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SAMMANFATTNING 
Kunskap om strålningseffekter på elektronik är av stor betydelse när en rymdfarkost 
designas. Detta eftersom strålningsmiljön i rymden kan påverka EEE komponenter på ett 
negativt sätt. I bästa fall kan effekten bli felaktiga mätdata, men det kan även resultera i att 
subsystem slutar att fungera och att hela projekt äventyras.  För att reducera denna risk 
testas elektroniska komponenter, vilka rymdklassas om de klarar testerna. Ett flertal företag 
och institutioner arbetar med denna typ av frågor. ”Component division ” inom ”Product 
assurance & safety department” vid den europeiska rymdorganisationen ESA är en av dem. 
 
Denna division testar och simulerar samtidigt som man övervakar projekt som berör 
elektroniska komponenter. Som en del i detta är ”Component Technology Test Bed” 
framtaget, med hjälp av denna ska man testa komponenter och verifiera de metoder som 
används när man testar på marken. CTTB kommer att användas under ett framtida ESA 
projekt. 
 
Olika typer av komponenter kommer att testas med CTTB och i denna rapport behandlas 
en av typerna, optokopplare.  
 
Mellan januari och slutet av juni 2006 gjorde författaren av denna rapport först en 
litteraturstudie på strålningsmiljön i rymden och dess effekter på elektronik. En föreslagen 
design av testsystem har utvärderats och förbättrats, prototyper har sedan konstruerats och 
testats. Applikationsspecifika testmetoder har skrivits utifrån de generella testmetoder som 
ESA har tagit fram. Testmetoderna undersöktes under en kortare testkampanj och förslag 
för förbättringar av testsystemet har föreslagits. 
 
Resultaten från testerna visade att mätsystemet för ”Current Transfer Ratio” fungerar bra, 
men att förbättringar för säkrare referensmätningar måste genomföras. Systemet för att 
möta läckströmmarna (”Dark current”) fungerar mindre bra eftersom det visar känslighet 
för doshastigheten. 
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ABSTRACT 
The knowledge about radiation effects on electronics is an important part in spacecraft 
design as the radiation environment in space may adversely affect EEE components. The 
effects can be corrupt data in the best case, but it can also lead to non-working subsystems 
which can hazard a whole mission. To reduce this risk are electronic components tested and 
qualified for space before they are used in missions. Many companies and institutions work 
with this kind of questions and the Components Division within the Product Assurance & 
Safety Department of ESA is one of them. 
 
At the Components Division are components tested, simulations made and missions are 
supervised in terms of electronic components. As part of this work is the Component 
Technology Test Bed developed, it will serve as a test bed for radiation effects. It will fly 
on future ESA missions and the main objective is not only to test components but also to 
validate the methods used during ground tests. 
 
Different type of electronics will be tested with the CTTB and in this report is one of them 
studied and the methods are evaluated. The report handles the optoelectronics part and in 
particular optocoupler devices. 
 
During the work from January to end of June 2006 the author of this report first made a 
literature study on the radiation environment in space and on radiation effects on 
electronics. A pre-proposed design for test boards has been assessed and prototypes have 
been built. From the general ESA test method specifications have more application specific 
test methods been made. The methods has been tested during a smaller test campaign and 
from the results has suggestions for further development been proposed. 
 
The measurement results for Current Transfer Ratio testing shows that the measurement 
system works well, but improvements for more accurate reference measurements has to be 
implemented. The Dark current measurement system shows a dose rate dependence which 
makes the results inaccurate. In-flight measurements of the Dark current will be hard to 
perform. 
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LIST OF ABBREVIATIONS 

This list of abbreviations includes all abbreviations used in this report including the 
documents in the appendix.  
 
ADC = Analogue to Digital Converter 
CASE = Californium-252 Assessment of Single event Effects 
COTS = Commercial Off The Shelf 
CTR = Current Transfer Ratio 
CTTB = Component Technology Test Bed 
DAC = Digital to Analogue Converter 
DD = Displacement Damage 
DDD = Displacement Damage Dose 
DUT = Device Under Test 
EEE = Electronic, Electrical and Electromechanical 
ESA = European Space Agency 
ESCC = European Space Components Coordination 
ESTEC= European Space Research and Technology Centre 
IO = Input/Output 
LED = Light Emitting Diode 
LEO = Low Earth Orbit 
LET = Linear Energy Transfer 
MEO = Medium Earth Orbit 
NIEL = Non-Ionising Energy Loss 
PET = Photonic Effect Testing 
PWM = Pulse Width Modulator 
QCA = Radiation Effects & Component Analysis Technique Section  
REF = Reference Sample 
SAA = South Atlantic Anomaly 
S/C = Spacecraft 
SEE = Single Event Effects 
SET = Single Event Transient 
TID = Total Ionising Dose 
TTL = Transistor-Transistor Logic 

TERMS AND DEFINITIONS 

This is a list of terms used in this report including the documents in the appendix; the 
definitions of the terms are here stated. 
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Cross-section: In the appendix used as the number of events per unit fluence. The unit will 
then be cm2. The saturated cross section is when an increase of LET does not result in an 
increased number of single events. 
 

Displacement damage: The disturbance of the semiconductor crystal by displacement of 
atoms from the lattice, the displacement is made by energetic protons or neutrons. 
Displacement damage is a non ionising effect and is to be distinguished from ionising dose. 
 
Fluence: The flux integrated over time and hence the unit is ions/cm2. 
 
Flux: The number of ions passing through a unit area perpendicular to the beam in one 
second. The unit is usually ions/cm2/s. 
 

In-situ testing: Electrical testing of devices which are physically located in the irradiation 
chamber. The measurements are made during or after the irradiation. 
 
Level of interest: The level of interest is a dose value that has a specific significance 
during the testing. This value may be the expected dose on a spacecraft or the specified 
limit for a radiation hardened component. For single event testing can the level of interest 
be a cross section, energy or LET that has a specific significance during the testing. 
 
Linear energy transfer (LET) or stopping power: The amount of energy deposited per 

unit length along the path of the incident ion. It is expressed in units of MeV⋅cm2/mg which 
is the energy per unit length divided by the density of the irradiated medium. 
 
Remote testing: Electrical testing of devices after removal from the irradiation chamber. If 
the devices have to be removed from their exposure sockets, then the leads have to be 
shorted together during transport. 
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1 INTRODUCTION 

The natural space radiation environment may negatively affect EEE components on 
spacecrafts. The effects will in most cases be corrupt data, but it may end up in non-
working subsystems which hazard a whole mission. To reduce this risk are components 
tested and qualified for use in space.  
 
When testing components a test environment similar to the real environment is wanted and 
to validate the test methods used during ground testing a payload for in-flight use is 
proposed. The Component Technology Test Bed is intended to fly on future ESA-missions 
and serves both as a test bed to qualify components and to validate the methods used. 
 
The purpose of this report is to assess and improve the previous design for the 
optoelectronics part of CTTB. It also includes development of test methods and tests using 
these methods. 
 
This report starts with background information on the natural space radiation environment 
and radiation effects on optocouplers in chapter 2. In chapter 3 is system design described, 
of which one of two boards has been tested so far. A description of the test methods and 
test plan documents included in the appendix can be found in chapter 4. A description of 
the data analysis methods follows in chapter 5, this chapter describes how measurements 
on ground and in-flight shall be treated and compared. The report ends with the results 
from Cobalt-60 tests made on COTS components.  
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2 BACKGROUND 

In order to understand the methods, procedures and design selected and evaluated in this 
report it is beneficial to have an understanding of the system application, the environment it 
will work in and expected environmental effects. In this chapter a brief description of the 
Component Technology Test Bed (CTTB) is given. The CTTB is an experimental payload 
consisting of a number of in-flight experiments of which one is studied and presented in 
this report. Subsequently, a general optocoupler design is presented for deeper 
understanding of the effects that can be induced by the natural space radiation environment. 
The natural space radiation environment is then presented explaining the selection of 
particular ground based characterisation and in-flight measurement methods. The in-flight 
dosimetry is presented to explain how the natural space radiation environment will be 
mapped and correlated to degradation effects. The effects of radiation on EEE 
Components, specifically optocouplers is presented following the natural space 
environment and in-flight dosimetry to illustrate how components are affected and describe 
their corresponding parameter changes. Non-ionising energy loss (NIEL) is presented as an 
important concept related to displacement damage effects. The chapter ends with a brief 
look on previous research in this field. 

2.1 Component technology test bed 

The CTTB is a scientific payload that is intended flown on ESA space missions. It 
measures radiation effects on microelectronics, the results will be used to validate radiation 
effects ground based test protocols and to evaluate radiation effects prediction models. The 
CTTB in-flight measurements are developed, to as far as possible, mimic ground based 
EEE component characterisation. Additionally, the CTTB is capable of autonomous 
operation and data storage for extended periods of time. 
 
The payload is built up of two units, one control system and one experiment pallet. The 
control system will be placed inside the S/C and consist of a data handling unit, a power 
conditioning unit and one experiment board. The experiment pallet includes five different 
experiment boards; the pallet will be placed outside the S/C for exposure to radiation. 
 
Devices that will be tested include linear devices, power devices, solar cells, digital 
electronics and optoelectronics. The experiment pallet with all devices will be located 
outside the S/C with free view to space and exposure to the radiation environment. Devices 
will both be tested for fast transient effects and accumulative long term effects [1]. 
 
The measurement methods, procedures and experiment design in this report are for one of 
the five experiment test boards, the optoelectronics test board. It has to be emphasised that 
due to time constraints and study nature, the prototype manufactured during this study does 
not fully follow the interface requirements for the CTTB. 

2.2 Optocouplers 

Optocouplers or opto-isolators are optoelectronic devices that convert electricity into light 
and back again providing a good electrical isolation. It is useful to use an optocoupler when 
controlling high current circuits with low current circuits; it significantly reduces noise and 
keeps systems electrically isolated. The most common optocoupler configuration consists 
of a LED as a light emitter and a phototransistor as a detector, between these there may be 
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air or a dielectric waveguide. The output current of the optocoupler is directly coupled to 
the input current of the LED part of the optocoupler.  

2.2.1 TYPES 

There are two different configurations for optocouplers that are commonly used, the 
sandwich structure and the lateral structure; the sandwich type can be seen to the left in 
figure 2-1 [2] and the lateral type to the right. They differ in efficiency and in sensitivity to 
radiation. 

 
Figure 2-1 - The two types of optocoupler configurations 

 
The sandwich structure is a direct coupling between the emitter and the detector, the LED 
is placed directly over the phototransistor with just a thin optical coupling material in 
between. The LED is of type surface emitting. 
 
The other type used, lateral structure, has the LED and the phototransistor placed besides 
each other and optical coupling is bound to the reflections in the silicon compound that 
surrounds them. The LED is of type side-emitting. They are easier to manufacture than the 
sandwich type and provides a higher voltage isolation but with the trade-off of decreased 
efficiency [2]. 

2.2.2 LIGHT EMITTING DIODE 

LED is a special type of diode; it has as regular diode a pn-junction and lets current flow in 
one direction but not in the other. The difference is that a LED emit photons when electrons 
and holes recombines which usually gives a red or infrared light, other colours are also 
possible with just a change of material [2]. 
 
To have an effective LED, the carrier recombination process in the material should have a 
high probability to produce a photon and the carrier lifetime must be long enough to allow 
the light to travel the distance to the detector. Direct bandgap semiconductors are better to 
use for LEDs and GaAs is a commonly used material. Direct bandgap means that the 
minimum of the conduction band is placed in space directly over the maximum of the 
valence band. This lets the electrons to easier move between the bands as they only need to 
change energy and not also position. 
 
LEDs can be constructed in a couple of different ways; the two most commonly used for 
those in optocouplers are the amphoteric and double-heterojunction types. The impurity 
dopant in the amphoteric type depends on the temperature and one can make a pn-junction 
by changing the temperature during the growth process. Heterojunction LEDs have a 
multilayer structure with the active region between two different types of semiconductor. 
The narrow active region allows higher frequencies than an amphoteric type, but the 
amphoteric has a higher output capacity. Figure 2-2 [2] shows the two types of LED 
constructions. 
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Figure 2-2 - The two most used types of LEDs  

 
One problem with LEDs in optocouplers is that the manufacturer often buys the LEDs from 
a third part company and do not specify all parameters for the LED. This gives an 
uncertainty when you want optocouplers with the same properties [2, 3]. 

2.2.3 PHOTODETECTOR 

The detector part of an optocoupler is usually built up with either a photodiode and a 
transistor or a phototransistor directly. For intrinsic semiconductors, the absorbed photon 
must have an energy larger than the bandgap of the material to produce excess carriers. 
When photodiodes are placed under reverse bias, they collect excess carriers by drift in the 
depletion region and diffusion outside the depletion region. A p-i-n photodiode has its 
intrinsic region depleted of carriers when a high reverse bias is applied, and then all carriers 
are collected by drift, hence an improved response time. 
 
It is also possible to use photocurrent in the collector base region of a transistor as a p-n 
detector and then use the gain to amplify it, this will give less stray capacitance and 
improved response time [2]. 

2.2.4 PARAMETERS 

The most important parameter of the optocoupler is the current-transfer ratio (CTR), which 
is the ratio between the output current from the device to the forward current in the LED, 
see equation 2-1. If the optocoupler has a simple transistor output one could say that the 
CTR is analogous to the gain for a bipolar transistor. But as the optical process lacks in 
efficiency, the CTR usually take values between 1 and 10, a value that is much lower than 
the gain for a bipolar transistor [2, 4]. 
 

F

C

I

I
CTR =  (Equation 2-1) 

 
The dark current or the leakage current is another important parameter; the dark current is 
the output current when no current is applied on the diode (e.g. grounded). In the testing to 
follow, this is one of two parameters that will be measured; the CTR is the other one. 
 
VCEsat is another important parameter and is the voltage across the collector and the emitter 
of the amplifier stage in the optocoupler, when the transistor is saturated. 
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Other parameters that could be of interest is Vfwd and IR, where Vfwd is the forward voltage 
across the LED and IR the reverse current through the photodiode under reverse bias [2]. 

2.3 The natural space radiation environment 

In order to understand the behaviour of an optocoupler exposed to radiation it is of deep 
interest to know the in-flight environment. Here follows a shorter description of the natural 
space radiation environment and in the following chapter a description of how it will be 
mapped in-flight.  

2.3.1 OVERVIEW 

The natural space radiation environment consists of electrons, protons and heavy ions 
amongst other particles; the electrons, protons and heavy ions can cause different types of 
damage to electronic devices. These particles are either trapped around the earth or on a 
journey through the solar system and they have their origin in the radiation belts, the Sun or 
outside the solar system [5]. 
 
In the radiation belts or van Allen belts as they are also known as, one can find trapped 
electrons and protons. The radiation level for the inner belt is fairly constant over shorter 
timescales, but it changes over longer timescales when ions from cosmic rays collides with 
atoms in the atmosphere and creates energetic protons. The outer has a wider variation and 
the level increases significantly during magnetic storms when new particles are injected 
from the tail of the magnetosphere [6]. Solar flares are a source of protons and heavy ions 
and the number of flares changes with the solar activity, this cycle is around eleven years. 
But there can also be more sudden changes in the number of flares and hence the radiation 
level will be more difficult to predict. Galactic cosmic rays are a source of more energetic 
heavy ions and have its origin outside the solar system; the radiation is almost constant 
over shorter timescales. On longer timescales varies the GCR flux with the solar activity. 
The reason for this is that the magnetic field around the Sun protects the solar system. 
When the solar activity increases so increases the strength of the magnetic field and with 
that the protection around the solar system. This leads to a decrease in GCR during periods 
of high solar activity [7]. 
 
A full dynamic and temporal specification of the space radiation environment for a mission 
is impossible to get, due to their dynamic nature, but good estimations can be done [8]. 

2.3.2 RADIATION BELTS 

The radiation belts are areas in space around Earth with trapped particles, they are there due 
to the Earth’s magnetic field and the force it exerts on charged particles, the atmosphere 
sets the lower boundary of the location and the magnetic field strength sets the upper 
boundary. The trapped particles travels in a spiral around the field lines and bounces 
between the North and South poles and at the same time they drifts around the Earth, 
protons westwards and electrons eastwards. 
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Figure 2-3 - Graphical view of the radiation belts 

 
There are one inner and one outer electron belt. Both are seen in figure 2-3 [9], the inner 
belt is also the proton belt as these are almost located on the same distance from Earth. The 
inner belt has its maximum electron flux at about L=1.41 and the belt extends to about 
L=2.8, the edges of the belts are not sharp. The electrons of this inner belt have normally 
energies up to 5 MeV. The outer belt has its maximum flux at L=5 and it stretches from the 
inner one at L=2.8 out to about L=12, but the outer belt is more dynamic than the inner, due 
to the effects from solar wind and interplanetary magnetic field, which can affect how the 
outer belt spreads out. Electrons in the outer belt can have slight higher energies, up to 7 
MeV. One has to keep in mind that the flux of electrons can be high in low orbits with high 
inclinations, this is due to the magnetic field lines that extend down to Earth [8, 10]. 
 
The proton belt has a varying flux maximum position, depending on the energy in 
consideration. The most energetic protons (400 MeV) has its maximum flux at L=1.3, 
while the maximum flux for the least energetic protons (< 1 MeV) is at about L=3. For very 
low orbits, even though it is under the belt, the flux of protons increases in the South 
Atlantic Anomaly (SAA). Figure 2-4 [11] shows an example of the SAA. 
 

 
Figure 2-4 - Example of the SAA looking at the proton flux 

 
This asymmetry in the proton belt is a result from the fact that the magnetic dipole of the 
Earth and the rotational axis of the Earth are not aligned. At high altitudes, outside the 
proton belts, the flux of protons reduces considerably and the main proton contribution is 

                                                 
1 The distance is given with the L-shell parameter introduced by McIlwian, unit is in Earth Radii. For more 
information regarding this coordinate system, look in reference [FR1]. 
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from solar flares [2, 12]. Figure 2-5 [11] show examples of electron and proton flux 
spectrums 
 

 
Figure 2-5 - Example of electron and proton spectrums 

 
The electrons in the radiation belts causes mainly total ionising dose effects while the 
protons causes both total ionising dose and displacement damage effects. 

2.3.3 SOLAR FLARES 

Activities on the Sun, such as solar flares and coronal mass ejections send particles into 
space threatening spacecraft systems. The number of activities on the Sun has a cyclic 
variation and is much more plenty during the maximum than during the minimum, the 
period time for one cycle is around eleven years. One event usually lasts for a couple of 
days and during this time high-energy protons and other particles are emitted enhancing the 
solar wind emission acting as a shield against galactic cosmic rays. Solar flares are usually 
a problem outside the proton belt, as the main contributors of protons, but it may also be a 
problem in high inclination LEO and MEO orbits. The solar flare spectrum consists mostly 
of protons and to a lesser degree of heavy ions. Solar flare protons are responsible for 
displacement damage, TID and SEEs while it is considered that heavy ions predominantly 
contribute to SEEs. 
 
The solar flare ions may be shielded to some extent with shielding thicknesses that may be 
applicable for electronic devices (~11 mm Al), the flux may be reduced by a factor of 
several hundreds [12]. 

2.3.4 GALACTIC COSMIC RAYS 

The galactic cosmic rays has its origin outside the solar system and has the most energetic 
particles in the natural space radiation environment, up to as high as 100 GeV per nucleon, 
even the Earth’s magnetic field is not able to deflect them. The rays are built up from about 
85 % protons, 14 % alpha particles and 1 % heavy ions. The numbers differs depending on 
source of information, even if the protons are in clear majority they are not of much 
concern to S/C electronics due to the relative low fluence. The heavy ions on the other hand 
can cause SEEs with their higher energies [12]. 

2.4 In-flight dosimetry 

The interpretation of in-flight measurement results and the comparison with ground based 
test results are based on knowledge of the radiation environment. In the previous chapter 
about the natural space radiation environment is the environment described and with a 
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specified orbit can simulations be made. The simulation results are not enough to use as the 
information about the radiation environment, in-flight dosimetry is therefore needed. 
 
The CTTB includes dosimetry to map the environment in terms of electron and proton 
spectrums. These spectrums will be used to obtain the doses the DUTs have been exposed 
to and also for the data analysis algorithms. 

2.5 Radiation effects on electronics 

Radiation has a degradation effect on electronics and can also cause temporary effects; total 
ionising dose (TID) and displacement damage (DD) are effects that can cause permanent 
degradation. Single event effects (SEE) can cause permanent effects with burnouts or latch 
ups, but for optocouplers transients is the single effect of concern and it is a temporary 
effect. A transient causes a spike on the output of the optocoupler and can cause problems 
for peripheral circuitry [13]. 
 
The different types of damage will in this chapter be explained in more detail, especially 
the mechanisms. How the degradation for optocouplers can be connected to these 
mechanisms is also described. The NIEL concept which is used for simplification of the 
understanding and calculation displacement damage is described in chapter 2.6 as it not 
always well known amongst readers. 
 
The different types of damage mechanisms have their origin in different particles. TID is 
caused by electrons and protons while displacement damage is mainly an effect caused by 
protons. Electrons can cause displacement damage, but the amount is only a small fraction 
of the displacement damage caused by protons, hence will the electrons be neglected in 
displacement damage test methods and calculations. Single event effects are caused by 
heavy ions with a small fraction from protons; electrons do not cause single events due to 
their lower energy. 
 
When energetic particles hit a material, they can lose energy to it, from both ionising and 
non-ionising processes. As a result from this energy loss, an electron-hole pair can be 
generated or there can be a displacement of an atom in the lattice. These effects will be 
remembered as ionisation damage and displacement damage, where ionisation damage is 
referred to the TID [14]. 

2.5.1 TOTAL IONISING DOSE 

TID causes damage to an electric device by generating an electron-hole pair when the 
ionising radiation passes through the material. The primary effects from TID are charge 
trapping in the oxides and the creation of new states in the Si-SiO2 interface, these effects 
are cumulative. 
 
The oxide charge trapping occurs when the electron-hole pairs have been created and the 
electrons are escaping the oxide, this is due to the higher mobility of electrons compared to 
holes. The holes will create a positive charge in the oxide. The effect is also dependant on 
the applied electric field. The worst case is when holes are trapped near the Si-SiO2 
interface and causes free electrons to be attracted. This can cause an inversion of the doping 
in the near the interface, the isolation gets weaker and leakage currents gets higher. 
 
Creation on interface states occurs when ionising radiation changes the chemical bonds at 
the Si-SiO2 interface. These interfaces are also generated within the Si-SiO2 interface, the 
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interface states can be both positively and negatively charged depending on the bias. They 
may result in a shift in threshold voltage, increased leakage currents and a reduction in 
carrier mobility. The creation of interface states is dependent on the electric field and the 
total dose of radiation accumulated [2]. 

2.5.2 DISPLACEMENT DAMAGE 

Displacement damage can occur when a particle passes through a semiconductor and 
collides with a nucleus and displace it from the lattice, causing disturbances. The primary 
defects initially are vacancies and interstitials; a vacancy is the absence of an atom and 
interstitial is an atom displaced into a non-lattice position. The combination of a vacancy 
and an interstitial can form a stable defect; two vacancies can also form a stable defect [14]. 
 
Most of the time the vacancies and interstitials created in the collision will recombine, but a 
small fraction will eventually form stable defects. For electrons and low energy protons (< 
10 MeV in Si) the particles will normally create an isolated point defect. Neutrons and 
protons with their higher energies will instead create cascades or multiple cascades of 
damage; this is shown in figure 2-6 [10, 15]. 
 

 
Figure 2-6 - Displacement damage processes 

 
A displacement in the lattice will result in defects that give rise to new energy levels, which 
will change the properties of a device. There are a couple of fundamental effects that one 
has to keep in mind for understanding the damage, more effects than those mentioned 
below exists and they also contributes to the degradation of device.  
 
The first effect to mention is thermal electron-hole pair generation; this occurs in a level 
near midgap of the energy band diagrams. This effect is important in depletion regions of 
devices and the levels increases the thermal generation rate, which leads to increased 
leakage currents in silicon devices.  
 
The second effect is the recombination of the electron-hole pairs. This occurs when both an 
electron and a hole get captured into the defect, this will remove the pair and it causes the 
lifetime of the carriers to decrease. The mechanism is the dominant effect for gain 
reduction in bipolar transistors due to displacement damage. 
 
The third effect and last to mention is that a defect will act as a scattering centre and this 
will reduce the carrier mobility, which degrades the device as less current will go through 
in the device. 
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The device can recover some over the time, this is called annealing. The annealing is 
usually divided into short and long-term, the damage that remains after the short-term 
annealing is usually referred as permanent damage. The device will recover some more 
during the long-term, but at a lower rate [14]. 
 
A very useful concept when making calculations with displacement damage is the NIEL 
concept. It simplifies calculations and makes it possible to describe the degradation of a 
component due to displacement damage as a function of a dose which is independent of 
particle energy. The concept is more described in chapter 2.6. 

2.5.3 SINGLE EVENT EFFECTS 

Single event transients are single events that results in pulses travelling through the system, 
this is a risk for clock inputs and other control circuits. The transients can cause a system to 
perform unwanted commands with the fake pulse of the transient; this can in worst case 
hazard a whole mission [16]. The level of the SET pulse is proportional to the linear energy 
transfer of the incoming particle, LET is the total energy lost per unit distance travelled. 
The LET value is determined by its constituents, energy and medium of interaction. As 
SETs are short pulses, high-speed circuits are more sensitive than slower devices which 
filter out the short pulses [3, 16]. 

2.5.4 EFFECTS ON OPTOCOUPLERS 

This report treats radiation effects on optocouplers in more detail. The radiation effects 
originate from two different parts of the optocoupler, the LED and the photosensitive 
element. 

Light Emitting Diode (LED) 

Displacement damage is the primary radiation effect on LEDs; LEDs are sensitive to TID 
to a lesser degree [4, 16]. TID can cause a decrease in light output, especially for low drive 
currents. 
 
LEDs produce light by radiative recombination of injected minority carriers with the 
majority carriers in the depletion region of the device. A displacement effect can introduce 
an extra step in the semiconductor bandgap, this will result in some non-radiative 
recombination’s which leads to a reduced light output. Amphoteric LEDs suffers more 
from this effect than double-heterojunction types, this is due to the requirement for longer 
minority carrier lifetimes. The damage is higher for low operating currents, but a higher 
current will degrade the LED by aging instead. The damage in amphoteric LEDs is very 
stable and will remain constant if unbiased, if it gets biased, annealing could start and up to 
20% of the damage could be recovered. The radiation levels for which a double-
heterojunction LED starts to degrade is high enough for the carrier removal effects to be 
important, this leads to difficulties for analytical determination of the device degradation. 
For space applications a LED of double-heterojunction type is preferred if the output 
current is high enough, as it is not as sensitive to radiation compared to amphoteric types 
[2]. 
 
The optocoupler LED is less sensitive to Single Event Effects (SEE) due to their usually 
small drive currents, in orders of milliamperes, insufficient current generated by traversing 
ionising particles to cause SETs [13]. 
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Photodetector 

TID degrades the photodetector by increasing its leakage currents; the leakage current may 
increase up to orders of magnitude [13]. In phototransistors the gain can be affected and be 
strongly reduced, which affects the output current significantly [2]. 
 
In some optocouplers the photodetector is a basic phototransistor. Displacement damage 
may reduce the gain of the transistor, hence lowering the CTR [4, 16]. This factor will 
remain even though a more radhard LED is used. The degradation is small for low levels of 
radiation. The narrow base region in modern devices reduces the sensitivity to radiation 
[17]. Studies made by Buchner et al. [10] shows that optocouplers which use photodiodes 
as sensors are less susceptible to radiation than phototransistors. The decrease of output 
power from the LED caused by displacement damage can also cause a reduction in output 
current from the photodetector [13]. P-intrinsic-n detectors are less sensitive to radiation 
than conventional p-n photodiodes, due to their non-dependence on minority carrier 
lifetime as the charge is collected by drift instead of diffusion [4]. Carrier removal in the 
intrinsic region can cause leakage currents; this is a problem for high fluence [2]. 
 
Ionising particles generate electron-hole pairs when they pass through a material and this 
can give an uncontrolled charge injection to the optocoupler. This produces a false signal 
on the output of the optocoupler known as SET [3, 13]. 

Other parts of the optocoupler 

If ionising particles cause charge to be trapped in the optical medium colour centres can 
appear and reduce the transmission efficiency. This effect does not have to be permanent as 
it can be recovered by annealing. It is noted in the past that losses of efficiency due to TID 
in the optical medium often are negligible as the signal path length is short [13]. 
 
The optical coupling medium between the LED and the photodetector can also suffer from 
effects due to displacement damage; there could be darkening due to colour centres and 
hence a reduced coupling efficiency. 
 
Particles passing through the optical medium in an optocoupler can generate photons; but 
these are to weak and the path lengths to short to interfere with signals in the medium [13]. 
Any ionising particle can also create SET in the amplifier stage of an optocoupler, but the 
amplifier is usually much less sensitive than the detector and not of major concern here. 

2.6 Non-ionising energy loss 

Irradiation tests with protons are rather expensive and it is not possible to use particle 
accelerators to fully simulate the radiation environment in space, this makes the NIEL 
concept very useful [16, 18]. NIEL describes a function of the non ionising energy loss; it 
can be used for various particle energies in different semiconductors. With this function it 
is possible to test a device on ground with mono-energetic particles and then calculate how 
large the damage will be for a spectrum of energies [14, 18, 19]. This will make ground 
testing much more effective and the tests will be more like the space radiation environment. 
In general, to verify NIEL one wishes to perform proton irradiation test campaigns 
employing two or more energies. 
 
The non ionising energy loss rate can be calculated with principles based on differential 
cross-sections and interaction kinematics [20]. NIEL is the energy that comes from 
coulombic and nuclear interactions that produces the initial vacancy-interstitial pairs and 
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phonons. Nuclear interaction refers to a direct hit from a particle to a nucleus; coulombic 
refers to a near hit, where the Coulomb force is strong enough to displace the nuclei from 
its lattice position. The NIEL value can be calculated for different types of particles and the 
unit is MeVcm2/g [21]. 
 
Past research shows that to first order, the linear relationship between device degradation 
from displacement damage as a result from incoming particles and NIEL holds for a variety 
of electrical parameters, particles and device materials [21]. 
 
There are several NEIL curves available for different materials and particles, one curve has 
to be chosen and used for all calculations. These curves are either calculated or based on 
experimental results, the curves can differ some and experimental results would be more 
reliable to use. Figure 2-7 [21] shows an example of a NIEL curve for several materials. 
 

 
Figure 2-7 - Example of a NIEL curve 

 
When using the NIEL concept with the NIEL curves there are some parts that require some 
extra care. Firstly the NIEL curve shall be selected based on material and particle type as 
well as application type. Secondly if using calculations of NIEL it only takes into account 
the primary effects from displacement damage and not the secondary effects [22]. The 
third; up to this date the NIEL curve fits better for silicon devices than for GaAs devices, 
especially for higher particle energies. 
 
The NIEL concept represents a powerful tool, but in order to use it correctly, the 
assumptions and limitations in the theory has to be taken into account [14]. 

2.7 Previous research 

Previous research made by Mangeret et al [23] shows that CTR is the most effected 
parameter of the optocoupler; also the VCEsat shows significant degradations. Other 
parameters such as Vfwd and IR have not shown any non-negligible changes. 
 
This research also show that the worst bias condition is when the optocoupler is in OFF-
state, this is clear for all used types of irradiation, TID, protons and neutrons.  
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In [23] the NIEL ratio for GaAs is employed as the LED is considered the most sensitive 
part of the optocoupler. However, one shall consider phototransistor degradation for high 
fluence applications in addition to NIEL calculation uncertainties introduces as the 
phototransistor material is silicon. 
 
Germanicus et al [24] shows that lower proton energy gives a higher degradation of the 
CTR; they also show that the degradation is independent of the energy if the displacement 
damage dose is used. The displacement damage dose is NIEL times fluence. It is even 
shown as in the previous one that the LED is most sensitive to radiation and that 
displacement damage affects much more than TID. 
 
Reed et al [3] shows that proton testing for SET characterisation requires testing with 
several angles of incidences for the particles. The angle dependence is larger for lower 
proton energies. 
 
Reed et al [3] also shows the part-to-part variability in radiation response between devices 
from one lot, the variation is up to a factor of two. 
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3 SYSTEM DESIGN 

In this chapter the system employed to verify the CTTB in-flight test concept is described. 
Including, the EEE components tested and their peripheral circuitry. The various parts of 
the test system are described separately. The system requirements, advantages and 
disadvantages are presented along with an explanation of the system operation. Suggestions 
for further improvements of the design are also included in this chapter; some of them 
already known before the proposed design were created. Due to time-constraints and to 
simplify the system (without impacting on scientific return) design, modifications were 
made in the original proposed measurement concept. Other suggestions for improvements 
are made to make the ground based test more coherent with in-flight conditions. 
 
The proposed test system was designed in previous work made at TEC-QCA (ESA). The 
test system have been assessed, improved and built by the author of this report. A two part 
solution has been chosen as the different boards can be used to identify different radiation 
effect types. One board is used for TID and displacement damage testing while the second 
board will be used for SET testing. A third small board was also designed and built with 
the basic function to change the pulse width of the pulses out from the SET board. This will 
make the output signals of the test board less noisy and reduces the number of false counts 
caused by an unstable pulse. 
 
The circuits have been designed without an internal calibration system, reference devices 
have been used instead. This solution was chosen to simplify the circuitry and reduce the 
number of IOs, but later test results show the benefit for such system to improve 
measurement accuracy. As opposed to the in-flight system no data multiplexer is included; 
a multiplexer reduces the number of required IOs, especially if the number of DUT slots is 
increased in a later stage of the design. 
 
All components used are COTS components; resistors with 1 % accuracy were used during 
the design to increase the measuring circuitry accuracy. The optocoupler used during 
testing was a CNY17-3X from ISOCOM Components, which is a standard component. 
Only radiation hard (space qualified) components shall be used in the measurement 
circuitry of the in-flight system to reduce parameter drift. 

3.1 Component CNY17-3X 

The CNY17-3X is an optocoupler with a LED of unknown material working in the infrared 
area and a NPN silicon phototransistor. The parts are mounted in a 6 pin dual in line plastic 
package. The maximum forward current through the diode is 60 mA and the CTR is 
specified to between 1 and 2 for a 10 mA forward current and a VCE voltage of 5 V. Figure 
3-1 shows a cross-section of the component, the cross-section was made with a grinding 
machine and the photograph is taken with a digital camera. In the top part is the small LED 
placed and in the bottom the wider phototransistor, the parts are placed on the leads. The 
LED is surrounded with a soft gel, probably silicon and it works as a lens to focus the light 
towards the phototransistor. In between the two parts is a harder white material, one guess 
is that it is glass filled epoxy. The black plastic package keeps ambient light out to reduce 
the noise; it also keeps the component together. 
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Figure 3-1 - Cross-section of the CNY17-3X optocoupler 

 
For TID and displacement damage testing the component can be used as is in the package, 
for SET testing it may be required to open the package and irradiate the optocoupler 
elements individually. There are three types of facilities that can be used for SET type of 
testing, the Californium-252 Assessment of Single event Effects system (CASE), proton 
and heavy ion accelerators. The current test system design described in chapter 3.2.4 uses 
the full functionality of the device; hence is it not possible to split the component. Opening 
the package is not necessary for high energy protons due to their large penetration depth. 
However, the penetration depth of particles typically available at heavy ion facilities (and 
also the ESA CASE facility) is small and insufficient to penetrate the optocoupler package. 
The CASE system can be used if the component is split between the LED and the 
phototransistor, but then it is not possible to use the current design and with a new design 
the parts can only be tested separately. No SET testing has been made for this report. 

3.2 Circuit design 

The test system consists of two test boards and a pulse width modulator board, one of the 
boards is for testing cumulative CTR and dark current effects of the optocouplers (figure 3-
2). This board has one current-source, four CTR testing circuits with associated switch 
circuitry and two dark current testing circuits. The other test board is for testing SET 
effects on the optocouplers and has one test circuit and one current-source (figure 3-3). In 
this chapter the test boards with its measurement systems will be described in more detail. 
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Figure 3-2 - CTR and dark current board schematics 
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Figure 3-3 - SET board schematics 

3.2.1 CURRENT-SOURCE 

The current-source circuit can be found on both boards (figure 3-2 and 3-3) and its layout 
can be seen in figure 3-4. The design is a modified Howland current-source; it is designed 
so that the voltage over resistor R5 will be the same as the input voltage. The relation 
between input voltage and input current is shown in equation 3-1. 
 

5R

V
I in

F =  (Equation 3-1) 

 
This will be true under the assumption that resistor R5 is much smaller than resistor R4. The 
input voltage is designed to be between 0 and 5 volts, which will with a resistor of 100 
Ohm give a maximum output of 50 mA. The resistor value and with that the output current 
has been selected according to the specifications in the data sheet for the component to test, 
in this case 60 mA is the maximum forward current that the component can handle. The 
resolution of the input voltage sets the resolution of the current. 
 

 
Figure 3-4 - Current-source schematics 

 
Matching between the four 10 kOhm resistors in the circuit is important to keep the gain 
fully linear and well known, it is recommended to have high accuracy resistors in these 
positions. 1 % accuracy resistors were used when building the test boards, but 0.1 % 
resistors could with advantage be used in future improvements of the circuit. A high 
accuracy on resistor R5 is preferential, but more important is that it has low temperature 
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dependence, so the resistor value keeps constant and with that reduces the variations in 
output current.  
 
The output current is measured over the RDX resistors of each DUT test slot (figure 3-2) 
and this could be used as a feedback for the current-source. One drawback is that the 
current first passes through the diode of the optocoupler as some attenuation is introduced 
which may be different for different DUTs. A switch together with a load resistor would 
enable more accurate feedback for the current-source. The switch should select between the 
DUTs and the load. The feedback measurement sequence can be made before every regular 
measurement sequence. 
 
The current source in figure 3-4 is employed for all four DUTs as figure 3-2 shows. Here 
the current to a DUT is switch by QSD illustrated in figure 3-5. During irradiation the 
current-source biases all four DUTs resulting in a four-time current reduction in each DUT 
setting the maximum bias current during irradiation to 12.5 mA with the current resistor 
values. This solution has been chosen as it requires less space, but still makes it possible to 
adjust the forward current for all DUTs during measurements. One drawback is that when 
one device is tested, the other three are unbiased; this is not a problem if the DUTs should 
be unbiased during the irradiation, otherwise it represents a source of errors. The error may 
be reduced by setting the time between measurements much longer than the time for one 
measurement sequence. 
 
The effects from radiation for different bias currents is interesting to investigate, during 
ground based testing the bias current is changed between the different irradiation runs. This 
is not possible during in-flight testing and therefore it is required to have the possibility to 
have different bias currents for different DUTs, but it should be kept in mind that the bias 
current should always be constant for one DUT. There are two solutions for this, one is to 
make groups of DUTs and have one current-source for each group; increasing space 
requirements but is a straight-forward solution. The other option is to have different RDX 
resistors for the different DUTs and only have one current-source; the RDX resistor can be 
seen in figure 3-2, named RDX. This solution would take less space but decrease the 
resolution of the current-source for later testing as it has to be capable to give a higher 
current.  

3.2.2 CURRENT TRANSFER RATIO 

The circuit schematics for CTR measurement is shown in figure 3-5, the board contains 
four circuits of this type (figure 3-2). IF is the current from the current-source and will be 
measured over resistor RDD and IC will be measured over resistor RCD. The measuring point 
VIC+ is common for all four test slots and should always be around 5 V as it is connected to 
the supply together with a bypass capacitor which is not shown in figure 3-5. SwD is the 
switch signal and will select the device for measurements or bias, a 5 V signal makes the 
device active. 
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Figure 3-5 - CTR measurement circuit schematics 

 
The diode forward current is as mentioned before measured over resistor RDD and the 
resistor value is selected to limit the voltage over it to 5 V, it is designed to go into a DAC 
with a range from 0 to 5 V. If a DAC with larger range is used then the resistor value 
should be adjusted so the full range is used. The same goes for the resistor value of RCD. 
The accuracy of these resistors should be high, preferably 0.1 % and the value should be 
well known; the currents will be directly calculated from the voltages over the resistors and 
the resistor values. 

3.2.3 DARK CURRENT 

The schematic for dark current measurements is shown in figure 3-6 and the test board 
consists of two such circuits. They need no inputs as the dark current is measured with IF = 
0 mA and they only have one output each where a voltage will be read. The circuit used to 
measure the current over the current sense resistor, R16, is an instrumentation amplifier; the 
amplifier consists of the gain resistor R23 and the network resistors R17 – R22. The gain of 
the circuit is given by equation 3-2: 
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1  (Equation 3-2) 

 
Equation 3-2 gives us with the resistor values in figure 3-6 a gain of 103. With this gain 
and with R16 = 100 kOhm is the maximum dark current that can be measured with a 5 V 
output approximately 485 nA. 
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Figure 3-6 - Dark current measurement circuit schematics 

 
The accuracy of resistors R16 and R23 is important and should be held at preferably 0.1 %, 
for the other resistors the matching between them is more important. The amplifier should 
be design so that the full output range is used to increase the range for measurements. 

3.2.4 SINGLE EVENT TRANSIENT 

The board for SET testing consists of one current-source, which is designed in the same 
way as on the CTR and dark current test board; see figure 3-4, and one single event 
measuring circuit as seen in figure 3-2. In figure 3-7 is the SET measurement circuitry 
showed alone. The input current is measured in point VIFA, the output is connected to two 
comparators. Each comparator has an individual reference voltage, two for redundancy and 
to ensure that the single event counted occurs in the DUT and not in the comparators. 
When the DUT output voltage goes below the comparators reference voltages the output of 
the comparators is high. The input signal to the comparators is noisy resulting in oscillation 
at the comparator output and hence counts errors. A pulse width modulator is employed to 
avoid count errors. 
 

 
Figure 3-7 - Single event transient measurement circuit schematics 

3.2.5 PULSE WIDTH MODULATOR 

The output pulse from the SET test board is not stable resulting in count errors; the digital 
signal fluctuates as a result of the short and noisy pulse from the optocoupler to the input of 
the comparators. A PWM is therefore employed to prevent count errors, the PWM sets the 
output high when the first high signal comes from the SET boards and the holds it for the 
time tw, calculated with equation 3-3. The time constant of the PWM may be set to comply 
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with the SET measurement frequency requirements. The schematics for the circuit used can 
be seen in figure 3-8 and it is built on a separate board. The output from the SET test board 
is fed to the input of this board and the output of this board is connected to a digital 
counter. This circuitry should be included on the same board as the single event transient 
test circuitry if tested successfully. 
 

 
Figure 3-8 - Pulse width modulation schematics 

 
The equation for the pulse width is taken from the data sheet of the 74221 used and is as in 
equation 3-3. 
 

2ln⋅⋅= EXTEXTw RCt  (Equation 3-3) 

 
Equation 3-3 gives in this case a tw of around 1.9 ms. 
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4 TEST METHODS AND PLANS 

This chapter describes methods used and planned used for irradiation testing of 
optocouplers. The method is based on the European standards for irradiation testing and 
tailored to the application and test facilities available. The methods are intended to produce 
a test environment for the DUTs that will give conditions similar to in space; this is to 
ensure effective and simplified correlation between ground based and in-flight 
measurement. Considering the nature of the space environment it is advisable to perform 
ground tests employing proton, electron, heavy ion and gamma sources. Gamma tests are 
required to extract the TID effects from the proton and electron tests.  
 
The full test method specifications and the test plan for TID testing can be found in the 
appendix, chapter 8, however here a short description of chapter 8 including proposed 
improvements is provided for the benefit of the reader. 

4.1 Test methods 

Test methods for TID, displacement damage and SET testing has been generated; these 
may be used as standard methods for radiation testing of optocouplers.  The final test plan 
for this application is based on the generated test method documents. A TID test plan was 
generated for this thesis. 

4.1.1 TOTAL IONISING DOSE AND DISPLACEMENT DAMAGE TESTING 

The method specification for TID and displacement damage testing includes description of 
the required equipment and general requirements. The radiation sources, recommended 
radiation levels and dose rates are specified. General procedures for performing the tests 
can be found in the document including the measurement sequences. It also specifies what 
should be included in a test plan. 
 
The document is tailored from the ESCC No. 22900, Total dose steady-state irradiation test 
method; this standard is a general specification for steady-state TID testing in Europe. It 
has been used as a template and guideline, but has been adjusted to fit optoelectronic 
testing and in particular displacement damage testing. There is today no standard for 
displacement damage testing of optoelectronics. 

4.1.2 SINGLE EVENT TRANSIENT TESTING 

The method specification for SET testing includes description of the required equipment, 
source and requirements. The general procedures are described and a specification of 
information needed in a test plan is also specified. 
 
This document is tailored from the ESCC No. 25100, Single event effects test method and 
guidelines; this standard is a general specification for single event testing in Europe. The 
document can be used as a general guideline for all type of single event testing. Here only 
SET in optocouplers is considered, hence the document has been adjusted to fit this 
application. 

4.2 Test plans 

The test plan is the detailed description of how the tests shall be performed; it shall include 
all information needed for testing, which includes function of circuits and expected results. 
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All settings for equipment during irradiation shall be specified including settings for 
external hardware used. Interface specifications for all connections between test board and 
external hardware shall be specified. 

4.2.1 TOTAL IONISING DOSE 

The test plan for TID testing includes all settings used during the irradiation campaign and 
the detailed procedures during testing. Everything from serialisation of components to 
measurement sequences is included; a complete specification of the interface between the 
board and external equipment is also included. The test plan includes actual photographs of 
the test board used, to simplify handling and to clarify specifications. The test sequence in 
the document was used to program the data acquisition software, which was used to 
automate measurements. 
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5 DATA ANALYSIS METHODS 

The data analysis chapter describes how the results from TID and proton grounds 
irradiation test are compared and correlated with CTTB in-flight results. Flow charts 
(figures 5-1 and 5-2) show how the measured data is calibrated and calculated allowing for 
comparison and correlation of ground and in-flight results. The flow charts are provided to 
support the description of the developed data analysis algorithms. All items of the flow 
charts are described in detail including, input, output, function and connectivity. The 
analysis of CTR and dark current data is kept together as it in principle should be handled 
in the same way, even if the degradation mechanism differs as the CTR typically decreases 
while the dark current increases with increasing radiation. The analysis of SET data is 
different and kept separately. 

5.1 Current transfer ratio and dark current 

The data analysis of CTR and dark current test results can be split into two separate parts, 
ground and in-flight test results analysis. The overall goal of the data analysis approach is 
to employ the ground based data in combination with measured in-flight radiation 
environment data to recreate (thus, verifying ground based measurements and test 
approach) the in-flight CTR and dark current measurements. Subsequently, the ground 
based data is employed to separate the two constituents of the degradation mechanism into 
a TID and a displacement damage part. To achieve this, ground tests are performed with a 
Cobalt-60 source for TID testing and a proton accelerator as mentioned in chapter 4 for 
TID and displacement damage effects. From ground based irradiation tests damage 
functions are obtained, they describe how the DUTs degrade with increasing radiation; 
three damage functions are obtain, the damage due to TID, the damage due to protons and 
the damage due to displacement damage. The damage function for TID will be used to 
extract the damage due to displacement effects from the proton damage function. The 
damage functions for TID and displacement effects will also be used for comparison with 
in-flight test results. The general method to achieve this will first be presented in two flow 
charts; the subsequent description of the algorithms is based on the flowcharts. 
 
In the flow charts and the algorithm chapters the following indices are used to keep the 
different functions and equations apart: 
 

− T for TID 

− D for displacement damage 

− PT for proton tests 

− GT for ground tests 

− R for raw un-calibrated data 

− S for in-flight tests in space 

− E for electrons 

− PR for protons 

5.1.1 GROUND AND IN-FLIGHT DATA ANALYSIS FLOW CHARTS 

Here the general method for data analysis is described employing two flow charts; the first 
shows the data analysis procedure during ground tests while the second shows the 
procedure for in-flight data analysis and comparison. The first flow chart is illustrated in 
figure 5-1; it starts with the two type of ground tests performs and ends with the calculation 
of the resulting TID and displacement damage factors. The final results are marked with 
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black background and are used for comparison with in-flight data. Parts in dark grey 
indicate tests performed on ground and are the starting points. Parts in mid grey indicate 
measurement results while light grey parts indicate calculated results. The dashed lines 
represent results based only on ground tests while solid lines represent in-flight results. 
 

 
Figure 5-1 - Data analysis flow chart for ground tests of CTR and dark current 

 
Below follows a description of each of the parts in the flow chart in figure 5-1, the 
description further details the function of each part. Algorithm details follow in the next 
chapter. 

 

1. TOTAL DOSE (TID) TESTING 

This part represents testing with a Cobalt-60 source; it gives the component 
response to TID effects. The test results after correction will be used for comparison 
with in-flight test results. They will also be used to extract displacement damage 
data from the proton test results. 

 
2. PROTON TESTING 

This part represents testing with a proton accelerator; it gives the component 
response to both TID and displacement damage effects. The results from TID 
testing will be used to extract TID effects and hence calculate displacement damage 
effects. They will also be used to get the ratio between TID and displacement 
damage effects for each energy and to get the damage contribution from each 
energy. 
 

3. MEASURED DEGRADATION, TOTAL DOSE 

This part represents the raw measurement results from ground based TID testing, 
these values need to be corrected for external effects such as temperature and drift 
in the measurement system during testing. The resulting damage factor is given by 
DT,GT,R(TID). 

 

4. MEASURED DEGRADATION, PROTON 

This part represents the raw measurement results from ground based proton testing, 
these values need to be corrected for external effects such as temperature and drift 
in the measurement system during testing. TID effects are extracted from these 
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results to obtain displacement damage effects. The resulting damage factor is given 
by DPT,GT,R(E,Φ). 

 

5. CALIBRATE PARAMETERS FOR DRIFT, TOTAL DOSE 

This is the measured drift in the measurement system during TID ground tests; this 
will be measured with a calibration system on the test board. This system will be 
used for calibration of measured results. 
 

6. CALIBRATE PARAMETERS FOR DRIFT, PROTON 

This is the measured drift in the measurement system during proton ground tests; 
this is measured by using the same calibration/measurement system as for TID 
testing. The result is required to calibrate test results. 

 
7. TEMPERATURE 

This is the measured temperature during irradiation, either during ground testing or 
in-flight. This will be used to correct the results from temperature effects. 
 

8. TEMPERATURE EFFECTS ON RESULTS 

Input: Temperature 

This part represents the test system calibration curves (for DUT and peripheral 
measurement system). The temperature calibration curve is employed to correct 
ground based and in-flight test temperature effects. 

 

9. CALIBRATED RESULTS FROM TOTAL DOSE TESTING 

Inputs: Measured degradation TID, temperature and drift effects 

This part represents the calibration of ground based TID test results; the results will 
be calibrated for effects due to temperature changes and for drift in the 
measurement system. The output will be the calibrated damage function from 
ground based TID testing. 
 

10. CALIBRATED RESULTS FROM PROTON TESTING 

Inputs: Measured degradation proton, temperature effects, drift effects and the 

degradation due to TID effects 

This part represents the calibration of ground based proton test results; the results 
will be calibrated for effects due to temperature changes and for drift in the 
measurement system. As protons causes both TID and damage effects as described 
in chapter 2.5, the damage due to TID effects needs to be extracted. The damage 
factor before extraction is given by DPT,GT(E,Φ). The extraction can be made using 
the results from ground bas TID testing, the damage function after extraction is 
given by DD,GT(E,Φ). 

 
11. NIEL CONCEPT 

Input: The fluence during irradiation 

The NIEL concept will be used to calculate the displacement damage dose during 
ground and in-flight testing. For ground testing NIEL is used to calculate the 
displacement damage dose for several particle energies and fluencies, covering the 
expected proton energy range in space. The displacement damage dose is employed 
to calculate the damage function DD,GT(DDD). In-flight will NIEL be used to 
transform the proton spectra into one single displacement damage dose, which is 
independent of the particle energy. As a first approximation displacement damage 
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effects from electrons are considered small and neglected in the calculations. The 
displacement damage dose is calculated as in equation 5-6. For more information 
about NIEL see chapter 2.6. 

 

12. DAMAGE FROM TOTAL DOSE 

Inputs: The calibrated results from TID testing and the TID 

The part for the final TID damage factor has two inputs, the calibrated test results 
from ground based TID testing and the corresponding TID. It will be used for 
calibration of the ground based proton test results to separate the ionising part of the 
proton energy deposition. It will also be used for comparison with in-flight test 
results. The damage function is given by DT,GT(TID). 

 

13. DAMAGE FROM DISPLACEMENT DAMAGE 

Inputs: The calibrated results from proton testing with the effects due to TID 

extracted and the displacement damage dose 
The part for the final displacement damage factor has two inputs, the calibrated test 
results from ground based proton testing, but the function is described as dependent 
on the energy and fluence. Therefore the displacement damage dose is needed so 
the damage factor can instead be described as a function of the displacement 
damage dose. It will be used for comparison with in-flight test results. The damage 
factor is given by DD,GT(DDD). 
 

This part covered all data analysis from ground based tests; the next flow chart will show 
how the corresponding damage functions from in-flight tests are calculated. 
 
The second flow chart starts with the measured degradation in space, the proton and 
electron spectrums. First the degradation is split into two parts, damage due to electrons 
and protons. The damage from electrons is added to the damage function for TID effects. 
The damage due to protons is separated into two parts, TID and displacement damage 
effects which are added to their corresponding damage functions. Figure 5-2 shows the 
second flow chart, the colour coding follows the scheme of figure 5-1. As seen in the figure 
5-2, results from ground based protons tests are also used in this part for in-flight data 
analysis. 
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Figure 5-2 - Data analysis flow chart for space tests of CTR and dark current 

 
Below follows a description of each of the parts in the flow chart in figure 5-2, except those 
already described earlier, which has a part number of 13 or less. The descriptions further 
details the function of each part, algorithm details follows in the next chapter. 
 

14. MEASURED DEGRADATION IN SPACE 

This is the in-flight measurement results; this is the raw data which is not corrected 
for any external effects. The results need to be corrected for both temperature 
effects and for drift in the measurement system. The results are dependent on both 
TID and displacement damage dose and have therefore to be separated before 
comparison with ground based test results. The damage factor is given by 
DS,R(TID,DDD). 
 

15. CALIBRATE PARAMETERS FOR DRIFT IN PERIPHERAL CIRCUITRY 

Drift in peripheral circuitry shall be continuously monitored so calibration can be 
made or for correction of in-flight test results. The drift can be reduced by a rad-
hard design of the circuits and/or sufficient shielding. The maximum drift allowed 
should be set to a low number so the drift doesn’t affect the measured results in an 
uncontrolled way. Possible drift may also be monitored by dedicated circuitry. 
 

16. MEASURED ELECTRON SPECTRUM IN SPACE 
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This is the measured in-flight electron spectrum which with the LET function gives 
the TID from electrons. This dose value can be used in the damage function from 
ground based TID testing to calculate the TID damage caused by electrons. The 
spectrum is given by ΦS,E(E). 

 

17. MEASURED PROTON SPECTRUM IN SPACE 

This is the measured in-flight proton spectrum which together with NIEL concept 
and curves gives the displacement damage dose. The proton spectrum will also be 
used for calculations of the separation of the two types of damage. To do this the in-
flight proton spectrum is used in the ground based proton damage function. The 
spectrum is given by ΦS,PR(E). 
 

18. CALIBRATED RESULTS FROM SPACE 

Inputs: Measured degradation in space, temperature and drift effects  
This is the measured in-flight degradation calibrated for external effects such as the 
temperature and drift in measurement systems. The degradation is a function of 
both TID and displacement damage dose, it is given by DS(TID,DDD) and it will be 
divided into two parts. 
 

19. DAMAGE DUE TO ELECTRONS 

Inputs: Damage function from ground based TID testing and the in-flight TID due 

to electrons 

This is the damage caused by electrons, considering electrons cause less 
displacement damage1 than protons, the main damage function is assumed to be 
from TID. Thus, the damage function is given by DS,E(TID). 
 

20. DAMAGE DUE TO PROTONS 

Inputs: Calibrated in-flight measurement results and damage due to electrons 

This is the damage caused by protons; it is calculated by subtracting the damage 
due to electrons from the total damage. The damage function is given by 
DS,PR(E,Φ). The damage due to protons is a function of both TID and displacement 
damage and needs to be separated before comparison with ground based test results. 
 

21. LET CONCEPT 

LET defines the amount of energy through ionisation that is deposited by a particle 
in matter and may be employed to calculating the TID values as in equation 5-3. It 
will give the in-flight TID from both electrons and protons using their respective 
spectrums. 

 

22. RATIO TOTAL IONISING DOSE 

Inputs: Calibrated results from ground based proton testing 

Here the ratio between TID contribution from one proton energy and the total 
proton damage is calculated (equation 5-5b). The ratio is calculated using ground 
based test results. The ratio is defined as RatioT. 
 

23. RATIO DISPLACEMENT DAMAGE 

Inputs: Calibrated results from ground based proton testing 

                                                 
1 Displacement damage due to electrons may have to be considered for electron rich orbits. 
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Here the ratio between displacement damage contribution from one proton energy 
and the total proton damage is calculated (equation 5-5a). The ratio is calculated 
using ground based proton test results. The ration is defined as RatioD 

 
24. ENERGY CONTRIBUITION TO DAMAGE 

Inputs: Calibrated results from ground based proton testing and in-flight proton 

spectrum 

As the ratios described in part 22 and 23 change with particle energy the damage 
needs to be calculated for every proton energy. With help of the ground based 
proton test results and the measured in-flight proton spectrum the damage 
contribution from each proton energy is calculated (equation 5-11). The damage 
function from ground based proton tests is based on another proton spectrum, but as 
only the ratio between energies is calculated, the effects from having another 
spectrum cancels out. The function is given by DR(Ex). 

 

25. DEGRADATION DUE TO TOTAL DOSE 

Inputs: Damage due to electrons, damage due to protons, energy contribution, 

RatioT and the in-flight TID 

This is the calculated in-flight degradation due to TID; it is a combination of TID 
effects due to electrons and protons. This damage function is compared to the 
corresponding function from ground based tests (part number 12 in figure 5-1). The 
function is given by DT,S(TID). 

 

26. DEGRADATION DUE TO DISPALCEMENT DAMAGE 

Inputs: Damage due to protons, energy contribution, RatioD and the in-flight 

displacement damage dose 

This is the calculated in-flight degradation due to displacement damage. This 
damage function shall be compared to the corresponding function from ground tests 
(part number 13 in figure 5-1). The function is given by DD,S(DDD). 

5.1.2 GROUND AND IN-FLIGHT DATA ANALYSIS ALGORITHMS 

Here the data analysis flow charts are implemented into more detailed data analysis 
algorithms. Equations are written in a general form but can be used as they are. The 
algorithms and equations are separated in the same way as the flow charts are in the 
previous chapter (ground based and in-flight data analysis flow charts). Variables that are 
used in the equations are E for the particle energy and Φ for particle fluence. In reality the 
in-flight measurements are a function of time, however, the proposed data analysis are 
based on discrete time steps that may be integrated over the mission period to obtain 
mission duration specific results. 
 
The in-flight damage is due to electrons and protons, electrons causes mainly TID effects 
and the displacement damage due to electrons is neglected. Protons on the other hand cause 
both TID and displacement damage effects. To make calculations and comparison with 
ground based test results possible the electron and proton spectrums are needed. Employing 
this data in conjunction with the ground based TID damage factor it is possible to separate 
the damage due to protons and calculate damage functions that depends on TID and 
displacement damage. Here both the TID part and the displacement damage part are 
calculated even though it is enough to calculate one of them as they together add up to the 
total damage. The first check that should be done is to take the damage functions from 
ground tests, DT,GT,R(TID) and DPT,GT(E,Φ), put in the TID due electrons into the first one 
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and the proton spectrum into the other one. The sum of these two would then give an 
estimated degradation; this number should be the same as the measured value in space after 
calibration. 

Ground 

The algorithms for ground data analysis have two main inputs, the measured degradations 
from TID and proton ground tests. The damage function calculated from TID testing on 
ground can be written as DT,GT,R(TID), this function is the raw data function and needs to 
be corrected as in equation 5-1.  
 

( ) ( ) ( )TempDriftnCalibratioTIDDTIDD RGTTGTT ,,,, ⋅=  (Equation 5-1) 

 
DT,GT(TID) is the corrected TID damage function and it will be used both for comparison 
with in-flight results and to extract the displacement damage effect from proton testing on 
ground. 
 
The results from proton tests can be described as DPT,GT,R(E,Φ) and after calibration for 
temperature and drift effects it can be written as DPT,GT(E,Φ), as in equation 5-2.  
 

( ) ( ) ( )TempDriftnCalibratioEDED RGTPTGTPT ,,, ,,, ⋅= φφ  (Equation 5-2) 

 
Ground tests are performed with mono-energetic particles; to improve data analysis 
accuracy it is proposed to perform proton irradiation tests with a minimum of five proton 
energies. Both TID and displacement damage effects are included in the function, to 
calculate the displacement damage effects and to get the ratio between the two types of 
effects the damage factor from TID testing is needed. The TID can be calculated as 
equation 5-3 below, the LET is a known function. 
 

( ) ( ) ( )EELETETID φφ ⋅=,  (Equation 5-3) 

 
Using this equation can the damage due to TID be calculated by putting the calculated TID 
into the function DT,GT(TID). To calculate the damage factor due to displacement damage 
the damage due to TID is subtracted from the total damage measured during ground based 
proton testing as in equation 5-4. 
 

( ) ( ) ( )TIDDEDED GTTGTPTGTD ,,, ,, −= φφ  (Equation 5-4) 

 
As mentioned earlier the in-flight damage due to protons needs to be separate into the two 
types of damage mechanisms; TID and displacement damage effects. The ratio between 
these two types can be calculated with the ground based proton test results. The ratios for 
the two types of damage can be described as in equations 5-5a and b. 
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D =  (Equation 5-5a) 

 
which consequently leads to 

 

 ( ) ( )ERatioERatio DT −= 1  (Equation 5-5a b) 
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RatioT and RatioD depend on the proton energies which complicates the in-flight data 
analysis. Therefore the ground based proton damage function DPT,GT(E,Φ) is used to divide 
the damage due to protons into damage contribution parts per energy. 
 
The last calculation with data from ground based tests converts the function DD,GT(E,Φ) so 
it is described as the damage due to the displacement damage dose. The displacement 
damage dose is calculated as in equation 5-6. 
 

( ) ( )EENIELDDD φ⋅=  (Equation 5-6) 

 
The NIEL function is known from previous work and explained more in chapter 2.6; it is 
similar to the LET function with which the TID can be calculated. The displacement 
damage function DD,GT(E,Φ) can then be scaled and written as DD,GT(DDD); this function 
will be used for comparison with in-flight test results. The advantage with this is that the 
displacement damage dose is independent of the particle energy which simplifies 
calculations. 

In-flight 

The algorithms for in-flight data analysis are based on the calibrated results from ground 
based proton testing, in-flight particle spectrum measurements and component degradation 
measurements.  The electron particle spectrum can be written as ΦS,E(E) and the proton 
spectrum as ΦS,PR(E); they give the fluence for each particle energy. The measured in-flight 
degradation can be written as DS,R(TID,DDD), this is the raw and un-calibrated data and it 
is calibrated with equation 5-7. 
 

( ) ( ) ( )TempDriftnCalibratioDDDTIDDDDDTIDD RSS ,,, , ⋅=  (Equation 5-7) 

 
The damage function DS(TID,DDD) is dependent on both TID and the displacement 
damage effects. To correlate ground and in-flight measurements this damage function 
needs to be separated as in equation 5-8. 
 

( ) )()(, ,, DDDDTIDDDDDTIDD SDSTS +=  (Equation 5-8) 

 
The damage due to TID effects is caused by both electrons and protons; this damage 
separation can be described as equation 5-9. 

 

( ) )()( ,,,, TIDDTIDDTIDD PRSTESST +=  (Equation 5-9) 

 
The damage due to displacement damage effects is caused by protons; the small fraction 
caused by electrons is neglected. This means that the damage due to displacement damage 
can be described as in equation 5-10. 

 

( ) ( )DDDDDDDD PRSDSD ,,, =  (Equation 5-10) 

 
Subsequently, electron and proton induced damage is separated (equation 5-11). 
 

( ) ( ) ( )DDDTIDDTIDDDDDTIDD PRSESS ,, ,, +=  (Equation 5-11) 
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The electrons mainly cause TID effects (does not hold for electron rich orbits). The 
electron induced TID is calculated with the measured in-flight electron spectrum and 
equation 5-3. The calculated dose can then be used with the ground based TID damage 
function DT,GT(TID) and this will give the damage factor DS,E(TID). 
 
Protons cause both TID effects and displacement damage effects and the damage factor 
needs to be separated into these two parts. The separation of DS,PR(TID,DDD) can be made 
as in equation 5-12. 
 

( ) ( ) ( )DDDDTIDDDDDTIDD PRSDPRSTPRS ,,,,, , +=  (Equation 5-12) 

 
To be able to separate the two types of damage due to protons the following functions are 
required; RatioD(E) and RatioT(E), are required. But as mentioned when calculating these 
they are not enough as they are dependent on the proton energy. The in-flight damage due 
to protons needs to be separated into damage made by each proton energy and separated 
into the two damage mechanisms. To make the separation of the in-flight damage due to 
protons, the damage function from ground based proton tests is used. By using the 
measured in-flight proton spectrum ΦS,PR(E) it is possible to calculate damage ratios 
between the proton energies. The contributions from each energy are calculated as in 
equation 5-13. 
 

( )
∑

=
),(

),(

,,

,,

PRSxGTPT

PRSxGTPT

x
ED

ED
EDR

φ

φ
 (Equation 5-13) 

 
This ratio function together with the ratios for separating the damage into the two damage 
mechanisms makes it possible to separate the total damage into smaller parts and then add 
them up to one TID and one displacement damage part. To calculate the damage due to 
TID or displacement damage caused by one proton energy equations 5-14a and b are used. 
 

( ) ( ) ( ) ),(, ,,, DDDTIDDERatioEDRTIDED PRSxTxxPRST ⋅⋅=  (Equation 5-14a) 

( ) ( ) ( ) ),(, ,,, DDDTIDDERatioEDRDDDED PRSxDxxPRSD ⋅⋅=  (Equation 5-14b) 

 
To calculate the full degradation separation between the two damage mechanisms, the TID 
damage from each proton energy is summed up in a discrete way as in equation 5-15. This 
gives the damage function DT,S,PR(TID) in equation 5-9 and added to this is damage due to 
electrons DS,E(TID). Equation 5-15 shows the same as equation 5-9 but with the factor 
DT,S,PR(TID) expanded to show the summation over all energies. 
 

( ) ( ) ( ) ( )∑ ⋅⋅+= ),(,,, DDDTIDDERatioEDRTIDDTIDD PRSxTxESST  (Equation 5-15) 

 
The damage due to displacement effects is only caused by protons and hence to get the 
total degradation due to displacement damage the damage due to each proton energy 
calculated in equation 5-14b is summed up for all energies. This gives equation 5-16 which 
is the same as equation 5-10 but with the factor DD,S,PR(DDD) expanded. 

 

( ) ( ) ( )∑ ⋅⋅= ),(,, DDDTIDDERatioEDRDDDD PRSxDxSD  (Equation 5-16) 
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The two damage functions calculated in equations 5-15 and 5-16 can then be compared 
with the ground based damage functions, DT,GT(TID) and DD,GT(DDD). 

Numerical example 

To give a more visual explanation of how this work a short numerical example of the 
calculations is given. The example starts from equation 5-8 where the calibrated measured 
damage in space is being separated. It will in this example be assumed that the damage 
functions from ground based testing DT,GT(TID) and DPT,GT(E,Φ) are known. For the 
example will three proton energies be used instead of the recommended minimum of five, 
this is to simplify and shorten down the calculations. 
 
The measured in-flight degradation after calibration DS(TID,DDD) is measured to 0.27, but 
the measured in-flight degradation needs to be split according to equation 5-8. Calculations 
are made more coherent with in-flight measurement results by using equation 5-11, with 
this equation the damage is separated into damage by particle type. The damage factor due 
to electrons DS,E(TID) is calculated by using equation 5-3 and the measured in-flight 
electron spectrum ΦS,E(E) to get the TID. The calculated TID is then used in the ground 
based TID damage function DT,GT(TID). Without setting numerical values to the LET and 
fluence, the damage due to electrons can be set to be 0.02. Using equation 5-11 will the in-
flight damage due to protons be calculated as DS,PR(TID,DDD) = 0.27 – 0.02 = 0.25. 
 
The damage due to protons is an effect of both TID and displacement damage and needs to 
be separated as in equation 5-12. The ratios for separating the two types of damage 
mechanisms, RatioT and RatioD, are included as known functions from ground based 
testing and will be given random numbers in this example. These ratio functions vary with 
the proton energy and therefore are the damage contribution per energy calculated with 
equation 5-13. The energies can be given the values E1, E2 and E3 and the corresponding 
fluencies Φ1, Φ2 and Φ3. For each pair is then the DR(EX) calculated with equation 5-13, 
the damage function used in equation 5-13 is the ground based proton damage function. 
The value of the ground based proton damage function for each pair of energy and fluence 
is set to a random number. In table 5-1 are these numbers shown and also the calculated 
values of DR(EX) for each energy. 
 

Energy Fluence DPT,GT(Ex,Φx) DR(Ex) 

E1 Φ1 0.01 7.69 % 

E2 Φ2 0.05 38.46% 

E3 Φ3 0.07 53.85% 

 Total 0.13 100 % 
Table 5-1 - Example - Damage contribution 

 
With the ratios DR(EX) calculated and the ratios, RatioT and RatioD known since ground 
based testing (here random numbers) the separation between damage types can be made. 
With equation 5-14a is the TID damage due to protons for every energy calculated and with 
5-14b the displacement damage. Table 5-2 show the RatioT and RatioD values for each 
energy together with the calculated values, the last row in the table shows the summation of 
all proton damage due to TID and due to displacement damage. 
 

Energy RatioT RatioD DT,S,PR(Ex,TID) DD,S,PR(Ex,DDD) 

E1 0.05 0.95 0.000960 0.018240 
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E2 0.03 0.97 0.002886 0.093314 

E3 0.02 0.98 0.002692 0.131908 

Total  0.006538 0.243462 
Table 5-2 - Example - Damage contribution continue 

 
The damage due to TID caused by electrons and protons needs to be added together as in 
equations 5-9 and 5-15 to get the total damage due to TID. Using equation 5-9 the damage 
will be DT,S(TID) = 0.026538. For displacement damage are we only calculating the proton 
contribution and with equation 5-16 will we get the total damage due to displacement 
damage, the calculation is already made in table 5-2 and the value is DP,S(DDD) = 
0.243462. If the two damage parts are added together it equals the measured in-flight total 
degradation as it should do. 

5.2 Single event transients 

For SET testing is a heavy ion or proton accelerator required, tests shall be made for 
several particle energies to get the cross-section curves. In this chapter is the general 
method for the data analysis described, but no detailed algorithms are presented. 

5.2.1 GROUND AND IN-FLIGHT DATA ANALYSIS FLOW CHART 

Figure 5-3 show the data analysis flow chart for SET testing. The data analysis is not as 
complex as for CTR and dark current testing, but some parts require extra attention. 
Calibration for TID and displacement damage effects is needed, because these effects 
changes the output level of the optocouplers and hence the response to SET. For more 
information about how the measurement system is designed see chapter 3.2.4. 
 
The colour coding for the flow chart in figure 5-3 is the as for the previous flow chart. The 
final result is marked with black background; parts in dark grey indicate tests performed on 
ground and are the starting point. Parts in mid grey indicate measurement results while 
light grey parts indicate calculated results. The dashed lines represent results based only on 
ground tests while solid lines represent in-flight results. 
 

 
Figure 5-3 - Data analysis flow chart for SET testing 

 
1. SET GROUND TESTS 
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This part represents the ground based testing of SETs with a heavy-ion accelerator. 
The energy and hence the LET should be varied; the reference value for the 
measurement system and the angle of incidence shall also be varied. This shall be 
done to get a deeper knowledge about the component response to radiation.  

 

2. CROSS-SECTION VS LET GRAPHS 

Inputs: SET Ground tests and calibration 

This part represents the ground based test results from SETs; the result is a cross-
section function with dependence on LET. This function can be used for estimation 
of the number of in-flight counts. The cross-section function needs to be corrected 
for angle of incidence effects as the particles in-flight are omni-directional. 

 

3. CALIBRATION FOR TEMPERATURE AND DRIFT EFFECTS 

The measurement system and DUTs needs to be calibrated for temperature and drift 
effects. These needs to be monitored both during ground based and in-flight testing. 

 

4. CROSS-SECTION ANGLE DEPENDENCE 

Inputs: SET Ground tests and calibration 

This part represents the ground based test results from single even transients testing 
and the dependence on the particle angle of incidence. These tests shall be made 
with the same LET values as the other SET tests on ground. 

 

5. CROSS-SECTION VS LET GRAPHS INCLUDING ANGLE DEPENDENCE 

Inputs: Cross-section versus LET graphs and cross-section angle dependence 
This part represents the ground based measured cross-section calibrated for angle 
effects. This function will be used for estimation of the number of in-flight counts. 

 

6. ESTIMATION OF NUMBER OF IN-FLIGHT COUNTS 

Inputs: Cross-section versus LET graphs including angle dependence and in-flight 

proton spectrum with simulations 
Using the effective cross-section calibrated for angle dependence it is with the in-
flight proton spectrum and simulations possible to estimate the number of in-flight 
counts. The number shall then be compared to the measured number of in-flight 
counts. 

 

7. IN-FLIGHT PROTON SPECTRUM 

This part represents the measured in-flight proton spectrum and simulations made to 
extend this spectrum to include all types of particles. This number will be used to 
estimate the number of in-flight counts. 

 

8. COMPARISON OF RESULTS 

Inputs: Estimated number of in-flight counts and measured number of in-flight 

counts 
The estimated number of counts and the measured number of in-flight counts are 
compared. This will show how good the system and methods work. 

 
9. NUMBER OF COUNTS MEASURED IN-FLIGHT 

Input: Calibration 
This is the number of measured in-flight counts, to get this value the measurement 
system and DUTs needs to be calibrated for temperature and drift effects. The 
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DUTs needs also to be calibrated for TID and displacement damage effects; this 
could be done using results from in-flight TID and displacement damage 
measurements. 

 
10. CALIBRATION FOR TOTAL DOSE AND DISPLACEMENT DAMAGE EFFECTS 

This is the calibration needed for TID and displacement damage effects on the 
DUTs, TID and displacement damage degradation lowers the output level of the 
DUT. This lower level leaves differences against the reference level used for 
detection of single events, which then needs to be calibrated. 
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6 RESULTS 

In this chapter the test results from the TID test campaign are presented. The results 
presented are taken from three test runs, one test run with a high dose rate and low bias 
current, one with low dose rate and low bias current and one with low dose rate and high 
bias current. The high dose rate is 2 krad(Si)/h while the low is 500 rad(Si)/h, the low bias 
current is 1 mA and the high is 10 mA, these bias currents values are for CTR testing. 
Devices tested for effects on the dark current were unbiased during irradiation and testing. 
 
To prevent damaging peripheral circuitry, a 15 cm graphite block was employed as 
shielding during the three test runs; 15 cm attenuates the TID down to about 10 % of its 
original intensity. For the photonic effect testing (detailed later in this section) a 20 cm 
graphite shield was used which reduces the TID to 5 % of the initial intensity. The TID 
received by the measurement circuitry was 12.6 krad(Si) after the three test runs and an 
extra 60 rad(Si) after the photonic effect testing. The dose reduction dependence on 
shielding thickness can be seen in figure 6-1. 
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Figure 6-1 - Shielding reduction 

 
The temperature was continuously monitored during irradiation and illustrated in the 
chapter for each test run; the temperature is plotted versus total dose for easier correlation 
with possible temperature effects. In general the results indicate negligible temperature 
effects.  
 
The maximum CTR is measured at approximately 12.5 mA, thus, a number of the graphs 
are presented employing 12.5 mA forward current results to better illustrate the radiation 
induced effects. According to the manufacturer datasheet the maximum CTR is at 
approximately 10 mA as opposed to between 12.5 mA and 15 mA as measured here. CTR 
degradation was larger for lower forward currents; however, these results illustrated 
increased noise levels. A larger forward test current would mean that the devices are 
saturated. When the effects for different forward test currents are presented 1 mA, 12.5 mA 
and 50 mA forward currents were chosen, 1 mA as low current, 12.5 mA for the same 
reason as before and 50 mA as the optocoupler is saturated. 
 
Automated measurements were performed every 20 minutes during irradiation. A complete 
measurement sequence takes 80 seconds. Four DUTs are located on the test board, 
however, only one DUT may be measured at a time (the remaining three DUTS are then 
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unbiased). Thus, the total un-biased (OFF-time) period for any given DUT is kept to an 
acceptable level of 6.7% with respect to total irradiation time. For the annealing after the 
third irradiation run, measurements were made every 30 minutes, which makes the off-time 
4.4 % of total irradiation time. For all testing except for photonic effect tests 10 sequential 
measurements were taken and averaged to reduce noise, for the photonic effect testing that 
number was increased to 30.  
 
The dosimeter used gives the dose in rad(water), it has been assumed that the component 
tested is of silicon type and therefore the dose was converted to rad(Si) with a factor of 
0.896. Another possible option is that the component is of Gallium-Arsenide type, which 
would make the conversion factor 0.796 from rad(water) to rad(GaAs). If the wrong 
assumption was made only the absolute value of the results are erroneous while the 
measurement trends are still valid.  
 
The absolute values for the component degradation measurements was not the primary goal 
of this work, the tests were made to verify and improve the test methods and procedures. 
Hence the focus is on how well the system works and not on the degradation of the 
optocouplers. 
 
Table 1 show in which test slot each device was located, this can be used to track errors in 
the circuitry. 
 

Slot 1
st
 run 2

nd
 run 3

rd
 run 

A 1 7 13 

B 2 8 14 

C 3 9 15 

D 4 10 16 

E 5 11 17 

F 6 12 18 
Table 6-1 - DUT slot positions 

 
It became clear during irradiation that the dark current level was sensitive to the dose rate; 
hence the tests for photonic effects were initiated. The dark current test results presented 
for each test run has not been corrected for this effect; in the comparison chapter a graph 
over all DUTs tested for dark current which has been corrected for this effect is presented. 

6.1 Tests with reference device 

The measurement system has continuously been calibrated employing a reference device. 
The reference device was not irradiated.  

Current transfer ratio 

Tests show that the measurement system has been degraded during irradiation, the CTR 
measuring circuitry has approximated been degraded the same amount for all four test 
slots. The effect is largest for small forward test currents; after the third irradiation run, 
which corresponds to a TID of approximate 12.6 krad(Si) at the measuring circuitry, the 
normalised CTR for the reference device had been reduced to 0.98 for a 1mA forward test 
current. The degradation in the measurement system is therefore considered negligible and 
is not accounted for during the remaining part of the data analysis. For more accurate 
results this has to be taken into account. 
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Dark current 

The dark current measurement circuitry performance was observed to degrade more than 
that observed for the CTR measurement circuitry. The degradation, following the last 
irradiation run, was observed to be four times larger than pre-irradiation values 
significantly affecting the DUT measurements. Correction has then been made to all results 
from dark current measurements, as there has been no continuous checking of the 
degradation during irradiation, it will be assumed that measurement circuitry degradation is 
linear with total dose. This will lead to errors but simplifies data analysis. The error will be 
largest for the results during the first run as the changes were largest during this run. More 
discussion about this can be found under the discussion chapter 6.7. Table 6-2 shows the 
normalised measurement system degradation. 
 

Date Comment Time DUT E DUT F Temperature 

26/4 Start 09:40 1.000 1.000 19.6 °C 

28/4 After 1st 10:04 3.441 2.589 19.3 °C 

2/5 After 2nd 11:16 3.812 3.086 19.8 °C 

9/5 After 3rd 14:19 3.590 2.797 23.1°C 

11/5 PET start 10:34 3.601 2.781 22.3 °C 

11/5 PET 1st  11:50 3.543 2.970 23.5 °C 

11/5 PET 2nd  15:09 3.613 3.850 23.6 °C 

11/5 PET 3rd  16:12 4.486 6.153 23.3 °C 

11/5 PET 4th  17:15 4.616 12.399 23.4 °C 
Table 6-2 - Degradation of measurement system employing the reference component 

 
The dark current irradiation test board contains two DUTs; these are identified as DUT E 
and DUT F in table 6-2. During photonic effect testing DUT F channels degraded 
significantly, up to 12 times the initial value. Correction has also been made to the results 
from photonic effect testing. 
 
The temperature has been around 19.5 °C during the first three reference tests, after the 
third run the temperature went up to 23.1 °C, which can affect measurements but according 
to datasheets these effects are small. The temperature for reference measurements during 
photonic effect tests stayed around 23 °C. 

6.2 First irradiation test run – 2 krad(Si)/h – 1 mA bias 

The first irradiation test run was done at room temperature and with a dose rate of 2 
krad(Si)/h for 24 hours, which gives an expected total dose of 48 krad(Si). To improve 
graph readability only every 5th measured data is illustrated. The ambient temperature in 
the irradiation chamber during the irradiation fluctuates at most 1.2 °C as seen in figure 6-
2, maximum is 20.3 °C and minimum 19.1 °C, and the difference is considered small. 
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Ambient temperature during irradiation
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Figure 6-2 - Temperature during irradiation 

6.2.1 EFFECTS DURING IRRADIATION 

Current transfer ratio 

For CTR devices were biased with 1 mA forward current during the irradiation testing. 
Figure 6-3 shows the effects on the different DUTs for a single forward test current of 12.5 
mA, the differences in effects are very small between the DUTs. The maximum difference 
noticed in normalised CTR is 0.059 amongst the DUTs. This is an acceptable difference 
considering that COTS components are used and no calibration has been made for 
degradation in the system. For further CTR data analysis the average degradation for all 
four devices is analysed, it can also be noticed that the actual input current to the different 
optocouplers changes very little; it changes less than 0.1 % during all testing. 
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Figure 6-3 - Comparison of effects on different DUTs 

 
Looking on the average effect on the normalised CTR one may conclude that the CTR 
degrades more for low forward test currents. Figure 6-4 shows the degradation for three 
forward test currents. It can also be noticed that the effects are linear with the total dose. 
The normalised CTR value for a forward test current of 1 mA reduces to 0.57 while the 
corresponding value for 50 mA test current is 0.96, these values are measured after 50 
krad(Si). 
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Average normalised CTR
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Figure 6-4 - Comparison of different forward currents 

Dark current 

Unfortunately, no pre-irradiation data is available for these devices. Thus, the effect of the 
radiation induced photo current was not sufficiently quantified. Figure 6-5 shows that the 
dark current decreases with increasing total dose, this behaviour will be further investigated 
as both devices show the same behaviour and it is an unexpected result. It can have its 
explanation in the linear degradation assumption and it will be further discussed in chapter 
6.7. 
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Figure 6-5 - Effects on dark current 

6.2.2 EFFECTS DURING ANNEALING 

The annealing was performed in the irradiation chamber with the radiation source off and 
at room temperature, the ambient temperature ranged between the same values as during 
irradiation. The devices annealed for 24 hours with automatic measurements every 20 
minutes. 

Current transfer ratio 

The CTR test devices were biased with 1 mA during the annealing. Figure 6-6 shows the 
recovery for the different DUTs, tested with a forward current of 12.5 mA. From this figure 
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it can be seen that DUT4 (Slot D) is not recovering as much as the others and this is valid 
for all forward test currents, a probable explanation is the variability in COTS components 
(the internal elements of the optocoupler may originate from different manufacturers). It 
recovers up to 2.5 % from the value after irradiation, while the others recover up to 3.0 %. 
 

Normalised CTR recovery with 1 mA bias 

24 hour annealing in room temperature, tested with

IF = 12.5 mA

100%

101%

102%

103%

104%

00:00:00 06:00:00 12:00:00 18:00:00 00:00:00

Annealing time

C
T

R
 r

e
c
o

v
e
ry

 p
e
rc

e
n

ta
g

e

DUT1 DUT2 DUT3 DUT4

 
Figure 6-6 - Annealing of different DUTs 

 
The largest recovery following annealing is observed on measurements performed with the 
lowest forward test currents (figure 6-7). These also illustrated the largest pre-annealing 
degradation. For a 1 mA forward test current, the devices recover up to 5 % compared to 
the final post-irradiation value measured, for a 50 mA forward test current the 
corresponding percentage is 0.36. It should be noticed that the results for a 1 mA forward 
test current does not change as steady as the others as the low current measurements are 
more susceptible to noise. 
 

Average normalised CTR recovery with 1 mA bias during

24 hour annealing in room temperature, tested with 

IF = 1 - 50 mA
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Figure 6-7 - Comparison of annealing effects with different forward test currents 

 
Figure 6-8 illustrates the effects from annealing together with the radiation induced 
degradation; the test current is in this case 1 mA. The figure illustrates the recovery of CTR 
after 24 hours of annealing to the value held post- 45 krad(Si) irradiation. 7.3 % of the 
degradation was recovered after 24 hours of annealing. 
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Figure 6-8 - Annealing effect together with degradation – IF = 1 mA 

 
Figure 6-9 illustrates the same measurement as in figure 6-8 but for a test current of 12.5 
mA. Also here the value after 24 hours of annealing is back to what it was after 45 krad(Si) 
irradiation. 8.2 % of the degradation was recovered during annealing. 
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Figure 6-9 - Annealing effect together with degradation – IF = 12.5 mA 

 
Figure 6-10 shows the recovery for a test current of 50 mA together with the degradation. 
The recovery during annealing was 8.5 % of the degradation. 
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Average normalised CTR
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Figure 6-10 - Annealing effect together with degradation – IF = 50 mA 

Dark current 

During annealing the dark current decreases following the trend observed during irradiation 
runs. However, the dark current makes a significant jump when the source is switched off, 
this can be seen between point 1 and 2 in figure 6-11. Point 1 is the last measurement with 
the source on, this jump most probably results from radiation induce photo current.  Figure 
6-11 clearly illustrates that the dark current value recovers towards 1nA, which is a typical 
value for dark current for this type of optocoupler. 
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Figure 6-11 - Dark current recovery during room temperature annealing 

6.3 Second irradiation test run – 500 rad(Si)/h – 1 mA bias 

The second irradiation test run was done at room temperature with a lower dose rate, 500 
rad(Si)/h, than in the first run. The duration of this test run was 72 hours resulting in a total 
dose of 36 krad(Si). Results are shown for every tenth measurement to improve readability. 
First measurement was taken before the radiation source was switched on. The ambient 
temperature in the radiation chamber during the irradiation fluctuates at most 1.3 °C as seen 
in figure 6-12, the range is 18.7 °C to 20.0 °C. 
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Ambient temperature during irradiation
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Figure 6-12 - Temperature during irradiation 

 
The data acquisition unit suffered from a power failure during the irradiation run so no 
results are available after 32.4 krad(Si) nor from the annealing. The dark current was 
measured once after the annealing for reference. 

6.3.1 EFFECTS DURING IRRADIATION 

Current transfer ratio 

The forward current during irradiation was 1 mA. Figure 6-13 shows that when tested with 
a forward test current of 12.5 mA the normalised degradation is similar for all devices thus, 
the average value may be used in further analysis. The maximum difference in normalised 
CTR is 0.029 amongst the DUTs and the difference increases with increasing TID. 
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Figure 6-13 - Comparison of effects on different DUTs 

 
As previous measurements, the degradation levels are strongly dependent on the applied 
forward test current. Larger degradation is observed for small forward test currents (figure 
6-14). At 32.4 krad(Si) the CTR reduces to 0.69 for a forward test current of 1 mA and 0.98 
for a 50 mA forward test current. The effects are still linear in the tested range. 
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Average normalised CTR
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Figure 6-14 - Comparison of different forward currents 

Dark current 

With the lower dose rate and with the first measurement taken before the source was 
switched on, one can see an effect where the dark current increases rapidly (step-function) 
and subsequently decreases slowly with increasing radiation. Unfortunately, the data 
acquisition unit failed 32.4 krad(Si) preventing observation of the dark current behaviour 
when the source was turned off.  A measurement taken after the complete irradiation 
sequence and 24 hours of annealing shows a lower value than the post-32.4 krad(Si) 
measurements. Figure 6-15 shows the graph over the dark current during irradiation. 
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Figure 6-15 - Effects on dark current 

6.3.2 EFFECTS DURING ANNEALING 

Current transfer ratio 

No annealing effects were recorded for CTR DUTs due to the power failure in the 
acquisition unit. 
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Dark current 

No dark current data is available during the annealing period. However, the dark current 
measurements performed at 32.4 krad(Si) and immediately after annealing show a recovery 
of approximately 10 % which may be attributed to the temperature difference between the 
two measurements of 0.8 °C. 

6.4 Third irradiation test run – 500 rad(Si)/h – 10 mA bias 

The third irradiation test run was done at room temperature and with a dose rate of 500 
rad(Si)/h for 144 hours, this gives an expected TID of 72 krad(Si). All results are shown for 
every tenth measurement to improve readability. The first measurement was taken just 
before the source was switched on. The ambient temperature in the radiation chamber 
during the irradiation fluctuates at most 2.5 °C as seen in figure 6-16, the range is now 19.0 
°C to 21.5 °C. 
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Figure 6-16 - Temperature during irradiation 

6.4.1 EFFECTS DURING IRRADIATION 

Current transfer ratio 

The devices for CTR testing were biased with a higher current this time, 10 mA during 
irradiation. Figure 6-17 shows that when tested with a forward test current of 12.5 mA, the 
normalised degradation show some differences between the DUTs, however the average 
value will be used in further analysis. The results differ up to 0.1436 in normalised CTR 
and the differences increases with the TID. It should be noticed that the degradation of the 
DUTs are divided in two groups, devices 13 and 16 (slot A and D) and 14 and 15 (slot B 
and C). 
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Figure 6-17 - Comparison of effects on different DUTs 

 
As previous measurements, the degradation levels are strongly dependent on the applied 
forward current. Larger degradation is observed for small forward test current (figure 6-
18). At 69 krad(Si) the CTR reduces to 0.44 for a forward test current of 1 mA and 0.93 for 
a forward test current of 50 mA. The effects are linear in the range, but start to deviate from 
this. 
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Figure 6-18 - Comparison of different forward currents 

Dark current 

The pre-irradiation dark current measurement between the two devices illustrates a 
significant difference. DUT18 illustrates a higher dark current value. However, at the onset 
of radiation the dark current values illustrate the now familiar step function where the two 
dark current values initially converge (figure 6-19). The pre-irradiation value of DUT18 is 
currently not understood. The results are the same as the previous test with low dose rate, 
except for the first measured value for DUT18 (Slot F). 
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Dark current, with correction for effects on measurement system
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Figure 6-19 - Effects on dark current 

6.4.2 EFFECTS DURING ANNEALING 

The annealing was performed in a nearby laboratory at room temperature, the ambient 
temperature ranged between 21 and 22 °C. The devices annealed for 24 hours with 
automatic measurements every 30 minutes. 

Current transfer ratio 

10mA forward test current was applied to the DUTs during CTR annealing measurements. 
Figure 6-20 shows the recovery for the different DUTs, tested with a forward test current of 
12.5 mA. From this figure it can be seen that DUT16 (Slot D) was not recovering as much 
as the others. This could again be a result of testing COTS components; it recovers up to 1 
%, while the others recover up to 1.5 %. It should be noticed that DUT16 was placed in the 
same position as DUT4, slot D, which also showed the same behaviour in previous tests. 
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Figure 6-20 - Annealing of different DUTs 

 
The largest recovery following annealing is observed on measurements performed with the 
lowest forward test currents (figure 6-21) as in the previous case (figure 6-7). For a 1 mA 
forward test current, the devices recover up to 3.4 % compared to the final post-irradiation 
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value measured, for a 50 mA forward test current the corresponding percentage is 0.1. As 
previous the results from 1 mA forward test current are more susceptible to noise. 
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Figure 6-21 - Comparison of annealing effects with different forward currents 

 
In the next chapter the effects from accelerated aging are shown; annealing and accelerated 
aging measurements are illustrated in the same figures (figure 6-23 to figure 6-25). Figure 
6-23 to 6-25 show the effects for three different test currents. 

Dark current 

During annealing the dark current was fairly constant but has a lower value than the last 
measured value in the irradiation chamber with the source on. It drops between 2 and 5 % 
when the source is turned off. Figure 6-22 shows the little variation in annealing of the dark 
current. 
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Figure 6-22 - Dark current recovery during room temperature annealing 

6.4.3 EFFECTS DURING ACCELERATED AGING 

The accelerated aging was performed after the annealing; the components were placed 
unbiased in an oven for 168 hours at 80 °C. The components were removed after 24 hours 
and 168 hours for measurements, the measurements were performed in room temperature. 
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Current transfer ratio 

Figure 6-23 show the degradation of the components together with the effects from 
annealing and aging, tests were done with 1 mA test current. From the graph it is clear that 
the components recover, after 24 hours of annealing and 168 hours of aging the CTR 
recovers 19.5 percent with respect to measurement performed at the last irradiation point. 
 

Average normalised CTR

LDR (500 rad(Si)/h) and 10 mA bias, tested with

IF = 1 mA showing recovery

0.4000

0.6000

0.8000

1.0000

0 10 20 30 40 50 60 70

Total dose [krad(Si)]

N
o

rm
a
li

s
e
d

 C
T

R

IF 1 mA

2
4
h

 a
n

n
e
a

lin
g

2
4
h

 a
g

in
g

1
6

8
h

 a
g

in
g

 
Figure 6-23 - Annealing and aging effects together with degradation – IF = 1 mA 

 
Figure 6-24 shows the same measurement as in figure 6-23 however, with a forward test 
current of 12.5 mA, the recovery is still clear. The CTR recovers 10.2 percent with respect 
to measurement performed at the last irradiation point. 
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Figure 6-24 - Annealing and aging effects together with degradation – IF = 12.5 mA 

 
Figure 6-25 shows the same measurement as in figure 6-24 however, for a 50 mA forward 
test current. The CTR recovers 2.5 percent with respect to measurement performed at the 
last irradiation point. 
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Figure 6-25 - Annealing and aging effects together with degradation – IF = 50 mA 

Dark current 

The effects from accelerated aging on the dark current is not clear, one device show an 
increase while another device show a decrease of dark current. Despite the ambivalent 
measurement the accelerated aging is considered not to affect the dark current since the 
changes are small. 

6.5 Tests of photonic effect 

The dark current test results seem to show an interesting dependence on the dose rate, this 
could be a photonic effect as the phototransistor is sensitive. Because of this a closer study 
has been made where four irradiation runs has been made with four different dose rates. 
Figures 6-26 and 6-27 shows the dose rate effects on the different channels, the results have 
been corrected for degradation in measurement system. The points where the dark current 
makes steps up and down is the time where the source were switched on and off. Two 
devices were tested, one in each slot, they were used for all four dose rates. 
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Figure 6-26 - Test of photonic effect in slot E, DUT20 
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Photonic effect test of slot F, DUT21,

corrected for measurement system degradation
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Figure 6-27 - Test of photonic effect in slot F, DUT21 

 
As one can see in the graphs the dark current is affected under irradiation which has to be 
taken into account when looking on measured results. If not taking this into account it will 
affect comparison of results from measurements with the source on and measurements 
taken with the source off. The dependence on the dose rate is rather linear, which could 
make it possible to correct the results from this effect; this is seen in figure 6-28. The 
dependence is about the same for both channels, only one device in each slot has been 
tested so the lot-to-lot variability in the components will affect the results. 
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Figure 6-28 - Dark current dose rate dependence 

 
This effect has not been seen on CTR testing as the driving currents are more than 106 
times higher, so there is no need for checking the effects closer on the CTR. 

6.6 Comparison of test runs 

In this chapter are results from the different test runs compared which will show effects of 
different dose rates and bias currents. 

6.6.1 CURRENT TRANSFER RATIO 

In figure 6-29 is the normalised CTR plotted for three different forward test currents, for 
low dose rate and high dose rate. No major difference in effects can be seen between the 
two dose rates, the degradation is linear for both. There is only a factor four in difference 
between the dose rates, which could be an explanation to the small differences. 
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Figure 6-29 - Comparison of LDR and HDR effects 

 
In figure 6-30 can the normalised CTR from low dose rate testing be found, three different 
forward test currents has been used for both the low and high bias current. The CTR has 
been slightly more affected for all three forward currents, but it has to be said once again 
that these results are not corrected for the small degradation in the system. It is under 1 %, 
but the difference is not much more, so the bias current may not affect the results so much. 
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Figure 6-30 - Comparison of low and high bias current effects 

6.6.2 DARK CURRENT 

Figure 6-31 show the effects on dark current without correction for dose rate effects, DUT5 
and DUT6 (Slots E and F) are much higher and do not have the step in the beginning, this 
can be explained by two things. The dose rate is four times as high as the other four and the 
first value is taken just after the source was switched on instead of just before. 
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Figure 6-31 - Comparison of dark current effects 

 
Figure 6-32 displays the same graph as figure 6-31 but is also calibrated for the dose rate 
effects; the linear fitting from the tests for photonic effect has been used for this. One can 
now see that all components are closing down to approximately the same value. The values 
in the beginning for the two high dose rate tests are much higher than the rest. This could 
be because of the degradation of the measurement system in the beginning and the 
assumption that it was linear. 
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Figure 6-32 - Comparison of dark current effects, corrected for photonic effect 

6.7 Discussion 

The goal of this activity was to improve and verify test methods to provide accurate ground 
based irradiation test data and enable effective analysis of CTTB in-flight results for 
correlation with ground based data.  Due to the activity time constraint and available 
budget, COTS components were employed and tests performed on a relatively low number 
of components. Thus, the absolute measurement results are not considered important at this 
stage of the CTTB development.  Therefore no big notice should be taken on the actual 
numbers in the results, to be able to say more about the degradation of the components; 
more components has to be tested.  
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From the results it is possible to see that the system can be used to measure the CTR very 
well, the different test slots give on small variations in measurements. The effects on the 
measurement system are low and no other effects as the photonic effect have been visible 
in the results. The system design with only one current-source does not seem to have 
affected the tests in a negative way. DUTs in one of the test slots seem to recover less than 
the others, if deemed necessary this should be further investigated. 
 
There are no notable changes of the forward currents during the testing, the same DAC 
values has been used for all testing. Despite this it would be preferred to introduce some 
calibration system for the current-source. The simplest solution would be to introduce a 
switch and a load, which would make it possible to switch between the load and the DUTs. 
Then the current over the load can be measured and the system can be calibrated. 
 
The results from dark current testing shows some variety and a large dependence on the 
dose rate, this dependence of the dose rate affects the results much as well as the 
degradation of the measurement system. After corrections it seems like there are no notable 
effects on the dark currents. 
 
The degradation of the measurement system has not been monitored during irradiation and 
this introduces an error as the assumption with a linear degradation has to be done. If a 
logarithmic degradation had been assumed instead the results in figure 6-32 would fit 
better, but the linear is the simplest one. To introduce a switch in the system for testing of 
the system during irradiation would give a good idea about how the system degrades and it 
would also be a good calibration method. The switch should change between the 
optocoupler and a DAC output, and then it would be possible to test the system over the 
full testing range and see how the system is affected. One drawback could be that the 
switch affects the small current going through the optocoupler and this has to be 
investigated. This kind of test should be performed manually on the current test system to 
see if and how the system has changed, it should be tested for the full range between 0 and 
500 nA. 
 
The dependence on the dose rate can be investigated and also calibrated for, but this has to 
be checked for a full particle spectrum which means an extensive testing. If this effect is 
known, the system can be used to test the dark current in space, but without it the photonic 
effect will introduce to much noise for an effective testing. One can notice that for small 
dose rate is the effect small, as for 150 rad(Si)/h and down it could be possible to use the 
system if the dose rate is small. 
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8 APPENDIX 

The appendix consists of three documents in their full format, these are the documents 
made to describe the test methods and procedures to use for irradiation testing of 
optocouplers. 
 
The documents are the following: 
 

• RADIATION TEST METHODS FOR TOTAL DOSE AND DISPLACEMENT DAMAGE 

TESTING ON OPTOCOUPLERS, this document describes the general methods to use 
for both TID and displacement damage testing on optocouplers 

 

• RADIATION TEST METHODS FOR SINGLE EVENT TRANSIENT TESTING ON 

OPTOCOUPLERS, this document describes the general methods to use for SET 
testing on optocouplers 

 

• RADIATION TEST PLAN FOR TID TESTING ON OPTOCOUPLERS, this document is the 
full specification of how the testing was performed and could be used as a template 
for following test plans 
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1 INTRODUCTION 

1.1 General 
This specification defines the requirements and methods for steady-state irradiation testing of 
optocouplers, suitable for space applications. 
 
The ESCC No. 22900, Total dose steady-state irradiation test method document has been used as a 
baseline for this document. 

1.2 Purpose 
The purpose of this specification is to define the requirements for testing of optocouplers, for the 
effects from total ionising dose and displacement damage. The test methods only include steady-
state irradiation and are not applicable for pulsed irradiation. 

1.3 Applicable documents 
ESCC No. 21300, Terms, definitions, abbreviations, symbols and units 
ESCC No. 21500, Calibration system requirements 
ESCC No. 22900, Total dose steady-state irradiation test method 

2 TERMS, DEFINITIONS AND ABBREVATIONS 
The terms, definitions, abbreviations, symbols and units specified in ESCC Basic Specification No. 
21300 shall apply. Additional abbreviations and definitions used in this specification are listed 
below. 

2.1 Abbreviations 
COTS = Commercial Off The Shelf 
CTTB = Component Technology Test Bed 
DD = Displacement Damage 
DUT = Device Under Test 
ESCC = European Space Components Coordination 
NIEL = Non-Ionising Energy Loss 
REF = Reference sample 
TID = Total Ionising Dose 
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2.2 Terms and definitions 
− In-situ testing 

Electrical testing of devices which are physically located in the irradiation chamber. The 
measurements are made during the irradiation or after it. 

 
− Remote testing 

Electrical testing of devices after removal from the irradiation chamber. If the devices have 
to be removed from their exposure sockets, then the leads have to be shorted together 
during transport. 

 
− Displacement damage 

The disturbance of the semiconductor crystal by displacement of atoms from the lattice, the 
displacement is made by energetic protons or neutrons. Displacement damage is a non 
ionising effect and is to be distinguished from ionising dose. 

 
− Level of interest 

The level of interest is a dose value that has a specific significance during the testing. This 
value may be the expected dose on a spacecraft or the specified limit for a radiation-
hardened component. The test level should be higher than the level of interest for better 
testing and to allow design margins. 

 
− Flux 

The number of ions passing through a unit area perpendicular to the beam in one second. 
The unit is usually ions/cm2/s. 

 
− Fluence 

The flux integrated over time and hence the unit is ions/cm2. 

3 EQUIPMENT AND GENERAL PROCEDURES 
The equipment shall consist of the radiation source, electrical parameters measurement system, test 
circuit board, cables, interconnect board or switching system, test fixtures, power supplies, 
shielding, data acquisition unit and dosimetry instruments. 
 
The level of interference, noise and leakage on the electrical measurement system shall be 
sufficient low, so they do not affect the electrical measurements. This can be done by proper 
shielding, insulation and grounding etc. This includes design techniques such as ground-plane, 
bypassing capacitors and filters, as shown in the circuit diagram in appendix 6.1 bypassing 
capacitors are used in the current design. Ground-planes are also used and filters will be added if it 
is needed, the primary testing of the circuit will show if it is needed. All components on the test 
board except the DUTs and some of the resistors will be shielded, this is needed as COTS products 
will be used and they are sensitive to radiation. 
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3.1 Radiation sources and dosimetry 

3.1.1 SOURCE FOR IONISING DAMAGE 
The radiation source for ionising damage tests shall be a Cobalt 60 gamma source, the dose rate 
shall be calibrated with the requirements of ESCC Basic Specification No. 21500 to at least 10%. 
The non-uniformity of the radiation field in the test area shall be a maximum of 10% and 
dosimetry shall be traceable to national standards. 

3.1.2 SOURCE FOR DISPLACEMENT DAMAGE 
The radiation source for displacement damage testing shall be a proton accelerator with sufficient 
energies to create displacement damage. The damage equivalent concept shall be used and the 
devices under test will be irradiated with mono-energetic protons. The devices shall be tested with 
10 MeV protons and with 60 MeV protons to correlate with NIEL, using the LET value of the 
protons and the fluence one can compare the results with total dose effects. 

3.2 Radiation levels 
The test devices shall be exposed to within 10% of the specified radiation dose levels or fluencies 
for ionising dose and displacement damage testing. Multiple exposures shall be required for each 
set of test devices and the post-irradiation electrical parameter measurements shall be performed 
after each exposure. Unless specified in the test plan for total dose testing, there shall be a 
minimum of 7 exposures for which the increments in dose will be around ratios 1/20, 1/10, 1/4, 
1/2, 3/4, 1 and 2 of the level of interest. For displacement damage testing there shall be a minimum 
of 7 exposures, one option is to choose the fluence out from the corresponding total dose, they can 
be connected with the LET value of the protons and the fluence. The other option is to choose the 
fluence from the expected fluence values the system will be exposed to in orbit. The radiation 
levels shall be specified in the test plan. 

3.3 Radiation dose rates 
The dose rate for total ionising dose testing shall be specified in the test plan. The dose rate shall 
be held constant within 10% during a given radiation exposure, the dose rates shall be chosen in 
such way that the error in dose coming from timing errors and initial beam adjustment are kept 
below 10%. The two dose rate windows are standard (3.6 to 36 krad/h) and low rate (36 to 360 
rad/h) and preferably the lower one shall be used. 
 
The fluence for displacement damage testing shall be held within 10% of the specified values and a 
constant flux shall be used. 
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3.4 Temperature requirements 
The devices under test shall be irradiated in an ambient temperature of +20 ±3 °C. If the devices 
are transported to a remote measurement site, the temperature is not allowed to increase with more 
than 10 °C with respect to the ambient temperature during exposure. 
 
The ambient temperature shall be monitored and recorded, both during irradiation and 
measurements. 

3.5 Electrical measurement system 
All instruments used for the electrical measurements shall have the stability, accuracy and 
resolution required for accurate measurements. Any part of the system required to operate within 
the irradiation chamber shall be insensitive to the radiation levels intended or be shielded until that 
condition is achieved. 
 
There are some known accuracy limits due to the design of the electrical measurement system, 
which has to be taken into account when evaluating the results.  
 
With a 10-bit D/A converter and using the full range input for CTTB on ±10 V a 20 mV resolution 
can be used as input. The current design uses a 0 – 5 V range for the input voltage to the current 
source in the upper left corner of the circuit diagram in appendix 6.1; calculations are based on that 
the system output should be the same as if the full range has been used. The output current from 
the current source will have resolution of 195 µA for an output resistor of 100 Ohm. The lowest 
value that actually can be used is not known but it is planned to use 1 mA as the lowest value and 
then an input of 100 mV is needed. The resolution of 20 mV would then be enough if it fulfils 
stability conditions. 
 
The two lower circuits in appendix 6.1 are the dark current measuring circuits. For these, the 
design allows a dark current of maximum 500 nA to be measured with approximate a 0.49 nA 
resolution, if an 14-bit A/D converter is used and a 0 – 5 V range. The CTTB interface 
specifications has a ±10 V range for the ADC, if the same maximum dark current will be measured 
using the full range will the resolution be 0.12 nA. The small initial dark current before the 
irradiation will be affected by the input bias currents to the operational amplifiers, according to 
datasheets the bias currents will be around 2-5% of the initial dark currents of the optocouplers. 

3.6 Electrical parameters measurement systems 
All instruments used for the electrical parameters measurements shall have a better stability, 
accuracy and resolution than the electrical measurement system. The electrical parameters 
measurement system will function as a reference to ensure that the electrical measurement system 
functions properly. A SZ M3000 system will be used as an electrical parameter measurement 
system during design and testing of the measurement circuits. In appendix 6.2 there is a table 
comparing the accuracy and resolution between the electrical measurement system and the 
electrical parameters measurement system. Any part of the system required to operate within the 
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irradiation chamber shall be insensitive to the radiation levels intended or be shielded until that 
condition is achieved. 

3.7 Test fixtures 
Devices to be irradiated shall be mounted on the test circuit boards together with the associated 
circuitry necessary for application of bias during irradiation or in-situ measurements. Other than 
devices under test, components that are placed on the boards shall be insensitive to the required 
accumulated test doses or be shielded so that this condition is achieved. The peripheral circuitry 
shall not be exposed to more than 5 % of the dose intended for testing. 
 
The geometry and materials of the completed boards shall allow uniform irradiation of the devices 
under test. All equipment used repeatedly in radiation fields shall be checked periodically for 
physical and electrical degradation, including sockets and cabling. 

3.8 Test set-up and site requirements 
The test plan shall state whether electrical parameters shall be measured in the irradiation chamber 
(in-situ) or after removal from there (remote). 

3.8.1 IN-SITU TESTING 
Prior to being irradiated, each test device shall be checked for operation according to the test plan. 
The test devices shall remain in place on the test circuit board which itself shall remain in its 
irradiation location throughout the irradiation and measurement sequence. To ascertain the proper 
operation and stability of the measurement system, a control device shall be measured with the 
measurement system before insertion of test devices and again upon completion of the irradiation 
and measurement series after removal of the test devices. 

3.8.2 REMOTE TESTING 
Unless otherwise specified in the test plan, all terminals of the devices under test shall be shorted 
together after removal from the irradiation bias fixture. Before and after all electrical 
measurements on irradiated devices, the control devices shall be measured according to the test 
plan to confirm proper operation of the measurement system. 

3.8.3 BIAS CONDITIONS 
While connected to the bias fixture, the biasing condition for the test devices, including the values 
of voltage and duty cycle, shall be maintained and monitored to remain within 10% of the 
conditions specified in the test plan. Unless otherwise specified, the bias applied to the test devices 
shall be worst case conditions to produce the greatest radiation-induced damage to those devices. 
The specified bias shall be maintained at all times on each device until removal of the device 
except for the periods required for electrical parameter measurements. 
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3.9 Time intervals for measurements 
Unless otherwise specified the time intervals given below shall be observed: 
 

− The time interval from the completion of an exposure to the start of the measurement of 
parameters shall be a maximum of 1 hour. 

− The time interval from the completion of an exposure to the start of next exposure shall be 
a maximum of 2 hours. 

4 PROCEDURES FOR TESTING 

4.1 Irradiation test plan 
The test devices shall be irradiated in accordance with a drafted test plan. This test plan essentially 
contains all information needed to perform the testing. The plan shall be designed to detect the 
degree of variation in radiation response. 

4.2 Sample selection 
At least two devices shall be assigned as reference devices and a minimum of 12 devices should be 
assigned as test devices, which makes it at least 14 devices in total. There are four DUT slots for 
CTR testing and two for dark current testing. COTS products will be used and hence the 
production process history is not known. 

4.3 Sample serialisation 
After selection, each individual sample device shall be serialised to facilitate pre- and post-
irradiation data identification and comparison. Each device to be used in the test shall get a unique 
identification number, so results and possible errors in components can be followed up. 
 
Each device will get a number and each slot a letter, all devices will then be assigned a slot and this 
shall be specified in the test plan and report. 

4.4 System check 
The electrical measurement system on the circuit board shall be checked with reference devices 
before and after each irradiation step to ensure that the test circuits is functioning properly and has 
not been degraded by radiation. For displacement damage testing will the system check only be 
done before and after all testing. In a later stage a switching circuitry shall be introduced to handle 
the system check, which will make it more coherent with in-flight conditions. 
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4.5 Radiation exposure and test sequence 
The sequence of steps for the radiation exposure and test sequence during technology evaluation 
shall be as given below. 

4.5.1 TOTAL DOSE TESTING 
1. Serialisation of all devices, including reference devices 
2. Initial electrical characterisation of all devices, including reference devices, with special 

emphasis to parameters to be measured after each irradiation step 
3. Set-up of radiation source and bias of devices for irradiation, bias shall start at least 15 

minutes before step 4 
4. Irradiation of devices, after each exposure electrical measurements and electrical 

parameters measurements shall be done on all devices within 1 hour after completion of 
exposure 

5. Post-irradiation electrical characterisation with reference devices 
6. Room temperature annealing, 20 °C for 24 hours, electrical measurements shall be done 

after annealing 
7. Accelerated aging at 80 °C for 168 hours, electrical measurements shall be done after 12, 

24 and 168 hours 

4.5.2 DISPLACEMENT DAMAGE TESTING 
1. Serialisation of all devices, including reference devices 
2. Initial electrical characterisation of all devices, including reference devices, with special 

emphasis to parameters to be measured after each irradiation step 
3. Set-up of radiation source 
4. Irradiation of devices, after each exposure electrical measurements shall be done on the 

irradiated devices within 1 hour after completion of exposure 
5. Post-irradiation electrical characterisation with reference devices 
6. Room temperature annealing, 20 °C for 24 hours, electrical measurements shall be done 

after annealing 
7. Accelerated aging at 80 °C for 168 hours, electrical measurements shall be done after 12, 

24 and 168 hours 

4.6 Electrical measurements 
The electrical measurements required shall be as follow: 
 

1. Initial electrical measurements and electrical parameters measurements, for reference and 
non-irradiated comparison values 

2. Electrical measurements and electrical parameters measurements (for TID testing) after 
each exposure shall be done on all devices 

3. Post-irradiation electrical measurements and electrical parameters measurements, for 
system check using reference values 
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4.6.1 ELECTRICAL MEASUREMENT SEQUENCE 
1. Measure VIF and VIC for all four DUT for CTR when they are selected on, starting with slot 

A and going up, this shall be done for at least 5 different steps of bias current. The steps 
shall be in ratios 1/20, 1/10, 1/4, 1/2 and 1 of the maximum bias current to use 

2. Measure ICE on both DUT for dark current, starting with slot E 

4.6.2 ELECTRICAL PARAMETER MEASUREMENTS SEQUENCE 
1. Measure VIF and VIC for all four DUT for CTR when they are selected on, starting with slot 

A, this shall be done for at least 5 different steps of bias current. The steps shall be in ratios 
1/20, 1/10, 1/4, 1/2 and 1 of the maximum bias current to use 

2. Measure ICE on both DUT for dark current, starting with slot E 

4.7 Reporting 
Electrical test results and other observations shall be collected in a test report. Recommendations 
regarding the form of the tests in the next phase shall be given, including the requirements for: 
 

1. Sample size 
2. Bias conditions 
3. Methods for detection of diffusion lot to lot variation value in radiation response 
4. The specific values of dose rates and specifying any multiple exposure requirements 
5. Recommendations for parameters and conditions 

5 DOCUMENTATION 

5.1 General 
For each irradiation test to be performed, 2 sets of documents are required: 
 

− A test plan (prior to irradiation testing) defining the detailed requirements of irradiation test 
programmes for the specific components to be tested 

− A test report giving the actual test conditions and test results 

5.2 Test plan 
As a minimum, the test plan shall contain the information below. The information shall be entered 
(preferably type-written) in the report form. 
 

1. Test plan reference (number (3 digits), issue, date) 
2. Test specification (name, issue and dates) 
3. Applicable ESCC specification (number, issue, revision and date) 
4. Project or test programme requiring this test 
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5. Component number 
6. Component designation 
7. Component family and group 
8. Device package 
9. Manufacturer (name and address) 
10. Test facility (name and source) 
11. Originator of test plan (name and telephone number) 
12. Type of exposure (TID or DD) 
13. Level of interest (dose or fluence) 
14. Sample size / Control devices (number of devices) 
15. Irradiation type (single or multiple) 
16. Single exposure TID (spec. of values at the chip of dose and dose rate) 
17. Single exposure DD (spec. of values at the chip of fluence and flux) 
18. Multiple exposure TID (spec. of number of exposures, doses and dose rate) 
19. Multiple exposure DD (spec. of number of exposures, fluence and flux) 
20. Irradiation conditions (remote, bias, in-situ, supply voltages, temperature) 
21. Annealing conditions (bias, supply voltages, temperature, duration) 
22. Accelerated aging conditions (bias, supply voltages, temperature, duration) 
23. Remarks 
24. Electrical parameters to be listed (parameters to measure) 
25. Irradiation test sequence describing each step of the test to be performed 

5.3 Test report 
The test report shall be presented (preferably type-written) with the format provided here, it shall 
contain the information below. 
 

1. Irradiation test report number (3 digits) 
2. Name of project or test programme for which the test was performed 
3. Component number 
4. Component designation 
5. Device family 
6. Group of devices 
7. Package description 
8. Component specification 
9. Test facility 
10. Irradiation test plan number, revision and issue 
11. Manufacturer information 
12. Serial numbers of sample and control devices 
13. Manufacturing date code 
14. Irradiation conditions, including bias 
15. Annealing conditions 
16. Accelerated aging conditions 
17. Electrical measurement – parameters tested and temperatures 
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18. Record of checks performed on bias circuit and circuitry (including cables) for in-situ 
electrical measurements. 

19. Description of source which was used, its energy etc. 
20. Dosimetry/Calibration method 
21. The irradiation test sequence used 
22. Person responsible for test facility 
23. Person responsible for electrical tests 
24. Results including plots 
25. Remarks 

 

6 APPENDIX 

6.1 Circuit diagram of the test board 
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6.2 Comparison of measurement systems 
For the comparison between the electrical measurement system and the electrical parameters 
measurement system below, has the SZ M3000 been assumed as electrical parameters 
measurement system. For the electrical measurement system has 8-bit A/D conversion for in and 
output been assumed. The values for the electrical measurement system are theoretical while the 
others are from the SZ M3000 datasheet for optocoupler testing, the resolution values for SZ 
M3000 can be lowered if one choose to go down in range. 
 

 Electrical measurement system SZ M3000 
Input voltage  0 – 5 V N.A 
Output current source  0 – 50 mA N.A 
Diode current  0 – 50 mA 0 – 250 mA 
Output current  0 – 50 mA 0 – 250 mA 
Leakage current  0 – 495 nA 0.5 nA – 10 mA 
CTR 0 – 25000 % -1 – 50000 % 

Table 1 - Comparison of range 

 
 Electrical measurement system SZ M3000 
Input voltage  19.5 mV N.A 
Output current source  200 uA N.A 
Diode current  200 uA 125 uA 
Output current  200 uA 125 uA 
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Leakage current 0.49 nA 0.5 nA 
CTR 0.4 % 0.5 % 

Table 2 - Comparison of resolution 
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1 INTRODUCTION 

1.1 General 
This specification defines the requirements and methods for single event transient testing of 
optocouplers, suitable for space applications. 
 
The ESCC No. 25100, Single event effects test method and guidelines document has been used as 
a baseline for this document. 

1.2 Purpose 
The purpose of this document is to define the requirements for testing of optocouplers, for the 
sensitivity to single event transients. This test plan does not consider other single event effect 
types. 

1.3 Applicable documents 
ESCC No. 21300, Terms, definitions, abbreviations, symbols and units 
ESCC No. 21500, Calibration system requirements 
ESCC No. 25100, Single event effects test method and guidelines 

2 TERMS, DEFINITIONS AND ABBREVATIONS 
The terms, definitions, abbreviations, symbols and units specified in ESCC Basic Specification No. 
21300 shall apply. Additional abbreviations and definitions used in this specification are listed 
below. 

2.1 Abbreviations 
CASE = Californium-252 Assessment of Single-event Effects 
ESCC = European Space Components Coordination 
LET = Linear Energy Transfer 
SET = Single Event Transient 
TTL = Transistor-Transistor Logic 

2.2 Terms and definitions 
− In-situ testing 

Electrical testing of devices which are physically located in the irradiation chamber. The 
measurements are made during or after the irradiation. 
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− Level of interest 
The level of interest is a cross section, energy or LET that has a specific significance during 
the testing.  

 
− Linear energy transfer (LET) or stopping power 

The amount of energy deposited per unit length along the path of the incident ion. It is 
expressed in units of MeV⋅cm2/mg which is the energy per unit length divided by the 
density of the irradiated medium. 

 
− Flux 

The number of ions passing through a unit area perpendicular to the beam in one second. 
The unit is usually ions/cm2/s. 

 
− Fluence 

The flux integrated over time and hence the unit is ions/cm2. 
 

− Cross section 
The number of events per unit fluence. The unit will then be cm2. The saturated cross 
section is when an increase of LET does not result in an increased number of single events. 

3 EQUIPMENT AND GENERAL PROCEDURES 
The equipment shall consist of the radiation source, electrical parameters measurement system, test 
circuit board, cables, interconnect board or switching system, test fixtures, power supplies, 
shielding, data acquisition unit and dosimetry instruments. 
 
The level of interference, noise and leakage on the electrical measurement system shall be 
sufficient low, so they do not affect the electrical measurements. This can be done by proper 
shielding, insulation and grounding etc.  

3.1 Radiation source and dosimetry 

3.1.1 SOURCE 
The source for SET testing will be a heavy ion accelerator capable of delivering ions with enough 
LET to cause a SET in the tested device. The DUT shall be shielded from incident light during test. 
 
The top of the package of the component may have to be removed to achieve a condition where the 
LET is enough to cause a SET. 
 
The CASE system may not be suitable to use for primary testing with the current design of test 
board and methods. 
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3.1.2 DOSIMETRY 
The dosimetry shall allow a continuously monitoring of the flux at the device during the complete 
test. The accuracy shall be ±10 % and the dosimetry technique shall be reported. The DUT shall be 
mounted as close as possible to the monitor detectors in order to ensure accurate dosimetry. 
 
The total ionising dose to the DUT shall be calculated and recorded. This can be done with 
knowledge of the LET and the fluence of incoming particles. The total ionising dose received shall 
be lower than the device tolerance. 

3.2 Radiation level and rate 
The devices shall be tested with a number of different values to get a graph over the cross-section 
of the device. The flux shall be held such that fewer than 750 readings per second are reached, as it 
is the maximum number of readings that can be made. 

3.3 Temperature requirements 
The devices under test shall be irradiated in an ambient temperature of +20 ±3 °C. If the devices 
are transported to a remote measurement site, the temperature is not allowed to increase with more 
than 10 °C with respect to the ambient temperature during exposure. 
 
The ambient temperature shall be monitored and recorded, both during irradiation and 
measurements. 

3.4 Electrical measurement system 
All instruments used for the electrical measurements shall have the stability, accuracy and 
resolution required for accurate measurements. Any part of the system required to operate within 
the irradiation chamber shall be insensitive to the radiation levels intended or be shielded until that 
condition is achieved. 
 
An external counter will be used to measure the number of transients, this counter needs to be able 
to handle TTL signals. 

3.5 Test fixtures 
Devices to be irradiated shall be mounted on the test circuit boards together with the associated 
circuitry necessary for application of bias during irradiation or in-situ measurements. Other than 
devices under test, components that are placed on the boards shall be insensitive to the required 
accumulated test doses or be shielded so that this condition is achieved. 
 
The geometry and materials of the completed boards shall allow uniform irradiation of the devices 
under test. All equipment used repeatedly in radiation fields shall be checked periodically for 
physical and electrical degradation, including sockets and cabling. 
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3.6 Test set-up and site requirements 
In-situ testing shall be done. 

3.6.1 IN-SITU TESTING 
Prior to being irradiated, each test device shall be checked for operation according to the test plan. 
The test devices shall remain in place on the test circuit board which itself shall remain in its 
irradiation location throughout the irradiation and measurement sequence.  

3.6.2 BIAS CONDITIONS 
While connected to the bias fixture, the biasing condition for the test devices, including the values 
of voltage and duty cycle, shall be maintained and monitored to remain within 10% of the 
conditions specified in the test plan. The specified bias shall be maintained at all times on each 
device. The devices shall be tested with several bias values. 

4 PROCEDURES FOR TESTING 

4.1 Irradiation test plan 
The test devices shall be irradiated in accordance with a drafted test plan. This test plan essentially 
contains all information needed to perform the testing. The plan shall be designed to detect the 
radiation response. 

4.2 Sample selection 
Two devices shall be assigned as reference devices and a minimum of three devices should be 
assigned as test devices, which makes it at least five devices in total. COTS products will be used 
and hence the production process history is not known. 

4.3 Sample serialisation 
After selection, each individual sample device shall be serialised to facilitate pre- and post-
irradiation data identification and comparison. Each device to be used in the test shall get a unique 
identification number, so results and possible errors in components can be followed up. Three 
devices shall be tested. 

4.4 System check 
A system check of the electrical measurement system will be performed before and after all 
radiation exposures. This is to ensure that the system functions properly. 



Radiation test methods for single event transient testing on optocouplers 
issue 1 revision 0 - 1 June 2006 

 
page 5 of 8 

 

 

4.5 Radiation exposure and test sequence 
The sequence of steps for the radiation exposure and test sequence during technology evaluation 
shall be as given below: 
 

1. Serialisation of all devices, including reference device 
2. Initial electrical characterisation of all devices, system check 
3. Set-up of radiation source and bias of devices for irradiation 
4. Irradiation exposure, measure number of transients and VIF, repeat for different reference 

voltages, bias conditions and LET values if possible 
5. Post-irradiation electrical characterisation of all devices, system check 

4.6 Electrical measurements 
The pulse width from the transients is modulated into a 1-2 ms pulse width to ensure that only one 
reading is made per transient. This will put a limit to 500-1000 readings per second. The 
schematics for SET detection circuitry can be found in figure 1 in appendix 6.1 and the pulse width 
modulator schematics can be found in figure 2 in appendix 6.1. 
 
The electrical measurement needed during single event transient testing is to read the output from 
the counters, these are digital TTL signals. 

4.7 Reporting 
Electrical test results and other observations shall be collected in a test report. Recommendations 
regarding the form of the tests in the next phase shall be given, including the requirements for: 
 

1. Sample size 
2. Methods for detection of diffusion lot to lot variation value in radiation response 
3. Recommendations for parameters and conditions 

5 DOCUMENTATION 

5.1 General 
For each irradiation test to be performed, 2 sets of documents are required: 
 

− A test plan (prior to irradiation testing) defining the detailed requirements of irradiation test 
programmes for the specific components to be tested 

− A test report giving the actual test conditions and test results 
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5.2 Test plan 
As a minimum, the test plan shall contain the information below. The information shall be entered 
(preferably type-written) in the report form. 
 

1. Test plan reference (number (3 digits), issue, date) 
2. Test specification (name, issue and dates) 
3. Applicable ESCC specification (number, issue, revision and date) 
4. Project or test programme requiring this test 
5. Component number 
6. Component designation 
7. Component family and group 
8. Device package 
9. Manufacturer (name and address) 
10. Test facility (name and source) 
11. Originator of test plan (name and telephone number) 
12. Level of interest (fluence) 
13. Sample size / Control devices (number of devices) 
14. Irradiation type (single or multiple) 
15. Single exposure (ion, energy, LET) 
16. Multiple exposure (ion, energy, LET) 
17. Irradiation conditions (bias, supply voltages, temperature) 
18. Remarks 
19. Irradiation test sequence describing each step of the test to be performed 

5.3 Test report 
The test report shall be presented (preferably type-written) with the format provided here, it shall 
contain the information below. 
 

1. Irradiation test report number (3 digits) 
2. Name of project or test programme for which the test was performed 
3. Component number 
4. Component designation 
5. Device family 
6. Group of devices 
7. Package description 
8. Component specification 
9. Test facility 
10. Irradiation test plan number, revision and issue 
11. Manufacturer information 
12. Serial numbers of sample and control devices 
13. Manufacturing date code 
14. Irradiation conditions, including bias 
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15. Record of checks performed on bias circuit and circuitry (including cables) for in-situ 
electrical measurements. 

16. Description of source which was used, its energy etc. 
17. Dosimetry/Calibration method 
18. The irradiation test sequence used 
19. Person responsible for test facility 
20. Person responsible for electrical tests 
21. Results including plots 
22. Remarks 
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6 APPENDIX 

6.1 Circuit diagram of the test board 
 

 
Figure 1 - SET test board schematics 

 

 
Figure 2 - Pulse width modulation schematics 
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ESTEC = European Space research and Technology Centre 
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1 INTRODUCTION 
This document describes the radiation test plan for investigating total dose effects on optocouplers, 
parameters that will be tested are CTR and dark current. It includes a full description of the test 
system, all settings and the parameters to test. 
 
This test plan describes the methods employed to characterise devices for TID effects. Tests are 
performed both with the test board which will perform in-situ measurements and the SZ parameter 
measurement system if available. 
 
The results will show the CTR and dark current dependence on TID, it will also show bias 
dependence for the CTR and the reliability of the board versus the SZ measurement system.  
 
These are COTS devices selected to characterise the concept of the measurement system. 

2 TEST PLAN 

2.1 Test information 
Component no. CNY17-3X 
Component designation Optocoupler 
Component family Integrated circuits 
Component group  
Device package DIL6, plastic package 
Manufacturer ISOCOM Components 
Test facility ESA / ESTEC 
Facility source Cobalt 60 
Originator of test plan Johan Hansson 
Type of exposure TID 
Level of interest 50 krad 
Sample size Dark current 6, CTR 12 and 1 control device 
Irradiation type Multiple 
Irradiation data Dose [krad(Si)] 

Dose rate [rad(Si)/h] 
Exposure time 

Devices will be tested every 30 min 
500 and 2000 
72 and 144 h for 500 and 24 h for 2000 

Irradiation conditions Biased 
Unbiased 
In-situ 
Supply voltages 
Temperature 

Yes, CTR testing, 1 mA, 10 mA 
Yes, Dark current testing 
Yes, test board. No, SZ 
+5, +15, -15 
20 ±3 °C 

Annealing conditions Biased / Unbiased 
Supply voltages 

Biased, 1 mA and 10 mA 
+5, +15, -15 
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Temperature 
Duration 

20 ±3 °C 
24 h 

Accelerated aging Biased / Unbiased 
Supply voltages 
Temperature 
Duration 

Unbiased 
 
80 °C 
168 h 

Table 1 - Test information 

2.2 Serialisation 
For traceability each device is given a unique ID number. This number will be given to the device 
before all tests start. 
 
The test slots on the board are each given a unique letter assigned to them and all results shall 
specify which device and slot that was used. Slots A-D are for CTR testing and slots E and F are 
for dark current testing. The numbering starts from the right when looking at the component side of 
the board, see figure 1. Figure 2 in chapter 2.12 is a photograph of the board from the same angle 
as figure 1. 
 

 
Figure 1 - Board overview 

18 components will tested in 3 test runs, as 6 components can be tested per run. Table 2 shows the 
slot on the board for all DUTs. 
 

Slot 1st run 2nd run 3rd run 
A 1 7 13 
B 2 8 14 
C 3 9 15 
D 4 10 16 
E 5 11 17 
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F 6 12 18 
Table 2 - DUT slot positions 

The serial number of all test equipment used shall be recorded for traceability. 

2.3 Radiation level and rate 
The radiation level has been selected to 50 krad which is the level that the devices are expected to 
be exposed to in space according to previous simulations for the CTTB. The devices shall be 
exposed 48 krad in the first run, 36 krad in the second and 72 krad in the third run, with 10% 
accuracy. The devices will be tested every 30 min. 
 
The dose rate will be held at 2000 rad/h the first run and 500 rad/h the second and third run. The 
dose rate shall be constant within 10% of the specified value. 

2.4 Dosimetry 
For dosimetry a calibrated NE2571, 0.66 cc air ionisation chamber read by a calibrated Farmer 
2670 dosimeter be used. It will measure the total ionising dose received by the DUTs. The dose 
read will be in rads(water) and needs to be converted to rads(Si) with a factor of 0.896, it has been 
assumed that the component is a silicon device as it is not specified in the datasheet. The 
conversion factor for a gallium-arsenide component is 0.796. 

2.5 Annealing 
The devices shall undergo biased (1 mA or 10 mA) annealing for 24h in room temperature (20 °C) 
and measurements shall be made with the electrical measurement system and the parameter 
measurement system after the annealing. 
 
After the annealing in room temperature an accelerating aging shall is performed at 80 °C for 168 
hours, measurements with the electrical measurement system and the parameter measurement 
system shall be performed after 24 and 168 hours. 
 
The ESA requirements dictate accelerated aging at 100 °C however; the devices are specified only 
up to 85 °C. 

2.6 Thermal conditions 
The devices shall be irradiated in room temperature, the limit is set to +20 ±3 °C and the 
temperature should not increase more than 10 °C if transported. The temperature will be measured 
during the irradiations and measurements. The temperature shall be monitored and recorded 
together with the dose rate. 
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2.7 Start-up conditions 
The system including DUTs shall be running for at least 15 min before any measurements can 
start, to ensure that no start up effects are measured, such large temperature changes in the 
components. 

2.8 Shielding 
The board shall be shielded to protect the peripheral measurement circuitry against radiation; the 
shielding shall not cover any DUTs to ensure that they receive the required amount of radiation. 
The peripheral circuitry shall not be exposed to more than 10 % of the dose intended for testing. 

2.9 System check 
A full system check shall be performed before the irradiations start, after every radiation dose 
level, after annealing and after the accelerated aging. A system check includes measurements with 
the control device in all slots and testing of the control device in the parametric measurement 
system. 

2.10 Parametric measurements 
The parametric measurements system SZ M3000 shall be used to confirm all measurements made 
by the test board. The system will be used after each irradiation step as well as before and after all 
irradiations. The socket adapter will be SA06B.08 for 4N33, the 4N33 is a similar optocoupler to 
the CNY17-3X. This system will be used if available. 

2.11 Measurement system 
The measurement system used during irradiations is a HP/Agilent-VEE controlled automatic 
measurement system. It will control all in and outputs and log them, all in and outputs are voltages. 
It will also log the temperature in the test facility. 
 
To improve measurement accuracy, each measurement is performed 10 times sequentially and the 
average value employed. For each electrical measurement sequence 150 measurements will be 
made, the total time for one measurement sequence is measured to approximate 70 seconds. 
 
The measurement system shall be able to measure voltages down to at least 1 mV to ensure correct 
measurements of the dark currents. 

2.12 Test board 
Figure 2 shows a photograph of the test board from the component (top) side. The six sockets in 
the bottom are the DUT slots, where three of them have an optocoupler in socket at the 
photograph. The circuit in the upper right corner is the current-source; below the current-source is 
the switching circuitry with four switches. In the left part is the dark current test circuitry.  
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Figure 2 – A photograph of the board from the component side 

Figure 3 is a photograph of the bottom of the test board with the banana connectors in the upper 
right corner. 
 

 
Figure 3 - A photograph of the board from the bottom side 

Figure 4 is a photograph from the side of the test board showing the connector positions, close-ups 
of the connectors are found in figure 5 and 6. 
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Figure 4 - A photograph of the connectors 

Figure 5 is a close-up on the IDC26 connector and from this view is pin 1 in the upper right corner. 
A more throughout explanation about the pins are found in the next chapter. 
 

 

Figure 5 - A photograph of the IDC26 connector 

Figure 6 is a close-up of the banana connectors, the voltages to each plus are described in the 
following chapter. 
 

 
Figure 6 - A photograph of the banana connectors 

2.13 Interface of test board to measurement system 
The connection from the board is one IDC26 port for data and four banana connectors for supply 
voltages and grounding. The IDC26 connector in figure 7 is shown from the front male side, when 
looking at it with the banana connectors to the right of it and the components upwards. Pin 1 is also 
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marked out with an arrow on the connector. Figure 5 in chapter 2.12 shows a photo of the IDC 
from the same angle as figure 7. 
 

 
Figure 7 - IDC26 from the front male side 

 
Table 3 lists the interface connector pin configuration; it includes 5 voltage inputs and 15 voltage 
outputs plus 6 grounded pins. The 5 inputs are the four switches to select active CTR test slot and 
the CTR Current-source IN which controls the current from the current-source. CTR CS IN should 
always be 0 V if no switches are selected ON. 
 

Pin Connection Voltage Pin Connection Voltage 
Pin 1 VIFD- 0 – 5 Pin 2 VIC+ 0 – 5 
Pin 3 VIFD+ 0 – 5 Pin 4 VICD- 0 – 5 
Pin 5 VICC- 0 – 5 Pin 6 Dark E OUT 0 – 5 
Pin 7 VIFC- 0 – 5 Pin 8 Dark F OUT 0 – 5 
Pin 9 VIFC+ 0 – 5 Pin 10 GND / NC GND 
Pin 11 VICB- 0 – 5 Pin 12 GND / NC GND 
Pin 13 VIFB- 0 – 5 Pin 14 GND / NC GND 
Pin 15 VIFB+ 0 – 5 Pin 16 GND / NC GND 
Pin 17 VICA- 0 – 5 Pin 18 GND / NC GND 
Pin 19 VIFA- 0 – 5 Pin 20 GND / NC GND 
Pin 21 VIFA+ 0 – 5 Pin 22 CTR CS IN 0 – 5 
Pin 23 Switch CTR B 0 or 5 Pin 24 Switch CTR D 0 or 5 
Pin 25 Switch CTR A 0 or 5 Pin 26 Switch CTR C 0 or 5 

Table 3 - IDC26 pin configuration 

The CTR CS IN shall never exceed 5 V. All output pins will give readouts between 0 and 5 V, but 
the 2 pins from dark current can exceed this value if the irradiation induced dark current increases 
above 500 nA. 
 
The banana connectors shall be connected as shown in figure 8, care has to be shown when 
connecting these as the connectors are not marked. Figure 6 in chapter 2.12 is a photograph of the 
actual banana connectors on the board. 
 

 
Figure 8 - Banana connectors 
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2.14 Test board circuits 
The circuit for the current-source for CTR testing is shown in figure 9, where Vin is the voltage 
given from the control unit (CTR CS IN) and IF is the current going to the optocouplers. The 
maximum input should be 5 V and that will give around 50 mA out to the optocouplers, the real 
dependence is outin IV ×= 32.100 , where Iout is given in A. The input should always be 0 V if no 
DUT slot is selected with the switches. 

 

 
Figure 9 - Current-source schematics 

 
The CTR test slots schematics (the board contains four of this circuit) are shown in figure 10, IF is 
the current provided by the current-source and SwD it the signal from the control unit which 
switches it on and off. Then there are four measurement points to get the currents and finally the 
CTR. The point VIC+ is common for all four CTR measurement circuits and all four circuits get the 
current from the same current-source. 
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Figure 10 - CTR test circuit schematics 

 
The schematics for dark current measurement circuit is shown in figure 11 (the board contains two 
such circuits). These circuits needs no input, they only have one output each which goes to 5 V if 
the dark current is 500 nA. 
 

 
Figure 11 - Dark current test circuit schematics 
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2.15 Irradiation time sequence 
Run Duration Dose rate Bias Start Stop 

1 24h 2 krad/h 1 mA 2006-04-26 09:00 2006-04-27 09:00 
1 24h Anneal 1 mA 2006-04-27 09:00 2006-04-28 09:00 
      
2 72h 500 rad/h 1 mA 2006-04-28 10:00 2006-05-01 10:00 
2 24h Anneal 1 mA 2006-05-01 10:00 2006-05-02 10:00 
      
3 144h 500 rad/h 10 mA 2006-05-02 11:00 2006-05-08 11:00 
3 24h Anneal 10 mA 2006-05-08 11:00 2006-05-09 11:00 
3 168h Aging - 2006-05-09 11:00 2006-05-16 11:00 

Table 4 - Irradiation time sequence 

2.16 Test sequence 
The test sequence can be divided into one general and some specific sequences, the general 
sequence is as listed below: 
 

1. Serialise all components 
2. Perform system check 
3. Perform electrical measurements 
4. Perform parameter measurements 
5. Perform dosimetry and prepare radiation facility 
6. Bias devices, all switches ON and CTR CS IN set to the current bias level 
7. Irradiate devices 
8. Perform electrical measurements 
9. Perform parameter measurements 
10. Perform system check 
11. Redo steps 7 to 10 for all radiation dose levels 
12. Room temperature annealing 
13. Perform electrical measurements 
14. Perform parameter measurements 
15. Perform system check 
16. Accelerated aging 
17. Perform electrical measurements after 24 and 168 hours of accelerated aging 
18. Perform parameter measurements after 24 and 168 hours of accelerated aging 
19. Perform system check 
20. Change devices 
21. Start again from step 2 

 
The system check consists of electrical measurements and parameter measurements with control 
device. If the SZ measurement system is not available shall the system check be preformed only 
before and after all measurements with only the reference device. 
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The bias levels shall be 1 mA and 10 mA on each device, this means that the current-source has to 
give four times as much for each level during irradiation; the levels can be seen in table 4. These 
values are calculated with ideal components, the accuracy of the resistors is 0.1% and the currents 
will not differ much, but they will be measured. 
 

Bias current [mA] Current from 
current-source [mA] 

Input voltage to 
current-source [V] 

1 4 0.401 
10 40 4.012 

Table 5 - Bias currents during irradiation 

 
Initially, before the start of the measurement sequence, the CTR current-source IN and the 4 
switches shall be set to 0 V to ensure everything is switched off. The sequence for electrical 
measurements shall be as following: 
 

1. SwA to 5 V 
2. Measure VIC+, VICA-, VIFA+ and VIFA- 
3. Step 2 shall be done for IF = 0, 1, 2.5, 5, 10, 12.5,15, 20, 25 and 50 mA 
4. CTR CS IN and SwA to 0V 
5. SwB to 5V 
6. Measure VIC+, VICB-, VIFB+ and VIFB- 
7. Step 6 shall be done for IF = 0, 1, 2.5, 5, 10, 12.5,15, 20, 25 and 50 mA 
8. CTR CS IN and SwB to 0V 
9. SwC to 5V 
10. Measure VIC+, VICC-, VIFC+ and VIFC- 
11. Step 10 shall be done for IF = 0, 1, 2.5, 5, 10, 12.5,15, 20, 25 and 50 mA 
12. CTR CS IN and Sw3 to 0V 
13. SwD to 5V 
14. Measure VIC+, VICD-, VIF4+ and VIFD- 
15. Step 14 shall be done for IF = 0, 1, 2.5, 5, 10, 12.5,15, 20, 25 and 50 mA 
16. CTR CS IN and SwC to 0V 
17. Measure Dark E out 
18. Measure Dark F out 

 
The IF can be translated into input voltages using outin IV ×= 32.100 , with Iout in A, which gives the 
values in table 5, where the corresponding voltages to the wanted currents are shown. 
 

Current [mA] Voltage in [V] 
1.0 0.100 
2.5 0.251 
5.0 0.502 
10.0 1.003 
12.5 1.254 
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15.0 1.505 
20.0 2.006 
25.0 2.508 
50.0 5.016 

Table 6 - Input voltages to current-source 

 
For parameter measurements the CTR shall be measured with IF = 1, 2.5, 5, 10, 12.5, 15, 20, 25 
and 50 mA for DUTs under CTR testing and the DUTs under dark current testing shall be tested 
for dark current. 
 



 




