

108

1571

1.33

20.4

2

115

3142

2.49

29.6

3

114

4712

3.77

38.7

4

130

6283

4.41

47.9

5

146

7854

4.91

57.1

(kg)

Table 5-2: Safety factors and masses for various shield thicknesses

With safety factors o f up to three typically applied to spacecraft components as
described in Section 3.8.3.1 above, a shield thickness o f less than 3 mm would give
unacceptably high stresses.

Thicknesses o f 3 mm and 4 mm would theoretically provide acceptable strength, with
safety factors o f 3.77 and 4.41 respectively. The mass o f the system o f ADR plus
thermal shields would fall by 32 % to 38.7 kg with the 3 mm enclosures and by 16 %
to 47.9 kg with the 4 mm enclosures.

The total mass o f the refrigerator will also include a contribution o f around 40 kg due
to the mechanical cooler, however, so falls by just 19% with 3 mm shields and 9.5%
with 4 mm shields from the default value. The safety factor with 5 mm shields is 30%
higher than with 3 mm shields, and 11% higher than with 4 mm shields. The
reduction in mass with the thinner shields is probably insufficient, therefore, to
compensate the decline in mechanical performance. The default value o f 5 mm wall
thickness is therefore recommended.

The insulation o f the enclosures to reduce radiative heat transfer is now discussed.
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Insulation of thermal shields

Each aluminium enclosure is covered with multi-layer insulation (MLI), twenty
layers thick with spacers, to reduce the radiative heat transfer between enclosures.

The mass of this MLI is assumed to be negligible in comparison to the mass of the
aluminium shields to which it is applied. The effect o f MLI on the thermal
performance is shown in Figure 5-1 below.

2.5

2 1.5

X

■o

I

■

z
0.5 h

MLI

No MLI

Figure 5-1: The effect of MLI on radiative heat transfer

Figure 5-1 shows the radiative heat transfer between the 150 K and the 300 K
enclosures. The net radiative heat transfer between adjacent enclosures without MLI
is over 23 times the net radiative heat transfer with MLI for the entire system*^. This
underlines the importance of minimizing the emissivity of the enclosures.
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The optimum number of thermal shields

The number o f shields chosen so far has been four. This includes a vacuum envelope
at 300 K, a 150 K shield, a 20 K shield, and the 4 K shield to which the ADR is
attached. The cooling requirements o f these shields can be satisfied by a single MMS
mechanical cooler. The effect o f decreasing or increasing the number o f shields is
discussed below in Sections 5.2.1 and 5.2.2 respectively.

5.2.1

Fewer shields

The total mass and complexity o f the system could be reduced by removing one o f
the thermal shields. It is also possible to reduce the sum o f the heat loads on a three
thermal shield system to below the level achievable with four shields. In doing this,
however, the heat load on the 20 K enclosure becomes higher than could be removed
by a mechanical cooler at this temperature. Recall the cooling power available from
the MMS cooler, which was summarized in Table 4-6 (repeated below):

Stage Temperature (K)

Available Heat Lift (mW)

4

10

20

250

150

500

Table 4-6: Crvocooler heat lift capabilitv

Removing the 150 K enclosure increases the heat load on the 20 K enclosure to 931
mW, almost four times the heat lift available at that temperature. Similarly, removing
the 20 K enclosure increases the 4 K heat load to 237 mW, over twenty times the heat
lift available at 4 K.
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O f course, better performance could be obtained by choosing an intermediate
temperature for the shield between 4 K and 300 K. It is found, however, that if this
shield is at any temperature above 25 K, it imposes too great a load on the 4 K shield,
due to heat conducted along the supports and current lead heating.

Furthermore, the load on the 25 K shield in this case is still nearly four times too
great. Four is therefore the minimum number o f shields for compatibility with a
typical mechanical cryocooler.

5 - 2 .2

More shields

It remains to discuss whether it would be advantageous to introduce an additional
shield between the 20 K and the 150 K shields. Consider the effect o f including a
shield at 65 K. The effect o f changing the temperature o f this additional shield is then
investigated in Section 5.3 below.

5.2.2.1

Mechanical performance with 65 K shield

The system design is identical to the default system shown in Figure 2-4, but with an
additional thermal shield between the 20 K and the 150 K shields at 65 K. The fiveshield system consists o f six masses in motion rather than five masses as was
previously the case. These are the two ADR pills and the shields at 4 K, 20 K, 65 K
and 150 K (recall that the 300 K shield is rigidly attached to the spacecraft).

The mechanical design model is therefore as shown in Figure 5-2 below. The
equations o f motion for this system yield a twelve by twelve matrix which can be
solved as in Section 3.6, which described the five-mass analytical model.
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300K

Figure 5-2: Mechanical model with 65 K shield

Application o f this six-mass model yields the optimum dimensions for the suspension
straps shown in Table 5-3 below.
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Strap

Location

Material

No.

1

Inner-Outer

237

Vertical

Radial

Young’s

Equivalent

distance

distance

Modulus

Diameter

between

between

(GPa)

(mm)

strap ends

strap ends

(mm)

(mm)

Kevlar

82

1.2

10

5

Kevlar

82

3.0

10

5

151

8.0

100

50

57

11.0

100

50

57

13.0

100

50

57

14.0

100

50

ADR Pill
Outer ADR
2

P i l l - 4 K A1
Enclosure

3

4K-20K

Carbon

Aluminium

Fibre

Enclosure

4

20K-65K

S-Glass

Aluminium

Fibre

Enclosure

5

65K-150K

S-Glass

Aluminium

Fibre

Enclosure

6

150K-300K

S-Glass

Aluminium

Fibre

Enclosure

Table 5-3: Description o f suspension system with 65 K shield

The masses o f the various components within the system are shown in Table 5-4.

The masses are identical to those o f the five-mass system (see Table 3-7), with the
addition o f an extra enclosure outside the other five.
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Description

Mass (kg)

mi

Inner ADR Pill

m2

Outer ADR Pill + casing

1.00

^3

ADR body + magnet (10 kg) + 4 K Enclosure (3.4 kg)

13.4

m4

20 K Aluminium Enclosure

7.70

ms

65 K Aluminium Enclosure

13.6

me

150 K Aluminium Enclosure

21.2

0.201

Table 5-4: Description o f masses in six-mass system

The natural frequencies are found to be:

y-direction

x-z plane

Natural Frequency

Natural Frequency

(Hz)

(Hz)

150 K Enclosure

111.6

191.4

65 K Enclosure

316.7

472.2

20 K Enclosure

541.2

787.0

4 K Enclosure

713.0

1121

Outer ADR Pill

1095

1388

Inner ADR Pill

1158

2126

Mass

Table 5-5: Natural frequencies o f six-mass system

which are lower than those for the five-mass system (see Table 3-10), and closer to
the minimum o f 100 Hz suggested by ESA (see Section 3.1.1 above).

The mechanical performance o f the six-mass system under sinusoidal excitations is
summarized in Table 5-6 below.
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Frequency

Qualification

Minimum Forcing Acceleration to Failure (g)

(Hz)

Acceleration

Normal Damping

(g)

1/10^^ Damping

y-

x-z

y-

JC-Z

direction

plane

direction

plane

5

1

40.3

20.3

32.6

18.2

15

10

123

60,6

95.7

54.4

35-60

20

220

142

159

128

60-100

10

104

247

75.2

212

First Nat.

0.5

44.3

42.5

4.02

4.49

(at 112 Hz)

(at 191 Hz)

(at 112 Hz)

(at 191 Hz)

Frequency

Table 5-6: Summarv o f mechanical performance with 65 K enclosure

The performance without the 65 K enclosure was shown in Table 3-15, which is
repeated below for comparison with Table 5-6.

Frequency

Qualification

Minimum Forcing Acceleration to Failure (g)

(Hz)

Acceleration

Normal Damping

(g)

1/10^ Damping

T-

x-z

y-

x-z

direction

plane

direction

plane

5

1

30.1

20.9

26.8

19.1

15

10

91.1

62.6

81.2

57.2

35-60

20

214

147

184

134

60-100

10

277

253

255

222

First Nat.

0.5

55.1

47.4

5.32

5.00

(at 161 Hz)

(at 233 Hz)

(at 161 Hz)

(at 233 Hz)

Frequency

Table 5-7: Salient forcing accelerations to failure
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On average, the performance o f the six-mass system is 22% worse than that o f the
five-mass system. The performance at the natural frequency is 20% worse with the
extra shield. Furthermore, the higher first natural frequency in the five-mass system is
preferred.

In terms o f the system’s ability to withstand launch vibrations, the presence o f the
additional shield therefore makes a negative contribution. We must now consider the
thermal performance with the 65 K shield.

5.2.2 2

Thermal performance with 65 K shield

It comes as little surprise that adding an extra mass to the system degrades its
mechanical performance. The rationale behind the introduction o f the extra shield is
to reduce the heat load on the 20 K enclosure. The heat loads required with the 65 K
shield are recalculated using the analysis o f Section 4.1 above and are shown in
Table 5-8 below:

Enclosure

Heat Load (mW)

Temp. (K)

Radiated

Conducted

Current Leads

Total

4

424nW

332

5.06

838

20

lllp W

32.1

26.3

58.6

65

5.98

99.3

65.1

170

150

159

298

146

603

TOTAL

165

433

243

840

Table 5-8: Heat loads with 65 K shield

For comparison, the heat loads without the 65 K enclosure have been copied from
Table 4-5 above into Table 5-9 below, which also shows the total heat loads for this
system.
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Heat Load (mW)

Temp. (K)

Radiated

Conducted

Current Leads

Total

4

424 nW

3.32

5.06

8.38

20

3.18

125

91.4

220

150

92.9

248

146

487

TOTAL

96.1

376

242

715

Table 5-9: Heat loads without 65 K shield

The inclusion o f the 65 K shield can be seen to have no effect on the 4 K heat loads,
whilst decreasing and increasing the total heat loads on the 20 K and 150 K
enclosures respectively. In fact, the 603 mW load on the 150 K enclosure exceeds the
capabilities o f the MMS cooler at that temperature. Furthermore, the total heat load
with the 65 K enclosure is greater than the heat load without this enclosure.

Overall, the thermal performance without the 65 K shield is better than that with the
65 K enclosure. Not only is the total heat load on the cryocooler less without the extra
shield, but the heat loads on the various shields also match more closely the
performance o f the cryocooler. An additional thermal shield at 65 K is therefore
undesirable. We should now consider whether changing the temperatures o f the
shields could yield better thermal performance. This is the subject o f Section 5.3.

5.3

The optimum temperatures for the shields

Changing the temperature o f the 65 K shield in the six-mass (five-shield) system has
little effect on the thermal performance. Increasing its temperature increases the heat
load on the 150 K shield and therefore amplifies the discrepancy between heat load
and cryocooler performance. Reducing the temperature o f the 65 K shield cannot
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lower the 150 K heat load below the 500 mW desired without approaching 20 K, at
which temperature the extra shield is redundant.

From the analysis o f Section 5.2 above, we can therefore conclude that the optimum
number o f shields is four. The choice of temperatures for the four shields will be
determined by the performance characteristics o f the cryocooler. The current choice
o f 4 K, 20 K, 150 K and 300 K matches the performance o f the MMS cryocooler very
well. Slight reductions in total heat load (summed for all enclosures) could be
obtained by changing the temperature o f one or more shields. Increasing the
temperature o f the 150 K shield to 169 K, for example, yields a five percent reduction
in total heat load. This also reduces the margin between the heat load imposed at each
temperature and the heat lift available from the cryocooler, however. Overall, the
shields at 4 K, 20 K, 150 K and 300 K give excellent performance.

Spacing of the shields

5.4

As shown in Figure 4-1 in Section 4.1 above, the spacing between the shields is
assumed to be 50 mm in the radial direction and 100 mm in the vertical/longitudinal
direction. This decision is discussed below.

When deciding the optimum spacing between enclosures, several factors should be
considered.

There must be adequate space between enclosures to allow for the motion o f
the oscillating masses. Since the launch vibrations are likely to be most
vigorous in the y-direction (vertically), more space should be allowed in this
direction than in the radial (x-z) direction.
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ii.

The straps must be o f sufficient length for the enclosures to be isolated from
each other thermally (since conducted heat is inversely proportional to length
o f strap).

iii.

There must be sufficient clearance between the enclosures for the suspension
straps to be attached to the enclosure walls.

iv.

The enclosures should be o f the minimum mass possible so that the natural
frequencies o f the system are maximized and the stresses in the support straps
minimized. This requires that, subject to the spatial constraints above, the
enclosures be as small and as close together as possible.

V.

The enclosures should be o f the minimum internal surface area possible so
that radiated heat between enclosures is minimized.

It is found by varying the vertical and radial clearances between successive
enclosures, that the configuration presented in Figure 4-1 gives good thermal
performance, whilst allowing sufficient space for attachment o f suspension straps and
superior ^/-direction vibration response. Increasing the radial or vertical distances
between enclosures reduces the heat loads on the 4 K and 20 K enclosures, but
increases significantly the load on the 150 K shield. Decreasing these distances has
the opposite effect.

The optimum clearances between the shields are therefore 100 mm and 50 mm in the
longitudinal and radial directions respectively.

The geometry within the ADR itself is now considered.
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Optimization of geometry within the ADR

Recall from Section 2.2.3 the layout of a typical double adiabatic demagnetization
refrigerator, illustrated again in Figure 5-3 below. The mechanical and thermal
analyses in Chapters 2 and 3 respectively assumed a vertical distance of 10 mm
between the ends of the Kevlar support cords (shown yellow in Figure 5-3) and a
radial distance of 5 mm. In this section, the effect o f changing the lengths and angles
of these cords is investigated.

Detector Stage
I

^M agnet g

1

CMN

%Magnet ^

Vmax

fw/Æm

% Magnet %

%Magnet %

4K Bath

Figure 5-3: Double ADR lavout for suspension cord optimization
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The general suspension system employed for the cords is the same as that chosen for
the support straps for the thermal shields. This was illustrated in Figure 2-7, which is
repeated below.

Figure 2-7: Suspension strap geometry (third angle proiection)

Each cord marked on Figure 5-3 therefore represents three cords in the actual design.
This means that we have 24 cords within the double ADR and therefore 48 unknowns
if each length and angle is independent. In fact, symmetry o f the system requires that
the six cords supporting each end o f each body have the same lengths and angles. We
therefore have one sixth o f the possible 48 unknowns - i.e. eight. These eight
variables are the lengths and the angles o f the four cords numbered 1 - 4 on Figure
5-3. Optimization o f the ADR requires the combination o f these eight variables which
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offers the best thermal performance (i.e. longest ADR hold time) and adequate
mechanical performance (i.e. good vibration response). The actual choice o f
geometry will depend on whether there is a constraint on the maximum size o f the
ADR.

5.5.1

No geometric constraints on size of ADR

If we have no geometric constraints on the size o f the ADR, we can choose the
lengths o f the cords and the sizes o f the paramagnetic salt pills freely. Factors which
determine the best suspension geometry are listed below.

i.

The hold time at 10 mK is approximately proportional to the size o f the lowtemperature (CMN) pill.

ii.

The hold time decreases quickly as support cords 3 and 4 are shortened, as
more heat flows into the low-temperature pill from the DGG pill (at 0.75 K).

iii.

The hold time decreases less quickly as support cords 1 and 2 are shortened,
as more heat flows into the high-temperature pill from the 4 K shield.

iv.

There must be sufficient clearance between the ends o f the cords and the
surrounding enclosure to allow for attachment features and for displacement
o f the pills under launch vibrations.

V.

The cords must be o f dimensions appropriate to withstand the vibrations
transmitted from the 4 K enclosure during launch, particularly in the ydirection (vertical).

Although for ground-based applications ADR size is unlikely to be tightly
constrained, in space it is desirable to minimize the mass and size o f the ADR. For
the space ADR, therefore, geometrical constraints will almost certainly exist.

Chapter 5 Optimization o f Thermal Shields and Geometry o f ADR
5 .5 .2

247

Geometric constraints on size of ADR

We now assume that there is a constraint on the maximum size o f the enclosure
containing the ADR (<3max radially, ymax vertically) as shown in Figure 5-3 above.
Furthermore, within this envelope, only a certain volume will have a magnetic field
strength sufficient for operation o f the paramagnetic salts. The region within which
the pills must reside should have a field strength o f at least 80% o f the maximum
value. The height o f this region is denoted ymag- For the magnet design presented in
Chapter 6 below, j^max and ymag take the values 40.0 cm and 26.2 cm respectively (see
Section 6.5.3). It is assumed that the field strength is sufficient throughout the radial
space (see Section 6.4 below for confirmation o f this).

We assume a cord attachment regime as shown in Figure 5-4 below. Easy assembly
requires a vertical clearance, cy, o f at least 3 mm between each end o f each cord and
the surface o f the enclosure to which it is being attached.

cy = 3 mm

Qi

Figure 5-4: Clearance required for attaching cords
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It would be convenient at this stage to reconsider the geometric variables in terms o f
the radial and vertical distances between the ends o f straps 1 - 4 , instead o f in terms
o f lengths and angles. The vertical and radial distances between the ends o f the
cord will be denoted hi and a, respectively, where the counter / takes the values 1 - 4 .

The points outlined in 5.5.1 above allow the following assumptions to be made to
simplify the optimization process.

i.

Points (i), (iv) and (v) in Section 5.5.1 above suggest that the low-temperature
pill should be o f maximum possible radius. This means that the radial
clearance between the low-temperature pill and the surrounding enclosure
should be as small as possible. In practice, the minimum acceptable radial
clearance to allow manufacture and to avoid contact during launch vibrations
is around 5 mm. In other words ag = ^4 = 5 mm.

ii.

The size o f the CMN pill is also constrained by the size o f the surrounding
enclosure. This in turn is limited by a\ and 02*The maximum pill sizes will be
obtained when these distances are also minimized, i.e. a\ = 0 2 = 5 mm.

iii.

For symmetry, we now assume that h\ = hj. Note that we do not assume that
A3 = A4 because A4 represents space within the magnet region whereas A3 is
outside the magnet. We can also write A, + Aj + A3 + 6cy =
2A] + A3 = y ^ ^ - y ^ ^ - 6 c y . We therefore have the following equations:

[ 5.1 ]

[ 5.2 ]

A2 = A,

A3 - y ^ ^ - y

and.

- 2A, - 6cy

i.e.
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which leaves h\ and

as independent variables.

The hold time o f the ADR can now be investigated as h\ and
the default dADR has h\ = h 2 = h^ =

=

are varied. Recall that

mm and a\ = ü 2 = a^ = qa = 5 mm, giving

cord lengths for the four sets o f cords o f /i = /2 = 3.0 cm and h = U = 2.5 cm (see
Section 4.1.2). The hold time for this geometry was shown in Section 4.2.2 to be 145
hours with no heat load on the detectors, falling to 3.42 hours with 1 /Æ . Note that
this default geometry was chosen in an ad hoc manner, with a considerable amount o f
space wasted within both the magnet region, ymag, and in the total vertical space
occupied by the ADR,

It can be seen from Figure 5-5 below that much greater hold times can be achieved by
optimizing the internal geometry o f the ADR. The maximum hold time with no heat
load on the detectors is 473 hours, 3.26 times higher than for the unoptimized system.
This greater hold time is largely achieved by increasing the mass o f the CMN pill
from 201 g to 500 g. This would obviously have an adverse effect on the mechanical
response o f the system, however, requiring larger diameter Kevlar cords within the
ADR. The effect on the optimum geometry of increasing cord diameters to maintain
the mechanical performance is considered in Section 5.5.2.1 below.

Figure 5-5 shows that the cords between the pills should be relatively short {U — 8.71
cm for optimum), although still considerably longer than in the default design; with
longer cords the hold time falls off quite quickly. Increasing the lengths o f the cords
between the top o f the CMN pill and the top o f the DGG enclosure Qi) generally
increases the hold time, although the effect is relatively modest.

The hold time for a heat load o f 1 //W is shown in Figure 5-6 below. Whereas a hold
time o f just 3.42 hours is possible with the default design, a hold time o f 10.1 hours is
possible with the shortest possible length U o f 2.29 cm (and a 775 g CMN pill). The
500 g CMN pill, which gave the best performance with no heat load on the detector
stage, gives a hold time o f 6.53 hours with 1 //W heat load. This is still 91% higher
than the default design but is 35% lower than can be achieved with the 775 g pill
optimized for this heat load.
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Figure 5-5: Hold times for an optimized dADR with no heat load on detectors
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Figure 5-6: The effect of changing cord length with 1 z/W heat load on detector stage
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When power is input directly to the DGG pill but no power is input directly to the
CMN, the best performance again employs a 500 g CMN pill with U = 8.71 cm.

Figure 5-7 below shows the hold time at 10 mK with 20 /iW input to the hightemperature pill. The maximum hold time is 179 hours compared to 58.0 hours with
the default design.

If, instead of the optimal 500 g pill, the 775 g pill described above were used
(required to optimize for a CMN heat load of 1 /iW), the hold time would be 136
hours. This means that optimization of the ADR geometry for the correct heat load
increases the maximum hold time by 32% in this case.

o
'W

CQ

H
2
o
X

14

(cm)
13

(cm)

Figure 5-7: The effect of changing cord lengths with 0 W on CMN, 20 z/W on DGG
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Consider now the effect of inputting power directly to both pills. Figure 4-13 in
Section 4.2.3 gives a hold time of 15.3 hours for the default design, with 200 nW of
heat load on the CMN pill and 20 juW of power on the DGG pill. The performance of
the geometrically optimized system is shown in Figure 5-8 below.

As with high input power to the CMN pill alone (shown in Figure 5-6 above), the
optimum performance with 200 nW heat load on the CMN and 20 juW on the DGG
requires the largest possible CMN pill (775 g). In this case, the hold time is 44.0
hours. The hold time drops quite steeply as the length U is increased (which requires
the CMN pill size to be decreased), although the effect of changing I3 is again quite
small. This is because changing /g does not affect the size of CMN pill - it merely
changes the relative lengths of the conducting paths between the CMN pill and the
DGG housing and between the DGG housing and the bath.

50
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^
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Figure 5-8: Hold time vs. cord length with 200 nW on CMN, 20 z^W on DGG
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The results o f the modelling presented in this section show that the optimization o f
the geometry within the ADR requires a knowledge o f the operating conditions that
the refrigerator will experience. Increasing the CMN pill size to make the best use o f
the space available and choosing the optimum cord lengths within the ADR can
increase the hold time by a factor o f more than three over the default design. As noted
above, however, increasing the mass o f the CMN pill will decrease the mechanical
performance unless the suspension cords are made thicker. The effect o f increasing
the cord diameters with larger pills to maintain the same level o f mechanical
performance as is possible with the 201 g pill is investigated in Section 5.5.2.1 below.

5.5.2.1

Optimization with larger diameter suspension cords

The cord diameters necessary with larger pill masses to give the same safety factors
under launch vibrations as those quoted in Section 3.8.3.1 have been calculated using
the mechanical analysis o f Chapter 3. Although changing U has a large effect on the
hold time, the choice o f h is much less important. For this mechanical analysis, it is
therefore assumed that the average lengths o f the inner cords (/g and U) and outer
cords (/] and h) are approximately the same as for the default design. In fact, to give
similar mechanical performance, the cross-sectional areas o f the cords would have to
be increased in proportion to any increase in this average length, so that the stiffness
(recall Equation [ 3.32 ] above) remained constant.

It is then found that, with the 500 g CMN pill, the inner and outer Kevlar cord
diameters must be increased from 1.2 mm to 1.8 mm and from 3.0 mm to 3.2 mm
respectively. With the 775 g pill, inner and outer cord diameters o f 2.2 mm and 3.4
mm are needed. Repeating the thermal analysis presented above to give geometrical
optimization, it is found that the best cord lengths and pill sizes are not affected by
these increases in cord diameter, although the hold times possible decrease
significantly. In other words, the hold times shown in figures such as Figure 5-5
above are scaled down without significantly changing the shapes o f the surfaces.
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The hold times o f the three pill sizes considered (default 201 g pill, 500 g pill and 775
g pill) are summarized in Table 5-10 below. For the 500 g and 775 g pills, hold times
are given for both the default cord diameters (1.2 mm inner cords, 3.0 mm outer
cords) and the stronger cords necessary to give the same mechanical performance as
with the 201 g pill.

CMN Heat

DGG Heat

201 g

Load (nW)

Load (jj W )

500 g CMN Pill

775 g CMN Pill

CMN Pill

Strong

Default

Strong

Default

(Default)

Cords

Cords

Cords

Cords

0

0

145

285

473

168

136

0

20

58.0

115

179

683

135

200

20

15.3

29.8

31.3

35.2

44.0

1000

0

3.42

6.50

6.53

9.83

10.1

Table 5-10: Summary o f hold times with optimized geometries

Using the stronger cords, the best hold times (shown in bold in Table 5-10 above) are
on average around 20% lower than for an optimized system with the default cords,
but are still over twice as great as with the unoptimized 201 g pill.

Optimization for the correct heat load is even more important than for the default cord
diameters, however. The hold time can be increased by 70% from 168 hours to 285
hours, for example, by changing from a 775 g pill (optimized for 200 nW on CMN)
to a 500 g pill (optimized for 0 nW on CMN).
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5.6

Summary of Chapter 5

The thermal shields that protect the ADR from solar radiation and isolate it from
conducted heat from hotter parts o f the spacecraft are made from 5mm

thick

cylindrical aluminium shells, covered with twenty layers o f MLI. ThisMLIreduces
the total radiated heat between successive enclosures by a factor o f 23.

The decision to employ shields at 4 K, 20 K, 150 K and 300 K has been justified and
shown to give optimal performance. Increasing or decreasing the number o f shields or
their temperatures increases the heat lifts required by the cryocooler. The spacing o f
the shields is sufficient to allow easy manufacture and leaves enough space for
vibration o f the enclosures during launch.

Optimization o f the geometry within the ADR can increase hold time by more than a
factor o f three over the default design if the default cord diameters are retained. Most
o f the gains in hold time are achieved by squeezing a larger CMN pill into the space
available, however, which has a negative effect on the mechanical performance. If the
cord diameters are increased to the level required to maintain mechanical
performance, the hold time o f the ADR is reduced due to the increased heat
conducted along the cords. The hold times are still around twice as great as those
obtained with the default 201 g CMN pill, however.

It is also important that the geometry is optimized for the correct operating
conditions, as the hold time at 10 mK can be improved by up to 70% by changing the
geometry from one optimized for different heat loads. When the heat loads for the
space ADR are specified, the default geometry should therefore be adapted.

Having established the mechanical and thermal performances o f the system in
Chapters 3 and 4, and discussed an acceptable geometry for the ADR in this chapter,
the ADR’s magnet can now be designed. This is the subject o f Chapter 6 below.
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6

Magnet design

Overview o f Chanter 6
This chapter describes the analysis used to design the superconducting magnet, which
is central to the ADR’s operation, and the results o f this analysis.

After a brief description o f the nature o f the design problem in Section 6.1, the
modelling o f the magnet’s field is described in Sections 6.2 and 6.3. It is found that a
suitable magnetic field profile can be produced with two main solenoids (one for each
paramagnetic salt pill), each with a cancellation coil at each end to minimize stray
field. With a current o f 1 A and using 75 micron superconducting wire, the main
magnets must be around 10 cm long and the windings 2 cm thick to provide the 2
Tesla field required.

The stresses due to this design are calculated analytically in Section 6.5, where we
find that copper formers have insufficient strength and excessive mass for use in
space. Eddy current heating is analysed in Section 6.6. Both copper but particularly
aluminium formers produce high eddy currents unless laminated or slotted.

Much better overall performance is provided by lightweight ‘hybrid’ formers which
combine high strength and stifftiess composites with a thin conducting layer o f
aluminium or copper. The performance o f these including experimental testing o f
prototype formers is described in Section 6.7.

The chapter is concluded with a summary in Section 6.8.
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6.1

Introduction to magnet former design

The magnet former for the dADR carries two main coils - one providing the field for
each of the paramagnetic salt pills. Each main solenoid has cancellation coils at each
end to reduce the field outside the region occupied by the salt pills. Conductioncooled magnet formers are generally used. These carry any heat generated by
localized normal zones in the superconducting wires away from the former to the cold
bath. High conductivity is obviously of great importance, so most conduction-cooled
formers are constructed from copper, which has excellent thermal conductivity. A
schematic of the dADR copper magnet former is shown in Figure 6-1 below.

CMN

Key

Main Coil
40 cm

Cancellation Coil
Copper Former
Outer Casing

*

Figure 6-1: Schematic of dADR former
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Unfortunately, although copper is very attractive as a material for the former in terms
o f its high thermal conductivity (so heat can be conducted away easily), it has two
major disadvantages.

Firstly, copper is relatively dense at 8960 kg/m^. The entire magnet assembly for the
copper laboratory dADR (shown in Figure 2-3 in Section 2.1.2 above) has a mass o f
14.2 kg (including 6.70 kg o f wire and 7.50 kg contributed by the former, cold-plate,
salt pills, current leads, heat switches etc.). A copper former for the space dADR
would be at least as massive as the laboratory former and possibly more than twice as
massive (up to around 15 kg - see Section 6.5.3 below) to give sufficient strength for
space. Secondly, since copper is a good conductor o f electricity, eddy currents will
flow throughout the former when the magnetic field is applied, causing small
distortions to the field, and more significantly, generating unwanted heat**.

The optimum magnet former would have a high strength and thermal conductivity,
but low density and electrical conductivity (and therefore low eddy current heating).
A possible solution is to use a composite former (such as carbon-fibre reinforced
plastic) to provide the strength, with an aluminium alloy sleeve between the wires and
the composite to provide the thermal conductivity. The possibility o f using such a
composite/aluminium ‘hybrid’ former is investigated in Section 6.7.

The strength o f the magnet former is considered in Section 6.5. This requires the
stresses developed in the former due to the magnetic field to be calculated. To
calculate these stresses, the field profile must first be modelled.

6.2

Analytical magnetic field modelling

The magnet’s field can be modelled analytically by calculating the contribution to the
total magnetic field made by each turn o f wire (see Figure 6-2 below). The first step
is to calculate the vector potential at a point ‘P’, which is given by*®:
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A /r ,z ) =

=

2a cos (f>d(l)

^ ]

®{a^ + r^ + z ^ - larcos(l>Y

where the variables are defined as in Figure 6-2 below. Note that the longitudinal, zdirection in these cylindrical polar coordinates corresponds to the vertical, y-direction
for the ADR.

Figure 6-2: Field contribution due to each current loop

Equation [ 6.1 ] can be transformed to:

[ 6.2 ]

where:

K (k )-E (k )

kTT

2 6 = 7t —^
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Aar

[6 .3 ]

{a + r f +

’

dO

[6 .4 ]

K {k)= \

[6 .5 ]

E{k) = |V l - A 's i n '( 9 d 0

and

K and E are complete elliptic integrals o f the first and second kinds respectively.
They can be evaluated numerically (from an infinite series) or can be looked up from
tables.

The series representations o f K and E are*^:

1

\2

CO

Im

[ 6.6 ]

/T .l
[ 6 .7 ]

and.

m\

2

2m

Im

2

m\

Chapter 6 Magnet design

261

Equation [ 6.3 ] shows that k has a maximum value of 1 when a = r and z = 0, i.e.
when P is on the circumference of the loop whose contribution to the total field we
are considering. When k= \ ^ the infinite series for K{k) and E{k) do not converge and
therefore have an infinite sum. In other words, the contribution to the vector potential,
(see Equation [ 6.2 ]), due to a current loop is infinite at points on the
circumference of the same loop. When calculating the sum of all contributions to the
vector potential at point P, therefore, the contributions due to any loops passing
directly through P should be neglected.

In this case, the largest value of k is obtained when considering the contribution made
by the nearest wires to the loop in question. Assuming the wires are packed tightly,
the nearest wires will be touching and at a distance d from the loop in question, where
d is the diameter of the wire. This is shown in Figure 6-3 below.

Figure 6-3: Cross-section through magnet former showing distance between wires

This maximum value of k can be calculated from Equation [ 6.3 ]. Considering two
different patterns in which the wires can be laid down, there are three possibilities for
the orientation of touching wires.
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If the wires are as shown in Figure 6-3 above, then there are two different maximum
values of k depending on whether we consider wires such as A and B or wires such as
A and C. This is shown in the first two rows of Table 6-1 below. Note that the
maximum value of k occurs when considering the outer loops in the winding, as the
greater the value of a, the less significant the distance between wires, d.

If the wires are laid down as in Figure 6-4 below, on the other hand, then a new
maximum value of k is obtained by considering wires such as A and D. This is shown
in the bottom row of Table 6-1.

Figure 6-4: Alternative orientation for nearest wires

Wires
A-B

d
1+

1+

£■,

467.

AC
67max

1+

\+8r

4a_/ + 2 ^ a d

A-D
1+

Table 6-1 ; Maximum values of k for different wires

\ +8,
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Since 6^, £c and eo in the right-hand column o f Table 6-1 are all necessarily greater
than one, k must be less than one and the expressions for K{k) and E(^) must converge
for every loop in the magnet. Furthermore, inspection o f the values o f A: in Table 6-1
reveals that gb >

Sd (since «max and d must always be positive, and 2V3<4) and

therefore that the greatest value o f k is obtained with wires A-D, arranged as in Figure
6-4.

The values o f K{k) and E(^) can now be calculated from Equations [ 6.6 ] and [ 6.7 ],
truncating the series at the point at which k^'” becomes negligibly small. With the
values o f k, K{k) and E(A:), the vector potential,

(r, z), can be calculated from

Equation [ 6.2 ]. The radial and longitudinal components o f the field due to this loop
are then given by*®:

respectively, where /jq is the absolute permeability o f free space (= 4;r •10 ^ H/m).

The magnitude or modulus o f the magnetic field at any point is the square root o f the
sum o f

[ 6. 1 0 ]

and B /. i.e.:

b ^ = ^ b ;+ b ;
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If we describe the field by its strength at each wire loop (i.e. A, B, C, D etc. in Figure
6-3 and Figure 6-4 above) then we obtain a mesh o f ‘nodes’ as shown by the grey
spots in Figure 6-5 below, where each node represents a different position (r, z).

Nodes
Wires

Figure 6-5: Mesh of nodes for description of magnetic field

Note that the white spots in the lower half of Figure 6-5 are not independent nodes to
the grey spots in the upper half of the figure, as they represent the same positions in
cylindrical polar (r, z) coordinates.

By summing the contribution at each loop due to each other, we obtain the total radial
and axial fields at each node. It will be shown in Section 6.3 below that each main
solenoid for a 2 Tesla dADR will need around 304000 turns of wire. This means that
around 304000 x 303999 calculations must be made for each of the two components
(radial and longitudinal) of the total magnet field to obtain an exact representation.
Each of these calculations requires k to be calculated, and K(k) and E(k) to be
calculated or looked up for the appropriate value of k. This is clearly a very
demanding task, even for a powerful computer. Fortunately, the representation of the
field by discrete nodes enables the field to be approximated by representing a number
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of adjacent wires by just one node. This significantly reduces the demands on the
computer. Consider the effect of grouping the wires as shown in Figure 6-6 below,
for example.

Nodes

Figure 6-6: Grouping of wire loops to reduce computations

Representing nine loops with just one node means that there are

times as many

calculations for each of the two components of the field, since the field at each node
is determined by the number of other nodes. Greater numbers of wires can be
represented by each node, depending on the importance of accuracy and the power of
the computer.

Note that so far it has been assumed that the turns o f the wire are perfectly wound
with no space between wires (for glue, etc.). This is impossible in practice, and the
turns density is specified by the coil winder (in our case Oxford Instruments).
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For the hypothetical magnet shown in Figure 6-7 below, the turns density is 16 turns
per mm^. One of the main solenoids wound by Oxford Instruments^^ for the
laboratory dADR is 80 mm long with a winding thickness of 19 mm, and has a turns
density of 38 turns per mm^, with a wire diameter of 150 /jm. With a turns density of
38 turns per mm^, one square centimetre contains V3800 = 61.644 wires in the radial
direction and V3800 wires in the axial direction.

1 mm

\/

1 mm

Figure 6-7: Definition o f turns density

If the wire diameter is d and the gap between adjacent wires is S, we can write:

[ 6 .1 1 ]

(d ^ ô \ 6 \ .644 = 10 mm
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So that d + S = ——— mm = 0.162 m m . Since <7= 0.15 mm, we know that S= 0.012
61.644
mm. In other words, there is a gap o f 0.012 mm between adjacent wires - 8% o f the
wire diameter.

Consider now the efficiency o f packing the wires as in Figure 6-7. With this
arrangement, the thickness o f 19 mm o f 0.15 mm diameter wire with a gap o f 0.012
mm between adjacent wires requires rir radial layers o f wire, where:

(d + ô ) = \9vam

[6 .1 2 ]

This yields a value o f M y o fll7. Similarly, in the z-direction (longitudinal direction),
there are riz layers, where:

[6 .1 3 ]

which gives

• (flf + <^) = 8 0 m m .

= 494 turns. This gives a total o f n^-n^ = 117-494 = 57798 turns, just

0.066% higher than the actual number o f turns specified by Oxford Instruments,
57760.

A more efficient packing regime would be to pack the wires as in Figure 6-8 below.
A possible grouping o f wires in triangular sets is shown, with the node at the centroid
o f ten wires. With this winding geometry, the thickness t„ o f the winding n layers
thick is:
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t ^ = S + ^ + ( n - \ \ d + S ) ' ^ + ^ + S = 2ô + d + { n - \ \ d ^ - ô ) ' ^

With this arrangement and the same gap, ô= 0.012 mm, between neighbouring wires,
the 57760 turns can be achieved with 135.5 radial layers and 426 longitudinal layers,
and accommodated in a region of 19 mm thickness and 69 mm length (compared to
19 mm thickness and 80 mm length for the arrangement as in Figure 6-6).

69 mm

mmwomm
e

ON

ee

e

ee

GO

Figure 6-8: Optimum geometry of main magnet winding

In practice, such an arrangement is impossible to achieve, however. Although the
wires can be wound as perfect layers to start with, after around 10-20 layers, the wires
will start to ‘jumble wind’ and a non-homogeneous winding pattern will develop^®. If
the winding surface becomes very uneven, a layer o f Kapton film can be applied to
restore a smooth surface. Since microscopic variations in field intensity are
unimportant for this application, however, small irregularities in the winding pattern
represent no concern for the ADR magnet design.
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Given that the perfect arrangement represented by Figure 6-8 is impossible to
achieve, the arrangement shown in Figure 6-6 will be assumed when modelling the
field for two reasons. Firstly, it represents a reasonable average position for each o f
the 57760 turns (or 304000 turns for the 10 mK dADR) once they begin to become
jumbled. Secondly, it is considerably easier to model analytically than the
arrangement shown in Figure 6-8. The turns density o f 38 turns per mm^ is a real
value achieved by Oxford Instruments, so the arrangement assumed should give a
close approximation to the real field pattern.

The field due to the largest coil o f the laboratory dADR with its cancellation coil has
been calculated using the same geometry as that assumed by Oxford Instruments. It is
found that the field profile is within around one percent o f that predicted by Oxford
Instruments’ modelling.

Satisfied that this model provides satisfactory results, it can be applied with
confidence to the magnet for the 2 Tesla field required by the 10 mK dADR for
space.

In Section 6.3, the field due to a single solenoid is calculated. The effects on the field
o f cancellation coils are then shown in Section 6.4.

6.3

The field due to a single solenoid

If a turns density o f 38 turns per mm^ can be achieved with 150 //m diameter wire, it
is assumed that a turns density o f approximately 4 x 3 8 = 152 turns per mm^ can be
achieved with 75 /an diameter wire. In fact, the turns density will probably be slightly
less than this because it is likely that there will be greater jumbling with thinner wires
and a greater gap between wires as a proportion o f the wire diameter.

The field due to a single superconducting solenoid has been modelled using a mesh o f
1 mm squares. In other words, the wires are effectively grouped in squares containing
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152 wires, with a radial and axial distance between nodes o f 1 mm. It is found that the
field o f 2 Tesla required for the dADR can be provided by a current o f 1 A using 75
micron superconducting wire. The solenoid is 100 mm long and the winding is 20
mm thick (with 304000 turns) to provide the necessary field profile. That is, to
provide a field whose modulus is at least 80% o f 2 Tesla (i.e. > 1.6 Tesla) throughout
the region occupied by the CMN pill (80 mm long, 40 mm diameter).

The modulus o f the field is shown in Figure 6-9 (recall from Equation [ 6.10 ] that
^mod =

in Figure 6-10 below, which shows the field occupied by the

CMN pill in three dimensions.

(centre o f
CMN pill)
1^0

2.5

r=20 mm
(outside of
CMN pill)

Axial region
occupied by
CMN pill

0.5

-100 -80

-60

-40 -20

0

20

40

60

80

100 120 140 160 180 200

z(mm)
Figure 6-9: Field modulus as a function o f axial position

The field modulus is given for positions on the axis o f the solenoid (i.e. r = 0) and at a
radius o f 20 mm o ff the axis (r = 20 mm). These positions represent the boundaries o f
the area occupied by the CMN pill, z = 0 represents the left-hand end o f the solenoid

Chapter 6 Magnet design

271

and z = 100 represents the right-hand end. Since the solenoid is twenty mm longer
than the CMN pill, the CMN starts at z = 10 mm and ends at z = 90 mm. The axial
region occupied by the CMN pill is shown shaded in green in Figure 6-9. The blue
and pink curves within the green shaded region in Figure 6-9 therefore respectively
represent the lower and upper bounds to the field experienced by the CMN pill.

It is clear that these values (also shown in 3-D in Figure 6-10 below) are always well
above the minimum o f 1.6 Tesla required. The field modulus due to a single solenoid
must be significantly greater than the final field required by the CMN pill, however.
This is because cancellation coils will be required to minimize the stray field outside
the region occupied by the paramagnetic materials (see Figure 6-1 above for the
schematic layout o f the entire magnet with cancellation coils). As well as minimizing
unwanted stray field, however, these cancellation coils will also reduce the field
modulus for the region occupied by the salt pills.

2.9 1
2.8
JS
(Z1
H 2.7
g 2.6
1

o

3
£

2.5
2.4
2.3
2.2
2.1
2

20

z(mm)

r(min)

Figure 6-10: 3-D plot of single solenoid’s field occupied bv CMN
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For the region occupied by the CMN, the modulus o f the field is dominated by the
axial component,

For larger radii, however, the radial component o f the field, Br,

becomes increasingly significant. This is shown by Figure 6-11 below.

The three traces show the fields for a z-value o f 90 mm - i.e. at the right-hand end o f
the region occupied by the CMN. The right-hand end is chosen instead o f the lefthand end because the radial field is positive there (see Figure 6-12), so makes
comparison with the modulus clearer.

3
2.5

Radial Field
Axial Field

2

Field Modulus
1.5

1
0.5

0
0.5

Windings

1

Figure 6-11 : Variation o f field components with radius iz - 90 mm)

The variation o f field strength with axial position is shown in Figure 6-12 below, for
a radius o f 44 mm (the inside radius o f the windings).
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Figure 6-12: Variation o f field components with axial position ir = 44 mm)

Having calculated the field components due to a single solenoid, we must now
consider the effects o f cancellation coils.

6.4

The field with solenoid and cancellation colls

A single solenoid requires one cancellation coil at each end o f the solenoid. These
cancellation coils prevent stray field from affecting sensitive parts o f the system (in
particular, the detectors themselves). They are simply smaller solenoids carrying
current in the opposite direction to that in the main solenoid, so that they produce
fields negative relative to those o f the main solenoid. It is found by trying various
configurations, that cancellation coils o f length 20 mm (i.e. one fifth o f the length o f

Chapter 6 Magnet design

274

the main coil) and inner and outer radius equal to those of the main coil give suitable
performance. The gap between the cancellation coils and the main coil is 14 mm, and
the current in the cancellation coils is of the same magnitude but the opposite
direction to that in the main coil. The coils are therefore arranged approximately as
shown in Figure 6-13 below.

^ 20 ^ f l 4 . f

100

^ 14 ^ ^ 20 ^

m
/\
\/

CMN Pill

Cancellation Coils

Main Solenoid

Dimensions in mm

Figure 6-13: Arrangement o f main solenoid with cancellation coils

The axial and radial fields due to the cancellation coils are calculated for the whole
region considered. They are then superimposed on the fields due to the main coil.
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Positions o f coils

100
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'5 0 .(m m ) 200
Radial Field
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Figure 6-14: Fields due to left cancellation coil ir = 44 mm)
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Figure 6-15: Fields due to right cancellation coil (r = 44 mm)
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By adding the contributions due to the cancellation coils to the main solenoid’s field
as shown in Figure 6-12 above, we obtain the field shown in Figure 6-16 below.

Radial Field
Axial Field
Field Modulus

JB

-50

100

z(min) 200

Figure 6-16: Field strength vs. axial position with cancellation coils (r - 44 mm)

Similarly, the field strength can be shown as a function o f radius, as for the main coil
alone in Figure 6-11 above. Figure 6-17 shows the same plots with the cancellation
coils present (z = 90 mm, as for Figure 6-11).
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Figure 6-17: Field components vs. radius with cancellation coils (z - 90 mm)

The modulus o f the field for the area occupied by the CMN is shown in Figure 6-18
below for comparison with Figure 6-9.

The minimum value o f the field modulus in the region occupied by the CMN pill is
1.64 Tesla - greater than the minimum requirement o f 1.6 Tesla.
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Figure 6-18: Effect of cancellation coils on field modulus vs. axial position

The stray field is around 0.01 Tesla at the limits of the region considered (i.e. 10 cm
from the ends of the main coil) and decreases as we move away from the coils.

The complete magnet for the dADR consists of two main magnets, each with a pair of
cancellation coils (as in Figure 6-13 above).

Flaving established the components of the magnetic field, we should now consider the
stresses that this field imposes on the windings and the magnet former. The analytical
calculation of these stresses is described in Section 6.5 below.
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Stresses in m agnet formers

A section through a traditional conduction-cooled copper magnet former is shown
schematically in Figure 6-19 below. It is assumed that the axial straining of the
former and windings is prevented at the ends by the surrounding material, so that the
former and windings are under conditions of plane strain. Under these conditions,
since the stray field outside each pill’s magnet (with cancellation coils) is small, the
maximum stresses in the complete magnet can be found by considering the stresses in
a single main coil with cancellation coils.

Former

Windings
Figure 6-19: Schematic of magnet former and windings

Under plane strain conditions, illustrated by Figure 6-20 below, the stresses in the
former and windings have two contributions. Firstly, the axial component of the field
produces an outward radial force on the conductors. Secondly, the radial component
of the field causes an axial compressive force on the windings*®.
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Windings
Former
%

%

Figure 6-20: Plane strain conditions for former and windings

The forces due to these two field components can be calculated independently and
superimposed. We consider first the axial component of the field,

6.5.1

Stresses due to axial com ponent o f field

The outward radial force exerted on the superconducting wires by the axial
component of the field creates a similar stress distribution to that due to a highpressure gas in a cylindrical pressure vessel. The stresses in the former are therefore
given by^^'*°:

[6.15]

Hoop (circumferential) stress

[6.16]

Radial stress

[6.17]

{^rf +

) Axial stress
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are arbitrary constants. Note that 5 / should not be confused with the

radial and axial components o f magnetic field, Br and

respectively. The stresses in

the windings are*®:

D

Js

[6 .1 9 ]

3

Ms

+

_

V

D

2Je

D
8

Je

1 -v

[ 6.20 ]

Hoop

Me^

Radial

Axial

where C and D are arbitrary constants, and J, M an d 6"are dummy variables given by:

M z (^0

[ 6 .2 1 ]

j{z) =

[ 6.22 ]

M{z) =

[ 6.23 ]

z ) ) '/ T a (
a-I

{B, (Qq , Z) - B^ (flfpor, z ) \ I - T - a ^
a-\

s{r) = —
Gn
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where a - —

, 7 is the current and T is the turns density (in turns per m^).

In order to find the values o f the four unknown constants {A/, Bf, C and D), we require
four boundary conditions. These are:

i.

Radial stress is zero at inside surface of former (point P on Figure 6-19)

= 0 at r = ro

ii.

Radial stress is zero at outside surface o f windings (point R)

iii.

Radial stress at point Q on Figure 6-19 is equal in former and windings

^rw ~ ^rf

iv.

^—

Radial displacement at point Q is equal in former and windings

at r = a^

The radial displacement, m, is calculated from the expression

73.
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« = f S g = ^ { a g -K o - , + o -J = -^[(T^ -v(v(<T, + 0 K + 0 J ]
E
E

[6 .2 4 ]

or.

« = ^[(1 - y ')-O , - v(l + v)- O-J

Note that gq, ro, if/and

are not all independent variables, as ro = «o - tf. Note also that

the arbitrary constants are vectors dependent upon the axial field strength at the zposition along the solenoid considered.

Insertion o f these boundary conditions and rearrangement gives the following results:

2a ^ { v ^ - 2 )

M r
[ 6.25 ]

A, =

/

2A

2

1- ^
V

Er(i + y J

1 -2 k + - ^
a0 y

B j r= A y To'

[ 6.26 ]

2A
[6 .2 7 ]

c

+ 2v,„ - 1

(Z -hi

l-(%

^0

A
(l-2 v ^ + a ^ )
y

1-a^
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[ 6.28 ]

a‘
\-2v.

These constants can be inserted back into Equations [ 6.15 ] to [ 6.20 ] to find the
stress distributions throughout the former and windings due to the axial component of
the field. The radial displacement can then be calculated using Equation [ 6.24 ]. We
can also verify that the boundary conditions outlined above are met - i.e. that the
radial stress is zero on the free surfaces and that the radial stress and displacement
distributions are continuous across the former - wire interface. The stress and radial
displacement distributions are shown in Figure 6-24 and Figure 6-25 respectively in
Section 6.5.2.1 below.

The effect of the radial component of the field must now be established, and the
resultant stresses superimposed on those due to the axial component.

6 .5 .2

Stresses due to radial component of field

The radial component of the field causes compressive axial stresses that do not
interact with the radial or hoop stresses^^. The resultant stress is calculated by
considering the axial force acting on each turn o f the winding.

P (z, r)

Figure 6-21 : Axial force on each loop of wire
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The force, F-, acting on a loop whose position within the solenoid is described by the
coordinates (r, z), where r is the radius of the loop and z is the axial distance from
some reference point in the solenoid (the left-hand end of the main coil) is given by**:

[& 29]

F. -

• 1 • I tw

where / is the current in the wire, and Br (r, z) is the radial component of the magnetic
field at (r, z). This force acts towards the centre of the field, as loops are attracted to
other loops carrying current in the same direction.

The magnitude of the radial component of the field, Br, is zero at the centre of the
field and symmetrical about this point in the z-direction (see Figure 6-16 above). This
means that the forces either side of the centre of the field will be equal in magnitude
and opposite in direction (as wires on either side o f the centre pull towards each
other).

^

a)

Figure 6-22: Forces within the windings due to radial component o f field
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Since the stresses between adjacent wires cancel, the net tensile force, T„, on the
wire is given by:

[6 .3 0 ]

=
p=Q...n

where To{r) is the force applied to the former by the windings at radius r, and Fp(r) is
obtained from Equation [ 6.29 ] above, with z = z{p).

The tensile force applied to the former by the windings, 7o(r), is calculated by
considering the compression that would occur in the windings if they were allowed to
strain axially (i.e. in the absence of the former). Since the field is symmetrical, we can
think of wires at opposite ends of the coil acting together in opposition to provide a
compression of the windings, as shown in Figure 6-23 below:

— >

<—

Figure 6-23: Equal and opposite forces compressing the windings

We can now find the compression of the windings, Xp{r), caused by each pair of
forces, Fp{r), using Hooke’s law, i.e.:

[6 .31]

Fp (r) = kp (r) • Xp (r)

so that:
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[6.32]

%.(r) =

FAr)

where kp{r) is the stiffness o f the section o f the windings to which the compressive
force, Fp{r), is applied, and Fp{r) is given by Equation [ 6.29 ] with z = z{p).

Recall from Equation [ 3.32 ] in Section 3.4.4 above that stiffness, k, can be
expressed in terms o f cross-sectional area. A, Young’s Modulus, E, and length, /, so
that:

Also,

[ 6.34 ]

A{r) = iTir • dr

[ 6.35 ]

I = L - 2 - p-dz

and

where L is the length o f the windings (100 mm for the main solenoid), dr is the radial
step between nodes (1 mm) and dz is the axial step between nodes (also 1 mm).

Substituting Equations [ 6.35 ] and [ 6.34 ] into [ 6.33 ], and then [ 6.29 ] and [ 6.33 ]
into [ 6.32 ] gives:
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[6 .3 6 ]

Xp{r) = -

B ^ { r ,p -d z )' I ' { L - 2 p ' d z )
E ’dr

The total compression o f the windings is given by the sum o f the compressions,
for nodes from one end o f the windings to the middle, i.e. for values o f p from 0 to
L
2'dz

[6 .3 7 ]

x (r) = -

BAr,p d z ) - l - ( L - l p - d z )
E-dr

y
2d,

The tensile force, 7o(r), which must be applied to the windings by the former to
prevent it from compressing by x(r) is then found by applying Hooke’s law (Equation
[ 3.4 ]) and Equation [ 6.33 ] to the entire windings.

[ 6.38 ]

[6 .3 9 ]

To(r) = k{r) •x(r) = —

=-

•x(r) =

— - ^ x(r)

or.

y

Since Br is negative for the left-hand side of the main coil. Equation [ 6.39 ] gives a
positive value o f Tq. This means that the wires are pulling to the right on the left-hand
end o f the former, putting the former into compression, which is the expected result.
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Now, from [ 6.30 ], we have an expression for the net tensile force, T„ (r), acting
across any section o f the windings:

T„{r) = T , { r ) -

[6 .3 0 ]

p = 0 ...n

and from [ 6.29 ]:

[6 .4 0 ]

■{L-2p-dz)+ Y ,B ,ir,p -d z)-l-2 m -

r„ (r) = P ~ ^ - 'è z

p = 0 ...n

The stress carried by the windings due to the radial component o f the field, o ^ (r, z)'
is simply the local axial force, T, divided by the elemental cross-sectional area.

[6 .4 1 ]

<TAz,r)'=

TAr)

TAr)

A{r)

I ttt • dr

The axial stress in the former within the main solenoid is given by the sum o f all the
axial forces, 7o(r), acting over the end o f the windings divided by the cross-sectional
area o f the former. This compressive stress is the same throughout the former. It is
found that, under these plane strain assumptions in which the former is restricted
from straining axially, the total axial compressive force carried by the former is very
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high - i.e. 2.9 10'^N. This represents a worst-case scenario. The axial stress in the
former due to the radial field, o^/(r, z)*, is then:

z/

/

2

2\

^ (« 0 - ' o )

These stresses can now be superimposed on the stresses calculated in Section 6.5.1
due to the axial component o f the field. The results are displayed in Figure 6-24 in
Section 6.5.2.1 below.

6.5.2.1

Total stresses acting on windings and copper former

Summing the stresses within the windings and the former due to the axial and radial
components o f the field, Figure 6-24 below can be plotted. The region r = 34 mm to r
= 44 mm represents the 10 mm thick copper former, and r = 44 mm to r = 64 mm
represents the windings. The radial displacements caused by these stresses are small
and are shown in Figure 6-25 below.

We can now confirm that the boundary conditions used in Section 6.5.1 above to
calculate the arbitrary constants Af, Bf, C and D in Equations [ 6.15 ],[ 6.16 ],[ 6.18 ]
and [ 6.19 ] are satisfied. Recall that the radial stress should be zero at the free
surfaces - i.e. on the inside surface o f the former (r = 34 mm) and on the outside
surface o f the windings {r = 64 mm). This is, indeed, the case, so the first two
boundary conditions are satisfied. In addition, both the radial stress and radial
displacement distributions should be continuous across the interface between the
former and the windings. Figure 6-24 and Figure 6-25 confirm that this is true. Since
the four boundary conditions used to establish the stress and displacement profiles are
met, we can be confident that the values o f the arbitrary constants are correct. The
maximum stresses in the magnet are summarized in Table 6-2 below.

Chapter 6 Magnet design

291

15

Radial Stress
Hoop Stress

10

Axial Stress
s,

5

(K
%
-w

c/3

0
34

39

44

49

54

-5

- 10

r (mm)
Figure 6-24: Stresses at midpoint (z = 50 mm) of main solenoid
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Former

Radial

Hoop

Axial

2.27

11.3

-

0

-

9.35

Tensile

2.27

7.28

5.74

Compressive

0.322

-

0.427

Tensile
Compressive

Windings
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Table 6-2: Summary o f maximum stresses in magnet (MPa)

It can be seen from Table 6-2 that the maximum stresses occur in the former. The
maximum tensile stress o f 11.3 MPa is in the hoop direction and the maximum
compressive stress is in the axial direction. Since copper’s yield stress is only 33
MPa, these stresses are rather high, particularly for a space instrument. The effect o f
increasing the thickness o f the copper former should therefore be considered.
Doubling the thickness o f the former to 20 mm gives the maximum stresses shown in
Table 6-3 below.

Former

Radial

Hoop

Axial

3.12

&88

-

0

-

4.80

Tensile

3.12

4.90

5.38

Compressive

0.207

-

0.962

Tensile
Compressive

Windings

Table 6-3: Summarv o f maximum stresses in magnet with 20 mm former (MPa)

By comparing Table 6-3 with Table 6-2, we see that the maximum hoop stress in the
former falls 21% from 11.3 MPa to 8.88 MPa when increasing the former thickness
from 10 mm to 20 mm. The axial compressive stress falls 49% from 9.35 MPa to 4.80
MPa. Although this axial compressive stress is now acceptable, the hoop stress is still
high. Furthermore, the mass o f such a former would be very high for a space system.
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6 . 5 .3

Magnet mass with copper former

Since the length o f the main coil with two cancellation coils is 168 mm (see Figure
6-13 above), the length o f the entire former with two main coils and four cancellation
coils would be at least 2x168 + 14 = 350m m - i.e. twice the length o f the
arrangement shown in Figure 6-13, with a 14 mm gap in between. Note that the
length o f the region occupied by the pills themselves (y^ag in Section 5.5.2) equals
26.2 cm. If we assume an actual former length o f 400 mm as shown in Figure 6-1
above (so j^max in Section 5.5.2 above equals 40.0 cm), the 20 mm thick and 10 mm
thick copper formers, each with an outer radius o f 44 mm, will respectively have
mass:

^Cu,lQm m

= 0.4 • ;r(0.044^ - 0.024^)- 8960 = 15.3 kg

and,

= 0.4 •;r(0.044^ - 0.034' )• 8960 = 8.78 kg

since the density o f copper is 8960 kgm"^. Note that the total magnet mass will also
include a significant contribution due to the superconducting windings themselves.
Comparison with the laboratory dADR shows that around 6 kg o f wire will be
required for the space dADR. The total magnet mass with 10 mm and 20 mm thick
copper formers will therefore be 14.8 kg and 21.3 kg respectively.

It is clear that the 10 mm thick copper former is quite massive (but still has
insufficient strength). A copper former o f the thickness needed to give adequate
strength has an unacceptably high mass for space. Copper is therefore unsuitable as a
material for our magnet former. In Section 6.5.4 below, the use o f a lightweight
aluminium alloy former is considered. This should provide good strength and lowtemperature conductivity, with a much lower mass than a copper former.
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Aluminium aiioy formers

6 .5 .4

The major disadvantage o f copper as a magnet former material is its low specific
strength

, since it has a low yield stress (33 MPa) and a high density (8960
\ y J

kgm'^). Much higher specific strengths are offered by aluminium alloys. Aluminium
6082 has a yield stress o f 255 MPa and a density o f 2710 kgm'^. Aluminium 6082’s
specific strength is therefore 25.5 times higher than copper’s.

Repeating the analysis o f Section 6.5 above, the stresses in a 5 mm thick aluminium
6082 former are found to be acceptably low. The results are shown in Table 6-4
below. Although the stresses in the windings themselves increase as the thickness o f
the former is reduced, the niobium-titanium superconducting filaments in a copper
matrix can withstand hoop stresses over 350 MPa

The maximum hoop stress in the

windings o f 11.0 MPa can therefore comfortably be withstood.

Former

Radial

Hoop

Axial

0.933

8.71

-

0

-

20.4

Tensile

0.933

11.0

6.31

Compressive

0.598

-

-

Tensile
Compressive

Windings

Table 6-4: Stresses in magnet with 5 mm thick aluminium 6082 former (MPa)

The mass o f the aluminium 6082 former is:

= 0.4-40-044" -0.039^)-2710 = 1.42kg

Chapter 6 Magnet design_________________________________________________295
which is over ten times less than the mass o f the 20 mm thick copper former.
Furthermore, the maximum stress is over ten times less than aluminium 6082’s
nominal yield stress, giving a mechanical performance far superior to that o f copper.
5 mm therefore represents a conservative value for the wall thickness.

From the analysis so far, it seems that a 5 mm thick aluminium alloy former could
give the performance required by the 10 mK dADR. There is one final factor in the
design o f the optimum magnet former that is yet to be considered, however. This is
the heating o f the magnet former due to eddy currents - i.e. currents induced within
the former due to the changing magnetic field.

6.6

Eddy current heating of formers

Whenever a conductor moves in a magnetic field or experiences a changing magnetic
field, an electromotive force (e.m.f.) is induced in the conductor. This e.m.f. causes
current to flow in such a direction as to resist the change in magnetic field which
causes it (Lenz’s law)**. As the field in the dADR magnet is ramped up, these ‘eddy
currents’ will vary across the thickness o f the former and along its length. In an exact
calculation o f eddy currents. M axwell’s equations yield partial differential equations
describing eddy current flow as a function o f time^^’^^’^^’^"^. Here, however, an
approximate method is derived that is accurate for constant rates o f change o f field
(not sinusoidally varying fields). It is assumed for simplicity that the former is simply
a thick-walled cylinder with inner radius ro and outer radius ao, and that the magnetic
field profile is unaffected by the eddy currents. The eddy currents flowing in an
elemental annulus are shown in Figure 6-26 below.

The size o f the induced e.m .f, V(r, z), is given by**:

[6.43]

K(r,z) = - f ^ ^
at
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where cD(r, z) is the magnetic flux linkage for an elemental annulus o f radius r and
axial position z.

Figure 6-26: Eddy currents flowing in elemental annulus

The flux linkage is simply the size of the axial component of the magnetic field
passing through the centre of the annulus multiplied by the cross-sectional area of the
annulus. i.e.:

[ 6.44 ]

We can therefore write:
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[6.45 ]

V(r,z) = - U B , i % z ) - A { r ) ) = - A { r ) ~ { B , { 0 , z ) ) = - n r ^ ^ { B M ^ ) )
at
at
at

The current, /(r, z), which flows in each annulus is then given by Ohm’s law:

[6 .4 6 ]

=

R{r)

where R{r) is the resistance o f annuli at radius r. The total Joule heating caused by
these eddy currents is therefore simply the sum over the whole former o f the power
generated in each annulus:

[6 .4 7 ]

P(r,z ) = I { r , z f R ( r ) = ^ ^ ^ ^
R{r)

The length l{r) o f the conducting path for each annulus is simply,

l{r) = I ttt

so the resistance, R{r), is given by:

[6.48]

j?(r) = f

dr 'dz

-- Z 'f'

dr ' dz
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since dr • dz is the cross sectional area o f the elemental annulus.

Substituting Equations [ 6.45 ] and [ 6.48 ] into [ 6.47 ] gives:

[6 .4 9 ]

P{r,z) =

^ f e ( 0 ,z ) )
dt
In p r

vjnzy
J%(r)

Ttr'

'dr'dz

dr'dz

I f we now assume that the field is ramped up fi*om zero Tesla to its maximum value
as calculated in Section 6.4 above in a time r, then Equation [ 6.49 ] becomes:

[ 6.50 ]

P (r,z ) =

7W'

dr 'dz

The total eddy current heating, P, can now be calculated by summing P (r, z) over the
whole former.

[6 .5 1 ]

^
^ = 1 1

Ttr^ B M z )

dr ' dz

L 2/>

where ro and «o are the inner and outer radii o f the former respectively. Performing
the integration:
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5 ,(0 ,z )

[ 6.52 ]

•dz

8 /7

For the single main coil with a cancellation coil at each end, the axial component o f
the field, Bz, was found in Section 6.4 above. Also, with a voltage ramp time o f ten
minutes for the coils^°, r= 600 seconds. Inserting these values into [ 6.52 ] gives:

[6 .5 3 ]

P = 4.72 10 -7
p

We can now compare the heat input due to a 20 mm thick copper former with that
due to a 5 mm thick aluminium alloy former. The results o f this comparison are
presented in Table 6-5 below.

20 mm Copper

5 mm Aluminium

Inner Radius, a*o

24 mm

39 mm

Outer Radius, oo

44 mm

44 mm

Resistivity at 4 K

2-10"” Qm

Total Eddy Current Power

80.7 mW

677 mW

Table 6-5: Comparison o f eddv current heating with aluminium and copper formers

Although the thickness o f the aluminium former is only a quarter o f that o f copper,
the eddy current heating with aluminium is over eight times higher. This is because
the power input due to the eddy currents is inversely proportional to the resistance o f
the former material (see Equation [ 6.47 ]). Aluminium has extremely low resistance

Chapter 6 Magnet design_________________________________________________ 300
at low temperatures (it becomes superconducting at 1.19 K) and therefore allows very
large eddy currents to flow.

In the analysis above, the eddy current heating due to just one main solenoid has been
calculated. There are two main solenoids in the dADR, however, each with its own
pair o f cancellation coils, so the total eddy current heating could be up to twice the
levels shown in Table 6-5. Since the fields are applied to the two coils sequentially,
however, i.e. the high-temperature pill’s field is applied before the low-temperature
pill’s, the eddy current heating will indeed be approximately as shown in Table 6-5.

Note that the eddy current heating during removal o f the fields has not been
calculated as this will normally be performed over an extended period (equal to the
hold time o f the dADR). Equation [ 6.52 ] tells us that the eddy current input power is
inversely proportional to the square o f the time taken to change the field (r), so eddy
current heating for large rw ill be negligible.

The levels o f heat input shown in Table 6-5 could not be rejected by a mechanical
cooler, which could probably only provide around 10 mW o f cooling at 4 K (see
Table 4-6 in Section 4.1.4 above). The eddy currents can be reduced in several ways,
however. These are discussed in Section 6.6.1 below.

6.6 .1

Minimization of eddy current heating

The amount o f eddy current heating can be significantly reduced by reducing the rate
o f change o f magnetic field or by making slots in the formers. The latter increases the
conducting path o f the eddy currents and reduces the flux linked by each loop (as the
area o f the loops decreases - see Figure 6-28 below). These methods o f reducing
eddy current heating are discussed in the following two sections. Reducing the
thickness o f the former (and therefore increasing ro) would also decrease P in
Equation [ 6.54 ]. This would have a negative effect on the mechanical performance,
however, so reducing P in this way will not be considered.
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6.6.1.1

Reducing the rate of change of field

Since Equation [ 6.52 ] tells us that P

large reductions in eddy current heating
T

can be obtained by reducing the voltage ramp rate for the solenoid, which controls the
time taken (r) to achieve the maximum field. We can reduce [ 6.52 ] to:

[6 .5 4 ]

f = 0 .1 7 0 ^ — ^
px

and inserting the values o f p, uq and ro from Table 6-5 above gives the eddy current
heating for copper and aluminium as a function o f r.

[6 .5 5 ]

and,

[6 .5 6 ]
T

These curves are plotted on a logarithmic scale in Figure 6-27 below.

Increasing the time taken to achieve the maximum field from ten minutes to one hour
decreases the eddy current heating from 677 mW to 18.8 mW for aluminium and
from 80.7 mW to 2.24 mW for copper.
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Although the eddy current heating o f copper is relatively modest with the one-hour
ramp time, the mass o f the former is too large. Aluminium’s eddy current heating is
much too large even with the slow change in field. We therefore need to consider
another method o f reducing the eddy currents.

10 T -

Aluminium 6082
Copper

Voltage Ramp Time (minutes)

£

•I
«

<u
X

0.

3

u

S

0.01

0.001

Figure 6-27: Eddv current heating as a function o f voltage ramp time

6.6.1.2

Laminating or slotting the former

The conducting path taken by eddy currents can be increased by introducing one or
more thin slots into the magnet former (or by laminating the former with thin wafers
o f non-conducting material between layers, which has the same effect). Consider the
eddy current heating with m non-conducting slots o f negligible thickness (t % 0) and
depth d, as shown in Figure 6-28 below.
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The total eddy current heating is the sum throughout the former o f the contributions
due to each path such as those marked with green arrows in Figure 6-28 above.

n slots
o f depth d

ro.

m

Figure 6-28: Magnet former with m slots o f depth d

Eddy currents will flow as for the unslotted former up to the radius at which the slots
begin (r = ao~d). These eddy currents are shown in Figure 6-28 with pale green lines
and their heating effect is calculated according to Equation [ 6.54 ] in Section 6.6.1.1
above, with inner radius ro and outer radius ao - d. The total contribution due to these
eddy currents, which flow in circular paths, will be denoted Pc.
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[6 .5 7 ]

Pc

pr

The total eddy current heating is the sum o f Pc and the heating due to the eddy
currents in the m slotted regions.

Each o f the slotted regions is divided into p concentric paths as shown by the dark
green arrows in Figure 6-28. It is assumed that the eddy currents flow in paths that
follow the shape o f the former exactly, although in practice the eddy currents would
flow in more rounded paths^^’^^. Denoting the radius o f the outer part o f the

path

rop, the radius o f the inner part rip, and the angle subtended by the p ^ path 9p, the path
length. Ip, o f the p^^' path is given by:

[ 6.58 ]

I = 2[ro - ri )+ [ro + ri )• 9

If the radial step between successive paths is ôr, and the angular step is 56, then each
slotted region is covered by

2Sr

paths, and rop, rip and 9p are respectively given by:

[6 .5 9 ]

r o = a ç ^ - p ‘ôr

[ 6.60 ]

r i^

- d + p ' Sr

and,

Chapter 6 Magnet design_________________________________________________ 305
In

e = — -2p-09

[ 6 .6 1 ]

m

Choosing SO so that the length o f the steps in the hoop direction { = r SO) is on
average the same as the length o f the steps in the radial direction, we have:

[6 .6 2 ]

se =—

^
a r ^ - d + ür.

- d

where rave is the average radius o f the section considered. Substituting from [ 6.59 ] to
[ 6.62 ] into [ 6.58 ] gives:

[6 .6 3 ]

! = 2 { d - 4 p - a - ) + — {2 a „ -d )
m

We now require the area o f the

loop, Ap, to calculate the flux linkage for that loop

(recall from Equation [ 6.44 ] in Section 6.6 above that (j>-B' A ). This area is simply
the fraction o f the total annular area between rop and rip that is subtended by the path
considered.

[ 6.64 ]

= 7z{ro^

Inserting the values o f rop^ rip and Op given in [ 6.59 ] to [6 .6 1 ] above, we obtain:
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\^

—

m

l a Q d - \ - 2 d - p - ô r - A a Q p - ô r - d ^ \

2 a ^-d y

*

'

If we assume that the value o f B is constant over the slotted region and equal to 2
Tesla, the eddy current heating power generated in each dark green loop is given by
Equation [ 6.47 ] above:

A,

[ 6.66 ]

R.

where Rp is the resistance o f the

R.

loop. Assuming that the cross-sectional area o f

this loop is approximately constant and equal to ôr L , where L is the axial length o f
the former, we can write:

P 'K
ôrL

[ 6.67 ]

Substituting from Equations [ 6.67 ], [ 6.65 ] and [ 6.63 ] into Equation [ 6.66 ] above
gives the power generated by t h e l o o p as:

2 p -S r^
[ 6.68 ]

B ^Sr-L
Pp =

T^p

m

lür, - d

{la^d -\-ld ' p - ôr - Aa^p - ô r - d ^ J

2{d —Ap '

2n
m

(2<3q —
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The total eddy current heating due to the m slotted regions, Ps, is the sum o f Pp for
the

lô r

loops.

P ,= m

[6 .6 9 ]

Recall that the unslotted region generates power Pc, given by [ 6.57 ], so the total
eddy current heating is:

[6 .7 0 1

T
P-^

2(rf-4p-ir)+^(2a6-rf)
m

We can now investigate the effect o f the number and depth o f slots on the eddy
current heating o f the formers. With the field applied as above in a time o f 600
seconds

600), Figure 6-29 below shows the relationship between eddy current

heating and slot depth for different numbers o f slots in a copper former. It is clear that
the number o f slots makes much less difference to the eddy current heating than the
depth o f the slots.

As we would expect, increasing the depth o f the slots generally reduces the eddy
current heating. For large slot depths (i.e. greater than around 15 mm or % o f the
thickness o f the former) with fewer than four slots, however, it is slightly better not to
make the slots go all the way through the former. This is because the increase in Ps
following a marginal increase in d under these conditions is greater than the
accompanying decrease in Pc.
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Figure 6-29: Eddv current heating as a function of slot depth for copper former

Figure 6-30 below shows the eddy current heating as a function of the number o f slots
for various slot depths. Particularly for shallow slots, there is little to be gained from
increasing the number of slots above one. The crossing of the yellow and blue traces
in Figure 6-30 (i.e. the traces for 15 mm and 20 mm slot depths) emphasizes the
conclusion drawn above. Namely, that further increasing the slot depth for a few deep
slots increases the total eddy current heating.

In conclusion, eddy current heating is reduced much more by using a few deep slots
than by making many shallow slots.
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Figure 6-30: Eddv current heating as a function of number of slots for copper

The salient values of eddy current heating for a slotted copper former are summarized
in Table 6-6 below.

Slot Depth (mm)

1c/3

Cm
O

1c
Z

0

5

10

15

20

0

80J

80J

80.7

80.7

80.7

1

80J

473

273

20.6

253

2

80J

47.3

27.4

19.9

23.0

4

80J

47.3

27.1

1&6

19.2

8

80J

47.2

26.6

16.4

13.3

16

80.7

47.2

253

13.4

6.47

Table 6-6: Summary of effect of slotting copper former
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The total eddy current heating can be reduced by 74% from 80.7 mW to 20.6 mW by
introducing a single 15 mm deep slot and by 83% to 13.4 mW with sixteen 15 mm
slots.

The effect of putting slots in an aluminium former is shown in Figure 6-31 below,
which shows eddy current heating as a function o f slot depth.

Unlike with the copper former, the relationship between eddy current heating and slot
depth is approximately linear for all slot depths. Furthermore, the number o f slots has
a negligible effect on the eddy current heating. This is verified by Figure 6-32 below,
which shows eddy current heating as a function of number of slots. The fact that the
curves in Figure 6-32 are flat shows that eddy current heating falls negligibly on
increasing the number of slots above one.
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4

Figure 6-31 : Eddv current heating as a function o f slot depth for aluminium former
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Figure 6-32: Eddv current heating as a function of number of slots for aluminium

The salient values for the eddy current heating with aluminium formers are shown in
Table 6-7 below.

Slot Depth (mm)

GO
G-h
O
Ui
cc
3
z

0

1.25

2.5

3J5

5

0

677

677

677

677

677

1

677

485

310

151

10.4

2

677

485

310

151

10.2

4

677

485

310

151

9.79

8

677

485

309

151

9 ^8

16

677

485

309

151

7.82

Table 6-7: Summary of effect of slotting aluminium 6082 former
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In contrast to the results with copper, the eddy current heating with aluminium 6082
is reduced significantly by increasing the slot depth from % o f the former thickness
(3.75 mm) to the whole former thickness (5 mm).

The total eddy current power is reduced by 98.5% from 677 mW to 10.4 mW with a
single slot through the whole thickness o f the former. With sixteen slots, the power is
reduced by a further 25% to 7.82 mW - just 1.2% o f the unslotted value. Comparison
o f Table 6-6 and Table 6-7 shows that, with at least one and fewer than sixteen slots,
the minimum eddy current heating achievable with aluminium 6082 is less than that
obtained with copper. This is despite the fact that the unslotted eddy current heating
for aluminium was 8.4 times higher. This surprising result is not to do with the
properties o f aluminium and copper, but because introducing slots into formers is far
more effective in reducing eddy currents for thin-walled formers.

If the slot depth is equal to the thickness o f the former, it is o f course impossible to
have more than one slot whilst retaining the structural integrity. If the slot doesn’t go
through the whole thickness, however, or if the former is laminated with non
conducting material between layers, it is possible to have more than one slot.

Any slots made in the formers will reduce the strength o f the former, however, and
introduce stress concentrations due to geometrical irregularities. Laminating the
former will allow the stiffness to be maintained and will reduce such stress
concentrations, but the strength o f the former will still be adversely affected by the
non-conducting wafers.

Precise calculation o f the effects o f slots and lamination will require finite element
analysis, which is beyond the scope o f this discussion. It suffices to say that the
stresses experienced by the former will be greater, the greater the number and the
depth o f the slots. In other words, we cannot reduce eddy current heating in this way
without amplifying the stresses to some extent.
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6 .6 .2

Conclusions on eddy current heating with copper
and aluminium formers

It has been seen in Section 6.6.1.2 above that the eddy current heating in a 20 mm
thick copper former can be reduced to 13.4 mW with a voltage ramp time o f 600
seconds. This requires sixteen slots o f depth equal to % o f the thickness o f the former.
By increasing the ramp time by a factor o f six from ten minutes to one hour, the eddy
current heating can be further reduced by a factor 6^ = 36 to just 372 / Æ .

Unfortunately, such a former would still have an excessively high mass (15.3 kg) and
would probably experience dangerously high stresses. A solid copper former is
therefore undesirable for this system.

The eddy current heating in a 5 mm thick aluminium 6082 former (with mass 1.42
kg) can be reduced from 677 mW to 10.4 mW by introducing a single slot through the
whole thickness o f the former. Reducing the voltage ramp time as described above
would then reduce the eddy current heating to 289 juW.

Recall from Table 4-5 in Section 4.1.4 above that the total heat load on the 4 K stage
from current leads, heat conducted along the supports and radiation is 8.38 mW.
Furthermore, the cooling power available from the mechanical cooler at 4 K is around
10 mK, which leaves around 1.6 mK to compensate for eddy current heating in the
former. Rejecting the 289 / Æ o f eddy current power from the aluminium former
would therefore be well within the capabilities o f the cryocooler.

There are potential problems, however, with a former which has a slot through its
whole thickness. Firstly, its stiffness will be greatly reduced and secondly, the
maximum stresses that will be experienced in the remaining material will increase
significantly. If the former is laminated instead o f merely slotted, the stiffness will be
restored to some extent, but there will be large stress concentrations in the non
conducting wafer.
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A possible solution to this problem is to design a ‘hybrid’ magnet composed o f two
different materials - one to provide the strength and stiffness without generating eddy
currents, the other to conduct the heat from the windings as effectively as possible.
With a good design, we should be able to achieve better strength and stiffness than
that offered by a solid aluminium former, with less weight and lower eddy current
heating.

6.7

The design of a hybrid magnet former

In an attempt to provide a combination o f strength, stiffness, and high thermal
conductivity without too much mass or eddy current heating, a hybrid former with
two different component materials has been designed. One material is a lightweight
composite, such as carbon-fibre reinforced plastic (CFRP). This provides the strength
and stiffness with negligible eddy current heating (due to its high electrical
resistance). It also has very low thermal conductivity, however. We therefore need a
second material which conducts heat very well (copper or aluminium) between the
CFRP and the wires, to take away the heat to the cold bath. There are two reasons
why good thermal conductivity is important. Firstly, it allows rapid cool down o f the
former at the start o f any experiment. Secondly, a high-conductivity layer allows any
heat generated in localized normal zones within the superconducting wires to escape,
preventing normal zones from spreading throughout the windings and causing a
‘quench’. The layout assumed for the hybrid magnet former is shown in Figure 6-33
below.

Conductor

Windings
Composite

Figure 6-33: Flvbrid magnet former lavout
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The stresses in the former can be calculated by repeating the analysis performed in
Section 6.5 above. First, however, we must determine which component materials to
use for the hybrid former.

6 . 7 .1

Materials for a hybrid former

The ideal material for the strength-providing component o f a hybrid former is a
lightweight composite with a low density, high stiffhess and high yield stress. Most
composites, which generally employ fibres o f glass, carbon or aramid (Kevlar) in an
epoxy resin matrix, have a very high specific strength compared to metals. Typically,
— for composites is at least five times higher than for aluminium alloy and over a
P
hundred times better than for copper^^.

The most important property when choosing a suitable composite is therefore its
stiffness, or Young’s Modulus. Since the straining o f the weaker conducting layer
will be constrained by the movement of the composite to which it is adhered, it is
preferable to make the ratio o f the composite stif&iess to conductor stiffhess as large
as possible. High-modulus carbon fibres have very high axial stiffhess. The stiffhess
o f the composite depends on the fibre volume fraction and the lay-up o f the
composite, i.e. how the layers o f fibres and matrix are orientated. In order to achieve
good strength and stiffness in all directions, an isotropic lay-up is preferred, which
has direction-independent elastic properties^*. The Young’s Modulus for isotropic
high-modulus CFRP is around 130 GPa. Although the axial stiffhess o f the carbon
fibres themselves is much higher (£ = 380 GPa), the effective value for the CFRP as a
whole is reduced by the low transverse stiffiiess o f the fibres {E = 12 GPa) and the
low modulus o f epoxy resin (E » 5 GPa). Nevertheless, isotropic CFRP still has very
good stiffhess and low density (around 1750 kgm'^).

As far as the conductor material is concerned, we would like high thermal
conductivity, high specific strength and low stiffhess. Aluminium alloy has an
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excellent combination of these properties, but copper will also be considered for
comparison. We should now consider the stresses in the hybrid former.

6 .7 .2

Stresses in a hybrid magnet former

Figure 6-34 below shows a section through the hybrid magnet former.

Composit(

Conductor

Windings

Figure 6-34: Section through hybrid magnet former

As for the simple single-material magnet former, the stresses due to each component
of the magnetic field will be considered separately and superimposed. Consider first
the stresses due to the axial component of the field.
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6.7.2.1

Stresses in hybrid former due to axiai component of fieid

The stresses in the composite former (subscript f), the conductor layer (subscript c)
and the windings (subscript w) can be written as in Section 6.5.1 for the hoop, radial
and axial directions. The expressions for the stresses in the composite and the
windings are exactly as given in Equations [6.71 ] to [ 6.20 ] in Section 6.5.1. The
values o f the arbitrary constants Af, Bf, C and D will not be the same as calculated in
Section 6.5.1, however, due to the presence of the conductor layer.

The stresses in the conductor layer are:

[ 6.71 ]

cr^ =

Hoop (circumferential) stress

[ 6.72 ]

(7^^ =

Radial stress

[ 6.73 ]

• (cr^^ + cr^) Axial stress

where Ac and Be are arbitrary constants. There are now six unknown constants to find,
which requires six boundary conditions. These are:

i.

Radial stress is zero at inside surface of former (point P on Figure 6-34)

cr^ = 0 at r = ro
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ii.

Radial stress is zero at outside surface o f windings (point S)

= 0 at r = aç^+t^=üç,a

iii.

Radial stress at point Q on Figure 6-34 is equal in former and conductor

iv.

Radial displacement at point Q is equal in former and conductor

r = rQ -\-tf

V.

Radial stress at point R is equal in conductor and windings

vi.

Radial displacement at point R is equal in conductor and windings

Insertion o f these new boundary conditions gives the following results:
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B f = Af^rQ

[6 .7 9 ]

These constants can be inserted back into Equations [ 6.15 ] to [ 6.20 ] and [6.71 ] to
[ 6.73 ] to find the stress distributions throughout the composite former, the conductor
and the windings due to the axial component o f the field. The radial displacement can
also be calculated using Equation [ 6.24 ].

The effect o f the radial component o f the field must also be established, and the
resultant stresses superimposed on those due to the axial component.

6.7.2.2

Stresses in hybrid former due to radial component of fieid

Referring to Figure 6-33 above, compatibility o f strains requires that the axial strain
on the conductor and the composite former be the same. Since the composite will
have greater stiffiiess than the conductor (high-modulus CFRP has Young’s Modulus
E = 130 GPa and aluminium 6082 has E = 69 GPa), most o f the stress will be carried
by the composite.

[ 6.80 ]

Or, applying Hooke’s Law:

[6 .8 1 ]

6*^2 =

O'

—^
E,

Compatibility o f Strains

(T .

^
Ef

so that,
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From Figure 6-35 below, we can see that the axial forces in the composite and the
conductor layer must sum to the total force exerted by the wires on the former at each
end, Tq.

Figure 6-35: Axial stresses in hybrid former

We can therefore write:

[ 6.82 ]

where Tj, = y ]

=7i

( r ) , and Sf and Sc are the cross sectional areas o f the composite

former and the conductor layer respectively. From [6.81 ] we can now find the stress
in the composite former:

[ 6.83 ]

t;

and the stress in the conducting layer is given by:
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[ 6.84 ]

Adding these stresses to the components due to the axial field calculated in 6.7.2.1,
we obtain the stresses shown in Figure 6-36 below for a copper conducting layer 2
mm thick around a 5 mm thick isotropic CFRP former. The peak stresses in MPa are
summarized in Table 6-8 below.

The stresses are much higher than desirable - over fifty percent of the nominal yield
stress of copper. The thickness of the copper layer must be increased to 5 mm, or the
thickness of the composite increased to 10 mm, to reduce the stress in the copper to
below 25% of its yield stress. This would clearly increase the mass significantly.
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Figure 6-36: Stresses for hybrid former with 2 mm copper conductor layer
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Tensile
Compressive

Conductor

Tensile
Compressive

Windings

Radial

Hoop

Axial

1.40

12.5

-

0

-

1.83

11.1

Compressive

-

-

13.6

1.83

8.51

5.93

0.404

-

0.151

-

Tensile

13.6

Table 6-8: Stresses (MPa) for hybrid former with 2 mm copper conductor

Much better mechanical performance can be obtained using a 0.5 mm thick layer of
aluminium 6082 as the conductor as shown in Figure 6-37 below.
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Figure 6-37: Stresses for hybrid former with 0.5 mm aluminium conductor layer
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The peak stresses are summarized in Table 6-9 below.

Former

Tensile
Compressive

Conductor

Tensile
Compressive

Windings

Tensile
Compressive

Radial

Hoop

Axial

1.45

13.4

-

18.4

0

-

1.51

6.71

-

-

-

9.53

1.51

9.39

6.06

0.464

-

-

Table 6-9: Stresses tM Pal for hybrid former with 0.5 mm aluminium conductor

Note that the distributions o f hoop stress and axial stress are continuous for the
copper conducting layer, but discontinuous for aluminium 6082. This is because the
Young’s Modulus for copper and the isotropic CFRP are taken to be the same
(approximately 130 GPa), whereas that o f aluminium 6082 is 69 GPa. The Poisson’s
Ratio for all three materials happens to be roughly the same at 0.34.

Having established the stresses in the hybrid magnet former, we should now consider
the mass and the eddy current heating. These are the subjects o f the following two
sections.

6 . 7 .3

Mass of hybrid magnet former

High modulus CFRP has a density o f around 1750 kgm'^. The masses o f a 5 mm thick
composite former with a 2 mm thick copper conducting layer and a 0.5 mm thick
aluminium 6082 conducting layer will respectively be:
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’«h,.cu\ = 0 .4 vr((0.042' -0 .0 3 7 ^ ) 1750 + (0.044^ -0 .0 4 2 ^ )-896o)= 2.81 kg

and

mHy,Ai = 0-4• ;r((0.0435^ -0.0385^)• 1750 + (0.044" -0 .0 4 3 5 ") • 271o) = 1.05kg

Since the stresses in the 2 mm copper layer are too high with a 5 mm thick CFRP
former, the mass o f a 10 mm thick CFRP former with the 2 mm copper layer is also
given:

"'ky.cui =0.4-;r((0.042" -0 .0 3 2 " ) 1750 + (0.044" - 0 .0 4 2 " ) -896o)= 3 .5 7 kg

These masses are clearly much lower than the mass o f the 20 mm thick solid copper
former (15.3 kg). The mass o f the 2 mm Cu - 10 mm CFRP hybrid former (3.57 kg)
is 2.5 times the mass o f a solid aluminium former (1.42 kg), but the 0.5 mm A1 - 5
mm CFRP hybrid is 26% lighter than solid aluminium. Furthermore, the eddy current
heating with the hybrid formers will be much less than with the solid metal formers.

6 .7 .4

Eddy currents in a hybrid magnet former

For ease o f manufacture, the hybrid former will probably be constructed by gluing the
conducting layer onto the solid composite former in two halves as shown in Figure
6-38 below. The superconducting wire will then be wound directly onto the
conductor. Since the electrical conductivity o f the composite former is negligible, the
eddy current heating due to this can be ignored. The eddy current power for the
hybrid former will therefore simply be the heating due to a thin-walled cylindrical
tube with two slots going through the whole wall thickness.
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Composite

Conductor

Figure 6-38: Hybrid magnet former design for eddy current analysis

The thickness of the conducting tube will be 2

mm for copper and

aluminium. The eddy current heating is then given by

Equation [ 6.70

0.5mm for
] inSection

6.6.1.2 above, with m = 2, ro = qq - d, qq = 44mm, and d = 2 mm and 0.5 mm
respectively for copper and aluminium. The radial

step, Sr, is chosen to

be 1nm and

250 pm (250 10"^rn) for copper and aluminium respectively, so that there are one
million loops in the conductor wall.

The total eddy current heating with the original voltage ramp time of 600 seconds is
then 34.5 /Æ and 11.1 /Æ for copper and aluminium respectively. The latter
represents a reduction in eddy current heating of three orders of magnitude from 10.4
mW in a 5 mm thick solid aluminium fomier with a single slot through the thickness.
The eddy current heating is in fact so low with the hybrid magnet former that we
could consider increasing the voltage ramp rate.
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If the maximum permissible eddy current heating is 1.6

mK as suggested in Section

6.6.2 above, the eddy currents can be increased by a factor
^ = 144. Since
^
11.M O -'
the eddy current power is inversely proportional to the

square o f the voltage ramp

time, the time can be decreased by a factor Vl 44 = 1 2 . In terms o f the eddy current
heating produced, the voltage could therefore be ramped in one minute instead o f the
ten minutes originally suggested. A large voltage ramp rate may have an adverse
effect on the superconducting wires, however. Local heating in the wires may cause
normal zones to propagate, causing eddy current heating in the wires themselves and
a quench in the worst case.

The ramp time o f around five minutes per Tesla recommended by Oxford
Instruments^® therefore seems reasonable. With this rate ( t = 600 seconds), the
mechanical and thermal performances o f the former designs so far considered are
summarized in Table 6-10 below. It is clear that the performance o f the 0.5 mm A1 5 mm CFRP hybrid has the lowest mass, the lowest eddy current heating and the
highest strength o f all o f the designs considered. We must still verify, however, that
the hybrid magnet former can efficiently conduct the heat in the magnet to the cold
bath. This is the subject o f Section 6.7.5 below.

Thickness

Mass

Eddy

Maximum

Yield

Safety

Stress,

Stress,

Factor,

Current

MS

YS

YS/MS

Heating

(mm)

(MPa)

(MPa)

Solid Cu

10

11.3

33

Solid Cu

20

8.88

Solid A1

5

Cu, CFRP

(kg)

(mW)

2.92

8.78

3.81

33

3.72

15.3

25.2

20.4

255

12.5

1.42

10.4

2 ,5

13.6

33

2.43

2.81

0.0345

Cu, CFRP

2, 10

10.6

33

3.11

3.57

0.0345

Al, CFRP

0.5,5

9.53

255

26.8

1.05

0.0111

Table 6-10: Summarv o f magnet former performances
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6 .7 .5

Thermal testing of hybrid magnet former

The magnet former must be a good conductor o f heat, so that the magnet can cool
down to the bath temperature o f 4 K as quickly as possible prior to magnetization.
More importantly, the former must conduct away any heat generated in normal zones
within the superconducting wire (to prevent them from growing and causing a
quench). The cooling performance o f a hybrid magnet former has been tested
experimentally in two ways. Firstly, the time taken for a range o f formers wound with
normal 300 micron copper wire to cool to liquid helium temperature (4.2 K) was
tested. Then the ability o f a hybrid former to conduct heat from superconducting
wires was tested. These tests are the subjects o f the Sections 6.7.5.1 and 6.7.5.2 below
respectively.

6.7.5.1

Cooling to 4.2 K with Cu, Al and composite formers

The dimensions o f the formers tested are shown in Figure 6-39 below (not to scale).
First, ‘simple’ formers were made from solid copper, aluminium 6082 and GIG glassfibre epoxy composite.

Since these experiments merely aimed to prove the feasibility o f using a hybrid
composite/metal former, GIG was used instead o f CFRP for convenience as it was
already available in the laboratory. The thermal performance o f the two materials
should in any case be similar.
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Figure 6-39: Design o f formers for experimental testing o f cooling performance
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The first tests simply calculated the time it took the formers wound with 7315 turns of
300 micron copper wire to cool from room temperature (293 K) to liquid nitrogen
temperature (77 K) and to liquid helium temperature (4.2 K). The resistance of the
copper wire was recorded along with the temperature of the base-plate onto which the
former was screwed down. These are shown in Figure 6-40 below.
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Figure 6-40: Cooling curve for solid copper magnet former

The copper wire resistance is approximately proportional to the temperature of the
wire (and also the former). It can therefore be seen from Figure 6-40 that the time
taken for the former to cool from 293 K to 77 K is much greater than the time taken
to cool from 77 K to 4.2 K. This is because the thermal conductivity of copper
increases significantly as temperature falls.

Since the resistance curve flattens off with increasing time, the time taken for the
resistance to reach its final value is difficult to define precisely. The time taken for the
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former to cool is therefore taken to be the time taken for the copper wire to achieve
99% of the decrease in resistance from its room temperature value to the final value.
If Ro is the initial resistance and R\ is the final resistance (i.e. the resistance at 77 K or
4.2 K), then the time taken to cool is taken to be the time taken for the resistance, R,
to fall to the value given by:

[& 85]

R = R, + 0.99(/?| - «„) = O.OlSj + 0.99/?,

The cooling performances of the three materials (which were found to be repeatable
to within one percent) are shown in Figure 6-41 below.

35 y
30 -

■ 77 K - 4.2 K
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a
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Figure 6-41 : Cooling performances of simple formers

GIG
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The time taken to cool from 293 K to 4.2 K is a total o f 9.04 hours for copper, 17.8
hours for aluminium 6082 and 31.6 hours for GIO. Copper therefore cools 3.5 times
faster than GIO. Given the slow cooling o f GIO, it certainly could not be used alone
as a conduction-cooled former. We must now consider the effect o f the conductor
layer on the GlO’s performance. The design o f a hybrid G 10/aluminium 6082 former
is shown in Figure 6-42 below.

We find that the hybrid former not only cools much faster than the solid GIO former,
it also cools considerably faster than a solid aluminium alloy former and slightly
faster than a copper former. This is because there is a much lower mass o f metal than
before, so it cools down more quickly. In addition, the base o f the aluminium tube is
0.2 mm proud o f the bottom o f the GIO in the hybrid former, so that only the
aluminium is in thermal contact with the base-plate (see Figure 6-42 below). With a
lower contact area between the former and the base-plate, the contact pressure is
higher and the conductivity between the aluminium and the bath is better than for a
single-material former. Furthermore, the conductivity between the GIO and the
aluminium layer is poor, so the GIO can remain considerably warmer than the base
plate long after the wires have cooled to their minimum temperature, without
adversely affecting the wires’ cooling. When cooling from 77 K to 4.2 K, for
example, the Cemox thermometer^^ attached to the top o f the GIO reads 14 K when
the wires have cooled 99% o f the way. The GIO is still at 12 K when the copper wire
has reached its final resistance, and takes a further half-hour to reach its final
temperature (4.26 K).
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Figure 6-42: Hybrid magnet former test piece
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Two hybrid test pieces were made - one with a 1 mm thickness of aluminium and one
with 0.5 mm of aluminium. The outer diameter of the aluminium layer is the same for
both so the windings are unaffected, with the diameter of the GIG inside reduced to
accommodate the aluminium sleeve. It is found that the thermal performances of the
two hybrid designs are almost identical (see Figure 6-43 below). The hybrid former
with the 1 mm layer cools just 2.6% faster from room temperature to 4.2 K than the
former with the 0.5 mm aluminium layer. This means that, as far as cooling of the
formers is concerned, the presence of the aluminium is more important in determining
performance than its thickness. The cooling performance of the hybrid former is
compared to the simple formers in Figure 6-43 below.

35
■ 77 K - 4.2 K
30

□ 293 K - 77 K

25 20

Copper

Aluminium
6082

GIG

nn

Hybrid,
1.0mm Al

Hybrid,
0.5mm Al

Figure 6-43: Cooling rate comparison between hybrid formers and simple formers

The cooling performance of the hybrid former is therefore excellent. It remains to
consider the effect of winding the former with superconducting wire and testing it as
a magnet.
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6.7.5.2

Magnet test with hybrid former

The hybrid former with 1 mm aluminium thickness was wound with 7315 turns o f
300 micron superconducting wire (with a turns density o f 8.5 turns per mm^) and
placed in the cryostat. The former was then cooled to liquid helium temperature so
that the wire became superconducting, and current was supplied to the wire. The
current was increased from zero to 5 A at the rate o f about 1 A per minute. There was
no increase in base-plate temperature. The final field achieved was calculated using
the analysis presented in Section 6.2 above and found to be 0.7 Tesla.

The size o f field achieved and the current carried represent quite high values
considering the small size o f the magnet and the large wire diameter. Higher values
were not attempted due to the risk o f quench in the cryostat.

6.8

Summary of Chapter 6

In this chapter, a design for the magnet o f the dADR has been presented. The field
strength is at least 80% o f 2 Tesla, as required by the salt pills, throughout the region
occupied by the pills.

The stresses in the magnet former and windings have been modelled analytically, and
the eddy current heating in copper, aluminium alloy, and hybrid formers has been
investigated. Eddy current heating can be reduced significantly by putting slots into
the magnet former or by reducing the rate at which the field is increased.

It has been found that a hybrid magnet former with a 0.5 mm thick sleeve o f
aluminium 6082 surrounding a 5 mm thick CFRP composite former has good
strength and stiffness and low mass and eddy current heating. With the aluminium
sleeve in two parts as shown in Figure 6-38 above, the mass, maximum stresses and
eddy current heating are as shown in Table 6-11 below.
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Thickness

Maximum

Yield

Safety

Al, CFRP

Stress, MS

Stress, YS

Factor,

(mm)

(MPa)

(MPa)

YS/MS

(kg)

0.5,5

9.53

255

26.8

1.05

Mass

Eddy Current
Heating (jiW)

11.1

Table 6-11 : Summary o f hybrid former performance

The hybrid former has 14.6 times less mass than a suitable copper former, 2270 times
less eddy current heating and 7.2 times higher safety factor on yield stress.

The total magnet mass with a hybrid former is around 7 kg, which comprises around
6 kg o f superconducting wire and 1.05 kg o f former. The total mass with a traditional
copper former would be around 21 kg.

The hybrid former is able to cool the windings relatively quickly to the bath
temperature o f 4 K. It should also be able to conduct heat away from the
superconducting wires efficiently enough to prevent any normal zones from
propagating.

Overall, the hybrid magnet former represents a significant breakthrough in terms o f
mass and eddy current reduction for the 10 mK refrigeration system.

Chapter 7 below provides a summary o f the main findings o f this thesis, with
conclusions and suggestions for further work.
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7

Summary of Thesis
and Conclusions

Overview o f Chapter 7
This chapter begins in Section 7.1 with a brief summary o f the main findings o f the
chapters above, including a discussion o f the mechanical, thermal and magnetic
designs o f the system.

Section 7.2 then presents the main conclusions o f this thesis, including what is
offered by the system.

Section 7.3 makes suggestions for further work. Both further design studies and
experimental verification o f system components are recommended.

Finally, a summary o f the main points in this chapter is given in Section 7.4.
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7.1

Summary of thesis

Chapter 1 introduced the field o f low-temperature refrigeration in space, including the
space environment and the need for cryogenic temperatures in space. Existing
technologies using passive radiators, liquid cryogens, mechanical cooling cycles and
electronic and nuclear demagnetization were described, along with their attractiveness
for use in space. Some successful space missions that employed these technologies
were noted. The refrigeration system outlined here is designed comfortably to be able
to provide the cooling required for ESA’s XEUS mission, due for launch around
2010. The system chosen to provide the 10 mK detector stage temperature is a
mechanically cooled adiabatic demagnetization refngerator (ADR), housed within a
system o f thermal shields to isolate the low-temperature

stages from the 300 K

environment.

The components o f the 10 mK space ADR were outlined in Chapter 2. The cooling
effect o f the ‘double’ ADR (dADR) proposed is provided by two thermally linked
paramagnetic materials (salt pills), each with its own 2 Tesla superconducting
magnet. Cooling o f the low-temperature salt pill (CMN) begins from the final
temperature achieved by the high-temperature salt pill (DGG). A cold bath at around
4 K is required to provide a low start temperature for the salt pills’ cooling and heat
switches are required to isolate the various stages within the ADR. Although
traditionally unreliable, mechanical heat switches are preferred to gaseous sorbs, as
the latter impose large heat loads on the mechanical cooler during operation. Current
leads link the spacecraft at 300 K to the magnet and heat switches at 4 K, and are heat
sunk at the intermediate aluminium alloy thermal shields (at temperatures o f 150 K
and 20 K). The shields are attached to each other via a system o f composite straps,
designed to minimize heat transfer between levels whilst providing good response to
launch vibrations.

These launch vibrations were discussed in Chapter 3, which developed numerical and
analytical models to predict the response to vibrations in three dimensions. First, a
detailed numerical model was derived (Model 1), which considered all o f the nonlinearities present in the system during translations and rotations o f a single body in
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three dimensions. Rotations and non-linearities were found to be negligible and a
simple analytical model was developed (Model 2), which replaced the suspension
straps o f the single mass with equivalent linear springs. The accuracy o f Model 2 was
verified by comparing its results with Model 1. Model 2 was then extended to the real
five-mass system (Model 3). The five masses are the two ADR pills and the shields at
4 K, 20 K and 150 K. The total mass o f the system o f ADR plus shields is 57.1 kg.
The 300 K vacuum envelope is assumed to be rigidly attached to the spacecraft.

Model 3 was then used to investigate the performance o f the system under launch
vibrations in x, y and z-directions. The suspension straps for the design chosen can
withstand accelerations over six times higher than typical ESA launch qualification
requirements for normal damping. Since the damping is difficult to estimate, the
effect o f reducing it by a factor o f ten was also calculated. In this case, accelerations
over five times the ESA qualification levels can be withstood. The minimum natural
frequency o f 161 Hz is well above the 100 Hz minimum specified by ESA.

The stresses in the 5 mm thick aluminium 6082 shields are at least 4.91 times below
the nominal yield stress, assuming a stress concentration factor o f three around the
attachment points. Random vibrations were found to cause small stresses compared to
sinusoidal vibrations.

The thermal performance o f the system was considered in Chapter 4, which found the
heat loads on each thermal shield, and the hold time o f the ADR at 10 mK. The total
heat load on each enclosure consists o f components due to thermal conduction along
support straps, radiation from hotter enclosures and conduction along current leads.
The total heat loads are 8.38 mW, 220 mW and 487 mW on the 4 K, 20 K and 150 K
enclosures respectively. This is within the capabilities o f a single 40 kg mechanical
cooler for space (the Matra-Marconi Space cooler, for example).

The length o f time for which the ADR can keep the detector temperature at 10 mK
depends on the input power to the detector stage. The A D R’s hold time falls from 145
hours with no heat load to 30.6 hours with 100 nW, 6.75 hours with 500 nW and 3.42
hours with 1 /iW on the detector stage. For heat loads above 100 nW, the hold time is
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approximately proportional to the final detector temperature required. At 30 mK, for
example, the hold time with 1 / Æ heat load is 10.3 hours. With such high heat loads
(>100 nW), heat can be input to the high-temperature (DGG) pill as well as the lowtemperature (CMN) pill with little effect on the hold time. The ADR requires around
2 hours o f recycle time between successive operations.

Chapter 5 described the design o f the thermal shields in detail, justifying the material
choice, enclosure thickness and use o f insulation. It also investigated the possibility
o f increasing the ADR’s hold time by making the best possible use o f the limited
amount o f space available inside the magnet bore. The ADR’s hold time can be
increased by a factor o f around three by optimizing the geometry, but most o f this
gain comes from employing a larger CMN pill. This has the negative side-effect o f
requiring thicker support cords to provide the same level o f mechanical performance,
however, reducing the thermal performance. Even with such thicker cords, it is still
possible through optimizing the geometry to double the hold time that is possible with
the default design. It was also discovered that optimizing the geometry for the correct
heat loads is crucial. The hold time can be increased by up to 70%, for example, by
changing from a design optimized for 0 nW cooling power at the detector stage to one
optimized for 200 nW or more cooling power.

Finally, Chapter 6 presented the analysis and design o f a magnet that could provide
the field necessary to cool to 10 mK. The magnet consists o f two main coils, each 10
cm long, with 2 cm long cancellation coils at each end o f each main magnet. Each
coil has a 2 cm thick winding o f 75 micron superconducting wire. The stresses in the
magnets, the masses o f the magnets and the eddy current heating o f the formers were
investigated. A traditional copper magnet former cannot provide the strength
necessary to withstand the high stresses exerted by the wires without being
excessively thick and therefore massive. Aluminium alloy formers were considered
but were found to have very high eddy current heating. A hybrid magnet former has
therefore been developed, consisting o f a composite section to provide strength and
stiffness (and negligible eddy current heating) and a thin aluminium alloy sleeve to
provide the necessary cooling performance. The mass is almost fifteen times less than
that o f a traditional solid copper former, with very low eddy current heating and
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excellent mechanical performance. It therefore represents a significant weight
reduction for the space ADR.

7.2

Conclusions

This thesis has shown the feasibility o f cooling to 10 mK in space and has presented
the key features o f a design which could achieve this temperature.

The total mass o f the system proposed is around 100 kg, with 57.1 kg contributed by
the ADR plus thermal shields, and 40 kg by the mechanical cooler. This is very small
considering what the refi*igerator offers - theoretically unlimited lifetime and cooling
to an unprecedented level. There will o f course be additional mass due to electronics
etc., although the mass o f the thermal shields could potentially be reduced by
decreasing the thickness o f the shields. A reduction in mass o f 18.4 kg could be
obtained, for example, by decreasing the thickness o f the shields from 5 mm to 3 mm
(subject to satisfactory performance in vibration testing).

The thermal performance of the system was shown in Table 4-8 for a range o f
detector temperatures and heat loads. This table is repeated below. Recall from
Chapter 5 that the hold times shown in Table 4-8 could be approximately doubled by
optimizing the internal geometry o f the ADR for the expected heat load on the
detectors.

The developments necessary to finalize the design o f the ADR for space and future
work that could improve the performance o f the system still further are discussed in
Section 7.3 below.
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Final CMN Temperature (mK)

Input
Power to

10

15

20

30

50

100

0

145

186

222

283

381

571

100

30.6

45.3

59.8

87.6

140

257

500

6.75

10.1

13.5

20.2

33.7

66.9

1000

3.42

5.13

6.83

10.3

17.0

34.1

CMN
(nW)

Table 4-8: Hold time as a function o f final CMN temperature

7.3

Recommendations for further work

The further work recommended is divided into two sections - work on design
improvements to system components, and work on experimental verification o f
technologies. These subjects are discussed in turn below.

7.3.1

Design work

Several components listed above require further design work. High Tc current leads
should be considered; reliable mechanical heat switches should be developed; control
systems for the magnets, heat switches and cryocooler must be designed, and the
ADR geometry should be optimized for the required cooling power at the detector
stage. It would also be interesting to investigate the performance o f an ADR
operating at a bath temperature between 4 K and 20 K. These subjects are discussed
in turn in the sections below.
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7.3. 1.1

High Tc current leads

High Tc current leads, such as those used by NASA on the XRS instrument, should be
investigated for the 10 mK refrigeration system for space, to reduce the heat load on
the 4 K shield due to current lead heating. The total heat load on the 4 K stage could
be reduced by around fifty percent by using superconducting current leads between
the 4 K and 20 K stages.

7.3. 1.2

Reliable mechanical heat switches

Though reliable, gaseous sorbs are undesirable as heat switches for a mechanically
cooled system, due to the high peak heat load imposed on the cooler during operation.
This is because the sorbs must be heated to around 40 K to desorb the conducting
gases into the vacuum space. Development o f a reliable mechanical heat switch is
required to minimize the heat load on the cryocooler at 20 K and 4 K.

7.3. 1.3

Electronics and control systems

Control systems must be designed, to regulate the operation o f the mechanical cooler,
the magnets and the heat switches. Algorithms to control the current supply must be
specified and the electronics necessary to implement these algorithms must be
developed.

7.3. 1.4

ADR geometry optimization for expected heat loads

As noted in Chapter 5 above, the hold time for the default ADR design can be more
than doubled by optimizing the geometry o f the ADR for the heat load expected on
the detector stage. Once the expected heat load is specified for the mission concerned,
the geometry should therefore be adapted. This will require remodelling o f the
mechanical, thermal and magnet designs for the new layout.
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7.3. 1.5

Performance o f ADR for bath temperatures above 4 K

Since the performance o f most mechanical coolers declines significantly for
temperatures below 20 K, it would be interesting to investigate ADR performance for
cold bath temperatures o f between 20 K and 4 K.

This will require among other things heat capacity data for suitable paramagnetic
refrigerants for this temperature range.

A new superconducting magnet that can provide the large fields necessary for
temperatures up to 20 K will also need to be developed.

7.3.2

Experimental work

There is also a considerable amount o f experimental work necessary before the
designs presented could be included in a spacecraft instrument.

7.3.2.1

Testing o f full-size hybrid m agnet form er

Although a small-scale superconducting magnet has been tested experimentally with
a hybrid former, a full-size magnet with 75 micron wire should be tested fully to
confirm this technology absolutely. This testing is anticipated in the near future.

7.3.2.2

Vibration testing

The launch vibrations modelled in Chapter 3 should be tested experimentally in a
vibration facility. Comparison o f vibration test results with the results presented in
Chapter 3 will allow the analytical models to be modified if necessary to predict real
vibrations more accurately.
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7.3.2.2

Thermal testing

Finally, the complete system should be tested thermally to establish the actual hold
times under a range o f input powers. Comparison o f results from previous
experiments with thermal models has given a high level o f confidence in these
models. As with the mechanical models mentioned above, however, the accuracy o f
thermal models may potentially be improved further by applying a correction factor
to the results, derived from a comparison with experimental data.

7.4

Summary of Chapter 7

In this chapter, the main findings o f the thesis have been summarized and
recommendations for further work have been made.

Hold times at 10 mK o f 145 hours with no heat load on the detector stage, 30.6 hours
with 100 nW heat load, 6.75 hours with 500 nW and 3.42 hours with 1 juW are
possible. For heat loads above around 100 nW, the hold time is roughly proportional
to the detector temperature required, so 10.3 hours’ hold time is possible with 1 //W
on the detectors at 30 mK, for example. The net heat input to the thermal shields at 4
K, 20 K and 150 K could be extracted by a single 40 kg mechanical cooler.

Mechanical performance is good, with forcing accelerations at least six times those
required by launch qualification tests. The total mass o f the system including ADR,
thermal shields and mechanical cooler is around 100 kg.

Recommendations for further work include the development o f superconducting
current leads to link the lowest temperature shields (4 K - 20 K) and the design o f a
reliable mechanical heat switch. Control systems to regulate the current supply to the
various components should be developed, and geometrical optimization o f the ADR
for the expected heat loads could double the hold times. The performance o f an ADR
with bath temperatures o f between 20 K and 4 K should also be investigated.
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Experimental testing o f vibrations, magnet performance and thermal performance is
also required prior to launch.

The system presented offers excellent thermal and mechanical performance for its
mass, and should easily be able to provide the cooling required by ESA ’s XEUS
mission in 2010. Furthermore, this technology redefines the limits o f satellite
refrigeration, encouraging the design o f a new generation o f ultra-high resolution
detectors for space.
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