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Abstract-Radiation encountered in space environments can 
be damaging to microelectronics and potentially cause 
spacecraft failure. Single event effects (SEE) are a type of 
radiation effect that occur when an ion strikes a device. 
Single event gate rupture (SEGR) is a type of SEE that can 
cause failure in power transistors. Unlike other SEE rates in 
which a constant linear energy transfer (LET) can be used, 
SEGR rates sometimes require a non-uniform LET to be 
used to be accurate. A recent analysis shows that SEGR 
rates are most easily calculated when the environment is 
described as a stopping rate per unit volume for each ion 
species. Stopping rates in silicon for pertinent ions were 
calculated using the Stopping and Range of Ions in Matter 
(SRIM) software and CRÈME-MC software. A reference 
table was generated and can be used by others to calculate 
SEGR rates for a candidate device. Additionally, lasers can 
be used to simulate SEEs, providing more control and 
information at lower cost than heavy ion testing. The 
electron/hole pair generation rate from a laser pulse in a 
semiconductor can be related to the LET of an ion. 
MATLAB was used to generate a plot to easily make this 
comparison. 
 
Index Terms-SEGR, stopping rate, laser testing, generation 
equation 
 

I. INTRODUCTION 

Space electronics have to be designed to withstand the 
radiation environments they will encounter.  As 
transistors have shrunk in size with the advancement of 
technology, the effects of radiation on electronic parts 
have changed.  Radiation professionals constantly strive 
to correctly emulate space radiation environments, test 
parts, and design devices that are radiation-hardened but 
affordable and functional [1].  The fly-by and orbiter 
proposed to be sent to Europa, one of Jupiter’s moons, 
through the Europa Habitability Mission, would be put 
through Jupiter’s extremely harsh radiation environments.  
Jupiter’s magnetic field is ten times the magnitude of 
Earth’s, and its radiation belts are a million times more 
intense than Earth’s Van Allen belts. Ensuring the 
mission does not fail due to radiation would be one of the 
biggest challenges scientists and engineers must face.  
Radiation would affect every aspect of the mission, not 
only the functionality of the electronic parts but even the 
probability of Europa being habitable, for high-energy 
particles in jovian environments continuously hit 
Europa’s surface ice, facilitating energy-producing 
reactions, and possibly providing enough energy to 
support life below the ice [2]. 
 
Radiation can affect parts through total ionizing dose 
(TID), displacement damage, and single event effects 

(SEE), among others.  TID is the accumulated energy 
transferred to the oxide material of a transistor from all 
ionizing particles.  Effects of TID in metal oxide 
semiconductor field effect transistors (MOSFETs) include 
threshold voltage shift, increased leakage current, and 
degradation of timing parameters.  Microdose, a type of 
TID, occurs when a heavy ion strikes a very small 
structure in a device and causes significant degradation.  
[3] Displacement damage defects (DDD) are caused by 
the scattering of atoms in the semiconductor lattice with 
incident particles such as protons, neutrons, and high-
energy electrons.  These types of interactions are much 
more frequent than the hard collisions that cause SEE, and 
they occur in the bulk material of the transistor.  Devices 
dependent on minority carriers are more susceptible to 
DDD, while MOSFETs are not. [3] Effects of DDD 
include leakage current, gain degradation, and reduced 
carrier mobility. [4] When a single particle causes a 
discernible effect in a device, a SEE occurs.  Unlike TID, 
effects created by different particles are not added 
together to create an overall effect, but instead, only 
particles individually able to cause an event are pertinent 
to SEE. [3] There are many different types of SEEs, 
which can cause various effects such as transient current, 
bit upsets, and device failure, depending on the type. 
 

II. BACKGROUND 

Single event gate rupture (SEGR) is a specific type of 
SEE that occurs when a heavy ion strikes the channel 
region of a power MOSFET, a primary element found on 
spacecrafts. SEGR is so important because it is a 
destructive event that can cause mission failure. As the 
ion travels through the power MOSFET’s wide channel 
region, it deposits energy that generates electrons and 
holes. The electrons and holes cause the electric field in 
the oxide to increase, which in turn can cause oxide 
breakdown and device failure. Unlike other SEEs, the 
linear energy transfer (LET) of the ion cannot be 
considered a constant throughout the ion track as it travels 
through the device for some ion energies when calculating 
the SEE rate. Lower energy ions, which have higher 
LETs, lose significant amounts of energy as they travel 
through the power MOSFET’s wide depletion region. 
These low energy ions are the highest contributors to 
SEGR rates. [5]  
 
A recent analysis [5] shows that calculating the stopping 
rate per unit volume of each ion in silicon greatly 
simplifies the SEGR rate calculation. It’s importance and 
derivation is outlined in [5]. Designated si for the ith 
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particle species, the stopping rate  is a coefficient that 
describes the space radiation environment. The SEGR rate 
equation is given by 

෍ݏ௜
௜

න ௜ܺሺ߬ሻ݀߬ 

where ௜ܺሺ߬ሻ  is the directional-average SEGR cross 
section, which depends on the device. The equation shows 
how a reference table of the stopping rate for each ion in 
certain radiation environments can reduce the amount of 
work required to calculate the SEGR rate using the most 
recent and accurate method. [5] 
 
Additionally, laser testing is another tool that aids in SEE 
testing. Typically, parts are irradiated with heavy ions to 
create SEEs, but a high-pulsed laser can also be used to 
induce SEEs in integrated circuits. Laser testing is an 
inexpensive, bench-top tool that provides greater control 
and more information that heavy ion testing allows. The 
laser can be pinpointed on a specific part of the integrated 
circuit, and the device’s response can be monitored on a 
digital scope. This allows testers to know where precisely 
in the integrated circuit a single event effect is occurring, 
as well as see the device’s response. While it cannot 
replace heavy ion testing, it is a supplement that can 
significantly reduce costs and further aid in ensuring parts 
are radiation-hardened. [6] 
 
While laser testing and heavy ion testing are inherently 
different, their effect on a device is comparable. A laser 
pulse generates electron-hole pairs in a semiconductor, as 
does an ion strike, though the generation rates between 
the two cannot be directly compared. The laser generation 
rate can, though, be converted to a laser LET, which can 
be compared to a heavy ion’s LET. The laser LET 
equation, derived from the laser generation equation, is a 
function of laser energy for certain device sensitivity 
depths. [6] 
 

III. OBJECTIVES 

The first objective was to create a reference table of the 
stopping rates per unit volume of ions hydrogen to 
uranium in silicon for four different radiation 
environments. The environments were 100 mils (2.54 
mm) of aluminum shielding from spacecraft in 
interplanetary space during solar minimum and during 
solar flare, and 250 mils (6.35 mm) of aluminum 
shielding from spacecraft in interplanetary space during 
solar minimum and during solar flare. 100 mils of 
aluminum shielding was used because this is the default 
assumption used by radiation specialists when no other 
information is given, whereas 250 mils was used because 
this is a more realistic amount of shielding likely to be 
found on a spacecraft. The completed table will facilitate 
in calculating more precise SEGR rates. 
 

The second objective was to create an easy to use plot in 
MATLAB of the equivalent laser LET versus laser energy 
for certain device sensitivities for the laser facility at the 
Jet Propulsion Laboratory. This will allow laser testers to 
quickly glance at the graph and know how to tune the 
laser to correctly emulate the desired LET. 

 
IV. METHODS 

Stopping rate 
Calculating the stopping rate per unit volume of each ion 
in silicon is a multi-step process that requires the use of 
two different software programs, the Stopping and Range 
of Ions in Matter (SRIM) [7] and Crème-MC [8], both 
available online.  
 
The first step is to use SRIM to calculate the energy for 
each ion just able to penetrate 100 mils (2.54 mm) or 250 
mils (6.35 mm), depending on the environment being 
used, of aluminum, ்ܧ,௜, where i is the atomic number of 
the element being used.  The minimum and maximum 
energies need to be changed for each ion to include 2.54 
mm (or 6.35 mm) in the chart produced by SRIM.  In 
almost all cases, the energy for the desired amount of 
shielding must be extrapolated from the bordering 
energies, for 2.54 mm or 6.35 mm of shielding is rarely 
explicitly given in the table.  For example, energies for 
2.48 mm and 2.73 mm may be given by SRIM, and the 
energy for 2.54 mm must be extrapolated using a linear 
approximation.  Then, SRIM is used again to calculate the 
LET, ܮ௜ሺ்ܧ,௜ሻ , in the target material, silicon, for the 
energy of the ion found in the first step.  Once again, the 
LET for the desired energy must likely be extrapolated 
from the given energies. 
 
Crème-MC is a free software found online that describes 
radiation environments and aids in calculating SEE rates. 
For units consistency with the CRÈME-MC program, 
divide ்ܧ,௜  by the atomic mass unit (amu) for the 

particular ion to get 
ா೅,೔
௠

 , measured in eV/nucleon.  Then, 

find the omnidirectional differential flux, ℎ௎,ைெேூሺா೅,೔௠
ሻ, 

for the ion species at energy 
ா೅,೔
௠

 using CRÈME-MC for a 

radiation environment of galactic cosmic rays in 
interplanetary space during solar minimum and again 
during solar flare.  CRÈME-MC gives the omnidirectional 
flux in terms of particles/݉ଶ-s-sr-MeV/nucleon.  This will 
be denoted as ℎ∗.	  The desired units of flux are 
particles/ ܿ݉ଶ -day-MeV, which is calculated by 

ℎ௎,ைெேூሺா೅,೔௠
ሻ ൌ

ଵ଴଼.଺

௠
ൈ 	ℎ∗.  Finally, the stopping rate for 

the ion is calculated by ݏ௜ ൌ 	ߩ ൈ ௜൯,்ܧ௜൫ܮ	 	ൈ

	ℎ௎,ைெேூሺா೅,೔௠
ሻ , where ߩ  is the density of silicon, 2.33 

g/ܿ݉ଷ.  Multiply this by 10ଷ to get the desired units for ݏ௜ 
of particles/ܿ݉ଷ-day. 
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The tables of the stopping rates for ions hydrogen through 
uranium are included in the Appendix: The Stopping 
Rates. 
 
Laser LET 
The laser generation rate is given by 
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where ߱ௌ௜ሺݖሻ ൌ ߱଴ට1൅ሺ
௭

௭ೞ೎
ሻଶ, α = optical absorption of 

semiconductor, T = energy coefficient of surface of 
semiconductor, E0 = energy of laser pulse, Eγ = energy of 
photon, ω0 = laser beam waist, τ = laser pulse length, and 
zsc = confocal length [6]. The equivalent laser LET is 
given by  
 

ܶܧܮ ൌ
௣ܧ
݀
න න න ,ݎሺܩ ,ݖ ݐ݀ݖ݀ݎ݀ݎߨሻ2ݐ
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where Ep is the pair generation energy [6]. Approximating 
߱ௌ௜ሺݖሻ ൎ ߱଴ and plugging in the generation equation, 
 

 
 
Integrating over r, z, and t, 
 

ܶܧܮ ൎ
௣ܧ
݀
௢ܧ2ܶ
ఊܧ

ሺ1 െ ݁ିఈௗሻ 

 
Plugging in the values for JPL’s laser facility and dividing 
by the density of silicon, 
 

ܶܧܮ ൌ
ܸ݁ܯ	3.6

݀
଴ܧ2

ܸ݁ܯ	1.55 ൈ 2.33
௚

௖௠య

ሺ1 െ ݁ି
భబయ೏
೎೘ ሻ 

 
in units of MeV-cm2/mg. The graph generated in 
MATLAB for device sensitivities d of 1 μm, 5 μm, 10 
μm, and 20 μm of laser LET versus laser energy is shown 
in Figure 1. The laser energy depends on the laser’s 
wavelength and pulse length.  
 
 
 
 
 
 
 

 
       Laser LET vs. Energy 

 

 
      Laser Energy (pJ) 

Figure 1. MATLAB plot of equivalent laser LET as a 
function of laser energy for certain device sensitivities. 
 

IV. RESULTS 

The stopping rates per unit volume for ions hydrogen 
through uranium were calculated and are shown in the 
tables in the Appendix. A few ions have stopping rates of 
0 because they are essentially non-existent for that 
radiation environment and are not included in the Crème-
MC software. 
 
For almost all ions, shielding was effective in lowering 
the stopping rate. Generally, the stopping rates for 250 
mils of aluminum shielding were less than the stopping 
rates for 100 mils of shielding. While this may seem 
intuitive, shielding is not always effective at lowering 
SEE rates and can even increase the rates in certain cases. 
 
The graph of laser LET vs. laser energy, shown in Figure 
1, is an effective aid for using laser testing. It is easy to 
determine the necessary laser energy for the desired LET 
for a particular device sensitivity by looking at the graph. 
It is then simple to tune the laser to achieve this energy 
and accurately induce SEEs in integrated circuits. The 
graph shows that as device sensitivity depth increases, the 
average LET for a certain energy decreases, as is 
expected.  
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V. CONCLUSIONS 

Overall, software was able to improve SEE testing at no 
additional cost. SRIM and Crème-MC were used to 
calculating the stopping rates for 92 different ions in four 
radiation environments. These reference tables will be 
extremely helpful in calculating much more precise 
SEGR rates than previous rate calculation methods. 
Additionally, the rate calculation that uses the stopping 
rate is not limited to SEGR; it can be applied to other 
SEEs that also require the use of a non-variable LET 
throughout the ion track. MATLAB was used to generate 
a graph of the equivalent laser LET versus laser energy. 
This graph will further make laser testing at JPL a 
valuable, affordable supplement to heavy ion testing.  
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VIII. APPENDIX: THE STOPPING RATES 

The tables of stopping rates for ions hydrogen to uranium 
for the four radiation environments are attached. 
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