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1 Basic concepts of radiation

1.1 Total ionizing dose

The total ionizing dose (TID) is the ionization energy deposited by particles that travel
through a body, in this case, the electronic devices. This energy is measured in Grays
(Gy) or rads (1Gy = 100rads).

1.2 Absorbed dose

Is the energy per unit mass deposited in a device, caused by ionizing radiation. It is
measured in GeV/g ≈ 1.602 × 10−7Gy.

1.3 Fluence

Corresponds to the total number of particles per unit area per time. It is measured in
terms of m−2 or cm−2.

1.4 Luminosity

Total number of collisions per time and per unit area. The integrated luminosity corre-
sponds to the luminosity integrated over time, and is measured in terms of AREA−2.

1.5 Cross section

Is the effective area related to the probability of occurence of a scattering or absorption
event.

1.6 Sensitive volume

It is a volume (generally a rectangular parallelepiped) where the energy deposition ac-
tively contribute to single event upsets.
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1.7 Saturation cross-section

Describes the total area of an electronic device that shows sensitivity to a single event
upset due to radiation. The obtained area serves for the sensitive area for each node,
if divided by the total number of cells. For example, if the SEUs for a SRAM memory
wants to be calculated, the saturation cross-section has to be divided by the total number
of bits stored in that device. It is the surface of the sensitive volume.

1.8 Threshold linear energy transfer

The threshold value for a linear energy transfer LETTh is the limit value, above which
SEUs begin to appear.

2 Basic concepts on electronics

2.1 Volatile memory

It is a device, whose content is erased when it is switched off or interrupted.

2.2 Programmable logic device

A programmable logic device (PLD) is an electronic component that is capable of re-
configuring the digital circuits. These components have no function when they are
manufactured.

2.3 Shift registers

Array of flip-flop that have a single clock. The output of each flip-flop is tied together
to the data input of the next memory element. This produces a single position shift for
the bit array.

2.4 Synchronous inputs in flip flops

It is the ”normal” data input. They influence the output signal one step by one, with a
transition in the clock signal.

2.5 Asynchronous inputs in flip flops

They are able to set or reset the flip-flops independently of the clock signal. Under this
cathegory, there are two types of inputs (preset and clear), with no regard to the clock
synchronous signal. The preset inputs, when activated, set the Q channel in a Q = 1
state, and the Q = 0 state. The clear inputs, set Q = 0 and Q = 1.
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2.6 ngCCM

New-generation clock and control module (ngCCM) to be installed in the hadron calorime-
ter front end (HF) for the CMS experiment at CERN. This device delegates complex
operations to off-detector back-end components.[1]

2.7 QIE cards

QIE stands for charge integration range encoding. They should resist up to 10krad,
including the safety factor, a magneitc field of ∼ 5T and their lifetime should be greater
than 10 years, with the condition that it is only accesible only a few time in these 10
years.[2]

3 Basic concepts of radiation damage

3.1 Displacement damage

Displacement damage is defined as the rearrangement of the atom in a crystal, affecting
the electronic properties of the device. No unit is used to characterize this phenomenon,
it is given in terms of particle fluence particles/cm2.

3.2 Single event upset

Single event upset (SEU) explain the effect of ionizing particles that strike the lattice of
the device and lose their energy due to Rutherford scattering. It is important to differ-
entiate the effects of this effect depending on the region that is beeing striked. A current
peak appears in the pn-junction or proximity due to the separation of the electron-hole
pairs, while a recombination of the pairs happen in the bulk of the semiconductor. Not
all incoming particles that deposit energy on the device will create a SEU. Only the
ones landing in a sensitivity node (sensitive volume) and its surroundings. The charge
collection will have two components, a fast one (∼ 10−10s) and a slow one (∼ 10−9s).
This is known as the funneling effect.

3.3 Single event effects

This process ocurrs because of the energy deposition of one single particle in the semi-
conductor and its probability of ocurrence can be at any time and is described as a cross
section. Under this category, there are several mechanisms that can produce failure in
the electronic device, such as:

3.3.1 Static single events

Static single events generate non permanent errors that overwrite information in the
device. These errors can be externally corrected, and a reconfiguration of the device can
solve these problems.
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3.3.2 Single event transients

Single event transients (SET) produce spurious signals in the circuit, that propagate
throughout it. They appear in analog circuits and combinatorial logic. Since this type
of radiation generate asynchronous signals, they spread during one cycle of the clock
and can even become static, if they reach a latch.

3.3.3 Single event functional interrupts

Single event functional interrupts (SEFI) force a reset or to let a power cylce run, because
puts the electronic device in an undefined state.

3.3.4 Permanent single events

They are destructive processes (hard erros), which ara caused by the nuclear interaction
between charged hadrons and neutros. They can only be fixed if they are discovered in
a very early stage and are classified as follows

3.3.5 Single event burnout

Single event burnout (SEBO or SEB) appear tipically in MOSFETs and BJTs and
power diods in the OFF-state, when the high drain-source voltage is beeing blocked.
This phenomenon can be explained as the generation of a transient current due to the
passage on an ion that activate the parasitic structure of the semiconductor. This is an
”avalanche-generated” current in the collector region of the main BJT. This provokes
an activation of the regenerative feedback and thus a current increase and finally the
destruction of the device when the second breakdown is reached. Experimental results
show a higher susceptibilty with the decrease of incident angles and temperature. P-
channel MOSFETs show considerably less sensitivity to SEB than the N-channel devices,
because the impact ionization rate for electrons is much gigher than for holes.

Single event gate rupture Single evente gate rupture (SEGR) are common in CMOS ICs
and MOSFETs beacuse of the gate and drain voltage. In a power MOSFET, this is a
typical result of the strike of a heavy ion in the neck region, causing an increase of the
electric field in the gate oxide and thus a failure of the insulator.

Single event latch-up Single event latch-ups (SEL) appear in CMOS and bipolar inte-
grated circuits and can be caused by an erroneous appliance of the bias in the power
supply or elevated temperature while irradiation or transient currents on the input and
output lines. These effects greater when the temperature is higher, and the particles
responsible for SEL are protons and neutrons.

4



4 Radiation effects in particle accelators

The particles that are responsible for radiation damage in particle accelerators are
hadrons, electrons, gamma rays and neutrons. Even gamma rays and neutros are not
ionizing, they can provoke such effects. In the Large Hadron Collider (LHC), at CERN,
the radiation environment is determined by the presence of charged hadrons and neu-
trons. The elastic and inelastic interaction of these particles with the nuclei of the
sensitive volume (and its surroundings) of the electronic device can create SEUs. This
is because the recoils of this interaction can have a high energy per unit length (dEdx ).

Radiation environment The envirnoment is characterized by the particle types, the en-
ergy distribution of these and their fluence.

TID It is possible to begin an estimation based on the total ionizing dose (TID) and
the equivalent 1 MeV neutron fluence.

Sensitivity Each device shows a different sensisitity to the different radiation mecha-
nisms, that is why it is important to choose a proper irradiation source. In general,
devices that require very high electrical specifications are more sensitive to all kinds of
radiation effects.

These effects express themselves in form of a non-recombination of the electron-hole
pairs in the silicon oxide (SiO2). Under the presence of an electric field, this big amount
of pairs drift through the electric field. Holes, because of their low mobility, stayed
trapped in the defects of the structure of the oxide creating a buildup of the charge and
thus a variation in the electric field of the gate. On the other hand, electrons leave the
oxide, creating defects in the Si and SiO2 interface.

4.1 Factors that affect the response of bipolar transistors to TID

Although it is possible to predict accurately the ionizing dose that a device could resist,
there are some aspects that could alter this prediction:

Oxide thickness The thicker the oxide layer of the base-emitter, the higher the TID.

Degradation The greater the degradation of the oxide, the higher the effect of the TID.

Electric fields It is not easy to have an overview of the electric fields in the devices,
because the depend strongly on the manufacturer.

Doping Experimental results show a lower TID effect, if the base or the emitter is more
doped.
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Perimeter/area More TID effects, when this ratio increases.

Vertical and surface lateral structures Surface lateral structure show higher sensitivity
to the effects of TID.

Low dose rate The degree of degradation is greater when the injection is low. This
means, that the degradation is enhanced when a low dose rate (LDR) of radiation is
generated. There is also a high variability depending of each component and manufac-
turer in this. Experimental data show an excess of the base current of a factor 10 ∼ 20
at a dose of 0.1 rad

s in comparison to a dose of 1000 rad
s . Even if there is an increase in

the temperature in the range of 60◦C to 150◦C for LDR tests, the effects of TID are up
to a factor of 6 over the the high dose rate tests on the same device.

4.2 Test methodology

The best way to measure the hole-trapping-effect is to run a fast irradiation test, be-
cause this gives the worst case scenario. After this test, temperature is increased in order
to accelerate the rate of hole formation and interface states. This generates the worst
possible case of radiation effects produced by the formation of interface states.

The Jet Propulsion Laboratory (JPL) at the California Institute of Technology rec-
ommends the following:

• If the device has to resist a TID above 30krad, the dose rate has to be of 0.5−2.0 rad
s .

It has to be heated to 90◦C and the results have to be compared to high dose rate
at room temperature.

• If the device under consideration has to stand a TID below 30krads, it has to be
tested at high dose rate of 50 rad

s and at a low dose rate of 0.005 rad
s . The latter

test could be ready in a few weeks and provide an answer to LDR effects.

• One more order of magnitude of the damage induced by LDR tests has to be taken
into account, when the gain peak in the Gummel-plot is considered.

• This laboratory recommends to reject any device that would not pass any of the
two tests at 1.5 times of the TID. The JPL dissaproves the usage of any bipolar
device that has not been tested under low dose rate conditions.

• It is not easy to predict the effects of the sensitivity of a devide in a proton (or
neutron) radiation environment based on heavy-ion test. This is particularly true
for low LETTh electronic components.
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4.3 Techniques to reduce radiation effects

SEU

1. Design with redundancy

2. Information encode

3. Implement error detection algorithms

4. Include protection

5. Multiple voting

SEBO

1. Derate the device (Operate it under the maximun power it has been designed for)

2. Bias decrease of the source drain

3. Extension of p+plug, without interference of the channel region

4. Usage of p-channel MOSFET

5. Increase temperature

5 Radiation characterization of the Microsemi ProASIC3 Flash FPGA
family [3]

5.1 Test design

Tests performed on the A3PE3000L component, packaged in a 208 pin. The reason to
choose this device is that it is the biggest one of its kind (3 × 106 system gates). Two
test vehicles (TVs) have been developed form this purpose. TV1 was designed to char-
acterize the different elements of the FPGA. It consists 1024 flip-flops for each of the
various shift registers. It also contains a SRAM and a user flash ROM interface to test
the user flash memory. The TV2 is designed to validate the mitigation methods.

After every irradiation run, the reconfiguration and reprogrammability of the device
was tested. All devices were configured while beeing irradiated.

5.1.1 Frequencies

• An external clock for the TV1 SR was set at the following frequencies: 2, 50, 100, 150, 200MHz,
while the TV1 SRAM at 10Mhz.

• For the TV2 SR clock, the frequencies were 2, 37.5, 50, 70MHz.
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• CCC using PLL was tested at 200Mhz (in static mode).

• SRs that used the internal PLL, were tested at 100MHz and 200MHz.

• UFROM, SRs and SRAM were tested at 100MHz during irradiation.

5.1.2 SEE test

• based on a Virtex-5 FPGA test.

• 168 I/Os with 44 LDVS channels (Bias of 2.5V and 3.3V ).

• Up to 24 independent channels for the power supply.

• Bias of 1.5V for the core voltage.

• Bias of 1.5V for PLL, except for SEL, where a voltage of 1.65V was applied, with
a temperature of 125◦C.

5.1.3 TID test

To perform this test, the TV1 was modified, and 3 chains with 100 inverters each, in order
to characterize the propagation time change. 12 devices were built, where 10 biased. 5 of
them were reconfigured after each irradiation run. The dose rate was 0.07 rad

s , to reach a
total dose of 650krad− Si. Ater this test, the device was annealed at 25◦C for a period
of 168 hours.

5.2 Results of SEE with heavy ion tests

5.2.1 SEL

With a 131Xe35+ ion with an angle of incidence of 90◦C, of 107 particles
cm2 no latch-up was

seen up to 55MeV cm2

mg at 125◦C.

5.2.2 Single event functional interrups

Only one SEFI with the same LET as for the SEL was observed. Its cross-section was
determined as less than 2.7 × 10−6 cm2

device

5.2.3 SEU

No effects observed up to a LET of 55MeV cm2

mg in the USER flash memory. Cross section

lower than 3×10−7 cm2

bit for a LETTh = 1.8MeV cm2

mg . The results were independent of the
clock frecuency. 98% of the observed errors were single bit upsets (SBUs) and around
55% of them were 1 to 0 transitions. The multiple bit upsets (MBUs) that appeared in
this test were neighbouring bits that were at a 0 state and correspond to SET in the
asynchronous clear input in the flip-flops.
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5.3 Results on proton irradiation tests

Unmitigated shift registers Only two events registered with a proton energy of 230MeV

at 1011 p+

cm2 on unmitigated shift registers. The cross section was determined to be

3 × 10−14 cm2

bit .

SRAM The maximum cross section was determined to be ∼ 10−13 cm2

bit . Only a few
multiple bit upsts (MBUs) were observed and the transitions were almost equal from 1
to 0 as 0 to 1.

TID results With a TID of 35krad−Si, elements in ON-state, without reconfiguration
showed up to 20% of prapagation delay, while the parts in OFF-state without reconfig-
uration only reached an increase of 10%. When the TID was of 65krad, the ON-state
elements that were not reconfigured showed a propagation delay per gate up to 50%,
while the ones that were in an OFF-state and not reconfigured, approached a value of
increase of 30%. Degradation effects were considerably higher for elements that were not
reconfigured after each step of irradiation. Also, 40% of the parts that were subjected
to a dose above 59krad−Si were not able to be reconfigured. And not a single one was
able to recover after seven days of annealing at 25◦C.
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