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Abstract
The radiative environment is one of the major problems for electronic circuits in an orbiting

satellite. The situation is similar for future detectors at the new high-energy physics facilities,
like the Large Hadron Collider (LHC) at CERN. Temporary errors, Single Event Upsets are
created when ionising radiation hits a working electronic circuit and the charge created alters its
state. The broader use of submicron technology in combination with a lowering of the circuit
voltage decreases the critical charge for temporary upsets resulting in increasing sensitivity for
radiation.

In this work experiments are described where the radiation hardness properties of electronic
circuits were investigated. The effects of gamma ray, proton, heavy ion and neutron irradiation
were studied. Components were tested for the European SMART-1 satellite to check if they
meet the radiation requirement in orbit.

The effect of neutrons on electronic circuits was studied in a surface barrier detector
experiment. Heavy ion irradiation was also performed at CRYRING in Stockholm, Sweden. For
these tests monitoring devices were constructed. Inorganic scintillators, YAP(Ce) and BaF2,
were used for beam diagnostics and beam normalisation purposes. Also the properties of these
two scintillators together with ZnSe(Te) were studied.

Experiments were performed for the CMS detector of LHC accelerator at CERN. Several
components were radiation hardness tested to evaluate if they survive the harsh environment at
their place of operation.

Finally an electronic design for a scintillator application is described. A demonstration TOF-
PET was built using BaF2 scintillators for fast timing.
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Introduction

Niels Bohr presented the first quantitative description of the interaction between charged
particles and matter. He introduced the quantity stopping power and calculated the energy loss
between a moving charged particle and the atomic electrons of the matter. The calculation is
depending on the charges involved and the kinetic energy of the projectile. Bohr�s approach
became the starting point for a whole series of more refined calculations for evaluating the
interaction in matter. During the past century the evolution of calculations and later simulations
of Monte Carlo type have been supported and linked to experimental findings. The knowledge
of interaction of radiation in matter is fundamental not only for the nuclear and other physics
disciplines but also for many technical applications ranging from space research to medicine.

The present thesis is devoted to the consequences of this interaction. Radiation might be
hostile, for example when it interacts with electronic circuits resulting in unwanted effects, but
it can also help to register the type of radiation and measure its energy in radiation detectors.

In Chapter 1 the interaction between radiation and matter is summarised. In Chapter 2 the
radiation environment of satellites is presented. Especially the expected radiation for the ESA
mission satellite SMART-1 is discussed.

Chapter 3 deals with the two main effects of radiation on working electronics, namely the
total dose effect and the Single Event Upset phenomena (SEU). The first one is a bulk effect
mostly dependent on the deposited energy per mass unit; while the second one, the SEU, is due
to interaction of a single ion with the silicon of the circuit. When a heavy ion causes SEU, the
charge released along the ionising track is the source of this effect. If the ionising particles are
nucleons, protons or neutrons, the SEU effect is more complex involving nuclear reactions. The
effect, when SEU is caused by neutrons, is investigated in [Paper 2]. In [Paper 1]
measurements of radiation effects in memory circuits of the SMART-1 satellite are reported. In
this work the SEU cross sections induced by protons and heavy ions are determined. Also total
dose effects are measured for one of the components.

Chapter 4 is devoted to the technical equipment that is necessary to perform the radiation
hardness tests [Paper 5]. In Chapter 5 three other, somewhat different investigations are
presented. Two radiation hardness tests are reported in [Paper 6] and [Paper 7] of components
for the future CMS detector of LHC at CERN, and an irradiation for the HUGIN and MUNIN
nano-satellites is described in [Paper 8].

Chapter 6 includes a collection of papers, [Paper 9], [Paper 10] and [Paper 11], all dealing
with scintillators, their properties and application. In [Paper 9] and [Paper 10] the scintillating
properties of BaF2, YAP(Ce) and ZnSe(Te) are investigated for heavy ion irradiation. Some of
the inorganic scintillators like BaF2 and YAP(Ce) have properties that are superior in ultra high
vacuum environment. A detector system based on these scintillators is presented in [Paper 11].
This system has become a standard detector for many experiments at CRYRING.
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Finally, in Chapter 7 and in [Paper 12], the electronic part of the KTH TOF-PET
demonstrator based on 48 BaF2 detectors is presented. The detector system of the demonstrator
is a diploma work of P. Uhlén and M. Stéen from 1998. The fast and dedicated VME based
electronics that is necessary for decoding of the coincidence signals and their relative time
appearance is described.
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1 Radiation and matter

When radiation passes through matter there may be an interaction between them. The
radiation loses energy which is transferred to the absorbing material. The amount of energy
deposited depends on the type and energy of the radiation and the type of material. The
consequences of the energy deposition can be different; like emission of photons, ionisation of
gas or electron-hole pair creation in a semiconductor [1], [2].

The energy deposition can be used to detect the particles, like the electron-hole pair creation
in a surface barrier detector or the light pulse creation in a scintillator. On the other hand if
electron-hole pairs are created in a working electronic circuit, the excess charge can influence
the operation of the circuit as its function is also based on electron-hole pairs. Different type of
radiation that might interact with electronic circuits are discussed below.

1.1 Charged particles

The primary interaction between the charge of the penetrating ion and the electrons of the
material is the Coulomb force. Interactions between the nucleus of the ion and nuclei in the
material are also possible. However, due to the low nuclear interaction cross section, these are
less significant. The result of the interaction can be excitation of the electrons in the absorber or
ionisation of its atoms. Both processes require energy transfer and it is taken from the
penetrating ion. This means that the ion steadily loses its energy through multiple interactions
and the energy is transferred to the absorber material until the ion is finally stopped.

The deposited energy along the path of the ion is exemplified in fig. 1.1. The so-called Bragg
curve shows that at the beginning of the track a relatively small amount of energy is transferred
and the transfer will increase slowly as function of the depth. The energy deposition increases
rapidly close to the end of the track and a large fraction of the total energy of the ion is
deposited there, in the so-called Bragg peak.

The direct ionisation created by protons is very low per unit path length in the energy regions
that are important for the radiation hardness of electronic circuits as can be seen in fig. 1.1. For
protons entering a circuit the nuclear reaction is more important than the direct ionisation
especially at higher proton energies.
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Figure 1.1. The Bragg curve: energy deposition along the track of an ion (88 MeV protons in Si
target) [3].

1.2 Gamma rays

Gamma rays interact with matter through three major mechanisms:

� Photoelectric absorption: One of the bound atomic electrons is ejected from an atom of
the absorber material and the gamma ray disappears completely.

� Compton scattering: The photon is deflected by an electron and only part of its energy is
transferred to the electron. The relation between the scattering angle and the energy loss
of a photon can be obtained by requiring that the energy and the momentum be
conserved.

� Pair production: In the Coulomb field of a nucleus a high energy gamma ray
(E>1.022 MeV) may be converted into an electron-positron pair. The positron will
eventually annihilate with an electron in the material, giving rise to secondary gamma
radiation.

All three processes cause a sudden decrease in the energy of the gamma ray. Thus, these
energy loss mechanisms differ from the continuous slowing down of the ions.

The intensity of a beam of gamma rays that pass through a material of thickness x without
interacting is:
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Figure 1.2. Intensity variation of the gamma rays passing through a material.

1.3 Neutrons

As neutrons do not have charge they do not interact by the Coulomb force. The interaction
with the nuclei of the absorbing material involves several other processes.

� In an elastic collision, part of the neutron energy is transferred to a nucleus and the
direction of the neutron�s velocity is changed.

� In the inelastic scattering process, on the other hand, energy from the neutron is
transferred to a nucleus via excitation. When the nucleus de-excites it radiates its energy
by emitting gamma rays.

� Neutrons can interact with matter through various nuclear reactions, too. In some cases
the neutron and the nucleus form a new nucleus. If the product nucleus has enough
excess energy it decays and secondary radiation is emitted.

The effect of the different processes can be summarised and the beam intensity after the
neutron has travelled a thickness x through the material can be expressed as:

xtoteII ���
�� 0

Where �tot is the total probability per unit path length for any type of interaction took place.
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The parameter �=1/�tot is the mean free path. It is in the order of centimetres for slow
neutrons and tens of centimetres for fast neutrons. Therefore, neutrons can travel a long distance
in the material without any interaction. As a consequence, it is difficult to efficiently shield
against or detect neutrons. However, some materials absorb neutrons exceptionally well due to
high cross section for slow neutrons.

Some examples of stopping of gamma rays and charged particles are collected in table 1.1.

Half-thickness for gamma ray absorption in Al
in the 60Co energy range (1.17-1.33 MeV)

56 mm

Half-thickness for gamma ray absorption in Pb
in the 60Co energy range

13 mm

Range of 180 MeV proton in Si 115 mm

Range of 180 MeV proton in Pb 38 mm

Range of 43 MeV C ion in Si 51 �m

Table 1.1. Stopping of photons and charged particles in some materials.
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2 Radiation environment and SMART-1

2.1 Radiation environment

There are environments where electronics can be exposed to radiation of levels that might be
harmful to their operation. Therefore in these environments special techniques has to be applied
to eliminate this influence. On ground level, the natural radiation threatens only some specific
electronics used nowadays. If electronics is intended to be used in places where radiation is
present it has to be designed accordingly and the tolerance against radiation has to be tested and
controlled. The space around the Earth is one such environment where cosmic radiation,
particles in the Van Allen belts and solar protons all affect electronic circuits. At high altitudes
in the atmosphere secondary radiation produced by cosmic rays might also influence
electronics. Another radiation rich environment is found at accelerators where similar radiation
problems arise.

Cosmic radiation originates from the interstellar space and has extremely high energies, up to
1020 eV has been measured [4]. It consists mainly of protons, but all elements up to iron are
present in significant quantities. The cosmic radiation, in spite of its high energy, is influenced
by the Earth�s magnetic field, and it can approach the Earth in significant amounts only from
certain directions. The number of cosmic rays reaching the Earth�s surface is also influenced by
the magnetic field in the interplanetary space, the space �weather�, which is dependent on the
solar activity. The cosmic rays reaching the Earth�s surface do not threaten the commercial
electronics used nowadays, but they are one of the most significant problems for satellite
design. It  is an almost impossible task to shield against cosmic radiation due to its high energy.

The cosmic rays penetrating the atmosphere collide with the particles creating secondary
radiation which include protons, neutrons and mesons. These secondary particles may also
influence electronics, mainly at high altitudes such as on airplanes [5]. The number of e.g.
neutrons decreases rapidly with decreasing altitude after peaking at about 20000 m above
ground, see fig. 2.1. Influence on specific electronic circuits at ground level has also been
observed [6].
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Figure 2.1. The number of neutrons as function of altitude in the atmosphere [4].

Another result of the secondary radiation is the protons in the inner Van Allen radiation belt
(fig 2.2.). Some of the neutrons created by the cosmic radiation decay to protons and these
protons are trapped by the magnetic field of the Earth. The protons have energies up to several
hundred MeV and fluxes of the order of 104-106 cm-2s-1. The fluxes are rather constant as both
the filling and loss processes are stable. The inner proton belt extends to about four Earth radii.

An outer belt was also discovered. This consists of electrons with energies up to 1.5 MeV
and extends to about ten Earth radii. The flux changes rapidly in the electron belt, because the
particles are subject to complicated and unstable transport processes. Normally, satellites are
designed to avoid frequent passage of the radiation belts.

Figure 2.2. Proton and electron radiation belts around the Earth [7]. Protons with
energy >10 MeV and electrons with energies > 1 MeV are included. (The flux values are

in #/cm2/s).

The third source of radiation in space is the solar protons which are emitted during solar
flares. These protons have several hundreds MeV of energy, and the peak flux is 106

protons/cm2/s. The solar flares are correlated with the solar activity, which follows an 11 year
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cycle (fig. 2.3). Large number of solar proton events occur during maximum solar activity.
During solar minimum the effect of the solar protons on most of the satellite electronic circuits
is negligible. The solar proton events usually last for several days and they deposit a large dose
in a short time.

Figure 2.3. Solar cycle [7].

The front-end electronics of the detectors at the Large Hadron Collider (LHC) at CERN will
also be exposed to radiation [8]. The beam collisions inside the detector system will create a
large number of light particles i. e. protons and pions and these may cause nuclear reactions and
recoils of nuclei. The electronics inside the detectors are not accessible during the lifetime of the
detector (5-10 years) and have to be tested accordingly. Therefore, the requirements on
robustness and redundancy of electronics in LHC resembles the requirements on a satellite.

2.2 The SMART-1 mission

The different new technologies to be used on spacecraft in the future are difficult to validate
in Earth conditions. Therefore the European Space Agency (ESA) has started the development
of a series of small and relatively cheap satellites to test various new techniques in the real
environment. The first member of the Small Mission for Advanced Research in Technology is
the SMART-1 satellite [9] (fig. 2.4). The prime contractor for building the satellite is the
Swedish Space Corporation (SSC) [10], and the budget of the satellite is 28 million Euro. The
aim of the mission is to place the satellite in an orbit round the Moon. The motor of the satellite,
an electrical ion engine, will be tested and also some scientific experiments will be performed in
orbit. The total weight of the satellite will be 350 kg, of which 80 kg are xenon, the fuel, and 15
kg are the scientific payload. SMART-1 will be launched together with another satellite at the
end of 2002 by an Ariane 5 rocket. The rocket will place SMART-1 to a Geostationary Transfer
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Orbit (GTO), and by firing its thruster it will start its journey to the Moon. It will spiral round
the Earth 274 times, continuously increasing the radius of the orbit before finally being captured
by the gravitational field of the Moon. The closest point from the Moon in the highly elliptical
orbit will only be 300 km while the furthest point will be 10000 km. The latter point may be
lowered if enough fuel remains for this operation [11].

Figure 2.4. The SMART-1 satellite [10].

The ion engine technique was earlier used mainly for attitude control and the available
experience in using it as a main engine is limited. This type of engine has some advantageous
properties which makes it a good candidate to be used on long interplanetary missions. ESA has
chosen to test it on the shortest possible interplanetary mission, the one to the Moon [12].

In the engine a xenon ion-plasma is created. The ions are accelerated and directed out from
the satellite, creating the thrust. When they leave the engine they have to be neutralised by an
electron gun to keep the charge balance. The properties of the engine is summarised in table 2.1
and compared with traditional propellant fuels. The advantage of the ion engine is its high
specific impulse, it uses the fuel most effectively. This property makes it ideal for use on
interplanetary mission where keeping the weight down is crucial.

Engine type Typical force (N) Specific impulse (Ns/kg) Multiple firings

Solid 103-105 2400-2700 No

Bipropellant 2-400 2800-3000 Yes

Electrical ion 0.005-0.01 20000-30000 Yes

Table 2.1. Properties of different spacecraft engines.

The low thrust of the ion engine is an important drawback, it takes very long time to reach
the target. For SMART-1 the cruise from the Earth orbit to the orbit round the Moon will take
1.5 year. During the first 400 days it will pass the radiation belts around the Earth. This can be
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compared to a spacecraft with conventional engine, which passes the radiation belts during a
few days only. The long time spent in the radiation belts requires extra radiation resistance of
the electronics and other parts of the satellite.

The 15 kg payload will include some equipment to collect data from the Moon. In spite of
facts that the Moon is the closest extraterrestrial body and that it has been studied on several
missions, there remains a lot to be explored. SMART-1 will have an X-ray fluorescence
spectrometer to map the elemental distribution of the Moon. An infrared spectrometer will
observe the infrared light from some common rock-forming minerals. SMART-1 will also carry
a CCD camera to map the surface of the Moon with 25 meter pixel size in order to provide
geological information for the other two measurements. Some equipment will also be onboard
to monitor the ion engine. In addition SMART-1 will test some new methods of
communication, spacecraft tracking and laser link telemetry [11].

2.3 Motivation for radiation tests

The solution to the radiation problem of the satellite electronics is the use of radiation hard or
radiation tolerant devices. However, because of the low volume of production, these circuits are
extremely expensive. There are cases, like the DRAM memory of SMART-1, for which the
required circuit or technology is not available in radiation hard design. Furthermore it takes a
long time before the latest technology is available in a radiation hardened version.

Commercial circuits are much cheaper, more advanced and smaller than the radiation hard
ones. However their radiation properties are not known and not considered in the design, so
they might even vary from one manufacturing lot to another. Usually Commercial-Off-The-
Shelf (COTS) components are not suitable for space applications. However, by applying a
combination of various techniques it is possible to use some of these circuits in space
applications. The methods include e.g. error correction code to eliminate the SEUs or
repackaging of the plastic packaged circuit in a metal case to make it more tolerant against
thermal and mechanical stress. The lack of radiation hardness data also requires radiation testing
of the COTS circuits.

There are also existing radiation hard or radiation tolerant circuits without enough data for
special radiation requirements. Therefore complementary tests have to be performed. Examples
are the radiation tolerant FIFO and SRAM circuits to be used onboard SMART-1. The heavy
ion irradiation and total dose data was available but the proton irradiation response was lacking.
Such data are crucial because of the special trajectory of SMART-1.

Generally, the radiation environment of the electronics for a satellite mission has to be
determined first. Based on knowledge of the orbit of the satellite this can be done for the
expected cosmic rays, solar protons, etc using various simulation programs.

The next step is to perform irradiation tests, determining the response of the circuits for the
anticipated radiation. Safety margins are added to the different radiation requirements because
of significant uncertainty about the radiation field and of the solar activity. The limited access
for service in case of failure also urge for a high safety margins. If the actual error rate is over-
predicted, this leads to a design that contains unnecessary overhead. On the other hand, if the
actual error rate is underestimated, the electronics might fail during the mission. In the SMART-
1 case the calculated total dose threshold was 20 krad, but the devices were tested at least to 40
krad.
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For COTS devices one does not know their manufacturing history, and therefore it has to be
assured that the tested circuits are from the same manufacturing lot as the final flight circuits.
One must also ascertain that no manufacturing process modifications were done during the
production of the lot. This is the only way to make sure that the tests are relevant to the circuits
used in the satellite.

To uniformly handle the irradiation data obtained in the various tests performed by different
test labs and with somewhat different methods, the radiation data are fitted to widely accepted
functions. These functions include parameters that describe the radiation properties of the tested
circuit. The parameters are used together with information about the radiation environment to
calculate if the circuit is likely to survive during the whole mission. The number of errors are
further combined with the design of the satellite electronics to determine if the errors will occur
in functionally critical places or not. In the DRAM circuit which is the building block of the
mass memory of SMART-1, errors are expected to occur due to the proton irradiation.
Therefore, an error correction code is built into the system that corrects the single errors. The
aim of the tests was to determine if this error correction procedure can handle the amount of
errors that will occur, assuming that there are no Multi Bit Errors (MBU) or at least that their
frequency is tolerably low. MBUs can not be hidden by the error correction circuit and they
result in a reboot of the computer of the satellite.
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3 Effects of radiation on electronic
circuits

3.1 Errors: Total dose effect and Single Event Upset

Ionising radiation passing through a semiconductor often deposits energy in it. The result of
the energy deposition is creation of electron-hole pairs, broken bonds or, in rare cases, nuclear
reactions. In some cases already a single particle might deposit enough energy in an electric
circuit to disturb the function of it. In other cases the effect of the radiation has to accumulate
before any measurable response can be noticed.

3.1.1 The total dose effect
As mentioned above the deposited energy creates electron-hole pairs and some of these holes

are trapped in the semiconductor. The trapped charge causes threshold shift in the device and
may change its characteristics. However the circuit compensates the shift of the thresholds in
the transistors up to a certain limit. An example of this effect can be seen in fig. 3.1, where the
result of 60Co irradiation of the DRAM of SMART-1 is shown. The supply current of the circuit
is a good measure of the total dose effect. As can be seen in the figure for a dose of up to 45
krad no change can be noticed but above this value a relatively rapid increase can be detected.
Similar changes in other parameters, like rise or fall times, can be measured.

The functionality of the memory chip can also be checked by write-read tests during the
irradiation. The chip might be fully functional even when the supply current has started to
increase, as is observed for the DRAM circuit (fig. 3.1). A rapid increase can be detected in the
number of errors caused by a certain dose. These errors are of permanent or semi-permanent
type. The semi-permanent errors can be detected when a memory cell reaches the limit of
operation; some times it fails and at other times it functions correctly. The errors will remain
even after the irradiation has stopped, however during room temperature annealing their number
decreases (fig. 3.2). This healing of the chip can be accelerated by elevating the temperature to
100-120 °C. Room temperature annealing is used to compensate the higher dose rate in the test
compared to the final application. With lower dose rates the annealing during normal operation
has a higher effect and the real radiation tolerance is better than the test would suggest. In this
way a chip might be acceptable even if it fails the irradiation test.
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3.1.2 The SEU errors
The amount of energy deposited by an ion passing in silicon is dependent on the energy and

on the type of particle. The charge created by the deposited energy might influence the
functionality of the chip but what really happens depends on many factors. For example, not the
whole die is sensitive to the radiation. There are parts where an impinging particle can not cause
errors, no matter how energetic or how heavy the projectile is. In the sensitive regions of the
circuit a particle hit might cause an error if the created charge exceeds the critical charge of the
sensitive node. The critical charge is the minimal charge that has to be deposited within the
sensitive node of a cell to create a SEU error. The critical charge is dependent on many factors,
like the electrical connection and layout of the cell, the bias voltage applied, and whether an
error detection and correction technique is used. If the deposited charge exceeds the critical
charge, the information stored in the affected memory node is altered, the stored �1� is changed
to �0� or the �0� is changed to �1�.

In most cases heavy ions can deposit sufficient energy to create a SEU. Protons usually do
not have enough direct ionisation capability to make a SEU and neutrons do not ionise directly.
However, both nucleons can initialise nuclear reactions and the products of these reactions
might have enough direct ionisation capability to create SEUs.

The SEU is a temporary, �soft� error contrary to errors created by the total dose effect.

3.2 Component selection for SMART-1

As pointed out earlier, the ESA satellite SMART-1 will be exposed to unusually high levels
of radiation on its way to the Moon. Therefore components with known radiation properties that
fulfil the requirement were preferred for the SMART-1 electronic design [13]. These were to a
large extent either radiation hard or radiation tolerant components. The passive devices and TTL
logic (54FACT series) are insensitive to the radiation levels along the SMART-1 orbit.
Similarly the crystal oscillators were not considered sensitive in the SMART-1 environment.
The processor was built on radiation tolerant technology, as was the memory controller.

Two memory circuits (SRAM [14] and FIFO [15]) used in the system unit were built on
radiation tolerant technology with known heavy ion and total dose properties but lacking the
proton radiation data which was essential for the SMART-1 mission. A third type of memory
was a COTS DRAM circuit [16] without any radiation data available. The selection was based
on radiation tests performed on similar circuits [17] and [18]. However since the manufacturing
technology is a commercial one, radiation properties can change from design to design or even
from lot to lot. So the available radiation data only gave an indication about the expected
radiation properties. In addition the tested components must come from the final flight lot.

The DRAM memory circuit will be used as mass storage memory to store telemetry and
measurement data during the intervals when the satellite is not in contact with its ground station.
The requirement is a 4 Gbit mass memory. The DRAM is not immune to SEUs since an error
would corrupt the memory content, they are not acceptable. The solution is to use an error
correction algorithm to eliminate the effect of the occurring SEUs. An error correction code
which can transparently correct the single bit errors and detect two bit errors can be realised by
adding 25% overhead. The total memory size of the memory will therefore be increased to
5Gbit.
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Radiation tests were performed on three types of memories: heavy ion and total dose tests on
the DRAM circuit and proton tests on the DRAM, FIFO and SRAM circuits. These tests are
reported in [Paper 1] and [19], [20], [21], [22], [23], [24], [25].

3.3 Total dose irradiation

Total dose measurements are usually performed with a strong radioactive gamma ray source
of the type that is used for medical treatments. For space applications the ESA specification [26]
requires 60Co as a source of radiation or, in special cases, electron accelerators.

The measurement with 60Co irradiation is simple. The radiation is generated by a radioactive
source, which is shielded during the setup and moved to the irradiation position for a
predetermined time. The source strength, the irradiation time and the distance between the
source and irradiated device determines the total dose the device is exposed to.

All the measures are easily controlled and there is no need for online dose monitoring of the
radiation field. Instead, it is calibrated in advance to an accuracy better than 5% according to the
ESA specification [26]. The source activity at the time of the measurement can be determined
by calculating the decay of the source.

The dose power is according to:
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Using this formula it is possible to calculate the dose per unit time and for a given distance.
If the distance from the source is relatively large and the size of the circuit to be tested is
relatively small, the nominal dose is well within the required error margin (5%) over the whole
surface of the sample.

The distance from the source determines the dose rate. For space applications two dose rate
windows are defined: 3.6-36 krad/h and 36 to 360 rad/h [26]. The more suitable one has to be
chosen depending on the required total dose. However, in special cases there are dose rate
dependent effects to be taken into account. The irradiation has to be performed at room
temperature and can be done in two ways. The so called remote testing means that no bias is
applied to the circuit during the radiation exposure and the parametric and functional tests are
performed before and after the irradiation. During the in-situ testing, on the other hand, bias is
applied during the whole measurement and parametric and functional tests are performed during
irradiation like in the SMART-1 DRAM total dose test. In a total dose measurement it is
possible to study the circuits parametrically and functionally. In the first type of test, different
parameters like the supply current, timing parameters, etc. can be checked. A simple way to
establish the total dose threshold is by measuring the supply current to find out whether it
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exceeds the tolerable range. In the second type of test the function of the circuit is tested, e.g.
with write and read different bit patterns to a memory circuit.

The main purpose of the total dose test is to find the total dose threshold. This is the dose
under which the circuit fulfils the parametric requirements with necessary margins. There are
different margins that have to be considered in the total dose tests. First, because of the
uncertainties in the dose calculations the circuits have to be tested to a higher dose level than
they are calculated to be exposed to. The second margin is determined by the distributions of
the parameters of the tested components. This means that in the test not the device with the
�weakest� parameter that has been tested. Finally, in reliable applications like in satellite design,
extra design margin can be added and the maximum tolerated parameter shift can be set to a
lower level than in the data-sheet.

The SMART-1 DRAM was tested by gamma ray irradiation, and the supply current as well
as the memory errors were registered. It can be seen in fig. 3.1 that the tested chip was fully
functional even when the supply current had increased by 50%. At about 50 krad the number of
errors started to increase rapidly.
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Figure 3.1. The measured supply current and the registered number of write-read memory errors
in the DRAM of the SMART-1 satellite during 60Co irradiation.

Permanent errors can be partly cured by annealing. For the SMART-1 DRAM a 24 hour
room temperature annealing was performed. The supply current decreased from 1.0 mA to 0.7
mA as well as the number of detected errors, see fig. 3.2. The circuit, however, did not fully
recover.



29

0

50

100

150

200

250

300

0 5 10 15 20 25

Time [hour]

B
yt

e 
er

ro
rs

Figure 3.2. Write-read error rate during room temperature annealing of the SMART-1 DRAM
after 60Co irradiation.

For the DRAM of SMART-1 the total design dose was 20 krad and the safety margin was set
to 40 krad. The device parameters were within set limits at least until 48 krad. The more refined
calculation of total dose on orbit [7] shows that the expected total dose at locations in the
satellite where the DRAM will be placed is only 8.4 krad.

The performed total dose tests were reported in [Paper 1] and in [19], [20], [21].

3.4 LET measurement and the Weibull fit

To control the expected effect of heavy ion irradiation, experiments are performed at
accelerators where the working device is bombarded with ions. The energy deposition
capability of ions is called Linear Energy Transfer (LET) and is measured in MeV/mg/cm2. The
deposited energy might upset the device i.e. alter its state. The different bit patterns written to
the device might be changed by the radiation and then the memory content read is different
from the written value. The bit error cross section of a memory circuit is the probability that an
ion changes the memory content. It is calculated by dividing the number of errors by the
number of ions/cm2 shot on the device and the number of bits in the device.

The SEU cross section of memory chips vary over a large range. The sensitivity of
commercial devices is much higher than that of special radiation hardened circuits. This is
illustrated by table 3.1 compared to results presented in table 3.2. In table 3.1 the heavy ion
irradiation of a commercial SRAM (HARRIS HM-65642) is shown. In table 3.2 the results of
the irradiation of a radiation hardened SRAM (HARRIS HS-65647RH) is presented. In the
commercial memory circuits errors occur at low LET values while in the other one no errors
occur even at the highest available LET value, 248 MeV/mg/cm2. [27]
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Effective LET (MeV/mg/cm2) Bit error cross section (cm2)

2 6.0E-10

4 8.2E-8

5 2.3E-7

10 2.3E-7

Table 3.1. LET measurement of the HM-65642 bulk CMOS SRAM manufactured by HARRIS
bombarded with C and O ions.

Effective LET (MeV/mg/cm2) Number of errors

62 No errors

93 No errors

124 No errors

248 No errors

Table 3.2. Irradiation of HARRIS HS-65647RH radiation hard SRAM with 132Xe22+ ions. The
LET value of 62 was increased by tilting the chip relative to the beam.

To deduce the relation between ions with different LET values and the corresponding cross
section, several measurements are performed on the device. In each case ions with different
LET values are used and the error cross section vs. LET is measured. Under a certain LET
threshold no memory errors occur, regardless of the number of bombarding ions. This threshold
is illustrated in fig. 3.3. Above the threshold errors start to occur, and an increasing LET value
results in an increasing error cross section. At even higher LET values the error cross section
reaches saturation and a further increase of the LET value does not increase the error cross
section.

In order to parameterise and to make a standard description of the radiation results, the LET
curve is fitted with the so-called Weibull function. Such a parameterisation makes it easy to
compare different circuits and technologies. It describes the integral behaviour of the many
memory cells. They all have similar radiation properties, but they are not completely identical.
One is the weakest, there are many with properties close to average and there are some which
can withstand the radiation much better than the average.

The Weibull function from [28] (presented in fig. 3.3):
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The first parameter, A, is the saturation cross section, i.e. the cross section at high LET
values. At high LET values an error is caused if a sensitive region of the chip is hit. No error is
caused if the hit is at an insensitive part. Therefore this value represents the ratio between the
sensitive and insensitive area of the chip. If the LET is increased, there is no new part of the die
where errors are produced and consequently no increase in cross section occurs.

The second parameter, x0, is the threshold LET value. It corresponds to an error occurring
when the weakest cell is hit at its weakest point. In the region between the threshold and the
LET value where the cross section reaches saturation not all cells produce errors when they are
hit, only the weaker ones. If the LET value is increased in this region thresholds for more and
more individual cells are exceeded and consequently more and more cells will produce errors.
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The third parameter is w, the width of the distribution of the differential cross sections of all
the cells.

Finally s defines the type of distribution, if s=1 the distribution is exponential, if s=2 it is a
Rayleigh distribution, if s=4 it is a normal distribution and if s is large the distribution
approaches log-normal [28].
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Figure 3.3. The Weibull function with the same parameters as in fig. 3.7 using different scaling.
In this figure, the meaning of the different parameters are more easily observed, however the

other presentation is more frequently used.

Measurements of LET threshold and SEU cross sections were performed according to the
ESA requirement [29] on the DRAM circuit to be used on SMART-1. To determine the SEU
parameters for heavy ions due to their short range in the relevant energy region, the circuit had
to be decapsulated. MEFAS INC opened the plastic packaged DRAMs. In fig. 3.4 an open chip
is displayed. In front of the silicon die a metal structure is revealed, making the heavy ion tests
somewhat more difficult since a part of the sensitive area is shielded.

Figure 3.4. The open DRAM chip. The comb shaped metal structure in front of the silicon die is
visible.

The irradiation was performed at the heavy ion and proton irradiation test facility of the
accelerator laboratory at the University of Jyväskylä [30]. The ions were extracted from the
ECR ion source, accelerated in the JYFL cyclotron and the beam size was expanded by a thin
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Au foil and beam wobblers. To vary the LET value of the beam one could select between
several ions from a mixture, a �cocktail�, in the ECR source all having almost the same mass to
charge ratio. The samples were placed in a vacuum chamber (fig. 3.5) on a remotely controlled
movable holder (fig. 3.6). To further increase the effective LET value of an ion the samples
could be tilted relative to the direction of the beam and thus making the ion track in the sensitive
volume of the circuit longer. A CsI(Tl) scintillator with PIN diode was used to check the beam
uniformity by scanning the irradiation area prior to the measurements. In addition four
PIN-CsI(Tl) detectors were located at the edge of the beam to monitor the beam intensity and
homogenity during the irradiation.

Figure 3.5. The beam line and the measurement chamber at JYFL in Jyväskylä.

Figure 3.6. The DRAM mounted in the measuring chamber at JYFL.
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Three DRAM samples were tested with He, C and Si ions, all being present in the ion
�cocktail�. Because of the metal structure in front of the silicon it was not possible to tilt the
samples to further increase the LET value. A tilting would create an uncontrolled shadow of the
beam on the die. During the measurements SEU errors, the difference between the write and the
read pattern, were recorded. In fig. 3.7 the bit cross-section as a function of the LET value of the
ion is presented. Only a limited number of LET values were collected close to the threshold and
therefore the Weibull fit is based on too few input values and only serves as a help to determine
the LET threshold. Furthermore, the determination of the SEU cross section is uncertain due to
the metal structure in front of the die. Lead frame wires shadow part of the sensitive area of the
die, and the irradiated part is estimated to be only 40%. Without knowing the topology of the
circuit, the effect of these obstacles is unpredictable.
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Figure 3.7. The heavy ion induced SEU cross section function for the SAMSUNG DRAM
circuit. The Weibull parameters are: A= 8.9E-3 �m2/bit, x0= 0.2 MeV/mg/cm2

, w= 6
MeV/mg/cm2 and s= 4.

The heavy ion irradiation results for the DRAM are presented in [31].

3.5 Proton induced SEU and the Bendel fit

As described earlier, the van Allen belt is one of the environments where electronics is
exposed to proton radiation. If we calculate the deposited energy by direct ionisation the LET
value of protons is much lower than the LET threshold of most devices. For example 100 MeV
protons have an LET value between 0.006-0.007 on the first 10 mm of the path in silicon, while
a sensitive device seldom has lower LET threshold than 0.1 MeV/mg/cm2. Protons, on the other
hand, can cause nuclear reactions resulting in different secondary particles, some heavy and
energetic. These secondary particles might have sufficiently high LET value to cause a SEU.
So, instead of the direct energy deposition process of a heavy ion to matter, the proton
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interaction involves an extra step. This is the reason why separate tests are needed when protons
are constituting the major part of the radiation environment.

For satellite, electronics ESA prescribes a set of necessary test conditions. According to the
ESA specification [29] at least three samples have to be selected from the manufacturing lot to
be used on the satellite. The devices have to be irradiated with protons of different energies. A
statistically significant number of errors have to be collected during the irradiation. In the case
of insensitive devices a fluence of at least 1010 protons/cm2 has to be reached.

The result of the proton irradiation resembles that of the heavy ion tests as can be seen in
fig. 3.7 and fig. 3.9. The error cross section is plotted as a function of the proton energy. There
is an energy threshold, under which no errors are detected and after a rapid rise above the
threshold, the error cross section reaches saturation.

The proton irradiation tests for the SMART-1 satellite were performed at two sites, at the
The Svedberg Laboratory (TSL), University of Uppsala, Sweden and at the Accelerator
Laboratory of the Department of Physics, University of Jyväskylä in Finland (JYFL). The TSL
test site was more suited for the high energy protons and the JYFL for low energy ones. In both
cases the protons were accelerated in a cyclotron and directed to the chips to be irradiated. The
major difference between the two test sites is that at TSL the experiments are performed in air
whereas at JYFL in vacuum. The beamline at the TSL laboratory can be seen in fig. 3.8. The
proton tests at JYFL were performed in the same irradiation chamber where the heavy ion
measurements where done (fig. 3.5).

Figure 3.8. The DRAM test board in front of the beam exit window at TSL.
The irradiation in air was much simpler; no vacuum feedthrough was necessary and the

sample changes were less time consuming. On the other hand the sample holder system at JYFL
was especially designed with remote manoeuvrability. Other differences were in the beam
monitoring system. At TSL a fission break down monitor [32] was used while at JYFL a PMT
with a scintillator was applied to calibrate four PIN diodes with scintillators as described for the
heavy ion tests above.
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During irradiation the samples were filled with bit patterns and checked for errors. For this
purpose the setup described in the next chapter was used.

3.5.1 The Bendel function
The standard fit for proton irradiation data is the phenomenological Bendel relation [33]. The

one parameter Bendel function contains only one parameter the threshold A:
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This function gives a fairly good approximation of the irradiation results for some devices.
However for newer circuits with small feature size this approximation does not give a sufficient
description of the results. Therefore, the two parameter Bendel function was introduced [34]:
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Here A is the energy threshold as in the one parameter case and S is the saturation error cross
section.
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Figure 3.9. Summary plot of the proton irradiation results of the SMART-1 DRAM. Both the
one and two parameter Bendel functions are plotted.

In fig. 3.9 the SMART-1 DRAM proton irradiation results are presented with both the 1 and
2 parameter Bendel curves. The parameters for the two functions are A=40MeV in the one
parameter Bendel function [22] and A=1.2 MeV; S=3.12·10-4·10-12cm2/bit in the two parameter
function [23]. There is a significant difference in threshold between the two functions. If only
high energy data are available it is difficult to fit the data points with the two parameter
function. However the threshold difference is less important for estimates of the number of
errors. This is illustrated in fig. 3.10, where the proton flux is shown behind different thickness
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of shielding layers. The unshielded spectra rapidly rise in the low energy region, where the two
functions differ significantly. However if we look at the number of protons in the low energy
region of the shielded spectra the threshold difference is less significant. The electronics on a
satellite is always placed behind some shielding, in the SMART-1 case it is 5 mm Al for most
of the circuits.
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Figure 3.10. The proton flux on a satellite behind different thickness of Al shielding [4].

The results of the DRAM proton irradiation are presented in [Paper 1] and in [21], [22],
[23]. Similar proton irradiation tests were performed for the SRAM and FIFO circuit of
SMART-1. These results are presented in [Paper 1] and in [24], [25].

3.5.2 Multi Bit Error
An important goal of the tests was to look for Multi Bit Errors (MBU). A reaction caused by

a proton might upset not only one but several memory cells, or the reaction might take place
close to the control logic and upset that. In both cases two or more errors might be created in a
single byte or word. In principle two protons might also hit close to the same location.
However, taking into account the error probability and the proton flux in the space environment,
this type of event is highly unlikely. For SMART-1 the error correction code was designed to
correct only single bit errors. Double bit errors can be detected but not corrected and triple or
more bit errors may even remain undiscovered in unfortunate cases. If they are not detected, the
memory is left with corrupted data. Out of nearly 5000 errors during all the measurements of
several DRAM samples, a total of three MBUs were registered. During the satellite mission the
detected MBUs will be corrected by rebooting the system. This is a standard and acceptable
procedure.
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3.6 Memory errors during the SMART-1 mission

The aim of the SEU irradiation tests was to determine the number of errors expected on the
orbiting SMART-1. The Cosmic Ray Effects on Microelectronics (CREME96) software [35]
was used to combine the irradiation test data and the expected radiation environment. The input
parameters were the SEU test results and the orbit parameters and the output was the number of
SEUs expected in the orbit. However the SMART-1 orbit is not a common one, so it had to be
approximated by similar standard orbits which were defined in the software.

Three Geostationary Earth Orbit (GEO) environments were considered, the GEO quiet
environment, the GEO worst week environment and the GEO peak 5 minute environment [13].
The GEO quiet will be the nominal environment after the satellite have left the radiation belts of
the Earth. The GEO peak 5 min. environment corresponds to a solar flare situation which is
expected to occur only once or twice during the mission and is expected to last for a couple of
days. The calculated number of SEUs/day for the different environments can be seen in
table 3.3.

Environment DRAM [SEUs/bit/day] FIFO [SEUs/bit/day] SRAM [SEUs/bit/day]

GEO quiet 3.4E-8 2.8E-7 2.2E-7

GEO worst week 3.7E-6 3.6E-5 2.8E-5

GEO pk 5 min 3.1E-5 3.4E-4 2.7E-4

Table 3.3. The expected number of SEUs for different SMART-1 environments [13]. The error
values are the sum of the single and multi step SEUs caused by heavy ions and protons,

respectively. The assumed depth of the sensitive volume is 1 �m.

The number of SEUs is acceptable if the Error Detection And Correction (EDAC) system
will be able to correct the errors before their number gets so large that the chance for an MBU
becomes high. Except for the worst case solar flare environment the EDAC is expected to be
able to correct all the errors. During high solar flare activity the system can be shut down.
Taking into account that only a few such occasions are expected and that they will last only a
short period of time, this shutdown will not harm the mission.

3.7 Neutron measurement with silicon detectors

As described earlier in subsection 2.1, neutrons are present in the atmosphere and might
cause SEUs. One can expect that similar problems might occur at ground level, as well. Also in
future high energy physics detectors neutrons will be one of the components of the radiation
environment. To make a step towards the understanding the neutron induced SEU, the role of
the Si as a substrate and of the construction material in the package, neutron irradiation
experiments were performed. A silicon solid state detector setup was used to register the
neutron reaction products, and the obtained results were compared to SEU tests and also to
simulation data, [Paper 2].

In fig. 3.11 this detector setup is presented consisting of four Si detectors. Det1 was 200 �m
thick and served as an active target, the neutrons produced reactions in the Si material, just as in
the silicon of a chip. Therefore, at the same time when a reaction took place in the detector, it
also gave a signal. The 50 �m thick transmission type Det2 together with Det3 and Det4 formed
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two telescopes. These telescopes were used to identify the particles from the active target based
on the standard �E-E method.

entrance
window
(3 mm)

(50   m)µ

(200   m)µ

det4 (500   m)µ

det3 (500   m)µ

4.5 cm

n-beam

3 cm 1 cm 8.5 cm

det1

det2

Figure 3.11. The detector setup [Paper 2].

The detector setup was placed in a vacuum chamber and irradiated with the neutron beam at
the TSL neutron beam facility, Uppsala, Sweden [36]. The neutrons caused reactions in the
active target and the products having sufficient energy to leave the target could be detected in
the telescopes. The amplitude of signals from the detectors were digitised by ADCs and their
times of arrival were determined by TDCs. The schematics of the data taking setup is presented
in fig. 3.12.

Figure 3.12. The schematics of the data-taking setup.

The energy and time information was saved on an EXABYTE tape for later off-line analysis
if the following trigger condition was satisfied:

(Det1*Det2)+((Det1+Det2)*(Det3+Det4)).
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If the first two detectors (Det1 or Det2) fired that meant a charged particle was created in
Det1 or a charged particle entered Det1 originating from an earlier process. Both kinds of events
were recorded for further analysis. The second part of the trigger condition was valid if there
was a hit in one of the �E detectors (Det1, Det2) in coincidence with a hit in one of the E
detectors (Det3, Det4).

The neutron beam was produced in the 7Li(p,n)7Be reaction by 80 MeV protons from the
TSL cyclotron. The lithium target was 4 mm thick. The protons and the other charged species
from the target were deviated to a beam dump by deflecting magnets. The neutrons produced in
the target were collimated and let into the experimental area, the �Blue Hall�. The diameter of
the beam was approximately 9 cm at the experimental site with an intensity of the order of
3·104neutrons/s/cm2.

The beam was quasi-monoenergetic, 50% of the neutrons were within 1 MeV of the nominal
beam energy, the rest of the neutrons were distributed evenly up to the nominal energy. In the
off-line analysis the background caused by the low energy neutrons was subtracted by using the
time-of-flight (TOF) information. The proton beam from the TSL cyclotron that was used to
create the neutrons was pulsed. The time between the pulses was 58 ns.

The distance between the production place of the neutrons and the experimental equipment
was about 13 m. On such a long distance the flight time difference of the neutrons with different
energies is measurable. The time difference between the detected neutron reaction products in
Det2 and the RF signal (which is time correlated with the proton pulse) can be seen in fig. 3.13.
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Figure 3.13. The time difference between the neutron reaction products and the RF signal.

The first sharp peak is an effect of the time measuring arrangement. The second region, a
broader peak, corresponds to the highest energy neutrons. The third flat distribution is caused by
lower energy neutrons. In addition, the whole spectrum is contaminated by slow neutrons
created by previous proton pulses.

The data from the detector telescopes were analysed by the MIDAS program [37]. In
fig. 3.14 the Det2-Det3 matrix with the condition Det1>0 is presented. Five particle curves can
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be identified in the matrix; proton, deuteron, tritium, 3He and alpha. Alpha particles deposit an
increasing amount of energy until they reach the rear side of the detector. After that a further
increase of the kinetic energy gives a decreasing energy deposition in the thick detector. The
punch-through effect in Det3 can be seen on the alpha line, after it is �going up�, it �turns
back�.
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Fig 3.14. Det2- Det3 matrix with the condition Det1 gave signal.

There are some events above the alpha line but they do not form a line. Det2 is too thick to
let particles heavier than alpha go through, therefore these energetic events are therefore most
probably a result of multiple hits. Thresholds were applied to every detector to suppress the
electronic noise. The effect of these thresholds can be seen in the matrix at low energies in the
form of a sharp edge. Unfortunately, these thresholds severely limited the detection efficiency
of high energy protons. Particle gates were set around the different lines in the matrix to
determine the number of hits. In some regions it was difficult to separate the lines.

As mentioned above and stated in [Paper 2] no particles heavier than alpha could be
identified. These unobserved particles are important for the creation of SEU. The detectable
particles in the experiment were modelled by simulations. In this way the simulation was used
to estimate the number of the heavier particles.

The GEANT [38] program was used to make Monte-Carlo simulations of the experimental
setup and determine the spectra of secondary particles. A comparison between the experimental
and simulation results are presented in table 3.4 and in [Paper 2].
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Particle Experiment Simulation

Alpha 1.000(17) 1.00(7)
3He 0.172(44) 0.042(15)

Triton 0.336(34) 0.30(5)

Deuteron 0.618(41) 3.03(5)

Proton 0.598(42) 170(12)

Table 3.4. Relative intensities for the different particles obtained from experimental and
simulated energy spectra.

There are quite large uncertainties in the number of detected neutrons. In order to eliminate
this effect, the number of alphas were set to 1.00. The reproduction of the triton yield is good.
The agreements of the number of 3He and deuterons are within acceptable limits. The poor
proton resemblance can be explained by differences in the applied thresholds and by poor
efficiency for high energy protons.

It is extremely difficult to compare the neutron induced SEU cross section with a result from
a detector experiment of the type described above without a detailed knowledge of the design
and layout of the component [39]. In an attempt to find out the relevance of the interpretation
and estimate the cross section, SEU measurements were performed with neutrons using the
IDT7164 SRAM memory chip. The reason for selecting this 64 K CMOS memory circuit is its
well-documented behaviour in radiation environments and its high sensitivity to radiation,
which compensated somewhat for the low neutron flux. The method of SEU cross section
measurement was developed earlier and described in [Paper 5]. The result of the measurement
performed at the TSL neutron beam is compared to the detector experiment described above. In
the neutron induced SEU experiment 30 SEU errors were detected during a three day run. This
corresponds to 15 SEU errors for the same amount of neutrons as in the detector experiment.
The surface of the chip was 0.5 cm2 and its active thickness was estimated to 5 �m, one fortieth
of the thickness of the active target, Det1. The saturated device cross section for heavy ions, i.e.
the integral SEU cross section for all the 64K memory cells, was measured to be 0.1 cm2 [40].
This means that the memory chip reacts for only 10% of the events for high LET particles. If
the particles have lower LET values but still are over the LET threshold then this ratio is much
lower than 10%. This gives a lower limit of approximately 104 events deduced from the SEU
experiment.

It is interesting to compare this value with the result of the active target detector experiment.
Above the alpha line in fig. 3.14 about 200 scattered events were detected. If we calculate the
solid angle of the detector telescope only 1 of 300 such events is registered, resulting in total of
about 6·104 events. This value is only an upper limit since the detectors were placed in the
forward direction where the number of emitted particles is higher.

A possible source of SEU is the heavy recoils after a light particle is emitted. These heavy
recoils have short range but are highly ionising and deposit their energy close to the place of
their creation. Therefore, these particles are the prime candidates for triggering of SEU. For
instance, Mg ions as shown in the simulations are produced in relatively large quantities. A non-
negligible fraction of these particles deposit energies above the LET threshold (3 MeV/mg/cm2)
and consequently cause SEU errors. Although, these Mg and other heavy ions are far below the
detection limit for any telescope experiment, their associated particles from the nuclear reaction,
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like alphas, should be detectable. This might be the only realistic way to detect the heaviest
fragments from neutron induced reaction on silicon.

3.8 Heavy ion measurement at CRYRING

As mentioned earlier, at JYFL ions with LET values up to 62 MeV/mg/cm2 in silicon are
available. At CRYRING beams with higher LET values (90-110) have been accelerated. From
this point of view CRYRING is ideal heavy ion test site for radiation hardened devices.

However, there are two major drawbacks at CRYRING. The first obstacle is that the beam is
lost when it hits the target, since CRYRING is a storage ring and it is not equipped with an
extraction facility. Therefore, a special extraction setup was constructed using a gold foil to
scatter the accelerated particles. This setup and its ion monitoring system are described in
[Paper 3].

The other major problem is that CRYRING has an eXtreme Ultra High Vacuum (XUHV)
system since it is a storage ring. The consequence is that commonly used components are
excluded from building the sample holder; no plastic sockets, no soldering, no tin plated pins
are allowed in the ring. The constructed sample holder can be seen in fig. 3.15. Another
consequence of the XUHV is that when a new component is introduced to the measuring
position, it requires a brake of the vacuum followed by a several day long �baking� procedure.

Figure 3.15. Photograph of the special chip socket made for the XUHV conditions.

The SEU measuring setup and some results obtained at CRYRING are described in more
detail in [Paper 4].
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4 Technical description of the SEU test
setup

The basic idea behind a memory test is to fill the memory cells with a bit pattern, then read
the content and compare it to the original patterns. In a normally functioning memory, the cells
�remember� their original values and no difference will be detected. However, for an irradiated
memory this type of test is necessary. The irradiation might change the memory content or it
might even damage some cells. Thus the aim is to detect the frequency of changes or damage
caused by the radiation.

During the test the memory is filled with various carefully selected bit patterns. The need for
careful selection is illustrated in fig. 4.1 where the error history of an irradiation of a
HAF6167R ABB HAFO memory is showed. The errors where �1� is found instead of �0" and
the errors where �0� is registered instead of �1� are displayed separately. The two types of
errors have different probability because of the asymmetric layout of the memory cells.
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Figure 4.1. Development of 1�0 and 0�1 errors in HAF6167R memory irradiated with
290 keV/A 40Ar ions [41].

In real applications the probability that the memory stores 1-s and 0-s is equal. The bit
pattern therefore has to be balanced, like the 55H, AAH, A5H, 5AH patterns or one memory
location FFH, the next one 00H. (e.g. 55H means 01010101B stored at an 8 bit data location.)
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Different bits in a byte may be radiation sensitive to a different degree, so to further balance
them, the test patterns have to alternate, for example A5H and then 5AH in the next test cycle.

In SEU tests no permanent failures are expected. Therefore the whole memory can be filled
with one single bit pattern in each cycle. However in total dose tests, a failure of the control
circuit may also occur and in certain cases the address logic might fail as well. This can not be
detected if the whole memory contains the same pattern. It can, however, be observed if a
number of consecutive memory locations (2, 4, 8,�) are filled with one pattern and the next
array is filled with its complement.

To be able to separate permanent and temporary errors the so called Dynamic test is used.
The write and read operations are performed immediately after each other, and during that very
short time the chance that the irradiation will change the memory content is negligible. So, if an
error is detected it is considered to be a permanent or semi-permanent error.

In the Static test the memory content is read back after a certain time, like 0.5 min - 10 min.
During this time period the circuit is irradiated and the radiation might change the memory
content and errors can be detected. If permanent errors are present they will be disregarded
since they are known from the Dynamic test.

4.1 SRAM and FIFO tester

The main part of the setup is an IBM PC. It generates the signals necessary for the memory
handling via a PC64I/O card. For practical reasons, the PC is placed outside the irradiation cave
and separated from the memory circuit to be tested by a 30 m long cable. A transceiver and
receiver board is used to transmit the signals through the long cable. The irradiated memories
are placed on a memory test board. A more detailed description of the setup is included in
[Paper 5].

A program running on the PC generates the necessary signals via the PC64I/O. Different bit
patterns and different irradiation periods can be selected in the software. The program fills the
memory with the first bit pattern, then waits the defined time and finally reads the memory
content. If the written and read values differ, the expected values, the received values, the
address of the error and the time-stamp are saved in a logfile. This can be further analysed off-
line and compared to the irradiation logs.

The SRAM and the FIFO setups are very similar except for the memory test board. In
addition the software had to be modified to adapt to the difference in size and organisation of
the two types of chips.

4.2 DRAM tester

DRAM memory circuits need, contrary to SRAM circuits, refresh signals to maintain the
consistency of the memory. The relatively fast timing of the refresh signal (every 16 �s) does
not allow the propagation through a 30 meter long cable. One solution could have been to place
an external refresh logic close to the irradiated circuit, however this method was considered to
be too complicated. For example the refresh circuit has to be shielded. The adapted solution was
to use a PC with a 386 processor and to let the DRAM circuit be one of the memory units of the
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computer. In order to be able to separate the irradiated memory from the rest of the computer
which obviously must not be irradiated, one of the SIMM memory modules was extended by 60
cm cable using line drivers/receivers.

The computer was placed outside of the halo of the beam and was shielded by lead bricks. It
was operated from outside the irradiation cave using a keyboard-video extender. The picture of
the setup can be seen in fig. 4.2.

Figure 4.2. The picture of the DRAM test setup at the TSL.
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5 Other radiation hardness tests

5.1 Photomultiplier tubes

The forward calorimeter [42] of the CMS detector [8] of the future accelerator LHC at
CERN will consist of thousands of optical fibers embedded in large absorber blocks. The fibers
are oriented parallel to the LHC beam and the particles originating from the beam collisions will
create showers in the block. The charged particles in the shower will generate light if they have
higher energy than the Cherenkov threshold. This light will be detected by photomultiplier tubes
(PMT) attached to the optical fibers. The radiation originating from the beam collisions will
deteriorate the properties of both the fibers and the PMTs. The radiation damage of the fibers
will cause darkening. Irradiation tests of different quality fibers were performed and the results
are described in [43].

The PMTs of the forward calorimeter were tested with neutrons and photons at ATOMKI
facility in Debrecen, Hungary. These two types of radiation were identified as the two major
components of the environment. Also neutron activation of the different materials of the PMTs
will contribute to the radiation damage. Therefore activation analysis were performed with
En < 20 MeV neutrons at ATOMKI. The results of the tests of the PMTs are described in
[Paper 6].

5.2 Components of the Barrel Alignment Monitor of the
CMS detector

The huge CMS detector of the LHC accelerator will suffer from different mechanical
deformations. These are expected to be larger than the size of each detector element and the
Barrel Alignment Monitor (BAM) system [44] is designed to keep track of these movements.
Part of the BAM system will be placed inside the detector where it will be exposed to
irradiation of different particles. Therefore irradiation tests were performed on some
components for the BAM system. The BAM is not involved directly in detecting radiation from
the beam collisions inside the detectors, but it plays an important role for detector alignment.
Rigid mechanical supports are constructed to hold the position of the monitoring system which
will give information on the exact position of the different parts of the detector. About ten
thousand LEDs will be mechanically fixed to critical points of the detector. Video cameras will
be mounted on the rigid mechanical system to record images of the LEDs. By determining their
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positions it is possible to reconstruct the co-ordinates of the detector element it is attached to.
High precision is required. The position of one component of the detector, the sensing wires of
the barrel muon chamber, has to be known with a precision of 75 �m.

Industrial PC104 board computers will grab the pictures of the cameras and will determine
the exact position of the LEDs. The co-ordinates will be transmitted to the control room through
a fast link. The controller will also determine when the LEDs have to be on or off via a
PIC16F84 microcontroller from MICROCHIP. The PIC communicates with the controller via
I2C bus and sets the current of the LEDs through a LED driver chip.

Several BAM components were radiation tested. These were the LED, the LED driver chip,
the PIC microcontroller, the video camera and the lens of the camera. The passive components
in the circuit are not expected to be radiation sensitive and the local PC104 controllers will be
placed outside the radiation environment. The tests were performed at ATOMKI (Debrecen,
Hungary) with a broad spectrum of neutrons with energies up to 20 MeV [45]. The PIC
controller and the LED drivers were also tested with 180 MeV protons at TSL, Uppsala.

The results of the tests are published in [Paper 7]. Minor changes of the properties were
detected during the irradiation but all the components were found to be suitable for the CMS
environment where they will operate for 10 years.

5.3 Web camera for nano-satellite use

Hugin [46] and Munin [47] are two Swedish satellites with much smaller size than the
previously described SMART-1. Both satellites have a total weight of 5 kg. The purpose of
these nano-satellites is similar to that of SMART-1: To test some new design ideas in space
conditions. They also serve as laboratory exercise tool in space. The advantage of such small
satellites is that their cost is low and the design and launch time is relatively short. Therefore
small scientific groups can manage to participate and build it. Munin was launched on the 21st

of November 2000 while Hugin is still in its test phase.

Both satellites have a grey-scale QuickCam camera [48] on board. QuickCam is a small,
light weight and cheap camera intended for PC web applications. It has 320×240 pixels, 64
greyscale levels and it can be read out via the parallel port of a computer. The camera used on
the satellites are somewhat modified. The plastic housing is replaced by an aluminium case. The
camera on board the Munin satellite has taken several pictures of the Earth, like the one in
fig. 5.1. Also the effect of high energy particles can be seen as in fig. 5.2.
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Figure 5.1. Picture of the Stockholm region taken by the Munin satellite [47].

Figure 5.2. Picture taken by the Munin satellite. The long lines are interpreted as the effect of
high energy particle hits [47].

One camera of the type intended to be used on the Hugin satellite was tested with 130 MeV
protons at the TSL laboratory in Uppsala, Sweden. The camera was placed in the middle of the
proton beam and every 2 seconds a picture was saved on hard disk for off-line analysis. The
picture with beam off can be seen in fig. 5.3 and with beam on in fig. 5.4. A special �snowing�
effect can be detected as a result of the irradiation. These errors are temporary errors, they
appear at different places in each picture and after switching off the beam, they vanish. To
quantify the number of errors one can subtract two consecutive pictures from each other, an
example is shown in fig. 5.5.
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Figure 5.3. Picture taken by the QuickCam with beam off.

Figure 5.4. Picture taken by the QuickCam during proton irradiation.

Figure 5.5. Difference between two consecutive pictures taken during irradiation.
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Figure 5.6. Distribution of the number of pixels changed during irradiation.

In fig. 5.6 the errors distribution is displayed. It shows the frequency of pixels as function of
number of errors. To define an error for a picture is not as easy as for memories. A pixel close
to a limit of a certain greyscale level can easily be changed due to many reasons apart from
radiation. Similarly, a slight light-intensity variation can change the greyscale value of a pixel.
Therefore the method applied counts the number of pixels that changed more than 3, 4 or 5
greyscale levels between two consecutive pictures. The result of this analysis is summarised in
table 5.1. These numbers contain the errors created in both the first and the second picture used,
so in average that number is the double of the errors created in one picture. The number of
protons during 2 s of radiation was stable throughout the 3 minutes of irradiation. The error
cross section of a pixel was calculated similarly as the cross section of errors in memory
circuits. The obtained values are included in table 5.1.

Change of
greyscale steps

Number of pixels
changed

Error cross section

(cm2/pixel)

>3 13% 1.09·10-7

>4 9-10% 8.35·10-8

>5 6% 5.01·10-8

Table 5.1. Cross section of errors in the QuickCam irradiated by protons.

Hugin and Munin satellites are described in [Paper 8] in more detail.
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6 Scintillation detectors

6.1 Properties

Scintillation detectors [1], [2] convert part of the energy of the incoming radiation to
scintillation light. There are several requirements on a material which is used as a scintillator:

� The conversion of deposited energy to scintillation light should be efficient and linear.

� The decay time of the light of the scintillator should be as short as possible, to be able to
expose the detector to a high count rate and to enable fast timing.

� The material must have good mechanical properties to facilitate detector manufacturing.

� The wavelength of the emitted light should suite the optical properties of the scintillator
material and the light detection devices (PMT, photodiode).

There is of course no scintillator material with all the parameters being optimal. Therefore
the requirements of the application determine which the most important parameters are and thus
the selected scintillator. A summary of the main parameters of the most frequently used
inorganic scintillators together with some newly introduced ones are presented in table 6.1.

NaI(Tl) is one of the oldest and most widely used inorganic scintillators. Its light yield is one
of the highest of all scintillators. The decay time is medium fast, therefore it is less suitable for
fast timing applications. The mechanical properties of NaI are reasonably good, however it is
hygroscopic and consequently it has to be encapsulated.

The light yield of CsI(Tl) is higher than that of the NaI(Tl) but the light is emitted in the red
region where most of the PMTs are less sensitive. However, using photodiodes the higher light
yield can be utilised. The gamma-ray absorption coefficient is also higher than that of NaI and
the mechanical properties are also better. It is only slightly hygroscopic. An interesting property
of CsI(Tl) and many other scintillators is the presence of more than one decay modes with
different decay times [49], [50]. The relative intensities of these are dependent on the type of
radiation that is absorbed. By using pulse shape discrimination techniques it is possible to
determine the type of particle that hit the detector.

The high density and the large atomic number of Bi makes the probability of photon
detection in BGO (Bi4Ge3O12) the highest among the commonly used scintillators. The
drawback of BGO is its low light yield and its poor timing property. The main application of
BGO is where a dense crystal is required, like in commercial PET and Compton shield
applications.
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The scintillation light from BaF2 has two components, one slow with 630 ns decay time and
a very fast one with 0.6 ns. The latter was discovered lately [51] as it is emitted in the UV
region where the optical coupling to standard PMTs absorbed most of the emitted light. The fast
component can be utilised in sub-nanosecond timing applications. The BaF2 is a medium Z
material. The ratio between the light yield of the fast and slow components is particle type
dependent and can be used for particle identification.

Yttrium Aluminium Perovskite doped with Cerium (YAP(Ce)) is a relatively newly found
scintillator with some very good properties. Its short decay time and its relatively high light
yield makes it a good candidate for high count rate and good timing applications [52]. It has
also good mechanical properties. YAP(Ce) is exceptionally hard and non-hygroscopic.

An other, still not commonly used scintillator is ZnSe(Te). It has high conversion efficiency
and high radiation and thermal stability. ZnSe(Te) has long decay time and its emission spectra
is suitable for photodiodes.

Parameters NaI(Tl) CsI(Tl) BGO BaF2 YAP(Ce) ZnSe(Te)

Number of
photons/keV

38 54 8-10 1.8

10

18 28

Decay time
(ns)

250 800

6000

300 0.6

630

27 1000-3000

� (nm) 415 565

420

480 220

310

370 610

��(g/cm3) 3.67 4.51 7.13 4.88 5.55 5.42

Time resolution

E�>1 MeV (ns)

0.35 - 1.0 0.08 0.16 -

Chemical
properties

Hygroscopic Slightly
hygroscopic

Inert Inert Inert Inert

Table 6.1. Main parameters of some common inorganic scintillators [53] and [54].

6.2 Light yield measurements with heavy ions

An ideal scintillator should have a light output proportional to the absorbed energy.
However, in reality most scintillators have nonproportional response at MeV energies and this is
the energy domain where heavy ions are often have to be detected. The deviation from linear
energy response of three scintillators (YAP(Ce), BaF2, ZnSe(Te)) have been investigated. The
reason for selecting YAP(Ce) and BaF2 for use in CRYRING was their good XUHV properties.
For experiments at CRYRING there is a need for a radiation hard stationary detectors which can
handle a variety of particles and energies. The ZnSe(Te), on the other hand, has slow time
constant, but it was found to have linear energy response for gamma radiation [55]. For
comparison, CsI(Tl) has also been included in the test.
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 The scintillators were exposed to ion beams at the Tandem Laboratory in Uppsala, Sweden.
The YAP(Ce) and BaF2 scintillators were coupled to PMT-s. The light emitted by ZnSe(Te) is
in the region of 610 nm, therefore a PIN diode was more suitable as light detector. The linearity
of the light output vs. different ions was studied. ZnSe(Te) found to be the most linear of the
three scintillators. On the other hand YAP(Ce) exhibited a highly non-proportional behaviour.

The results of the above investigations are described in [Paper 9] and [Paper 10].

6.3 Application of scintillators

As mentioned above the main purpose of the investigations of inorganic scintillators were to
test and verify their properties for using as detectors of ions in the CRYRING. The detectors in
CRYRING has to fulfil two serious constraints, they have to comply with the XUHV
requirements in the ring and they have to be radiation hard. To replace a broken detector takes
several days.

The major principle of detectors based on scintillators in CRYRING is that the detector
crystal is either mounted as a window or it is placed inside the vacuum. In both cases a PMT
detects the light generated by particles in the scintillator. If the window type detector is used the
PMT is attached to it outside vacuum. In the other case direct contact is not possible, but an
optical system directs the scintillation light to the PMT. The particles detected by these
detectors are deviated from the beam in the storage ring, either by a gold foil �scraper�
[Paper 3] or by charge exchange.

In both cases the crystal is part of the CRYRING vacuum system. Therefore it has to be able
to withstand the regular �baking� procedures (~300°C). Materials that outgas can not be used in
XUHV. Since the PM tubes are placed outside the vacuum the detector system can be separated
and only the scintillator crystal has to fulfil the vacuum requirements.

An other important advantage of inorganic scintillators is their ruggedness. It seems that
BaF2 and YAP(Ce) are relatively insensitive to radiation and can be exposed to the CRYRING
beam for a very long time. This property is in contrast to the very short lifetimes observed for
solid state detectors, sometimes only a few hours.

Two scintillator materials were used in CRYRING, BaF2 and YAP(Ce). Standard vacuum
windows were manufactured from BaF2 by HARSHAW. The advantage of BaF2 was that fast
timing applications were possible. However extra care had to be taken during the mounting
process as the BaF2 might cleave.

A detector system based on BaF2 window was used for monitoring the number of particles
during the heavy ion irradiation described in Chapter 3. The monitoring system is described in
[Paper 3]. BaF2 windows were used for several applications and the results are described in
[Paper 11] and in [56].

Also a more advanced detector system based on YAP(Ce) which can be manipulated from
outside the XUHV of CRYRING is described in [56] and [57].
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7 PET

A Positron Emission Tomograph (PET) was constructed at the Royal Institute of Technology
(KTH) for educational purposes [Paper 12], [58], [59]. The device is used to demonstrate for
university students how PET systems work with special focus on the Time-Of-Flight (TOF)
method. The main features of the KTH TOF-PET system is found in table 7.1.

Number of detectors 48

Scintillator material BaF2

Size of scintillator 15 mm diameter, 20 mm height

PMT Hamamatsu R2076

Size of detector ring 734 mm diameter

Number of detector rings 1

Time resolution of two detectors in coincidence 340-500 ps

Table 7.1. Main parameters of the demo PET.

The basic idea of a PET is to detect the two photons which originate from positron-electron
annihilation. In commercial devices for clinical application [60] the two photons are detected
using thousands of scintillator detectors placed in several rings. The presently described
demonstrator is built with 48 detectors in one ring. The KTH TOF-PET is an instructive and
�transparent� setup and in spite of the low number of detectors, it is possible to collect data and
reconstruct PET images. In order to demonstrate how the TOF method improves the PET
image, the fast BaF2 scintillator was chosen as detectors.

In a conventional PET, the two annihilation photons hit two detectors and define the line
along which the annihilation occurred. The intersections of many detected lines determine
points of annihilation, i.e. the position of the positron emitting source. By measuring the time of
flight difference between the two photons it is possible to restrict the annihilation point along
the line of the emitted photons to a narrower region between the two detectors. However, the
time resolution of the KTH TOF-PET is not sufficient to improve the spatial resolution
significantly. It helps only to increase the signal to background ratio in the reconstructed image.
The diameter of the detector ring is 734 mm and the time resolution of two detectors in
coincidence varies between 340 and 500 ps.

To be able to use the TOF method the time between the arrivals of the two annihilation
photons has to be measured using a low time jitter readout electronics. The block diagram of the
electronics of the KTH TOF-PET can be seen in fig. 7.1.
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Figure 7.1. The block diagram of the electronics [Paper 12].

The noise in the detectors and signals from the Compton scattered photons is discriminated
by high speed Constant Fraction Discriminators (CFD) [61].

A commercial Time-to-Digital-Converter (TDC) by CAEN was selected [62] to register the
coincidences and to measure the time between the coincident signals. A dedicated PET Logic
Unit (PET-LU) was designed and constructed and serves three purposes. It produces the
START and the STOP signals for the CAEN TDC. Finally it encodes detectors that were hit.
The START is an OR of all the incoming detector signals and it starts all TDC channels. The
TDC has 8 STOP inputs. The 48 detectors have to be mapped to the 8 STOP inputs, so signals
from 6 adjacent detectors were OR-ed. This solution does not eliminate any true annihilation
event because none of the neighbouring detectors can coincide when an annihilation point is in
the field-of-view of the PET camera.

In the PET-LU different time delays were added to the different channels in the group of 6.
In this way the channel number is encoded by the time information; the 10 ns, 20 ns, �, 60 ns
passive delay lines give a time delay specific to each channel. Since the time difference between
the arrival of the two photons is less than 2 ns the application of a constant delay does not
disturb the measurement of the time difference.

The first hit detector starts all 8 channels of the TDC and both the first and the second
detectors stop the corresponding TDC channel. The rest of the 8 channels are stopped after
overrange. The time in the starting channel is equal to the delay specific for the corresponding
detector channel and the time in the other channel is equal to the delay for that detector channel
plus the time difference between the two hits. The time delay through a passive delay line might
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differ from its nominal value, but remains constant, thus the exact value can be measured. In
this way it is possible to determine which detectors were hit and to confine the position of the
positron annihilation by using the measured time difference.

The effect of the delay lines can be seen in the time spectrum of single photon hits (fig. 7.2).
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Figure 7.2. Single photon time-spectrum for six adjacent detectors. (The time scale is in
nanoseconds.) The 10 ns delays between the peaks are the effect of passive delay lines in the

read-out channels. The spectrum expanded around one channel is also shown.

As mentioned above, 6 adjacent detectors are grouped by using OR functions. Both the 48
and the 6 OR-s are realised by Motorola ECLIPS logic [63], [64]. This type of logic has
sufficiently low propagation delay and time jitter, to be used in a fast timing application. To
decrease the number of IC-s, part of the OR-s were realised by the so called wired OR. Two
outputs are connected to each other forming the OR. However there are constraints when this
technique is used, therefore only OR-s with two inputs are utilised in this way. The printed
circuit board has 4 layers. The signals are routed on the top and bottom layers. The two middle
layers are used for the GND and -5.2V.

The TDC is read out by a VME computer and the data is transferred to a workstation through
a dual port memory. A program written in C and MATLAB is used to construct and present the
PET image.
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