Ionizing Radiation Susceptibility Testing of a Commercial Mobile Router

1.0 Introduction

Testing was performed to determine the effects of ionizing radiation on the Cisco Mobile Access Router Card (MARC).  The Mean Time Between Failure Rate (MTBF) due to radiation induced single event effects (SEE) of the MARC was determined.  Testing is based on five different mission scenarios for the Mobile Router in space applications. The scenarios derived are: low earth orbit (LEO); ISS orbit (external to the craft); ISS orbit (internal to the craft); and lunar orbit. The mission scenarios include polar and ISS standard orbits as well as a lunar mission scenario. Results from this testing can be used to determine the feasibility of using the router in a space environment for future exploration missions.

2.0 approach

The goal of radiation susceptibility testing is to determine the effects of this ionizing radiation on microelectronics.  The purpose of testing is to estimate ionizing radiation-induced functional interrupt rates and other error rates that can be expected in space.  

Modeling performed on hardware that may be deployed into the high radiation environment can assist in engineering design, risk mitigation testing, reliability analysis, or failure analysis. The results were used to develop suitable test definitions to assess the mobile router for space flight applications.

The energy imparted by the ionization process is most commonly referred to as Total Ionizing Dose (TID). The TID accumulated by hardware is a function of orbit, shielding, and time.  This dose is a cumulative total of the energy of all of the incident particles, causing the device to break down. As Silicon can typically exceed 2kRads(Si) without error, TID testing is not typically performed for shielded hardware. If testing is required it can be performed simultaneously with SEE Testing. 

Single event effects (SEE) testing typically requires the operation of hardware in a high-energy radiation environment, such as a proton stream. Once errors are observed, an analysis is done to make an estimate of the expected error rates. This testing is typically quick as high-energy particles can be used to achieve an accelerated testing profile.
An SEE can be a destructive or non-destructive event, and can be caused by terrestrial sources, solar events, or galactic radiation.  In general, SEE is caused by the outer electron belt or coronal mass ejections (galactic events can usually be ignored).  
Five mission scenerios were specifically identified for evaluation. While other mission scenarios are plausible, this subset represents a reasonable cross section of potential mission applications. A summary of the data is presented in Table I. 

Scenario 1 – Polar Orbit Science Satellite

A mobile router onboard a science satellite could serve several purposes.  First, the device could act as a gateway to isolate and rate limit data traffic between various onboard subsystems, such as command and data handling, attitude control, data storage, sensor data acquisition, and external communications interfaces[
].  In addition, the device could use mobility aspects in software to maintain end-to-end connectivity to a single ground processing site through a disperse ground station network.  The operating environment for this scenario is an unpressurized volume requiring an active or passive thermal control system. Scenario 1 is a 90° orbit at an apogee of 400km. The solar weather is quiet. The model assumes no shielding, case shielding is added using the MNCP modeling package.

Scenario 2 – International Space Station (external)

NASA Glenn Research Center has investigated concept architectures for a direct to ground communications system to augment the downlink of International Space Station science payload data (the Advanced Communications Architecture Demonstration).  The location for this scenario is an external pallet adapter. Similar to scenario 1, a router device could be used to isolate and rate limit subsystem communications as well as provide end-to-end connectivity to disperse ground stations.  The operating environment for this scenario is an unpressurized volume requiring an active or passive thermal control system. Scenario 2 is a 51.6° orbit at an apogee of 450km (This is the standard ISS orbit)
.
 The solar weather is quiet. The model assumes no shielding and the location is assumed to be the ISS exposed facility. 

Scenario 3 – International Space Station (internal)

Two uses are envisioned for this scenario.  The first is the use of the device within a single payload to route data among various computers associated with the experiment.  Similar to scenario’s 1 and 2, the ability to isolate and rate limit data traffic allows mitigation of problems associated with competing traffic flows.  The second use is to route and isolate data among different payload racks.  Current International Space Station hardware uses a payload Ethernet hub gateway (PEHG) to perform this function.  In a hub configuration all payloads see each other’s traffic.  A router in this scenario could isolate data among different legs of the network as well as provide rate limits to avoid exceeding bandwidth limitations for downlink paths.  These scenarios would not necessarily need the mobility aspect of the router for return links that go through the Tracking Data Relay Satellite System (TDRSS) network.  However, if a direct to ground option was available, the mobility aspect could potentially be used. The operating conditions for this scenario are a pressurized environment internal to the Space Station, allowing for air-cooling or cold plate cooling through rack cooling loops. Scenario 3 is the same 51.6° orbit at an apogee of 450km (ISS orbit), with the solar weather quiet. The model assumes no case shielding. The location is assumed to be internal to the US-lab.?
Scenario 4/5 – Lunar Orbit Communications Satellite
A lunar communications relay satellite may need to communicate with multiple lunar surface assets in addition to Earth.  Data transmission from one lunar surface asset to another, or from a surface asset to Earth could be established through the relay satellite.  A mobile router device onboard the lunar relay satellite could direct the data to the appropriate RF device based on the destination address.  The mobility aspect of the router for the lunar/earth link would have limited application due latency problems with standardized protocols (e.g. transmission control protocol) over those distances.  However, mobility features might be used among lunar surface assets. The operating environment for this scenario is an unpressurized volume requiring an active or passive thermal control system. Scenario 4 is a lunar orbit at an apoapsis/periapsis of 85 km. The solar weather is quiet. The model assumes no shielding. Scenario 5 is identical to scenario 4 but uses the peak flux model for solar flare activity. This model is based on the peak five-minute averaged fluxes observed on GOES in October, 1989. Given orbital mechanics this model is not realistic for a whole orbit transmission model, but is used in this analysis to bound worst-case limits.

	
	Scenarios
	

	
	1
	2
	3
	4
	5
	

	Orbiting Body
	Earth
	Earth
	Earth
	Lunar
	Lunar
	

	Apoapsis
	400
	450
	450
	85
	85
	km

	Periapsis
	400
	450
	450
	85
	85
	km

	Inclination
	90
	51.6
	51.6
	0
	0
	°

	Shielding
	0.00
	0.00
	0.63
	0.00
	0.00
	cm

	Proton Model
	AP8MIN
	AP8MIN
	AP8MIN
	AP8MIN
	AP8MIN
	

	Solar Weather
	Quiet
	Quiet
	Quiet
	Quiet
	Peak
	

	Elements
	<28
	<28
	<28
	<28
	<28
	Z

	Min. Energy
	0.1
	0.1
	0.1
	0.1
	0.1
	MeV


Table I - Operational Scenarios

2.1 environment Models

Cosmic Ray Effects on Micro Electronics - 1996 Revision (CREME96) is used for creating the numerical model of the ionizing radiation environment in near-earth orbits. CREME was originally developed in 1981[
] by the Naval Research Laboratory. The CREME96 update takes into account additional knowledge collected experimentally about the ionizing environment of space. CREME96 is the DOD standard for radiation environment modeling (MIL-STD-809.) CREME96 has been found to be in good agreement with measured near-earth data.[
][
] Additional updates to CREME96 include the introduction of a trapped proton model.

For clarification, several items should be explained before the data is presented. The solar radiation environment is not taken into account explicitly in the requirements. For completion, a fifth scenario is added to help account for the addition of solar particles. To accomplish this AP-8, Trapped Proton Environment Model[
] is used. This report does not include the trapped electron environment, which is defined in AE-8[
].The standard AP-8 and AE-8 trapped proton and electron environment models are the most widely used models for providing time independent models of the radiation environments for either solar maximum or solar minimum conditions. The AP-8/AE-8 models are most useful for estimating particle fluence accumulated over many orbits in the inner magnetosphere.

For each scenario the target material is assumed to be silicon. Each model assumes one orbit. For long duration exposure the orbital averages are multiplied. The range of elements is assumed to be Z<28, or all elements with an atomic number (Z) less than or equal to 28 (nickel). For most applications this is sufficient. Energetic particles with Z>28 are rare and are generally negligible. If the target device has a very high SEE threshold, or if the mission scenario has a requirement for a very low SEE rate then Z will be expanded to 92. All of the results presented start at an LET of 0.1MeV. LET’s less than 0.1MeV are excluded because they are generally absorbed by the cover layer.

Each scenario is presented below. Using the CREME96 model described above, a numerical model was generated for each scenario. Figures 1 through 5 show the relationship between flux and LET or energy for each scenario. 
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Figure 1 - Scenario 1 Environment Numerical Model.  flux over one orbit.
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Figure 2 - Scenario 2 Environment Numerical Model
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Figure 3 - Scenario 3 Environment Numerical Model
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Figure 4 - Scenario 4 Environment Numerical Model
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Figure 5 - Scenario 5 Environment Numerical Model

The left-hand plot shows the relationship between integral flux and LET. The center plot represents the relationship between the trapped proton flux and the particle energy. Scenarios 4 and 5 do not have a trapped proton flux plot. The lunar position is outside the Earth’s Magnetosphere, therefore there is no significant contribution of trapped protons. The right-hand plot shows the flux of the first five elements Z<5. Some plots do not show all five elements as the excluded elements make minimal contributions to the total flux.

The model results for scenario 2 show a much higher flux than scenario 1; this is the result of the South Atlantic Anomaly. Satellites in polar orbits do not pass through the SAA during each orbit. 

2.2 SHIELDING

Absorbed dose is a function of the material and the shielding between the radiation environment. Doses in silicon at the center of an aluminum sphere, which are representative of doses to electronic devices shielded by an equivalent thickness of aluminum, are given in Figure 66 These doses are based on the proton environment presented in scenario 2 and are given for a range of aluminum shield thicknesses. All doses are calculated from the trapped proton /electron environment using the SHIELDOSE model. The SHIELDOSE model is documented in NBS Technical Note 1116. The data shows the importance of a good shielding philosophy, with respect to total dose. 
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Figure 6 - Dose versus Thickness from SHIELDOSE Model

3.0 Test methodology

Of all electronic components, semiconductors are the most sensitive to radiation. For most applications, semiconductor-device performance determines the maximum radiation flux that an electronic circuit can tolerate.  Radiation can cause both permanent and temporary damage to the device. Permanent effects are attributed to bulk damage. The term “bulk damage” is used to describe changes in the properties of structures caused by atomic displacement as a result of exposure to a radiation environment. Temporary effects are generally attributed to the generation of excess free carriers in the junction regions resulting from exposure to high energy particles. 

The most effective way to determine the effects of radiation on microelectronics is through testing the devices in radiation environments. 

Several methods exist for conducting radiation testing. Not all of these methods are discussed in detail in this report. The omitted methods are described in references 
, 
, and 
. Each method of radiation susceptibility testing requires the use of SEU test data, which is measured at a testing facility. 

During testing, electronics are exposed to a uniform particle beam to extract failure rate information. A general method for this type of testing is to use the beam test results to determine a failure rate (failures/unit time). The failure rate divided by the particle flux gives the SEE cross section and is usually defined as
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0 is the particle flux.  This data is used to calculate the soft error rate (SER).  To determine the SER, the product of the differential energy flux and SEU cross section are integrated over the energy spectra of interest.  The SER is expressed as
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This result gives a number of failures per unit time for a given range of particle energies. 

For the purpose of data taken, the SER cannot be determined for any energy other than beam energies. Therefore, data taken during testing is reduced statistically, using the data from the modeling effort rather than numerically, to give an approximate failure rate. This statistical approach can be calculated using the Bendel A method.[
] Efforts have been made by NASA to create computer codes to perform this analysis from test data. [
]
Another method (sometimes referred to as the Burst Generation Rate (BGR) method), developed by Ziegler and Lanford [
] is used to numerically determine the SEU rate induced by proton/neutron interactions with microelectronics. The BGR method hinges on the statistical theory that only recoil reactions cause upsets. According to the BGR method the SEU rate can be approximated by
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where C is the collection efficiently, t is the collection depth in µm, Δσi=σi-σi-1 where σi is the heavy ion SEU cross section for the ith portion of the curve expressed in cm², BGR(Ep,Eri) is the burst generation rate is cm²/µm3, Ep is the energy of the incoming particle in MeV, Eri is the ith recoil energy, (Eri = t  0.23  LETi [MeV]) and dJ/dE is the differential flux in particles/cm²∙sec∙MeV. [
]
The BGR method is effective for older devices, but does not handle modern devices with smaller sensitive volumes. The method also assumes that the charge collection region is constant, which in actuality it is not. The charge collection region changes dimensions depending on the total deposited energy and location since the depletion region collapses if the energy is sufficiently high. Modern devices have complex charge collection regions since  diffused charge in the substrate, well beyond the depletion region, can be collected by a reverse-biased junction. [
]

Another method of testing is to determine the threshold values for both failure modes (permanent and temporary).  This test requires a source where the ion species and energies can be changed. Once the threshold is observed experimentally, the expected SEU rate can be determined numerically by integrating the fluence from the threshold to infinity. This method has proven to be more costly than the previous method. In general, each of these methods is considered a reliable predictor of error rates, but the last method is more valuable to the reliability analysis effort. 

Assuming the use of the Bendel A method described above testing was performed at the Midwest Proton Radiotherapy Institute facility at Indiana University. Indiana University can subject components (test targets) to a 200 MeV proton beam. Use of 200 MeV protons probes the linear energy transfer (LET) region to 14 MeV cm2/mg in Silicon. Scenario 1 will be detailed here. All the data for each scenario is presented in table form at the end of this section. From the data, the average integral flux, discounting solar flares, for the entire spectrum of scenario 1 was   calculated to be 0.652x106 protons/cm2·day. For this example the total mission duration was  assumed to be ten years. Therefore, for the entire mission the total integral flux was 2.38x109 protons/cm2. Each cm2 of the device under test will be exposed to 2.38x109 protons. Given the capabilities at the IU Cyclotron Facility the exposure of each square centimeter will took approximately two minutes. Testing yields number of failures, hard and soft, permanent or temporary, for the mission duration. The Bendel A method was applied to predict a mean time between failures for this mobile router.  See Table II.
	
	Fluence /
Day
	Fluence/
10 Year
	Test Time per component [minutes]
	Total Test Time [Hours]

	Scenario 1
	652.00E+03
	2.38E+09
	2
	3

	Scenario 2
	2.63E+06
	9.60E+09
	6
	10

	Scenario 3
	3.79E+06
	13.83E+09
	9
	15

	Scenario 4
	9.09E+03
	33.18E+06
	1
	2

	Scenario 5
	67.00E+09
	---
	41
	70


Table II – Test criteria by scenario
Scenerio 5 does not have a calculation for fluence per mission life since during any 11 year cycle the peak solar activity should only occur during a single day.

4.0 Reliability

As stated above, data gathered from testing is used to perform analysis to estimate the SEE susceptibility of the device under test. The results collected for a given particle and energy can be used in conjunction with available analysis tools to generate a composite MTBF number due to atomic displacement for a device. In general, a failure can be defined as one of the following:

•
Single Event Upset (SEU) – an event like a bit flip resulting in a data error only.

•
Functional Interrupt (FI) – an event requiring a software reboot or a power cycle. 

•
Single Event Latchup (SEL) – an event where the device has an abnormal conduction path established by the ionizing radiation and as indicated by a primary power supply current change.  Power must be recycled to regain control and/or to save the device from destruction.

•
Single Event Burnout (SEB) – an event where the device has an abnormal conduction path established by the ionizing radiation and is destroyed almost immediately.

Microelectronics can experience a reduction in reliability due to TID[
]. A relationship between component life reduction in a transistor is generally given as:

τΦ=  τo+ (1/Κτφ) 
Where:

τΦ is the component life after exposure

τo is the component life before exposure

Κτ is the lifetime damage constant (cm2/particles)

Φ is fluence (particles/cm2)

Each of the dependant variables can be observed directly through an elaborate test program.

Damage from atomic displacement​​—as previously discussed—can occur from primary or secondary effects. If a particle enters a material and is of high enough energy to impart recoil energy, it will displace an atom by the primary collision and several more through secondary effects. The number of atoms displaced by secondary collisions is given through the equation:

Ns(E)=fE/2Ed 
Where:

Ns(E) is the number of atoms displaced

f is the fraction of recoil atoms energy that will be consumed by ionization

E is the displacement energy

Ed is average over all directions of the displacement energy

This relationship was theorized by Lindhard[
] and has been confirmed experimentally for silicon by Sattler [
].

These atoms create vacancies in the structure which, if not annealed, can cause contamination in materials. It is not known how contamination can effect long term reliability.[
]  However, a device that has been recovered through low-temperature annealing, may tend to be more sensitive to further radiation.[13]

There exists a particle of high enough energy to permanently damage microelectronics in an SEE, thereby affecting reliability numbers. Since this particle is undetermined by theory, the reliability numbers cannot be devalued for the purposes of analysis without direct observation during testing. 
5.0 TEST SET-UP  

The general test set-up for the MARC is shown in Figure 7.  The MARC was connected to the SMIC (Serial Mobile Interface Card) and the FESMIC (Fast Ethernet Switch Mobile Interface Card) through the PC104 Motherboard.  Two laptop computers, Laptop #1 and Laptop #2, located in the Control Room, ran the FTP and Ping tests through Ethernet connections to the Router.  In addition, FTP and Ping tests were run on Laptop #3 through an Ethernet connection and a Serial connection in the Test Area.  The test conductor monitored the tests and determined when an SEE occurred. 
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Figure 7 – Mobile Router Radiation Test Set-up

The purpose of this test was to determine the MTBF of various electronic components on the MARC board due to SEE.  A picture of the MARC board is shown in Figures 8 and 9.  The MARC test targets are shown in Figure 10.  
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Figure 8 – MARC Top View
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Figure 9 – MARC Bottom View
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Figure 10 – MARC Test Targets

The MARC test targets are listed in Table III.  Figure 11 shows the test configuration. These targets were chosen based on the information previously presented.  It was determined that the best way to observe the router's function during radiation testing would be to utilize FTP and Ping tests.  These tests were monitored during exposure and errors (delays in data transfer and/or loss of data) were recorded.  

The SMIC (Serial Mobile Interface Card), and the FESMIC (Fast Ethernet Switch Mobile Interface Card) from the Cisco Mobile Router Kit were connected to a PC-104 Motherboard and used for each of the MARC cards tested. 
	Test Target (Cell Number)
	Part Number
	Manufacturer
	Function

	3
	MPC8250ACZUMHBB
	Motorola
	Microprocessor

	4
	CY2309Z1-1H
	Cypress Semiconductor
	3.3V Zero Delay Buffer

	5, 15, 16
	LVTH162244
	Fairchild Semiconductor
	Low Voltage 16-Bit Buffer/Line Driver with 3-state outputs

	6,  7, 14, 17, 20
	48LC16M16A2
	Micron-MT
	Memory

	8
	LX7971ALE
	Intel
	Ethernet Transceiver

	9
	TG110-E050N5
	Halo
	Ethernet Transducer

	10, 23
	E28F128J3A150
	Intel
	Flash Memory

	18
	T134AID
	
	Data Buffer

	19
	MAX3209EEUU
	Maxim
	Serial Port (RS232) Driver

	21
	17-70 93-01 CS=BFDD0333
	Xilinx
	CPLD

	22
	E0248A7563CREBAU
	Elantec
	Switching Voltage Regulator


Table III - Test Target List
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Figure 11 - Test Area

Specific areas (beam positions) were chosen to minimize the number of components exposed to the radiation at one time. Figures 12 and 13 show the beam positions for the six test runs.  Figure 12 shows the beam positions on the “front” of the MARC.  The front was designated as the side that faced the emitting source.  Figure 13 shows the same six positions on the back of the MARC.  All testing was performed with a proton beam energy of 203 (MeV).  The normal beam diameter of approximately 6 cm was passed through various copper vignettes to adjust the size of the final beam to one inch square.  The one inch square beam was allowed to radiate the test article.  The beam positions and required vignettes were pre-planned with test personnel.  The test article was configured on a test fixture to allow easy targeting of components.  

The test area was radiated until an error (loss of data, etc.) was observed by the test conductor.  When an error occurred the beam was turned off, and the type of error, elapsed time, and a description of the error was recorded.  After the network was re-established, the beam was turned on again and testing was resumed.  
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Figure 12 - Beam Position (Front)
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Figure 13 - Beam Position (Back)

Table IV shows the various tests, test conditions, and results.  The fluence for each position was recorded in Table IV.  The fluence recorded is the differential fluence for each test run.  The MARC experienced functional interruptions which generally required power cycle to recover.  The MARC also experienced hard failures.

The results presented in tablature form do not present results for position 6.  When position 6 was tested the MARC failed to send data out the ME0 port as soon as the beam was applied.  When the beam was terminated the ME0 port would function normally.  This condition was tested ten times with a 100% failure rate.  This position consisted of a Xilinx CPLD and an Intel Fast Ethernet transceiver.  Previous testing on similar Ethernet transceivers had an MTBF of 894 days.  This leads to the hypothesis that the CPLD is not well suited for the radiation environment.  

The results from the left hand side of Table IV were used to generate the error rates.  The error rates were calculated using PRODUCT and the differential flux models created for each scenario and presented above.  The MTBF results presented in Table IV are for any error type.  The MTBF results in Table V are for destructive hard failures only.

	Proton Energy (MeV)
	203
	
	 
	
	
	
	 

	Components  UnderTest

(Beam Position #1)
	48LC16M16A2, LVTH162244, CY2309Z1-1H, LVTH162244
	Calculated MTBF [days]

	Failure
	Fluence 
[Protons/cm²]
	Type
	Scenario 1
	Scenario 2
	Scenario 3
	Scenario 4
	Scenario 5

	1
	1.60E+11
	Latchup
	31600
	27400
	27400
	33300
	151

	2
	1.46E+11
	Destructive
	28900
	25000
	25000
	30400
	137

	Total
	3.06E+11
	
	30200
	26200
	26200
	31800
	144

	 
	 
	 
	 
	 
	 
	 
	 

	Proton Energy (MeV)
	203
	
	 
	
	
	
	 

	Components  UnderTest

(Beam Position #2)
	48LC16M16A2, 48LC16M16A2, 48LC16M16A2
	Calculated MTBF [days]

	Failure
	Fluence 
[Protons/cm²]
	Type
	Scenario 1
	Scenario 2
	Scenario 3
	Scenario 4
	Scenario 5

	1
	2.70E+10
	Latchup
	5320
	4590
	4590
	5630
	21.7

	2
	1.40E+11
	Destructive
	27700
	24000
	24000
	29100
	131

	Total
	1.67E+11
	
	16500
	14300
	14300
	17400
	74.4

	Proton Energy (MeV)
	203
	
	 
	
	
	
	 

	Components  UnderTest

(Beam Position #3)
	MPC8250ACZUMHBB, LVTH162244
	Calculated MTBF [days]

	Failure
	Fluence 
[Protons/cm²]
	Type
	Scenario 1
	Scenario 2
	Scenario 3
	Scenario 4
	Scenario 5

	1
	3.90E+09
	Latchup
	766
	657
	657
	814
	2.62

	2
	7.00E+09
	Latchup
	1380
	1180
	1180
	1460
	4.96

	3
	8.99E+09
	Latchup
	1770
	1520
	1520
	1880
	6.52

	4
	4.06E+09
	Latchup
	798
	684
	684
	847
	2.74

	5
	1.66E+09
	Latchup
	326
	278
	278
	347
	1.03

	6
	2.29E+09
	Latchup
	449
	385
	385
	478
	1.47

	7
	4.90E+09
	Latchup
	963
	826
	826
	1020
	3.36

	8
	1.40E+09
	Latchup
	275
	235
	235
	292
	0.857

	9
	9.00E+08
	Latchup
	176
	151
	151
	188
	0.529

	10
	1.18E+10
	Latchup
	2320
	2000
	2000
	2460
	8.77

	Total
	4.69E+10
	
	921
	790
	790
	979
	3.2

	 
	 
	 
	 
	 
	 
	 
	 

	Proton Energy (MeV)
	203
	
	 
	
	
	
	 

	Components  UnderTest

(Beam Position #4)
	T134AID, MAX3209EEUU
	Calculated MTBF [days]

	Failure
	Fluence 
[Protons/cm²]
	Type
	Scenario 1
	Scenario 2
	Scenario 3
	Scenario 4
	Scenario 5

	1
	1.93E+10
	Latchup
	3800
	3270
	3270
	4020
	15

	2
	3.45E+09
	Latchup
	678
	581
	581
	720
	2.29

	3
	1.73E+10
	Latchup
	3410
	2930
	2930
	3610
	13.3

	4
	1.48E+10
	Latchup
	2910
	2510
	2510
	3090
	11.2

	5
	4.11E+10
	Latchup
	8110
	7000
	7000
	8560
	34.3

	6
	7.74E+09
	Latchup
	1520
	1310
	1310
	1610
	5.54

	Total
	1.04E+11
	
	3400
	2930
	2930
	3600
	13.3

	 
	 
	 
	 
	 
	 
	 
	 

	Proton Energy (MeV)
	203
	
	 
	
	
	
	 

	Components  UnderTest

(Beam Position #5)
	E28F128J3A150, E28F128J3A150
	Calculated MTBF [days]

	Failure
	Fluence 
[Protons/cm²]
	Type
	Scenario 1
	Scenario 2
	Scenario 3
	Scenario 4
	Scenario 5

	1
	1.08E+11
	Latchup
	21300
	18500
	18500
	22500
	98.5

	2
	9.50E+09
	Destructive
	1870
	1610
	1610
	1980
	6.92

	Total
	1.18E+11
	
	11600
	10000
	10000
	12200
	50.7

	 
	 
	 
	 
	 
	 
	 
	 

	Cumulative Total
	
	
	641
	551
	551
	680
	2.34


Table IV -  Radiation Test Results

	Proton Energy (MeV)
	203
	
	 
	
	
	
	 

	Components  UnderTest

(Beam Position #1)
	48LC16M16A2, LVTH162244, CY2309Z1-1H, LVTH162244
	Calculated MTBF [days]

	Failure
	Fluence 
[Protons/cm²]
	Type
	Scenario 1
	Scenario 2
	Scenario 3
	Scenario 4
	Scenario 5

	2
	3.06E+11
	Destructive
	60600
	52600
	52600
	63700
	308

	Proton Energy (MeV)
	203
	
	 
	
	
	
	 

	Components  UnderTest

(Beam Position #2)
	48LC16M16A2, 48LC16M16A2, 48LC16M16A2
	Calculated MTBF [days]

	Failure
	Fluence 
[Protons/cm²]
	Type
	Scenario 1
	Scenario 2
	Scenario 3
	Scenario 4
	Scenario 5

	2
	1.67E+11
	Destructive
	33000
	28600
	28600
	34800
	159

	Proton Energy (MeV)
	203
	
	 
	
	
	
	 

	Components  UnderTest

(Beam Position #5)
	E28F128J3A150, E28F128J3A150
	Calculated MTBF [days]

	 
	Fluence 
[Protons/cm²]
	Type
	Scenario 1
	Scenario 2
	Scenario 3
	Scenario 4
	Scenario 5

	 
	1.18E+11
	Destructive
	23300
	20200
	20200
	24600
	109

	 
	 
	 
	 
	 
	 
	 
	 

	Cumulative Total
	
	
	11100
	9960
	9960
	11700
	53.3


Table V - Hard Failure Test Results

An important observation is that the resultant MTBF’s for Scenario’s 2 and 3 are the same.  The outer shielding provided by the ISS does not provide significant shielding above the SEE threshold for Silicon.  This means that the ISS skin provides shielding against damage from total dose, but not from Single Events.

The results show that the MARC has a high immunity to Single Event Effects, and demonstrates that, with the exception of the CPLD, the MARC is an excellent choice for Crit. 3 applications.  It is suggested that alternative technologies be investigated to replace this CPLD. 















































































�This orbit would be the standard orbit of a complete ISS 


�PAGE \# "'Page: '#'�'"  ��This orbit seems high compared to actual ISS altitude data (see � HYPERLINK "http://www.hq.nasa.gov/osf/station/viewing/issvis.html" ��http://www.hq.nasa.gov/osf/station/viewing/issvis.html�).  Is this used as a conservative max (since you are pushing closer to the inner van allen belt where radiation gets worse)?
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