
Chapter 18
Spaceborne Experiments

Roberto Battiston

18.1 Introduction: Particle Physics from Ground to Space

The Universe is the ultimate laboratory to understand the laws of nature. Under
the action of the fundamental forces, lasting infinitesimal times or billion of years,
matter and energy reach most extreme conditions. Using sophisticated instruments
capable to select the signals reaching us from the depths of space and of time, we
are able to extract information otherwise not obtainable with the most sophisticated
ground based experiments. The results of these observations deeply influence the
way we today look at the Universe and try to understand it.

During hundreds of thousands of years we have observed the sky only using our
eyes, accessing in this way only the very small part of the electromagnetic radiation
which is able to traverse the atmosphere, the visible light. The first telescope
observations by Galileo in 1609, which dramatically changed our understanding
of the solar system, yet were based only on the visible part of the electromagnetic
spectrum. Only during the second half of the twentieth century we started to access
wider parts of the spectrum. After the end of the war, using the new radar related
technology, the scientists developed the radio telescopes to record the first radio
images of the galaxy. But only in the 60’s, with the advent of the first man made
satellites, we began to access the much wider e.m. spectrum, including infrared,
UV, X-ray and γ -ray radiation.

A similar situation happened with the charged cosmic radiation. Cosmic Rays,
discovered by Hess in 1912 [1] using electrometers operated on atmospheric
balloons, for about 40 years were the subject of very intense studies. The discovery
of a realm of new particles using CR experiments, gave birth to particle physics
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and to high energy physics, successfully performed, since the 50’s, at particle
accelerators. However, the study of the cosmic radiation performed within the
atmosphere, deals only with secondary particles. The primary radiation can only
be studied with stratospheric balloons or using satellites. In 1958 Van Allen [2] and
collaborators studied for the first time the charged cosmic radiation trapped around
the Earth, and, since, the measurement of Cosmic Rays from space has become an
important tool for the study of the Universe.

A third, more recent example is the discovery of ravitational waves (GW) [3], one
hundred years after the prediction of Einstein [4]. Direct observation of gravitational
waves opened a new era in astrophysics, adding to the spectrum of electromagnetic
radiation the new messenger represented by GW. Since the pioneering attempts of
Weber [5] in the 60’s, using resonating bars, the GW community has developed
in the 90’s a network of O(1) km arms, ground based interferometers to search
for GWs in the frequency range 10 Hz to 100s of Hz [6],[7]. The detected signals
confirm the prediction of General Relativity but also validate the sensitivity of
the interferometer technologies. GW are expected much more abundantly in the
frequency range O(0.001) Hz to a O(1) Hz. This range can be studied with a
5 · 106 km arm, space based interferometer, as the proposed ESA/NASA LISA
mission. The successful LISA technology demonstrator, the ESA lead LISA-
Pathfinder (LISA-PF) [8] flown in 2016, opened the way for the LISA[9] adoption,
to be developed and implemented during the 20’s to start operating at the end of the
20’s or a the beginning of the 30’s.

During the last century, particle detectors developed on ground have been adapted
or designed to be used on stratospheric balloons and on space born experiments.
Space, however, is a hostile environment and launching a payload is a very
expensive endeavour. For these reasons, the design and the testing of a spaceborn
detector requires particular care. In this chapter we deal with this topic.

We begin discussing the properties of the space environment from the upper
atmosphere, the transition from the atmosphere to the magnetosphere and from the
magnetosphere to the deep interplanetary space.

We then address the requirements for hardness and survivability of space born
instrumentation.

We subsequently turn to the issue of manufacturing of hardware to be operated
in space, with particular care to the issue of the space qualification tests.

We will also discuss modern spaceborne high energy radiation detectors, mainly
from the point of view of the design characteristics related to the operation in space.
We will make no attempt to cover the historical development or to cover low energy
radiation instrumentation, in particular X-ray space borne detectors.
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18.2 The Space Environment

18.2.1 The Neutral Component

Although there are some notable exceptions, a good fraction of scientific satellites
which observe the different kinds of radiations emitted by the universe operate on
LEO (Low Earth Orbit), namely between 200 and 2000 km from the Earth surface.
Below 200 km the atmospheric drag dramatically reduces the lifetime of satellites,
above 700 km the radiation environment, due to the Van Allen belts, becomes more
and more hostile.

When operating close to the lower limit of LEO orbits, the external surfaces of
the payloads are affected by the heat produced by the upper atmosphere drag and by
the corrosion due to the presence of highly reactive elements such as atomic oxygen.
Above ∼600 km drag is sufficiently weak not to influence anymore the lifetime of
most satellites.

Altitudes below ∼600 km are within the Earth’s thermosphere, the region of the
atmosphere where the absorption of the solar UV radiation induces a fast rate of tem-
perature increase with the altitude. At ∼200–250 km the temperature of the tenuous
residual atmosphere reaches a limiting value, the exospheric temperature ranging
from ∼600–1200 K over a typical solar cycle. The thermosphere temperature can
also quickly change during the geomagnetic activity.

Atomic oxygen is the main atmospheric constituent from ∼ 200–600 km, since
it is lighter than molecular nitrogen and oxygen. Figure 18.1 shows the altitude
profiles of atomic oxygen for different solar activities. Atomic oxygen plays an
important role in defining the properties of LEO space environment. Since this form
of oxygen is highly reactive, surfaces covered with thin organic films, advanced
composites or thin metallized layers can be damaged [10]. Kapton, for example,
erodes at a rate of approximately 2.8µm for every 1024 atoms/m2 of atomic oxygen
fluence [11], with the fluence during a time interval t being defined as F0 = ρNvt ,
ρN being the number density of atomic oxygen and v the satellite velocity. Chemical
reaction involving atomic oxygen can in turn produce excited atomic states emitting
significant amount of e.m. radiation, creating effects such as the shuttle glow which
are interfering with optical instrumentation.

18.2.2 The Thermal Environment

From a thermal point of view a spacecraft orbiting around the Earth is exposed to
various heat sources; direct sunlight, sunlight reflected off the Earth or other planets
(albedo) and infrared radiation emitted by the planet atmosphere or surface. The
spacecraft in turn loses energy by radiation to deep space, which acts as a sink at
2.7 K.
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Fig. 18.1 Altitude profiles of number density of atomic oxygen at solar minimum (solid line) and
solar maximum (dashed line) [12]

18.2.2.1 Direct Sunlight

A main source of thermal energy is of course the Sun, which acts as a black body
at a temperature of 5777 K. The Sun is a very stable source of energy: at the Earth
the energy flux varies from 1414 W/m2 during winter time to 1322 W/m2 during
summer time. The mean intensity at 1 AU is called solar constant and is equal to
1367 W/m2. The spectral energy distribution is approximatively 7% UV, 46% visible
and 47% near-IR.

18.2.2.2 Albedo

Albedo refers to the sunlight reflected by a planet. It is highly variable with the
conditions of the surface. For spacecraft orbiting close to the Earth, the albedo can
reach a significant fraction, up to 57%, of the Earth emitted radiation, which in turn
is 200–270 W/m2, depending on the latitude and of the orbit inclination. The Earth
itself is a blackbody radiating at around 255 K. This energy cannot be reflected
away form the spacecraft which is approximatively at the same temperature. This
energy can only be rejected through the spacecraft thermal control system. It is a
non negligible amount of radiation: for example, when the Shuttle bay area looks at
the illuminated surface of the Earth, its temperature reaches values close to 250 K
even if the back of the spacecraft sees the 2.7 K of deep space.
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18.2.3 The Charged Component

18.2.3.1 The Low Energy Plasma

At typical Shuttle altitudes, ∼300 km, about 1% of the atmosphere is ionized. This
fraction increases to 100% at geosynchronous altitudes. This plasma environment
can easily charge up satellite components, both on the surface and on the interior
of the spacecraft. If the charging exceeds the electric breakdown and discharges
are produced they can damage the satellite electronics. The charged component of
the radiation is heavily influenced by the existence of the Earth magnetic field. The
Earth magnetic field is roughly dipolar:

B(R, θ) = (1 + sin2 θM)1/2B0/R
3 (18.1)

where B is the local magnetic field intensity, θM is the magnetic latitude, R is the
radial distance measured in Earth radii (RE) and B0 is the magnetic field at the
equator and at R = 1, B = 0.30 G. The interaction between the solar wind and the
Earth’s magnetic field results in a magnetic field structure much more elongated on
the night side than it results on the day side, known as magnetotail. The resulting
magnetic structure is called magnetosphere (Fig. 18.2).

The electrical potential of a spacecraft or payload is measured with respect to
the nearby plasma when the net charge flow is zero. This current is the sum of
the various exchanges of charge between the plasma and the spacecraft including
photo-extraction and secondary emission from the spacecraft surfaces. The single
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Fig. 18.2 Cross section of the Earth’s magnetosphere, showing the key plasma and energetic
particle populations [12]
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component voltage to the spacecraft ground depends on the element capacitance
to the nearby materials. Space charging is particular detrimental in orbits where
electron energies in the 10 to 20 keV range dominate the current from the plasma
to the spacecraft. At low altitudes this happens only at high latitudes where there
are energetic auroral electrons [13]. At other low altitudes locations, low energy
electrons are sufficiently abundant to keep the electric fields below the breakdown
levels.

The situation is different in higher orbits, such as geosynchronous, where
surface charging occurs during magnetospheric substorms between the longitudes
corresponding to midnight and dawn [14]. The design of spacecrafts capable to keep
a small differential potential with respect to the plasma or to tolerate electrostatic
discharges is necessary for these orbits. Design rules and material selection criteria
have been developed to help reducing the effect of surface charging on spacecrafts
and payloads [15, 16].

It should be noted that, although in the equatorial regions of LEO differential
charging is small, the potential of the spacecraft with respect to the surrounding
plasma can reach a level close to 90% of the solar array voltage. This should be taken
into account when designing experiments aimed to study the plasma properties or
when dealing with high voltage power supplies.

18.2.3.2 The Trapped Radiation

Well inside the magnetosphere lie the radiation belts, regions where energetic ions
and electrons experience long-term magnetic trapping [17]. Since this trapping
requires stable magnetic fields, near the magnetopause the magnetic field fluc-
tuations induced by solar wind prevent long term trapping. On the low altitude
side the atmosphere limits the radiation belts to the region above 200 km. The
magnetic geometry limits the trapping volume to magnetic latitudes of about 65◦.
A magnetic L − shell is the surface generated by rotating a magnetic field line
around the Earth dipole axis and L is measured in units of Earth radius. Trapped
particles spiral along paths centered on a given shell. The shell surface can be
approximately described as: R = L cos2 θM [18]. Electrons preferentially populate
the toroidal region centered on L ∼ 1.3 (inner zone) while protons populates
the region around L ∼ 5 (outer zone). The energy of these trapped particles is
greater than 30 keV and can reach hundreds of MeV. The intensity of the trapped
radiation flux can reach the maximum intensity of 108 − 109 cm−2 s−1 at a distance
of ∼ 2 RE for Ek > 0.5 MeV electrons and of ∼ 3 RE for Ek > 0.1 MeV
protons. Satellite components, in particular electronics, can be damaged by this
penetrating charged form of radiation. A dramatic example of this occurred in
1962 when several satellites ceased to operate after their solar cells were damaged
by the increase of radiation belts intensity from high altitude nuclear explosions.
Since the basic principles of the trapping are well understood, radiation belts can be
modeled quite accurately: a standard model of the Van Allen Belts is available by
the National Space Science Data Center [20]. It should be noted, however, that due
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to the structure of the Earth magnetic field, which has a dipolar structure not aligned
with the Earth angular momentum, the radiation belts are only approximatively of
toroidal shape: in the vicinity of the South Atlantic, the structure of the belts is
strongly affected and the bouncing altitude of the trapped particles decreases very
significantly (South Atlantic Anomaly, SAA). This leads to a region which, although
located at LEO altitudes, is characterized by a very intense particle flux, since it is
basically within the belts.

Energetic particles, such as electrons from 200 to 1.5 MeV, can implant
in the dielectrics and produce discharges within the components themselves
(bulk charging). At even higher energies, above few MeV, charged particles
are highly penetrating and release their energy in the form of ionization deep inside
materials. The damages induced by this penetrating radiation can be divided into:

• total dose effects which can degrade the material properties of microelectronics
devices, optical elements (lenses, mirrors), solar arrays, sensors, . . .

• Single Event Effects or Phenomena (SEE or SEP ), effects induced by single
particles creating short circuits which can temporarily or permanently damage
microelectronics components. They are further subdivided into

– Single Event Upset (SEU) or bitflip which although do not damage the elec-
tronics may influence the operation of onboard software.

– Single Event Latch-up (SEL), causing sudden low resistance paths and sub-
sequent drift on the power lines of electronics components which start to
operate abnormally until the correct voltage is restored. Depending on the
power supply performances SEL can be recovered or could cause permanent
damages.

– Single Event Burnout (SEB), causing permanent failures of electronic
devices.

18.2.3.3 Solar Particle Events

The Solar Particle Events (SPE) occur in association with solar flares. They
consist in an increase of the flux of energetic particles, mostly protons, (∼1 MeV
to ∼1 GeV) over time scales of minutes, lasting from few hours to several days.
Although SPEs occur at a rate of few per year, they are very dangerous for
payloads and astronauts, due to the intense radiation dose they deliver, several orders
of magnitude higher than in normal conditions (see Fig. 18.3). The global time
structure of a SPE is somewhat characteristic (see Fig. 18.4), although the detailed
structure depends on the evolution of the original solar flare. X-rays reach the Earth
within minutes together with the most relativistic part of the proton spectra; lower
energy particles diffuse over time scales of several hours. The fast component of a
SPE can be used as early warning to protect the most delicate parts of a payload by
switching them off, by using radiation shields or changing the satellite attitude or
operational mode.
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18.2.3.4 Galactic Cosmic Rays

Galactic Cosmic Rays (GCR) are high energy charged particles reaching the Earth
from outside the solar system. The GCR composition is similar to the composition
of the energetic particles within the solar system but extend to much higher
energy (see Fig. 18.5 and Sect. 18.2.3.4). Their energy ranges from O(100 MeV)
to 106 GeV or more, with an energy spectrum falling as ∼E−2.7 for E > 1 GeV.
These particles are very penetrating, loosing their energy only by ionization. Nuclear
interaction phenomena are indeed negligible in space for what concerns radiation
damages. The ionization losses can create SEEs as discussed above. GCRs have
a significant content of high Z particles, fully ionized nuclei with charge extending
up to Iron (Z = 25). Since ionization losses are proportional to Z2, high Z GCR

can be very effective in causing SEEs.

18.2.4 Space Debris

Orbiting spacecraft are subjected to hypervelocity (several km/s) impacts with
micron size or larger pieces of dust or debris, both of natural (micrometeorites)
and artificial (orbital debris) origin. These impacts can have dramatic effects on a
space mission. The probability of a catastrophic impact can be assessed for a given
mission and payload. Some measures can be implemented to reduce the effect of the
space debris protecting the most important parts with screens made of multilayered
materials which can absorb and dissipate the energy of the incoming fragments.



832 R. Battiston

18.3 Types of Orbits

The choice of the orbit heavily influences satellites and payload design.
Many scientific applications are operating on Earth-Referenced Spacecraft orbits.

Depending on their typical altitude we talk of Low Earth Orbits (LEO), which are
mostly below the Van Allen Belts (typically below 1000 km of height), and of
Geosynchronous Orbits (GEO) which are well above the Van Allen Belts. Payloads
spending substantial time within the Van Allen belts are exposed to high doses of
radiation and requires particular care designing and protecting the electronics from
SEE and total doses effect.

Table 18.1 shows the types of specialized Earth-Referenced orbits.
Higher orbits are typical of interplanetary missions; for these missions the typical

doses received by the satellite payloads are significantly higher than for LEO but
lower than within the Van Allen Belts. Far away from the Earth satellites are not
anymore shielded from SPEs by the Earth shadow nor by the screening effect of its
magnetic field. SEE due to heavy ions and low energy protons should be carefully
taken into account when designing the payload electronics.

The space radiation environment remains one of the primary challenges and
concerns for space exploration, in particular for deep space missions of long
duration, i.e., when the the combined shield due to Earth magnetosphere and
atmosphere vanishes. In the inner heliosphere, major sources of radiation are
Galactic Cosmic Rays, Solar Particles and Jovian Electrons. Furthermore, in the
space nearby Earth particles (mainly electrons and protons) are trapped within the
Van Allen radiation belts. Particles populating such a space environment induce
single event and cumulative dose in spacecraft materials and, eventually, create
electronics hazards.

Table 18.1 Specialized Earth-Referenced orbits

Orbit Characteristics Application

Geosynchronous (GEO) Maintains nearly fixed Communication, weather

position over equator

Sun-synchronous Orbit rotates so as to Earth resources, weather

maintain approximately

constant orientation with

respect to Sun

Molniya Apogee/perigee do not rotate High latitude communications

Frozen Orbit Minimizes changes in orbit Any orbit requiring stable conditions

parameters

Repeated Ground Track Sub orbits repeats Any orbit where constant viewing

angles are desirable
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18.4 Space Mission Design

18.4.1 The Qualification Program

Since repairing in space is extremely expensive, if at all possible, designing and
building spacecraft and payloads which maximal reliability is a must in the field
of space engineering. It follows that quality control is an essential part during the
various phases of the program. The Qualif ication P rogram adds to the cost of
the space hardware construction, sometime very significantly, but it makes sure that
the program is not headed for failure.

Qualification tests must be designed and implemented to check that the space-
craft/payload can withstand the challenges of launch, deployment and operation in
space. Subsystems and components environmental tests include vibration, shock
and thermal vacuum, electromagnetic compatibility and radiation hardness.

Although the goal is the same, testing strategies are not unique. There are indeed
various testing methods:

• dedicated qualif ication hardware (QM): a set of qualification components
is built and tested at qualification levels. A set of flight components (FM) is then
built and launched after passing a qualification test a lower levels;

• proto − f light approach: a set of flight components is tested at qualification
level then assembled into a subsystem or payload which is tested at qualification
levels and then launched;

• similarity approach: demonstrate that the components and the environment are
identical to previously qualified hardware.

A typical test sequence includes a series of functional tests preceeding/following
each environmental test, for example:

• functional test;
• vibration test (levels depending on the mission);
• functional test;
• shock test (levels depending on the mission);
• functional test;
• thermal-vacuum tests, including some functional tests during exposure;
• Electro Magnetic Compatibility (EMC) tests (if required);
• flash X rays with functional tests during exposure (if required);

18.4.2 Vibration and Shock Test

A payload must withstand vibrations caused by the launch vehicle and transmitted
through its structural mount. During launch, payload components may experience
shocks due to the explosives used for the separation of the various stages. In case
reentry is foreseen, they do experience shocks when entering the atmosphere as
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well as during the landing phase. In order to understand the dynamical behavior
of the payload and of its mounting under these circumstances, Finite Element
Analysis (FEA) dynamic and numerical analysis together with Computer Aided
Design (CAD) simulation should be performed. In this way it is possible to
search for resonances of the mechanical structures, identifying conditions where
the material could be stressed or damaged. Following an iterative process the
mechanical design of the payload and of its mountings can be improved until all
negative margins are eliminated. Dynamic and vibration tests are then performed
on a qualification model, using for example an electro-dynamical shaker operating
at frequencies between 5 and 3000 Hz, with a spectrum which depends on the
mission characteristics. Table 18.2 shows a typical acceleration spectrum expected
for payload launched using the Shuttle transportation system. Qualification levels
are typically higher by factor 2 to 4. Shock tests are performed using a similar
strategy. For example Fig. 18.6 shows shock levels used to simulate the launch of an
Alpha-Centaur rocket.

Table 18.2 Maximum
expected flight levels for a
shuttle mission

Frequency range Frequency dependence

X axis 20–58 Hz 0.0025 g2/Hz

58–125 Hz +9 dB/Octave

125–300 Hz 0.025 g2/Hz

300–900 Hz −9 dB/Octave

900–2000 Hz 0.001 g2/Hz

Overall = 3.1 Grms

Y axis 20–90 Hz 0.008 g2/Hz

90–100 Hz +9 dB/Octave

100–300 Hz 0.01 g2/Hz

300–650 Hz −9 dB/Octave

850–2000 Hz 0.001 g2/Hz

Overall = 3.1 Grms

Z axis 20–45 Hz 0.009 g2/Hz

45–125 Hz +3 dB/Octave

125–300 Hz 0.025 g2/Hz

300–900 Hz −9 dB/Octave

900–2000 Hz 0.001 g2/Hz

Overall = 3.1 Grms

18.4.3 Environmental Tests

The environmental qualification campaign of a space component can be divided
into three main steps. The first step consists in the development of requirements
and constraints related to the payload and to the mission. The second step is
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to determine and define the space environment (in terms of temperatures, heat
transfer ways, worst hot and cold case, etc.) that will characterise thermal conditions
throughout the entire life of the component. An important part of the process
of qualification is then the thermal analysis which can be conducted using FEA

techniques. Once an acceptable thermal model has been developed, test predictions
can be calculated to correlate thermal verification tests with the test results. If
this correlation is found acceptable, the thermal model is then used to perform
flight predictions. If, instead, the correlation is poor the thermal analysis and
the hardware configuration need to be carefully checked to understand whether
the actual configuration (hardware) requires modifications or the thermal model
needs to be updated. Payload temperature requirements derive from the spacecrafts
thermal design and the orbital environment and attitude. The purpose of these tests
is to demonstrate that the subsystems comply with the specification and perform
satisfactorily in the intended thermal environment with sufficient margins. The
test environment should be based either on previous flight data, often scaled for
differences in mission parameters, or, if more reliable, on analytical prediction or
by a combination of analysis and flight data. A margin can include an increase in
level or range, an increase in duration or cycles of exposure, as well as any other
appropriate increase in severity of the test. Humidity and thermal qualification tests
in climatic rooms are performed to test the behaviour of the electronic components
and mechanical structures under thermal and humidity changes. The tests are
conducted using climatic chambers, with temperature ranges depending on the
mission parameters: for a LEO mission typical range lays within −80 ◦C and
+120 ◦C for a planetary mission wider intervals are required. Components should be
switched on and work both at temperature extremes or during transition, following
the mission specifications (see Fig. 18.7).
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18.4.4 EMC Tests

Another area where space payloads are submitted to extensive testing is the
compatibility to Electro Magnetic fields, either radiated or received. During the test
of radiated EM the device under test is powered and operated in standard operating
condition in an EM anechoic chamber. Through suitable antennas and filters read
by receivers, the intensity of the emitted radiation is measured as a function of the
frequency. The results are compared with the limits requested by specific standards
or design rules. If the limits are exceeded, then the electrical grounding or design of
the device should be modified. During the received EM test, the device is operated
within an EM anechoic chamber while EM radiation, monochromatic or with a
specific spectral structure, is generated at a predetermined intensity using special
antennas located nearby. The purpose of the test is to check that the item under test
does not exhibits anomalies when illuminated by beams of EM radiation, typically
emitted by a communication antenna or a nearby electronic device. Figure 18.8 show
a typical the result for an EMC radiated test on a payload to be operated on the ISS.

18.4.5 Radiation Hardness Tests

As discussed in the previous paragraphs, the space environment is particularly
harsh for operating microelectronics devices, due to the presence of single, heavily
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Table 18.3 Radiated EMC limits for the tests described in Fig. 18.8

Frequency range Emission [dBμV/m] Antenna

14 kHz–10 MHz 56 rod—vertical

10 MHz–259 MHz 56–86 (16 dB/decade) biconical—horiz/vert

259 MHz–10 GHz 46–72 (16 dB/decade) double ridge—horiz/vert

10 GHz–20 GHz 76 horn—horiz/vert

ionizing particles which can deposit large amount of charge in the bulk, inducing
short circuits or spurious currents in the solid state circuits. The total dose collected
during a space flight is relatively small, mostly in the krad range, so the radiation
damages are mostly due to Single Event Effects (SEE).

Depending on the type of circuits and on their construction technology, the
sensitivity to ionizing radiation can be very different. In order to select families
of commercial circuits which are more insensitive than others it is necessary to run
testing campaigns, comparing the behavior of several different chips when exposed
to low energy ion beams. The type circuits which shows latch up sensitivity or
abnormal behavior only at high Linear Energy Transfer (LET ) are the one which
are radiation hard and can be used in space. In order to ensure statistical significance
of the radiation hardness measurement, several chips of each type should be tested
(typically > 5).

Often, it is possible to protect the circuit by limiting the current which can
flow through the power lines, by the use of an active switch which temporarily
cut off the voltage to stop the latch up effect. In order to develop and implement
a protection scheme it is then important to understand which area of the chip is
sensitive. Nowadays it is also possible to perform in laboratory part of these test
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by mean of IR laser beams which are absorbed by the silicon and can deposit a
controlled amount of energy into the bulk simulating the charge released by a low
energy ion [21].

All microelectronics components used in a space experiment must be radiation
hard. In addition, the design of the on board electronics should include multiple
redundancy since the radiation damage due to SEE is a stochastic process.

Space qualification of radiation resistant devices for a mission not only requires
the understanding of damage mechanisms [22], but also the knowledge of local
particles (and species) intensities [23, 24] and, in addition, of dose amounts,
deposited via ionization and non-ionization energy loss (NIEL) processes. The
latter mechanism is that one responsible for displacement damages particularly
relevant for semiconductor devices. Only recently, the SR (screened relativistic)
NIEL treatment framework has allowed a comprehensive calculation of NIEL doses
imparted by electrons, protons, ions and neutrons in any material and compound
[25]. SR-NIEL treatment is currently embedded in ESA transport codes, like GRAS
[27] and MULASSIS [28] as well as in GEANT4 and it is available at the SR-NIEL
and SPENVIS websites.

18.5 Design of a Space Particle Detector

Space born radiation detectors for a space application are, in most cases, adaptation
to the space environment of detection techniques used at accelerators or nuclear
laboratories.

The environmental conditions discussed in the previous sections obviously
influence the detectors design. Particularly important examples are the design of
a controlled temperature environment and, for gas detectors, the establishment of
controlled pressure conditions.

However, a space born particle experiment has specific limits of different nature
which are basically not existing in the case of a laboratory experiment. They are:

• Weight . Each kg transported in orbit is very expensive in terms of propellent,
costing from 10.000 to 50.000e/kg, depending on the size of the satellite and
orbit of deployment (larger satellites cost less than smaller satellites per kg,
higher orbits cost more than lower orbits per kg). This is a substantial limitation
for the size of a payload. In addition today space transportation systems have a
maximum capacity of about 10 to 20 t in LEO;

• Power . The basic source of power in space is the solar energy transformed
into electrical power by solar panels. The power can be accumulated in batteries
for the periods of the orbit where the spacecraft is shadowed by the Earth. The
amount of power consumed by a payload is thus proportional to the area of the
panels. One kW of power in space is a large amount of energy consumption. For
instance, the entire International Space Station (ISS) power capability does not
exceed 110 kW.
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• V olume. The largest transportation systems can carry payloads which must
fit within a cylindrical volume having a maximum radius of about 3 m and a
maximum length of about 10 m. Most particle detectors have much smaller sizes.
Once in orbit, the size of the payload can increase very significantly, when solar
panels, mirrors or radio antennas are expanded from the launch configuration.

• Accessibility. Because of the huge cost involved, most of the payload are not
accessible during their lifetime in space. Very rare exceptions are the Hubble
Space Telescope and the ISS. It follows that the reliability of the instrumentation
is essential.

• Consumables. Due to the reasons listed above, the amount of consumables is
limited. If consumables are needed, e.g. gas for a wire detector or cryogenics
for a low temperature payload, the lifetime of the instrument will be limited. In
orbit servicing is being developed nowadays for refurbishing the most expensive
satellites, but it is still an emerging technology.

These limitations require the ingenuity of the scientist and the knowledge of the
engineers to developed most advanced detectors within the available resources.

The reduction of weight calls for the most advanced techniques of CAD

(Computer Aided Design) and FEA (Finite Element Analysis) to design structural
elements which minimize the amount of material used while tolerating the mechan-
ical stresses and shocks with margins of safety of 2 or more. The techniques used
here are typical of aeronautics. The use of light advanced structural materials is
mandatory e.g. aluminum, carbon fiber and in general composite materials. Once
the structural properties are well defined, static and dynamic FEA is used to
identify which part of the structure contribute to the weight without contributing to
the structural properties. These parts are normally machined away during the con-
struction. With the advent of Computer Additive Manufacturing (CAM) the weight
optimization of structural elements and the integration of functional&structural
elements is developing quickly to the advantage of the reduction of the mass of
new payloads.

The reduction of power consumption calls for low power electronics and motors.
The low power requirement is typical of consumer portable electronics. For this
reason modern space experiments make extensive use of electrical devices (VLSI
chips, actuators, motors,. . .) used in commercial applications. Uprating these parts
to be used in space must be a part of the qualification process, in particular
from the point of view of radiation hardness, which is not a requirement for
consumer electronics. This approach of using COT S (Component Off The Shelf)
can reduce significantly the cost of a payload while producing very performant space
instrumentation.

Due to the limited accessibility, reliability is a must in space born instrumenta-
tion. Reliability is the result of design, manufacturing, integration techniques which
must be implemented since the early phases of the development of a payload. During
the design phase, redundancy must be implemented in particular in the most critical
areas. Special software allows, for example, to measure the probability of the failure
of a given circuit, starting from the failure probability of its different components.
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Typically the overall probability for a catastrophic failure must be in the range of
1% or less. Single point failures, namely parts of a circuit which are so critical that
their failure would generate unacceptable level of malfunctioning, must be avoided.
Redundancy of mission critical elements should at least be three to four fold. Similar
techniques are applied to test the on board software, exploring all possible software
states so to avoid unexpected software conditions which might degrade the payload
performances. During the manufacturing phase and integration phases particular
care should be given to Quality Assurance (QA), to ensure that the quality of
the workmanship of the flight and qualification units and of the fully integrated
payload matches the requirements of space standards and specifications. During the
testing and qualification campaigns, all possible conditions to be encountered by the
payload are simulated to make sure it will operate correctly under any circumstance.
QA requires the operators to follow procedures written in advance, perform special
tests and report all results and anomalies through written documents which can be
verified and used by all the people involved in the various phases of development,
commissioning and operation of the payload.

18.6 Space Borne Particle Detectors

The development of modern particle space borne detectors (both for charged
particles and photons) has been preceded/accompanied by decades of development
of particle detectors for ground based nuclear and particle physics detectors,
followed by extended use on stratospheric balloons [29–38].

Small particles detectors have been routinely used on satellites mission to explore
the Earth magnetosphere and heliosphere [39, 40].

Modern particle experiments in space can be grouped in three broad categories:
(1) experiments measuring the composition, rates and energy spectra of the charged
component, (2) experiments detecting single energetic photons and (3) interferom-
eters designed to measure Gravitational Waves in space.

In the first category we find various types of magnetic spectrometers, in the
second experiments are based on high granularity tracking calorimeters while the
third category cover multiple arms laser interferometers. In the following paragraphs
we will briefly discuss some of the most significant space particle detectors
developed during the last 10 years, namely AMS-01/02 [41, 42] and PAMELA [43]
for the charged component Agile [44] and Fermi [45, 46], for the electromagnetic
component and LISA-PF[8] for measuring GW. We will underline the main
differences with their ground based counterparts currently used at accelerators
experiments. Details of the detection principles, readout electronics or on board
software will not be given since they have been addressed in other chapters of this
book.



18 Spaceborne Experiments 841

18.6.1 Magnetic Spectrometers

The purpose of a space borne particle detector is to identify the basic properties
of the charged cosmic radiation, namely its composition, the energy spectra of the
various components and the corresponding fluxes. Thus, the components of a space
born magnetic spectrometer are very similar to modern ground based spectrometers,
namely:

• a magnet, permanent or superconducting, to measure the sign of the charge by
bending the particles path;

• a precise tracking device to measure the particle signed rigidity (R = Bρ =
pc/Ze), where B is the magnetic field and ρ is the radius of curvature;

• a scintillator based system to trigger the experiment and measure the Time of
Flight;

• particle identification (ID) detectors like:

– Transition Radiation Detectors (T RD) to separate e+ and e− from hadrons;
– Cherenkov Ring Imaging detectors to measure the absolute value of the

charge, Z, and the velocity;
– Electromagnetic Calorimeters to identify the electromagnetic component

within the cosmic radiation and measure its energy;
– Neutron Counters to improve the calorimetric rejection the hadronic CR

component.

The first magnetic spectrometers were flown on stratospheric balloons in the 80’s.
The magnets were based on superconducting coils. The magnets where switched
on ground and operated cryogenically for a period of order of 1 day [29, 31–34].
Recently balloon cryostats were able to operate for order of few weeks making
possible Long Duration Balloon flights (LDB) around the South Pole [35–38].
Pressurized stratospheric balloons are also beginning to operate Ultra Long Duration
Flights (ULDB) which could eventually reach several months duration [90].

The first space borne large magnetic spectrometer, AMS-01 [41] was built only
in the mid 90’s, due to difficulty of developing a large magnet to be used in
space. AMS-01 was the precursor flight of the AMS-02 spectrometer [42], approved
by NASA to be flown to and operated on the international space station. (ISS):
the engineering model, AMS-01, was operated during the 12 days Shuttle STS91
mission in June 1998 [47]. AMS-02, initially was based on a superconducting
magnet to be installed on the ISS in the early 2000’s, to be operated for about 3
years, namely for the estimated duration of the superfluid Helium consumable, with
the possibility to be reflown after Helium refilling on Earth. The 2003 Challenger
disaster forced the earlier retirement of the Shuttle fleet and a modification of the
AMS-02 manifest: AMS-02 has been then flown to ISS in 2011 based again on a
permanent magnet configuration to benefit of the longest possible exposure ensured
by the ISS lifetime. In 2006 a smaller spectrometer, PAMELA [43] also based on
a permanent magnet, was launched on a Resurs DK1 Russian satellite to operate in
LEO.
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One important difference between ground based or balloons magnetic spectrom-
eters and the space borne version is related to the issue of the coupling between the
Earth magnetic field and the magnet dipole moment. Since the payload attitude is not
a relevant parameter for balloon spectrometers, superconducting magnets exhibiting
significant dipole moment can be operated without problems. In space the situation
is completely different: the magnetic coupling would affect the attitude of the entire
satellite or platform, requiring continuous steering to keep a stable, outward looking
attitude. It is then mandatory to design magnets having special geometries (see the
following paragraph) and exhibiting minimal magnetic dipole moments.

18.7 Space Spectrometers Based on a Permanent Magnet

All space borne magnetic spectrometers which have been operated in space, AMS-
01 (1998), Pamela (2006) and AMS-02 (2011) were based on permanent magnets.

18.7.1 The Alpha Magnetic Spectrometer on Its Precursor
Flight (AMS-01)

AMS is an international project involving 16 countries an 56 institutes [42], operated
under a NASA-DOE agreement, to install on the ISS a large magnetic spectrometer
for the search of nuclear antimatter and to study the origin of dark matter. The
first version of the spectrometer was built around a cylindrically shaped, permanent
magnet having 800 mm of height and an inner diameter of 1115 mm, resulting in
a geometrical acceptance of 0.82 m2 sr. Figure 18.9 shows the dimensions of the
AMS-01 flight magnet. The magnet was made from 64 sectors. Each sector was
composed of 100 5 × 5 × 2.5 cm3 high grade NdFeB blocks. Figure 18.10 shows
the arrangement of the field directions of the 64 sectors (left) and the resulting
magnetic field map on the middle plane (right). This magnetic configuration is called
magic ring, and ensures, theoretically, a small magnetic dipole field. To build this
magnet the highest grade NdFeB available at the time was used, with an energy
level of (BH)max = 50 · 106 GOe. This configuration resulted in an internal dipole
field of 0.15 T and a negligible dipole moment. The total weight of the magnet
including the support structure was 2.2 t. The magnetic field, directed orthogonally
to the cylinder axis, provided an analyzing power of BL2 = 0.15 Tm2. Outside the
magnet the field becomes less then 3–4 G anywhere at a distance larger than 2 m
from the magnet center.

Before the construction of full scale magnets, many smaller magnets were built
to confirm and measure the field inside the bore, the dipole moment and the flux
leakage [41]. Three full scale magnets were built:
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(a) The first magnet was used in acceleration and vibration tests for space qualifi-
cation.

(b) The second magnet was the flight magnet.
(c) The third magnet was built without glue for NASA safety tests.

The magnet, the supporting structure and space qualification testing were
completed by the Institute of Electrical Engineering [48] and the Chinese Academy
of Launch Vehicle Technology (CALT ) [49]. Figure 18.11 shows the first magnet
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Fig. 18.11 AMS-01 magnet during vibration tests at the Beijing Institute of Spacecraft Environ-
ment and Engineering in Beijing, China

Fig. 18.12 AMS-01 magnet undergoing centrifuge (static load) testing at the Laboratory for
Centrifugal Modeling in Beijing, China. The picture is blurred since it has been taking through
a thick glass window
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undergoing vibration testing. Figure 18.12 shows it undergoing centrifuge testing
up to 17.7 g. Figure 18.13 shows the comparison of the sine sweep test results
before and after the 17.7 g centrifuge test. The test results indicate that there is no
deformation in the detector before and after this test and that the eigenfrequency for
the magnet is above the ∼50 Hz region, where the spectral power of the random
vibrations produced by shuttle is the highest, as imposed by the NASA safety
requirements. The third full scale magnet was built because of the lack of knowledge
of the glue performance over an extended period in the space environment. This
magnet without any glue was to be tested to destruction to ensure that AMS could
be returned on the Shuttle to Earth even if the glue completely failed. The result of
the test shows that even with stresses 310 times higher than expected according to
analysis the magnet would not break.

During spring of 2006 a smaller but sophisticated magnetic spectrometer, Pamela
was launched from Baikonur on a Resource DK Rocket and inserted on a LEO

for a 3 years mission. The Pamela experiment is built by an INFN-led international
collaboration, and it was launched and operated under an Italian-Russian agreement.
The magnet consists of 5 modules of permanent magnets, made of a sintered NdBFe
alloy, interleaved by 6 silicon detector planes. The available cavity is 445 mm tall
with a section of 1.31 · 105 mm2, giving a geometrical factor of 20.5 cm2 sr. The
mean magnetic field inside the cavity is 0.4 T, providing an analyzing power BL2 =
0.1 Tm2 resulting in a Maximum Detectable Rigidity of 740 GV/c, assuming a
spatial resolution of 4µm along the bending view [43]. The apparatus is 1.3 m high,
has a mass of 470 kg and an average power consumption of 355 W. The layout of
the magnet and the experiment is shown in Fig. 18.14.
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Fig. 18.14 Schematic lateral view of the PAMELA detector (left) and a photograph of it (right)
taken before the delivery of the instrument for the integration to the Resours satellite. The
geometrical acceptance of the detector is 20.5 cm2 sr [63]

18.7.1.1 Superconducting Space Spectrometers

The sensitivity to new physics requires spectrometers able to explore higher Cosmic
Ray energies while collecting large statistical samples. For this reason ground based
modern spectrometers are routinely built using large superconducting magnets
which measure particles with momenta in the multi-TeV range [50, 51]. It is
of course much more difficult to design a superconducting magnet instead of a
permanent magnet to be operated in space. Large facilities like the International
Space Station could however provide the necessary infrastructure in terms of
power, payload weight and size, data transfer and so on, to install and operate
an superconducting spectrometer devoted to high energy particle physics in space.
Already in the 80’s a proposal was made to install on the Space Station a supercon-
ducting spectrometer, ASTROMAG [52]. ASTROMAG was designed around two
parallel, large superconducting coils having opposite dipole moments, providing a
highly non-uniform magnetic field but an almost zero residual dipole moment. The
downsizing of the initial Alpha Station design which took place at the end of the
80’s, put the ASTROMAG on indefinite hold status. In 1994 a new proposal was
presented through DOE to NASA by the AMS Collaboration, to install and operate a
large magnetic spectrometer on the ISS for at least 3 years. This proposal was based
on a cylindrical magnetic geometry (magic ring), providing much more uniform
magnetic field for the particle spectrometer and an almost zero magnetic dipole
moment. After the successful flight of the AMS-01 permanent magnet in 1998, the
AMS Collaboration proposed to DOE and NASA to upgrade the permanent magnet
to a superconducting one having identical geometrical properties but an almost one
order of magnitude stronger field (Fig. 18.15).
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Fig. 18.15 Schematic 3D of the AMS spectrometer in the superconducting version

The project which developed during the years 2000–2010, consisted in the
design, construction and extensive testing of the first space qualified supercon-
ducting magnet, including thermal-vacuum test in the large ESA-ESTEC space
simulator in April 2010. In order to be compatible with the payloads designed for
AMS-01, this magnet had identical inner dimensions to the AMS-01 permanent
magnet, making the two magnet interchangable with the particle identification
detectors. This fact has been instrumental to allow for the switch back to the
permanent magnet when it became clear that the early retirement of Shuttle would
not have allowed refilling of superfluid 4He as initially planned. AMS-02 on a
permanent magnet configuration has been largely benefitting of the longest possible
exposure ensured by the ISS lifetime, which is particularly important in the search
of ultrarare events (Fig. 18.16).

The AMS-02 superconducting magnet has been the first designed for operating
in space. For this purpose a number of unique challenges had to be solved. Among
them:

• endurance: how to maintain the magnet in the superconducting state for the
longest possible time, of the order of 3 years, without cryogenic refill;

• safety: how to safely handle the large amount of energy (O(MJ)) stored in the
magnet in case of a quench;

• mechanical stability: how to build a structure able to withstand large magnetic
forces while being as light as possible.

Two magnets have been built. One is the flight magnet and the other is used for
space qualification tests. The magnet system consists of superconducting coils, a
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Fig. 18.16 The AMS-02 spectrometer during its integration at CERN in 2009 in the final flight
configuration with the permanent magnet

superfluid helium vessel and a cryogenic system, all enclosed in a vacuum tank.
The magnet operates at a temperature of 1.8 K, cooled by superfluid helium stored
in the vessel. It was designed to be launched at the operating temperature, with the
vessel full of 2600 liters of superfluid helium. Four cryocoolers operating between
∼300 and ∼80 K help to minimize the heat losses maximizing the endurance.

The magnet was designed to be launched with no field since it would be charged
only after installation on the ISS. Because of parasitic heat loads, the helium will
gradually boil away throughout the lifetime of the experiment. After a projected
time of 3 years, the helium would be used up and the magnet would warm up and be
no longer be operable. Three years of operation in space would indeed correspond
to a continuum heat load into the superfluid Helium of about 100 mW, quite a small
amount for a magnet which has a volume of about 14 cubic meters.

The coil system consists of a set of 14 superconducting coils arranged, as shown
in Fig. 18.17, around the inner cylinder of the vacuum tank. The coil set has been
designed to provide the maximum field in the appropriate direction inside the
cylindrical bore, while minimizing the stray field outside the magnet. As a result,
with the bore geometry identical to the geometry of the AMS-01 magnet, AMS-
02 with the superconducting magnet would have had a field almost one order of
magnitude larger. A single large pair of coils generates the magnetic dipole field
perpendicular to the experiment axis. The twelve smaller flux return coils control
the stray field and, with this geometry, they also contribute to the useful dipole
field. The magnetic flux density at the geometric centre of the system is 0.73 T.
The superconducting wire was developed specifically to meet the requirements
of the AMS cryomagnet [53]. The current is carried by tiny (22.4µm diameter)
filaments of niobium titanium (NbTi) which are embedded in a copper matrix, which
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Fig. 18.17 The AMS-02 superconducting magnet: the dipole and the return coils are clearly
visible, arranged in the characteristic cylindrical geometry

Table 18.4 AMS-02
superconducting magnet
parameters

Parameter Value

Central magnetic field Bx (at x = y = z = 0) 0.750 T

Dipole bending power 0.750 Tm2

Maximum stray magnetic field at R = 2.3 m 13.2 mT

Maximum stray magnetic field at Y = 2.3 m 6.62 mT

Maximum stray magnetic field at R = 3.0 m 3.4 mT

Peak magnetic field on the dipole coils 5.75 T

Peak magnetic field on the racetrack coils 5.14 T

Maximum torque in geomagnetic field 0.237 Nm

Maximum stray magnetic field at R = 3.0 m 3.4 mT

Nominal operating magnet current 400 A

Stored energy 3.72 MJ

Nominal magnet inductance 48 H

is encased in high-purity aluminium. The copper is required for manufacturing
reasons, but the aluminium is thermally highly conductive and much less dense,
thus providing maximum thermal stability for the same weight. The characteristics
of the AMS-02 superconducting magnet are listed in Table 18.4.

The current density in the superconductor is 2300 or 157 A/mm2 including the
aluminium. The 14 coils are connected in series, with a single conductor joint
between each pair of adjacent coils. The magnet is designed for a maximum current
of 459.5 A, although it is operated at ∼85% of this value. The coils are not coupled
thermally. All the coils are constantly monitored by an electronic protection system.
If the onset of a quench is detected in any coil, heaters are powered in the other coils
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to quench all 14 coils simultaneously. This distributes the stored energy between the
coils, preventing any single coil from taking a disproportionate amount of energy
which could otherwise result in degradation. The operation of these quench heaters
is an important part of the testing and qualification procedure for the magnet coils.

This SC magnet is cooled by superfluid helium, since the thermal conductivity of
the superfluid state is almost 6 orders of magnitude higher than in the normal state;
in addition, the specific latent heat of the superfluid helium is higher than in normal
liquid helium and this can also be used to extend the magnet operation time.

Safety of the AMS magnet had to be assured in ground handling operations,
during launch, on orbit and during landing. All cryogenic volumes, as well as the
vacuum tank, are protected by burst discs to prevent excessive pressures building
up in any fault conditions. Some of the burst discs have to operate at temperatures
below 2 K have been the subject of a special development and testing program. In
addition, extra protection is provided to mitigate the effect of a catastrophic loss of
vacuum. All parts of the AMS magnet system are subject to a battery of tests to
ensure their quality, integrity and their suitability for the mission. Every one of the
14 superconducting coils have been tested before assembly into the final magnet
configuration. A special test facility has been constructed which allows the coil to
be operated under cryogenic conditions as close as possible to the launch. Tests have
also been carried out on prototype burst discs. Discs for protecting the vacuum tank
have undergone vibration testing followed by controlled bursts. These tests have
shown that the discs are not affected by the levels of vibration encountered during a
launch. Further tests have been carried out on discs for protecting the helium vessel,
which operate at 1.8 K. These discs have been shown to have extremely good leak
tightness against superfluid helium.

Mechanical tests of the qualification magnet were done at various facilities: study
of the low frequency non-linear behavior were done on a special slip table set up at
the SERMS Laboratory [54], in Italy, while static tests were done at IABG [55], in
Germany, using a mechanically high fidelity replica of the AMS-02 experiment.

The main characteristics of the AMS01/02 and Pamela magnetic systems are
listed in Table 18.5.

Table 18.5 Space borne magnets

Parameter AMS-01/02 PAMELA AMS-02a

Type of magnet Permanent Permanent Superconducting

MDR [TV] 0.55 0.80 2.6

Magnetic field [T] 0.12 0.48 0.75

Dipole bending power [Tm2] 0.12 0.085 0.75

Maximum torque in geomagnetic field [Nm] 0.0021 0.24

Maximum geometrical acceptance [cm2 sr] 5000 20.5 5000
aNot deployed in space
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Table 18.6 Space borne magnetic spectrometers

Particle ID AMS-01 PAMELA AMS-02

Transition radiation detector No No Yes

Time of flight Yes Yes Yes

Silicon tracker Yes Yes Yes

Ring imaging Cherenkov Yes No Yes

Electromagnetic calorimeter No Yes Yes

Neutron counter No Yes No

18.7.2 Particle Identification

High precision study of primary energetic Cosmic Rays requires reliable particle
identification. Similar detectors to the one used at the accelerators have been
developed and qualified for space usage. With respect to accelerators, however, the
task of identification a given particle against its background is significantly different,
since, at accelerators, the goal is mostly the identification of short lived particles,
while in space short lived particles are irrelevant while the goal is the identification
of stable particles and long lived isotopes.

Table 18.6 compare the properties of AMS01/02 and Pamela spectrometers.

18.7.2.1 Tracking Detectors

Silicon detectors, commonly used as tracking devices in ground-based accelerator
experiments, offer the best resolution in terms of position measurement. However,
a large scale application of these devices in space was never made before AMS-
01 [56] in 1998. The AMS-02 silicon tracker [57] (Fig. 18.18) is composed by
double-sided micro-strip sensors similar to those used for the L3 [58] micro-vertex
detectors at the Large Electron-Positron collider (LEP) at CERN, but the technology
and the assembly procedures were qualified for the operation in space. The silicon
detectors were produced at Colibrys, SA Switzerland [59] and FBK-irst, Italy [60].
The silicon detectors are assembled together forming ladders up to 60 cm long:
particular care was taken to control the readout noise produced by these large silicon
assemblies, both from the point of view of the capacitive noise as well as from the
point of view of the number of defects, which was requested to be below 10−3. The
tracker consists of 8 planes of silicon sensors providing 10µm (30µm) position
resolution in the bending (non-bending) plane of the 0.15 T field of the magnet.
The detectors measure both crossing position and energy loss of charged cosmic ray
particles. The readout strips of the silicon sensors are ac-coupled to the low noise,
high dynamic range, radiation hard, front-end readout chip, the version Hdr9A of the
original Viking design, via 700 pF capacitor chips [61]. Once the charge is known,
the momentum is determined by the coordinate measurements in the silicon, which
are used to reconstruct the trajectory in the magnet field.
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Fig. 18.18 The 8 layers Silicon Tracker of the AMS-02 experiment: the inner planes consists of
three double layers of silicon detectors

A similar approach was followed by the PAMELA collaboration. Here the
tracking device [62] was based on high accuracy double sided silicon micro-
strip detectors organized in 12 cm long silicon ladders, produced by Hamamatsu
Photonics [64] while low noise, low power, VLSI VA1 chips were used for the front-
end section. The use of low-noise front-end electronics is of great importance since
the spatial resolution of the detector is strongly related to its signal-to-noise ratio.
The applied position finding algorithm gives a spatial resolution of 2.9 ± 0.1µm
[63]. The junction side shows a larger signal-to-noise ratio (S/N = 49) and a better
spatial resolution. For this reason this side was used to measure the position along
the bending view.

18.7.2.2 Time of Flight Detector

The Time-of-Flight (T oF ) measurement is typically associated with the experiment
trigger, and, in case of compact magnetic spectrometers, these detectors operates in
presence of significant magnetic fields. Figure 18.19 show a schematics of the AMS-
02 [65] ToF system, the largest of such systems built to date for space operation.
This design follows the experience gained with the AMS-01 detector [66], modified
to take into account the different conditions in AMS-02, in particular the stronger
stray magnetic field at the photomultiplier tubes (PMTs) which can reach several
hundred of G. Each scintillating paddle is instrumented with two PMTs at each
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Fig. 18.19 Exploded view of the AMS02 ToF system

end. The time resolution needs to satisfy the physics requirements is 160 ps. The
scintillator paddles are 1 cm thick, a compromise between minimum thickness and
the light output needed to reach this resolution. Downward going charged particles
are distinguished from upward going at the level of 109. The system measures the
energy loss by a charged particle (to first order proportional to the square of the
particle charge) with a resolution sufficient to distinguish nuclei up to charge Z ∼
20. Taking into account the attenuation along the counters and the need to have a
good measurement of singly charge particles, a dynamic range of more than 10,000
in the measurement of the pulse height is required.

Each paddle is encased in a mechanically robust and light-tight cover and the
support structure conforms to the NASA specifications concerning resistance to
load and vibrations. The electronics withstands the highly ionizing low Earth orbit
environment. Moreover the system guarantees redundancy, with two PMTs on each
end of the paddles and double redundant electronics. The system can operate in
vacuum over the temperature range −20 to +50 ◦C, it has a weight of less than
280 kg and a power consumption, including all electronics, lower than 170 W.
System components have been qualified for use in space and have been extensively
tested with particle beams.
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18.7.2.3 Transition Radiation Detector

Because of their low mass, Transition Radiation Detectors (T RD) are well suited
for utilization in primary Cosmic Ray experiments to separate leptons (electrons)
from hadrons (protons) up to hundreds of GeV of energy. The principle of the
T RD is very well understood and these detectors are used in large particle
physics experiments like ATLAS [67] and ALICE [68] at CERN, and HERA-B
at DESY [69]. However, T RDs are gas based detectors and the new challenge is to
operate such a large gas detector safely and reliably in space. This has been achieved
in the design and construction of the large AMS-02 T RD [70]. The TR photons are
detected in straw tubes, filled with a Xe:CO2 (80%:20%) gas mixture and operated
at 1600 V. With a probability of about 50% TR photons are produced in the radiator,
20 mm thick fleece located above each straw layer. Figure 18.20 shows the T RD

on top of the magnet vacuum case. The gas tightness of the straw modules is the
most critical design issue. The available supplies of gas, 49.5 kg of Xe and 4.5 kg of
CO2, will have to last for 3 years of operation. Using as standard conditions 1 bar
and 298 K, this corresponds to 8420 l of Xe and 2530 l of CO2. The CO2 leak rate
for one meter of straw-tube was measured to be 0.23 · 10−6 l mbar/s with the TRD
gas Xe:CO2 80:20 mixture. This leak rate is attributed to diffusion through the straw
walls. It corresponds to 1.85 · 10−5 l mbar/s per module-meter or 9.3 · 10−3 l mbar/s
for the full T RD (500 module meters). A single polycarbonate end piece has
a CO2 leak rate of 0.9 · 10−5 l mbar/s, for all 328*2 end pieces this totals to
5.9 · 10−3 l mbar/s. Summing, the total T RD CO2 leak rate of 1.5 · 10−2 l mbar/s
would correspond to a loss of CO2 over 3 years of 287 l or a safety factor of 8.8 with
respect to the CO2 supply. This low leak rate has been verified on the completely
integrated detector, which could then operate in space for about 26 years. Fabricated
T RD modules are accepted if they have a leak rate better than a factor 4 with respect
to the overall detector limit. This can only be assured by testing each of the 5248

Fig. 18.20 The AMS02 Transition Radiation Detector (TRD) system
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straws individually before producing a module [70]. The optimized AMS-02 T RD

design with a diameter of 2.2 m and 5248 straw tubes arranged in 20 layers weighs
less than 500 kg.

The thermal stability of the TRD is essential for the performance of the detector
as temperature variations change the gas density and hence the gas gain. To keep
these variations below the 5% level, comparable to other module to module inter-
calibration uncertainties, temperature gradients within the TRD should not exceed
±1 ◦C. To keep the spatial and temporal orbit temperature gradient below 1 ◦C
the T RD will be fully covered in multi-layer-insulation (MLI ), including the
front end electronics. Thermal simulations for orbit parameters which will give the
highest T RD temperature swing have been done and prove the effectiveness of this
approach. Nonetheless, this has been backed up by a full scale thermal vacuum test
in the large volume space simulator at ESA EST EC, Holland.

18.7.2.4 Ring Cherenkov Imaging Detector

Cherenkov light is very useful in measuring the velocity and the charge of particles
up to tens of GeV of energy, providing a precise measurement to be used together
with the momentum determination provided by the spectrometer to identify the
different isotopes in the CR flux. The mass of a particle, m, is related to its
momentum, p, and velocity, β, through the expression m = (p/β)

√
(1 − β2)

and its determination is based on the measurement of both quantities. In the AMS
spectrometer, the momentum is determined from the information provided by the
Silicon Tracker with a relative accuracy of 2% over a wide range of momenta.
This entails an error of the same order on the mass of the particle if the velocity
is measured with a relative accuracy of about 1 per mil: this is achieved by fitting
the shape of the Cherenkov rings measured on the focal plane by high granularity
(4 × 4 mm2) pixel photomultipliers located on the focal plane. For this purpose
a Ring Imaging Cherenkov Detector (RICH) [71] has been designed with a large
geometrical acceptance to operate in the environmental conditions of the outer
space. The velocity is determined from the measurement of the opening angle of
the Cherenkov cone produced within a radiator layer and the number of detected
photons will provide an independent estimation of the charge of the incoming
particle.

The measured distribution of charges in the beam is shown in Fig. 18.21 where
the structure of individual ion peaks up to Z = 26 (Fe) is clearly visible (protons
have been suppressed). This spectrum has been fitted to a sum of Gaussian
distributions and from their widths we have estimated the charge resolution for each
of the ions.
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Fig. 18.21 Charge separation of the AMS02 Ring Imaging Cerenkov Detector (RICH) system

18.7.2.5 Electromagnetic Calorimeters

Protons and electrons dominate the positively and negatively charged components
of CR, respectively. The main task of the calorimeter is helping the magnetic spec-
trometer to identify positrons and antiprotons from like-charged backgrounds which
are significantly more abundant. Positrons must be identified from a background
of protons that increases from about 103 times the positron component at 1 GeV/c
to 5 · 103 times at 10 GeV/c, and antiprotons from a background of electrons that
decreases from 5 · 103 times the antiproton component at 1 GeV/c to less than 102

times above 10 GeV/c.
The Electromagnetic Calorimeter (ECAL) of the AMS-02 experiment is a fine

grained lead-scintillating fiber sampling calorimeter with a thickness corresponding
to about 17 radiation lengths [72, 73]. This configuration allows precise, three-
dimensional imaging of the longitudinal and lateral shower development, providing
at the same time high (>106) electron/hadron discrimination in combination with
the other AMS-02 detectors and good energy resolution, in the range ∼1 to
∼1000 GeV when the maximum of the e.m. shower is still within the calorimeter.
The ECAL also provides a standalone photon trigger capability to AMS. The
mechanical assembly has met the challenges of supporting the intrinsically dense
calorimeter during launch and landing with minimum weight. The light collection
system and electronics are optimized for the calorimeter to measure electromagnetic
particles over a wide energy range, from GeV up to TeV.



18 Spaceborne Experiments 857

Fig. 18.22 The AMS02 Electromagnetic Calorimeter (ECAL) system

The calorimeter has a total weight of 496 kg. The ECAL mechanical assembly,
shown in Fig. 18.22, supports the calorimeter, PMTs and attached electronics. It
is designed to minimum weight with a first resonance frequency above 50 Hz,
a capability to withstand accelerations up to 14 g in any direction and thermal
insulation limiting the gradients (the external temperature ranges from −40 to
+50 ◦C).

The PAMELA ECAL system is a sampling electromagnetic calorimeter compris-
ing 44 single-sided silicon sensor planes (380µm thick) interleaved with 22 plates
of tungsten absorber [74]. Each tungsten layer has a thickness of 0.26 cm, which
corresponds to 0.74 X0 (radiation lengths), giving a total depth of 16.3 X0 (0.6
nuclear interaction lengths). Each tungsten plate is sandwiched between two printed
circuit boards upon which the silicon detectors, front-end electronics and ADCs are
mounted. The (8 × 8) cm2 silicon detectors are segmented into 32 read-out strips
with a pitch of 2.4 mm. The silicon detectors are arranged in a 3×3 matrix and each
of the 32 strips is bonded to the corresponding strip on the other two detectors in the
same row (or column), thereby forming 24 cm long read-out strips. The orientation
of the strips of two consecutive layers is orthogonal and therefore provides two-
dimensional spatial information (views). Figure 18.23 shows the calorimeter prior
to integration with the other PAMELA detectors.

More recently other space experiments based on fine grained calorimeters have
been developed and are operating in space to study the spectrum of high energy
electrons and positrons: CALET [75] on the Japanese segment of the ISS and Dampe
[76] on a Chinese satellite.
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Fig. 18.23 The PAMELA electromagnetic calorimeter. The device is approximately 20 cm tall
and the active silicon layer is about 24 × 24 cm2. Some of the detecting planes are seen partially,
or fully, inserted

18.8 Gamma Rays Detectors

During the last 30 years astrophysicists have discovered the high energy sky, namely
sources emitting gamma rays with energy exceeding 1 MeV. The first space borne
detector detecting MeV gamma rays were SAS-2 [77] and COS-B [78], followed by
the EGRET instrument [79] which extended the energy range to hundreds of MeV
with the Compton Gamma-Ray Observatory (CGRO) [80]. More recently Agile [44]
and Fermi [45, 46] extended the energy reach to the GeV and hundreds of GeV scale,
respectively, closing the gap with the ground based Cherenkov detectors operating
from hundreds GeV to tens of TeV.

At these energies the quantized nature of photons is obvious and optical focusing
is not anymore possible: high-energy gamma-rays cannot be reflected or refracted
and they are detected by their conversion into an e+e− pair using techniques
developed in nuclear and particle physics. Since both the gamma rays incoming
direction and the energy are important informations, the instrument used are a
combination of tracking and calorimetric detectors.

EGRET performed the first all-sky survey above 50 MeV and made breakthrough
observations of high energy γ -ray blazars, pulsars, delayed emission from Gamma
Ray Bursts (GRBs), high-energy solar flares, and diffuse radiation from our Galaxy
and beyond that have all changed our view of the high-energy Universe. The EGRET
instrument (Fig. 18.24), however, was based on detector technologies developed
in the 80’s: the tracking was provided by a streak chamber while the energy was
measured with crystal based NaI calorimeter. In order to eliminate the background
due to the charged CRs, about 105 times more frequent, the whole instrument
was surrounded by a monolithic anti-coincidence counter. This design had two
main limitations. First the limited operation time since the tracking device based
on a consumable, the gas mixture. Second at increasing photon energy the anti
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Fig. 18.24 Schematic view of the Energetic Gamma Ray Experiment Telescope (EGRET) on the
Compton Gamma Ray Observatory (CGRO)

coincidence system was making the instrument increasingly inefficient due to back
scattered particles created in the calorimetric section.

The follow up missions of EGRET, AGILE and Fermi, were based on mod-
ern technologies: in these payloads tracking is provided by solid state, imaging
calorimeters based on silicon detectors, while the veto system is segmented in
several sub elements suitably interconnected within the trigger electronics.

AGILE is a small mission of the Italian Space Agency (ASI), which was launched
in April 23rd, 2007. The detector consists on an imaging silicon calorimeter,
followed by a thin crystal calorimeter and covered by a coded mask layer to image
hard X-rays sources. Its main parameters are listed in Table 18.7.

The Large Area Telescope (LAT) on the Fermi Gamma-ray Space Telescope
(Fermi), see Fig. 18.25, formerly the Gamma-ray Large Area Space Telescope
(GLAST), was launched by NASA on June 11th, 2008. The LAT is a pair-
conversion, high granularity, silicon based imaging telescope made of 16 adjacent
towers, followed by an electromagnetic crystal calorimeter. Some of the design
choices of Fermi are similar to AGILE, although the detector geometric factor is
much larger: each of the 16 Fermi imaging calorimetric towers is equivalent to the
whole area of the AGILE detector. In addition the crystal calorimeter section of
Fermi is much thicker, providing a much better energy determination. Table 18.8
shows the parameters of the Large Area Telescope instrument.

The self-triggering capability of the LAT tracker is an important new feature
of the LAT design made possible by the choice of silicon-strip detectors, which
do not require an external trigger, for the active elements [45, 46]. This feature
is of essence for the detection of gamma rays in space. In addition, all of the LAT
instrument subsystems utilize technologies that do not use consumables such as gas.
Upon triggering, the DAQ initiates the read out of these 3 subsystems and utilizes
on-board event processing to reduce the rate of events transmitted to ground to a rate
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Table 18.7 Agile instrument parameters

Parameter Value or range

Gamma-ray imaging detector (GRID)

Energy range 30 MeV–50 GeV

Field of view ∼ 2.5 sr

Flux sensitivity (E > 100 MeV, 5σ in 106 s) 3 · 107 ph cm−2 s−1

Angular resolution

At 100 MeV (68% cont. radius) 3.5◦

At 400 MeV (68% cont. radius) 1.2◦

Source location accuracy (high Gal. lat., 90% C.L.) 15 arcmin

Energy resolution (at 400 MeV) �E/E ∼ 1

Absolute time resolution 2µs

Deadtime ∼100–200µs

Mini-calorimeter

Energy range 0.35–50 MeV

Energy resolution (at 1.3 MeV) 13% FWHM

Absolute time resolution ∼3µs

Deadtime (for each of the 30 CsI bars) ∼20µs

Fig. 18.25 The Fermi Large Area Telescope

compatible with the 1 Mbps average downlink available to the LAT. The on-board
processing is optimized for rejecting events triggered by cosmic-ray background
particles while maximizing the number of events triggered by gamma-rays, which
are transmitted to the ground. Heat produced by the tracker, calorimeter and DAQ
electronics is transferred to radiators through heat pipes. The overall aspect ratio of
the LAT tracker (height/width) is 0.4, allowing a large field of view and ensuring that
nearly all pair conversion events initiated in the tracker will pass into the calorimeter
for energy measurement.
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Table 18.8 Fermi Large
Area Telescope (LAT)
parameters [45]

Parameter Value or range

Energy range 20 MeV–300 GeV

Effective area at normal incidence 9.500 cm2

Energy resolution (equivalent Gaussian 1σ )

100 MeV–1 GeV (on axis) 9–15%

1–10 GeV (on axis) 8–9%

10–300 GeV (on-axis) 8.5–18%

>10 GeV (>60◦ incidence) ≤6%

Single photon angular resolution (space angle)

On-axis, 68% containment radius

>10 GeV ≤0.15◦

1 GeV 0.6◦

100 MeV 3.5◦

On-axis, 95% containment radius <3 × θ68%

Off-axis containment radius at 55◦ <1.7×(on-axis value)

Field of View (FoV) 2.4 sr

Timing accuracy <10µs

Event readout time (dead time) 26.5µs

GRB location accuracy on-board <10′

GRB notification time to spacecraft <5 s

Point source location determination <0.5′

Point source sensitivity (>100 MeV) 3 · 10−9 ph cm−2 s−1

18.9 Gravitational Waves Detectors

Gravitational Waves (GW) are the analogous of the electromagnetic waves for
gravitation. They propagate at the speed of light temporarily deforming the texture
of space time. Predicted by Albert Einstein [4] on the basis of his theory of General
Relativity, gravitational waves transport energy as gravitational radiation, and have
been discovered exactly 100 years later by ground based laser interferometers [3].
They are emitted by massive bodies undergoing acceleration. A two body orbiting
system, with masses m1 and m2, emits a power P :

P = dE

dt
= −32

5

G4

c5

(m1m2)
2(m1 + m2)

r5 . (18.2)

Emitted power is really small in most gravitating systems. For example, in the
case of the Sun–Earth system, it amounts to about 200 W , about 5 · 10−25 times less
that the electromagnetic power emitted by our star. The GW spectrum extends from
frequencies corresponding to the inverse of the age of the universe to few hundreds
of Hz (Fig. 18.26).

Their detection has only recently been demonstrated on ground but there are
solid reasons to believe that the S/N ratio will be much larger for space borne
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Fig. 18.26 Gravitational wave spectrum and detection techniques

interferometers. LISA is a three-arm space interferometer studied by ESA and
NASA up to formulation level for more than 10 years. With the success of the LISA
Pathfinder experiment [8], ESA is on track to develop LISA [9] which could be
operational towards the beginning of the 30’s and detect signals coming from super-
massive black-hole mergers, compact objects captured by supermassive black holes
and compact binaries (Fig. 18.27).

Once deployed, LISA would measure (a) the orbital period of the binary system,

(b) the chirp mass M = (m1m2)
3/5

(m1+m2)
1/5 , discriminating between white dwarf, neutron

star and black hole binaries and determining the distance for most binary sources
with an accuracies better than 1%.

18.9.1 Space-Borne GW Detectors

Measurement of space-time curvature using light beams requires an emitter and a
receiver which are perfectly free falling. In flat space-time, the length of proper
time between two light-wave crests is the same for the emitter and for the receiver.
GW curvature gives oscillating relative acceleration to local inertial frames if wave-



18 Spaceborne Experiments 863

Fig. 18.27 LISA sensitivity to gravitational waves

front is used as a reference: it follows that the receiver sees frequency oscillating.
Acceleration of receiver and/or emitter relative to their respective inertial frame
produces the same effect of a curvature and should be carefully avoided.

In order to detect gravitational waves via the slowly-oscillating (T up to hours),
relative motion they impose onto far apart free bodies, one needs (a) an instrument
to detect tiny oscillations, of the size on atom peak-to-peak, ensuring (b) that only
gravitational waves can put your test-bodies into oscillation and (c) eliminating all
other forces above the weight of a bacteria.

The motion detector (a) is provided by a laser interferometer, as for ground based
GW detectors, detecting relative velocities by measuring the Doppler effect through
the interferometric pattern variation. Using very stable laser light one can reach the
accuracy of 1 atom size in 1 h.

The free falling bodies (b) cannot be touched or supported, at least in an ordinary
way. They must be shielded against all other forces (c), in particular, one needs to
suppress gravity of the Earth (and of the Sun). The gravity force can be turned off by
falling with it, a condition achievable for long periods only on an orbiting satellite.
For all other forces, the satellite body would neutralize solar radiation and plasma
pressure, actively and precisely following the test mass inertial motion. In order to
ensure non contacting (drag-free) behavior, the spacecraft position relative to the
test mass is measured by a local interferometer, and it is kept centered on the test
mass by acting on micro-Newton thrusters.

The specifications of the LISA GW interferometer design are

• LISA

– 3 arms, each 5 Mkm
– 10pm/

√
Hz single-link interferometry @1 mHz
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– Forces (per unit mass) on test masses <3f m/(s2
√

Hz) @ 0.1 mHz
– 3 non-contacting (“drag-free”) satellites

A basic concept of LISA is that the satellites follow independent heliocentric
orbits and no formation keeping is needed. In addition the three satellites constel-
lation rotates with respect to the fixed stars providing gravitational waves source
location. In the case of the LISA instrument, the implementation of the requirements
(a)–(c) is provided by the following main elements:

• the Gravitational Reference Sensor (GRS) with the test mass (also called Inertial
Sensor): the GRS is drag-free along sensitive direction, while the other degrees
of freedom are controlled via electrostatic forces through a 3–4 mm clearance
between test mass and electrodes (Fig. 18.28);

• the Optical Bench with the complete interferometry: it carries all needed
interferometry on a monolithic ultra-stable structure obtained by silica hydroxyl
bonding (Fig. 18.29);

• a telescope allowing to exchange light with other satellites.

Fig. 18.28 The GRS; left: reference mass housing, right: reference mass

Fig. 18.29 LISA-pathfinder optical bench
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18.9.2 LISA Pathfinder

In order to test in space most of the techniques needed for a LISA class space
interferometer, the LISA Pathfinder mission has been built, launched in December
3rd 2015 and successfully operated in space during about 8 months, starting from
March 1st 2016.

The LISA Pathfinder is based on squeezing of one arm of the final interferometer
to within a O(1) m optical bench. This was implemented by removing the long-
arm interferometer and replacing the long-arm laser beam reference with a second
(quasi-) free test mass. In this miniature implementation of one LISA arm two Au-
Pt test masses and two interferometers were placed on the same optical bench. The
two masses were not contacting the satellite but the second test mass was forced to
follow the first at very low frequency by electrostatic forces (this is different from
LISA).

LISA Pathfinder can be seen as a remotely controlled gravitational laboratory
operating in space conditions. The GRS consists in two light test masses (2 kg,
46 mm) with a very high density homogeneity (<< 1µm pores), so that the position
of the CoG at geometrical center is known within ±2µm. It has a very low magnetic
susceptibility χ = −(2.3 ± 0.2) · 10−5 as well as a negligible magnetic moment
< 4 nAm2.

Many subtle physical effects apply unwanted forces to test-bodies [81], such
as:

• impact with the few molecules that still surround the bodies in high vacuum [82,
83];

• spontaneous electric fields generated by surrounding bodies;
• fluctuating electrical charge from cosmic rays [84];
• changing gravitation generated by thermal deformation of satellite;
• impact with wandering photons;
• fluctuations of the interplanetary magnetic field;

These effects have been studied over the years in the laboratory, pushing forward
knowledge in different fields of physics. The results published by the LISA-PF [8]
shows that the mission has been very successful, exceeding the predicted accuracy
and demonstrating that sub-femto-g differential accelerometry can be achieved,
which is an improvement of orders of magnitude with respect to sensors used in
the field of experimental gravitation. LISA-PF results confirm the projected LISA
sensitivity to the bulk of GW sources present in our galaxy (blue line in Fig. 18.27):
a green light for an ESA LISA class mission which could start operating at the
beginning of the 30’s.
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18.10 Future Space Experiments

During the last 20 years an increasing number of modern experiments devoted to
particle physics in space have been developed, providing a wealth of new data about
CRs composition, high energy astrophysics and gravitational waves. The success
of these programs opens the way to the proposal of new, more ambitious projects,
designed to measure more accurately the properties of the cosmic radiation.

The universe contains the most powerful particle accelerators, able to accelerate
particles to energies inaccessible to ground based laboratories. However these
accelerators are quite inefficient and the differential flux of these energetic particles
decreases quickly, typically with the third power of the energy. Above a few TeV
for the charged component and few hundred GeV for gamma rays, it becomes
impractical to develop space instruments having a sufficiently large geometric
aperture. For this reason space scientists are considering experiments where the
medium where the particle interactions take place is separated from the detector,
similarly to what happens for ground based Cherenkov Telescopes, under water
or under ice neutrino detectors or Extremely Energetic Cosmic Rays detector
arrays, where Cerenkov and fluorescence light produced in the atmosphere, water
or ice, respectively, is measured using photon detectors. In the case of these space
experiments the medium could be the atmosphere [85, 86], the Moon surface [87] or
the magnetosphere [88]: extremely large sensitivities to rare events can be reached
by using our whole planet, the Earth, or its satellite, the Moon, as detecting media
observable from space borne detectors, collecting emitted light or radio waves by
using suitable instrumentation. Discussing these projects is outside the scope of this
chapter, however it is interesting to note here a pattern of development which might
in the future drive the development of space borne particle experiments devoted to
extremely rare events.

18.11 Balloons Experiments

For nearly 40 years, until the mid of the 90’s, experiments on stratospheric
balloons have been instrumental to study primary CR composition. The advantage
of balloons experiments over space experiment is a much lower cost, in the range
of 10 Me/mission or less. The main disadvantage is the limited duration of the
mission: in the early days it was limited to a day or two, while with the advent of
circumpolar flights, the duration has increased to nearly a month/mission. NASA
is developing a pressurized balloons technology which would allow for Ultra Long
Duration Balloon missions (ULDB) [89, 90] which would reach several months
of operation at stratospheric altitudes. In the meantime balloons demonstrated the
ability to operate payloads weighting in excess of 1 t, powered by solar panels.
It is quite clear that stratospheric balloons missions will be complementary and
may become competitive to space missions, in particular when they will last for
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several months close to the top of the atmosphere. Most considerations concerning
detector developments are quite similar to what has been discussed for space
missions: experiments must operate at extreme temperature conditions, withstand
shocks, minimize weight and power consumption. Balloons payloads operates in
an atmospheric environment, although very rarefied: thermal properties and design
should be optimized taking into account also the convective contribution to heat
transfer.
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