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Foreword 
 
This standard defines the requirements and procedures for terrestrial soft error rate (SER) testing of 
integrated circuits and reporting of results. Both real-time (unaccelerated) and accelerated testing 
procedures are described. At terrestrial, Earth-based altitudes, the predominant sources of radiation 
include both cosmic-ray radiation, dominated by high- and low-energy neutron-induced reactions, and 
alpha-particle radiation from radioisotopic impurities in the package and chip materials. Other high 
energy particles, such as muons, are generated by cosmic rays and reach terrestrial altitudes.  They are not 
considered in this standard at this point in time since there have been no significant soft error muon 
induced cross sections reported. An overall assessment of a device’s SER is complete, only when an 
unaccelerated test is done under actual use conditions, or accelerated SER data for the alpha-particle 
component, the high-energy cosmic-radiation component, and if necessary, the thermal neutron 
component (see 7 for details) has been obtained and extrapolated to the use conditions. 
 
Annexes D, E, F, G, H and J are informative; annexes A, B and C are normative.  
 
 
Introduction 
 
Soft errors are nondestructive functional errors induced by energetic particle strikes. Soft errors are a 
subset of single event effects (SEE), and include single-event upsets (SEU), single-bit upsets 
(SBU),multiple-bit upsets (MBU), single-event functional interrupts (SEFI), single-event transients (SET) 
that, if latched, become SEU, and single-event latchup (SEL) where the formation of parasitic bipolar 
action in CMOS wells induce a low-impedance path between power and ground, producing a localized 
high current condition (SEL can also cause latent and hard errors) if a thermal runaway condition is 
created).  While there is variation on the exact use of these terms in the literature, Figure 1 shows how 
they are defined in this document (see 2 – Terms and definitions. For the components tested, all 
applicable SEE rates due to the different radiation types should be characterized. 
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Figure 1 — Diagram of terms used to describe single event effects (SEE).  More detailed definitions 

can be found in 2 Terms and definitions. 
 
In general, soft errors may be induced by alpha particles emitted from radioactive impurities in materials 
nearby the sensitive volume, such as packaging, solder bumps, etc., and by highly ionizing secondary 
particles produced from the reaction of both thermal and high-energy neutrons with component materials.  
 
There are two fundamental methods to determine a product’s SER. One is to test a large number of actual 
production devices for a long enough period of time (weeks or months) until enough soft errors have been 
accumulated to give a reasonably confident estimate of the SER. This is generally referred to as a real-
time or unaccelerated SER testing. Real-time testing has the advantage of being a direct measurement of 
the actual product SER requiring no intense radiation sources, extrapolations to use conditions, etc. 
(provided the test is performed in a building location similar to the actual use environment – see A.5). 
However, real-time testing does require a system capable of monitoring hundreds or thousands of devices 
in parallel, for long periods of time.  
 
The other method commonly employed to allow more rapid SER estimations and to clarify the source of 
errors is accelerated SER testing. In accelerated SER testing, devices are exposed to a specific radiation 
source whose intensity is much higher than the ambient levels of radiation the device would normally 
encounter. Accelerated SER allows useful data to be obtained in a fraction of the time required by 
unaccelerated real-time testing. Only a few units are needed and complete evaluations can often be done 
in a few hours or days instead of weeks or months. The disadvantages of accelerated SER are that the 
results must be extrapolated to use conditions and that several different radiation sources must be used to 
ensure that the estimation accounts for soft errors induced by both alpha particle and cosmic-ray 
generated neutron events. 
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MEASUREMENT AND REPORTING OF ALPHA PARTICLE AND TERRESTRIAL COSMIC 
RAY INDUCED SOFT ERRORS IN SEMICONDUCTOR DEVICES 

 
(From JEDEC Board ballot JCB-20-11, formulated under the cognizance of the JC-13.4 Subcommittee on Radiation 
Hardness: Assurance and Characterization.) 
 
 
1 Scope  
 
This standard specification covers soft errors due to alpha particles and terrestrial neutrons generated by 
cosmic rays. 2 covers terms and defintions. 3 covers test methods and issues common to all test types. 4 
covers real-time or unaccelerated measurements, 5 covers accelerated soft error rate test procedures 
related to alpha particles, 6 covers accelerated soft error rate test procedures related to high-energy 
neutron reactions (>1 MeV), and 7 covers test procedures for thermal neutron reactions with 10B. 
 
This standard defines the requirements and procedures for terrestrial soft error rate  (including real-time 
and accelerated) testing of integrated circuits and a standardized methodology for reporting the results of 
the tests.  
 
The procedures apply to components including memory and logic.  System behavior, including effects 
like Silent Data Corruption (SDC) and Detectable but Uncorrectable Errors (DUE), is beyond the scope of 
this standard. 
 
NOTE This standard applies to electronic devices in a terrestrial environments (i.e., ~ 0 to 4,000 meters).  Other 
environments (such as avionics or medical-radiation therapy) are outside the scope of this standard. 
 
1.1 Related Documents 
 
Testing with accelerated radiation sources can introduce damage mechanisms that interfere with the soft 
error measurements covered in this standard.  The user should familiarize themselves with the following 
documents and eliminate or minimize these sources of interference: 

• JESD57 Test Procedures for the Measurement of Single-Event Effects in Semiconductor Devices 
from Heavy Ion Irradiation 

• JESD234 Test Standard for the Measurement of Proton Radiaton Single Event Effects in Electronic 
Devices 

 
In addition, the following document provides more information on destructive effects from terrestrial 
radiation and accelerator environments: 

• JEP151 Test Procedure for the Measurement of Terrestrial Cosmic Ray Induced Destructive Effects 
in Power Semiconductor Devices 

• MIL-HDBK-814 Ionizing Dose and Neutron Hardness Assurance Guidelines for Microcircuits and 
Semiconductor Devices, 1994 

 
And measurement of alpha flux is covered in the following: 

• JESD221 Alpha Radiation Measurement in Electronic Materials 
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1.1 Related Documents (cont’d) 
 

The following sources are additional information on device irradiation: 

• ASTM F1192 Standard Guide for the Measurement of Single Event Phenomena (SEP) Induced by 
Heavy Ion Irradiation of Semiconductor Devices 

• ASTM E262-03 Standard Method for Determining Thermal Neutron Reaction and Fluence Rates by 
Radioactivation Techniques 

• MIL-STD-883J Method 1017.3 Neutron Irradiation 
 
Warning: These tests may involve hazardous materials, operations, and equipment. It is the 
responsibility of the user of this test method in consultation with radiation safety personnel to establish 
the appropriate safety and health practices and to determine the applicability of regulatory limitations 
prior to use. 
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2 Terms and definitions 
 
ATE:  Automated test equipment. 
 
bit: Logical representation of a binary digit (i.e., zero or one) 
 
cell:  Either a combinatorial cell or a storage cell.  Combinatorial cell is a circuit element that performs a 
combinatorial function within logic (e.g., XOR, NOR, NAND, etc.)  Storage cell is a circuit element that 
stores one or more bits (e.g., DRAM, SRAM, multi-level FLASH, register, latch, flip flop, etc.) 
 
component:  A packaged die or integrated circuit (IC).  A component is comprised of transistors, circuit 
nodes, interconnects, packaging, etc.  
 
NOTE This may be either a test vehicle (i.e., test chip) or an actual IC product. 
 
collected charge:  The charge collected by a particular circuit node during  the passage of a particle. 
 
NOTE The collected charge is dependent on multiple design and manufacturing parameters: device geometry and 
design, circuit layout, particle mass, energy and trajectory, the density and type of material in the sensitive volume 
and the substrate material. 
 
critical charge:  The minimum amount of collected charge that will cause a device node to change state 
and result in a single event upset (SEU).  
 
device, electronic: synonymous with component or microcircuit  
 
differential flux: Flux per unit of energy, denoted as 𝑑𝑑Φ̇/𝑑𝑑𝐸𝐸. 
 
NOTE 1 Differential flux is usually expressed in particles per unit area per unit energy per unit time, e.g., n/(cm² 
MeV hr).  
 
NOTE 2 Spectral flux density is used in other publications and is synonymous with differential flux in this 
standard.  
 
DUT: Device under test.  In this instance, device is defined as a product IC or test chip. 
 
ECC: Error correction code, sometimes called error detection and correction (EDAC). 
 
fault coverage: The percentage of possible faults detected by a set of test vectors. 
 
FIT: Failure in time; the number of failures per 109 device-hours. 
 
fluence (of particle radiation incident on a surface):  The total amount of particles incident on a 
surface in a given period of time, divided by the area of the surface and represented by the upper-case 
symbol Φ in this standard.   
 
NOTE This fluence is usually expressed in particles per unit area (e.g., n/cm2).  Fluence is the product of flux 
multiplied by exposure time. 
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2 Terms and definitions (cont’d) 
 
flux:  The time rate of flow of particles incident on a surface, divided by the area of that surface, and 
represented by the symbol Φ̇ in this standard.  It is the time rate of change of the fluence Φ:  Φ̇ = dΦ/dt. 
 
NOTE 1 Flux is usually expressed in particles per unit area, per unit time (e.g., n/cm2h). 
 
NOTE 2 The term “flux” is used in this standard whereas other standards might use the term “flux density” for the 
same meaning. 
 
glitch: Any spurious voltage or current pulse in a circuit that occurs from a radiation event or electrical 
noise. 
 
hard error:  An irreversible change in operation that is typically associated with permanent damage to 
one or more elements of a device or circuit gate oxide rupture, single event burn-out and destructive latch-
up. 
 
NOTE The error is “hard” because the data is lost and the component or device is non-functional, even after power 
reset and re-initialization.  
 
multiple-bit upset (MBU):  A single event that induces upset of multiple-cells  where two or more of the 
upsets occur in the same logical word (or frame/column/sector, etc. for FPGAs).  
 
NOTE An MBU is a logical manifestation of a single event. 
 
multiple-cell upset (MCU): A single event that induces several cells (e.g., memory cells or flip-flops)  in 
an IC to flip their state at one time.  
 
NOTE 1 The induced errors  are usually, but not always, physically adjacent. This does not imply logical 
adjacency, since this will depend on how cells are placed and routed (interleaved). 
 
NOTE 2 MCUs can manifest themselves logically as MBUs, multiple SBUs or a combination of the two. 
 
power cycle soft error (PCSE): a single event effect that is not corrected by repeated reading or writing 
but can be corrected by removal and reapplication of power. 
 
NOTE Non-destructive single event latch-up and SEFIs are power cycle soft errors. 
 
process:  A combination of people, procedures, methods, machines, materials, measurement equipment, 
and/or environment for specific work activities to produce a given product or service. 
 
NOTE For the purposes of this standard the process is specifically the manufacturing steps and methodologies 
used to fabricate a component.  
 
product: A component or service sold to satisfy a particular customer application. 
 
NOTE For the purposes of this standard a product is a complete integrated circuit sold to satisfy a particular 
customer application. 
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2 Terms and definitions (cont’d) 
 
radiation:  Energy emitted in the form of electromagnetic waves or moving nuclear particles capable of 
causing direct or indirect ionization.  Examples include protons, electrons, alpha particles and neutrons. 
 
NOTE For purposes of this standard the primary radiation of concern is ionizing and includes protons, electrons, 
alpha particles, and nuclear reaction products.   
 
real-time soft error rate (RTSER):  Soft error rate measurement technique in a naturally occurring 
alpha particle and neutron environment using a large number of devices to obtain a statistically significant 
error count.  This is in contrast to an accelerated SER test in which an intense radiation source is used on 
a single, or small number of devices.  RTSER error counts can be increased by using a higher neutron 
flux at higher altitudes, but for the purposes of this specification, the term “accelerated test” is reserved 
for intense radiation sources that do not occur in natural terrestrial environments.  System SER (SSER) is 
another term that is often used and is considered synonymous with RTSER. 
 
reset soft error (RSE):  an SEU that requires re-writing to the device configuration registers in order to 
return to normal operation without a power cycle operation.  This reset can also be considered a 
reconfiguration (e.g., FPGA) or reprogramming. 
 
sensitive volume:  A region, or multiple regions, that will cause an SEE. 
 
NOTE The sensitive volume is determined by the angle of the incident radiation, the mass and energy of the 
incident particles, and the density and type of material in the volume being penetrated by the incident radiation. 
 
single bit upset (SBU):  an SEU in which the observed error is a single logical or data bit. 
 
NOTE The actual SEU can be an MCU, but if the cells are multiplex into different words, then the MCU will 
appear as multiple SBUs. 
 
single cell upset (SCU):  an SEU where only one cell or logic element (latch, flip flop, etc.) is upset 
(compare to MCU). 
 
single-event burnout (SEB):  An event in which a single energetic particle strike induces a 
localized high-current state in a device, resulting in catastrophic failure. 
 
single-event dielectric rupture (SEDR):  An event in which conducting path is created in a dielectric 
material from a single energetic particle strike.  
 
single-event effect (SEE):  An event initiated by a particle strike that causes a transient voltage or current 
pulse.  Various types of SEE are shown in Figure 1.       
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2 Terms and definitions (cont’d) 
 
single-event functional interrupt (SEFI): A single event effect (SEE) that causes the component to 
reset, lock-up, or otherwise malfunction in a detectable way, but does not result in permanent damage (i.e. 
hard error). 
 
NOTE A SEFI is often associated with an SBU/MBU in a control bit or register , whereas an SEL is caused by the 
turn-on of a parasitic thyristor.  Many SEFI events can be cleared with a component reset operation (see RSE).  In 
cases where resetting some configuration registers requires a complete power cycle of the device, it can be difficult 
to distinguish between a SEFI and an SEL.  A SEFI event does not nesessarily result in an extended increase in 
operational current like a high current SEL. 
 
single-event gate rupture (SEGR):  An event in which a single energetic particle strike results in a 
breakdown and subsequent conducting path through the gate oxide of a MOSFET. 
 
NOTE An SEGR is manifested by an increase in gate leakage current and can result in either the degradation 
or the complete failure of the device. 
 
single event hard error (SEHE):  A hard error caused by a single event radiation strike. 
 
single-event latch-up (SEL):  An abnormal current state  in a circuit caused by the passage of a single 
energetic particle inducing a parasitic thyristor to turn on and remain in a fixed state regardless of inputs, 
until the device is power cycled. 
 
NOTE 1 Some SEL events result in a measureable current increase (e.g., latch-up of an IO circuit).  Some SEL 
events may result in a difficult to detect increase in current (micro-SEL) compared to the quiescent current of the 
entire component (e.g., latch-up of memory cells within a common well). 
 
NOTE 2 A high current SEL may cause permanent damage to the component and result in a hard error.  Micro-
SEL events are typically non-destructive due to the low current draw and can be cleared by power cycling.  
 
single event transient (SET):  A time dependent radiation induced spurious  current or voltage signal on 
a circuit node.  A digital SET (DSET) occurs when an SET in a combinational logic gate (along data or 
control paths) propagates and is latched to create an error (SEU) in the output of a sequential element.  An 
analog SET (ASET) is a spurious signal in an analog circuit (e.g., a spurious signal on an IO pin, etc.) that 
causes an erroneous output. 
 
NOTE Not all SETs will result in an upset or soft error.  SETs propagating along data and control paths can be 
masked and never become a latched SEU (logic masking, electrical and temporal masking). 
 
single-event upset (SEU):  An error in a circuit that is not permanent (i.e. not a hard error) caused by a 
state change of a latch, flop, memory cell or other bistable element from a single energetic particle strike.  
The energetic strike can occur directly on the circuit element or propagate to that circuit (see SET). 
 
NOTE In many documents and publications, SEU is used to include other soft errors, such as SEFI and SEL.  
 
single-event upset (SEU) cross-section: the  number of events per unit fluence.  For device SEU cross- 
section, the dimensions are area per device. For bit SEU cross-section, the dimensions are area per bit.   
 
single-event upset (SEU) rate: the rate at which single event upsets occur.  
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2 Terms and definitions (cont’d) 
 
soft error:   An erroneous output signal from a circuit that can be corrected by performing one or more 
normal functions of the device (e.g., retrying operation, rewriting data, power cycling, etc.) In many 
documents and publications, soft error is synonymous with SEU. 
 
NOTE 1 The term refers to an error caused by radiation or electromagnetic noise (e.g., electromagnetic pulse from a 
nuclear event) and not to an error associated with a physical defect introduced during the manufacturing process.  
For the purposes of this standard, soft errors are considered to be single particle radiation induced events and not due 
to other sources, such as signal integrity or noise. 

NOTE 2  The terms soft error and soft error rate (SER) have been adopted by the commercial IC industry while 
other terms, such as SEU, SEFI, etc.. are typically used by the avionics, space, automotive, functional safety and 
military electronics communities.  

NOTE 3 The term “soft error”  was first introduced (for DRAMs and ICs) by May and Woods of Intel in their 
April 1978 paper at the IRPS and the term “single event upset” was introduced by Guenzer, Wolicki and Allas of 
NRL in their 1979 NSREC paper (SEU of DRAMs by neutrons and protons).   
 
soft error rate (SER):  The rate at which soft errors occur. 
 
storage element:  A circuit or device that can be programmed to hold (or store) different states.  For  
example, a DRAM cell, that can store charge (or not) on a capacitor.  An SRAM cell or a flip-flop is   
another example. 
  
test chip: A circuit or IC designed for the purpose of evaluating one or many device characteristics.  For 
the purposes of this document, the characterization would be the soft error sensitivity of a particular 
process technology.  But the test chip can incorporate other structures used to characterize different 
parameters, such as yield, speed, voltage margin, etc.  
 
NOTE  This test chip is not typically a product but is a dedicated component or section of an IC chip designed to be 
used to extrapolate to  the SER of a product. 
 
user:  The individual using this standard to measure the soft error characteristics of a component or 
technology 
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3 Test equipment and software requirements 
 
3.1 Test plan 
 
A test plan shall be developed to support testing of each DUT type (if multiple types of devices are to be 
tested) and each type of test condition (i.e., temperature, voltage, frequency and test pattern). This test 
plan will serve as a guide for the procedures and decisions to be made during the irradiation period. In 
most cases, if the test plan cannot be followed exactly , adjustments must be made during the course of 
testing based on equipment performance, user observations and other factors that might not have been 
accounted for in the original plan. 
 
In developing a test plan, the user should consider the following questions: 

1) What are the single event effects that are of interest?  And how can they be detected and classified? 

2) What are the operating conditions of interest?  What voltage, temperature, and frequency range is of 
interest (i.e., the entire datasheet specification, just nominal conditions or maximum stress conditions 
for soft errors)?  What test patterns or program applications will be run?  What device modes will be 
used (i.e., active vs standby as well any special automated selective power saving programs)? 

3) What sources of radiation will be used (e.g., the natural terrestrial spectrum? or special high intensity 
sources?)  And what is the test duration – hours, days, weeks?  Note: For accelerated alpha and 
neutron testing covered in Sec 5, 6 and 7), it is possible that the devices will receive particle doses 
greater than that under normal lifetime conditions which could impact various electrical parameters 
(i.e., dose effects).  These dose effects are beyond the scope of this standard and the user should refer 
to other standards listed in Sec 1.1. As a precaution to determine dose effects are not an issue, the user 
can do device characterization (e.g., threshold voltage, leakage current, maximum frequency, etc) 
before and after accelerated testing. 

4) What is the minimum detectable soft error limit of interest in case no errors are seen (e.g., How much 
testing is required to determine that a DUT displays an SEL < 10 FIT @90% confidence level if no 
SEL events are observed?) or what level of statistical variation around a measured mean soft error 
rate is desired (e.g., Is a +/- 50% variation about the mean at a 60% confidence level acceptable)?  
The answer to these questions will help to determine the test time required. 

 
The following examples show how these questions can be handled. 
 
Example 1 – An SRAM for which the user wants to determine the average cell upset rate within an 80% 
confidence level (CL) upper bound and 20% CL lower bound.  annex C.2 gives an example of a device 
with an average soft error rate of ~1257 FIT.  Table C.3 shows that if device testing is only carried out for 
450 hours on 3500 parts, the upper and lower limits are 2717 FIT and 975 FIT, or 1270 FIT (see Table 
C.1) +114%/-23%.  If testing were extended to 2045 hours, then the results would be 1257 FIT +39%/-
19%.  If the user desired and even smaller variation, longer test times and/or more devices would be 
required. 
 
Example 2 – A power controller where the user wants to confirm the SEL is <10FIT at a 90% CL using a 
neutron beam with an acceleration factor of 106.  This usually implies that no SEL events will be 
observed at this low a FIT.  Table C.2 shows the chi-squared values for error count and CL.  For 0 errors 
and a 90% upper limit, X2 = 0.211.  Using the left side of Eq C.3 for a single device, the  unaccelerated 
test time (Tr) would have to be >107 hr without any SEL events to satisfy <10 FIT, meaning >10 hr beam 
testing. 
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3.1 Test plan (cont’d) 
 
Once these questions are addressed and the user has familiarized themselves with the appropriate 
radiation test sections (4 through 7), a test plan can be developed.   If the soft error test campaign involves 
a remote site from the user’s home location (e.g., particle beam facility or high altitude site for RTSER), it 
is highly recommended to make a site survey visit prior to creating a test plan in order to determine the 
details of the facility’s support team, procedures, physical layout and infrastructure. 
 
For beam and reactor facilities, the following questions should be addressed during the site survey 
visit: 

- Is there special registration and training required by the facility prior to testing?   
- If the facility runs 24hr a day, how does the user plan around the clock coverage?   
- What are shielding materials to protect the test equipment and are they available at the facility or 

does the user need to bring them (espeecially thermal neutrons)?   
- If other devices are on the DUT board and exposed to the beam, what precautions are taken (i.e., 

can these devices be put in a special position with respect to the beam or be shielded)? Where will 
equipment be placed and how will it be powered and accessed?   

- How will communication between the various pieces of hardware be handled?  
- Are there enough cables and are they long enough to connect all the equipment?  
- What technique will be used to align the DUTs with the beam?  
- Will one DUT be tested at a time? If multiple DUTs are exposed side by side, what is the beam 

uniformity across the exposure area?  Or if the DUTs are mounted front to back, how will beam 
flux attenuation, energy dispersion and spallation effects be accounted for? (e.g., can the facility 
experts provide guidance or advice?) 

- How will recording of results (both error logs and particle fluence) be managed? 
- Is there a capability to analyze results while testing is taking place?  Often times, test data will not 

be what is expected by the user.  This requires “on the spot” decisions of whether or not to 
continue testing or change to an alternate plan.  If consultation with software or applications 
engineers not present at the test site is needed for this decision, a method for sharing the test 
results in “real time” is required.     

- Does the facility require quarantine of DUTs and equipment that has been in the beam due to 
radioactivity?  If so, for how long?  What are the security measures and process to retrieve the 
DUTs and equipment? 

- Is a user agreement with the facility required? 
- What happens if equipment damaged in shipment?  Does the facility have equipment to effect 

repairs (e.g., solder irons, etc) or should the user bring repair equipment? 
 
For RTSER testing at remote (i.e., high altitude) locations, the following questions should be 
addressed during the site survey visit:  

- What is the nature of power sources provided by the facility (i.e., Are there routine interruptions 
in supply?  How well controlled and noise free is it?  What is the total power capacity?  etc.)? 

- What are the environmental controls of the facility (i.e., HVAC system capacity and controls)? 
- How will data be collected over the duration of the test, which is bound to take several months 

(i.e., Will there be personnel on site during the total duration of testing?  Or will the user have 
access test controls and data collection remotely after initial setup?) 

- In the event of unanticipated events (e.g., power supplies blowing up or HVAC system failure), 
what are the plans for human intervention (i.e., Are there personnel on site or close by?  Or will 
the user have to schedule an emergency trip?) 

- Is a user agreement with the facility required? 
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3.1 Test plan (cont’d) 
 

- What happens if equipment damaged in shipment?  Does the facility have equipment to effect 
repairs (e.g., solder irons, etc) or should the user bring repair equipment? 

- Does the facility provide real time logging of high energy and thermal neutron flux/fluence?  Or 
will the user need to make a calculation based on annex A? 

 
Prior to the actual test campaign, exhaustive dry-run testing should be done with all the equipment at the 
user home facility.  Considerations should also be made for provisioning spare equipment and DUTs 
wherever possible.  This will minimize the impact of any hardware failures that might occur during 
shipment or at the remote test location (e.g., cables, power supplies, ESD damage of DUTs, etc).  In 
addition, the ability to electronically link with the user’s home location is critical to allow for patches in 
any software and test bugs that might be uncovered during testing.  Having application/test engineers as 
part of the test team (either on site or available via telecom/internet connection) is highly recommended.  
Check with the facility about remote login requirements.  Due to firewall restrictions, this might require 
running two separate networks during testing – one local for the DUT/ATE hardware and one remote for 
technical support at the user’s home facility.  Before travelling to the test site, it is strongly recommended 
that several dry runs be made with the hardware, software and DUTs to confirm trouble-free operation.  
The user should also consider the use of a “golden part” (i.e., one or more DUTs that has been previously 
tested and characterized to serve as a check for repeatability at the same site or from site to site).  If this is 
the first test campaign,  the user should consider creating a “golden part” and setting it aside for 
calibration of future campaigns.  Since these “golden parts” can be exposed to high radiation doses from 
multiple campagins, radiation damage might occur. The user should perform electrical characterization on 
these parts and replace them with new “golden parts” when this occurs. 
 
For all soft error testing it is important to understand the following: 
 

1) Particle fluence at the DUT, either by estimation using annex A in the case of real time SER   
(RTSER) testing or measurement in the case accelerated SER testing using a particle beam, reactor or 
alpha particle source.  

2) Number of circuit elements that are accessible to the user and subject to upset.  The user should 
determine the basic schematic structure of the device (e.g., 4 kbit internal SRAM) to understand the 
internal elements at risk of soft errors.  The user should understand how each applicable soft error 
type will be tested. In some cases, such as user visible bits, the SBU and MBU rates can be measured 
on a per bit bases.  On the other hand, characterization of SEFIs may only be possible on a per device 
(or IC chip) basis if the source of the SEFI in unknown (i.e., details of which registers or sub-circuits 
caused the SEFI). 

3) Number of upsets that occur in each circuit element or function.  The user should think about how 
many of each type of upset event (e.g., memory SBU, SEFI, SEL, etc) should be measured. 

4) The user should develop an initial estimate of the number of upsets to be measured in the allotted test 
interval.  Prior published data on soft error rates can be used as a guide if the user has no prior 
experience.  If no data are available, the user should decide on the lowest soft error limit of interest 
such that the observation of zero errors confirms this limit (See annex B – Real Time Counting 
Statistics). 
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3.2 Test equipment 
3.2.1 ATE hardware 
 
The automatic test equipment (ATE) hardware used for testing may be conventional electronic test gear 
or custom-built equipment. The ATE must be able to tolerate stray radiation (or be shielded or mounted 
remotely in a shielded area) and able to operate in potentially poor quality power conditions. The use of 
uninterruptible battery-backed power supplies is recommended in facilities that cannot provide highly 
reliable power. 
 
The ATE hardware must be capable of exercising the DUT over the range of operating conditions such as 
power supply voltage, access cycle speed and temperature that are specified in the test plan. Proper 
operation of the ATE under all of these operating conditions must be rigorously confirmed prior to the 
beginning of testing with a radiation source. The use of cabling to connect the DUT and test equipment, 
power supply accuracy at the DUT, and the exposure of the ATE to scattered radiation during testing 
should all be considered.  (Note – In general, power supplies are sensitive to radiation.  Therefore, 
measures should be taken to minimize their exposure.) 
 
3.2.2 ATE software 
 
The ATE software creates the proper conditions for the test. It identifies and records errors as they are 
detected. Depending on the test, software can also be used to correct the errors before continuing.  The 
user should make a determination of the fault coverage required. When designing the test system, the user 
should understand the portions of the die, signal path, and latching circuits of the device being tested in 
order to arrive at a quantitative result. The fraction of time the device is in an SEE susceptible mode and 
what fractions of the DUT’s susceptible elements are not tested should be known. Complex devices do 
not always permit easy testing access. 
 
The ATE software should be capable of:  

1) Controlling device initialization and rudimentary functional checks. 
2) Device operation in dynamic or static operation, as required by the test plan. 
3) Resetting the DUT during beam irradiation or environmental real-time testing. 
4) Error detection and logging, including the time that the error was detected. It is important during error 

detection that new errors are not omitted (i.e., the process of reading out errors does not interfere with 
the collection of new errors). 

 
In addition to the characteristics listed above, the following features are also desirable:  

1) Bit error mapping and data processing, storage and retrieval for display. 
2) High-speed operation and a high duty factor (i.e., datasheet frequency and operating load 

specifications). 
3) Real-time DUT data display capability providing a higher test throughput and allowing for more 

precise control of testing. 
4) The ability to do preliminary data analysis while the test is in progress. This feature is desirable for 

modification / optimization of test procedures in light of the data being collected. 
5) Reliable audit path for data collection to allow correlation of experimental notes and collected data 

from the ATE. 
6) Recording the particle fluence, either automatically acquired from the test facility or manually 

entered.  
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3.3 Test conditions 
 
Test conditions include the source of radiation, environmental conditions (voltage, temperature, 
frequency, etc), test patterns or applications and mode of operation (dynamic vs static).  Considerations 
should be given to the actual application of the device in real operating environments.  If the SER test 
cannot duplicate all of these conditions (e.g., if the component cannot be run at datasheet speeds during 
radiation testing), any techniques to extrapolate tested SEU soft error rates to application SEU soft error 
rates should be clearly explained in the final report. 
 
3.3.1 Test pattern/applications 
 
Based upon the product being tested, careful consideration should be given to  test patterns/applications 
that cover the maximum functionality space of the device.  For example, the basic data patterns for all 
memory circuits is a combination of logical checkerboard (alternating by address and bit) as well as solid 
1 and 0s. If detailed layout information for the DUT is available, a physical checkerboard is also useful. A 
determination of the best test pattern s appropriate for the DUT and its use is left to the discretion of the 
user, but must be documented in the final report. 
 
The use of physical data patterns, i.e., patterns that are related to the actual layout of the DUT, rather than 
logical addressing is recommended where possible. These patterns may provide additional insight into the 
ionizing radiation sensitivity of the DUT. Because layout information is generally proprietary only DUT 
manufacturers would generally be expected to be able to meet this recommendation. 
 
Some devices, particularly dynamic RAMs (DRAMs) and logic elements often have a “preferred” soft 
error failure, either 0 → 1 or 1 → 0. The selected test pattern must consider this possibility in its design. 
For testing when there is no a priori knowledge of the device, a minimum of four test patterns should be 
used:  all 0s, all 1s and checkerboard (and its inverse).  (Note:  If knowledge of the layout is available, 
these patterns should be physical.)  If the relative failure rates are known, perhaps from previous test 
experience, the test pattern may be adjusted to improve statistics of the less likely transition. The use of an 
unbalanced test pattern (i.e., deviation from checkerboard, all 1s or all 0s) must be described fully in the 
final report and data analysis. 
 
3.3.2 Environmental Conditions 
 
The test plan defines the required supply voltage, temperature and operating frequency for the test. Since 
the soft error rate may be very sensitive to the supply voltage, temperature and frequency, it is critically 
important that these parameters be accurately measured and controlled. Some parts have internally 
regulated supply voltages that may interact with the measurement. These internally regulated supplies 
may automatically change their settings depending on operating mode, making the SER measurement 
dependent on the specific test method. If the test plan requires SER measurement from minimum to 
maximum voltage, the user should consider if internal voltage regulators are used and if they can be 
disabled without leaving the DUT unoperable or should be left in operation per the test plan.  
Considerations should be given to the junction temperature of the device vs monitoring temperature (eg 
thermocouple on or near the device package). 
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3.3.3 Static vs. dynamic testing 
 
It is important to consider the interaction of the soft error test with the operating modes of the device.  
The following definitions help to clarify the use of the terms static and dynamic in the context of soft 
error test methods and device operating modes. 
 
Static Device Operation – Many devices have a static (aka standby or idle) mode to reduce power 
consumption.  This mode can be implemented in many different ways (e.g., reduced clock frequency, 
clock gating, lower Vdd or completely turning off parts of the device) depending on the IC design.  These 
modes should be documented in the device datasheet.  The soft error performance of a device can depend 
on the operating mode and the user should define what modes are of interest in the Test Plan (3.1). 
 
Static Soft Error Testing – For static soft error testing, a device is first loaded with a test pattern or vectors 
and then put into a static or idle mode, or powered down completely in the case of non-volatile memory.  
The device is then radiated for a specified time.  After radiation, the device is returned to normal 
operation so that upsets can be determined.  Static soft error testing will expose errors in state elements 
(e.g., flops, latches, memory cells, etc.).  If these elements are at reduced voltage or frequency during idle 
mode, then the soft error rates measured are for the reduced voltage or frequency used.  These rates can 
be different than the rates measured when full power and frequency are applied.  Self-heating effects (i.e., 
change in junction temperature due to voltage and frequency effects) can also have an impact.  The 
limitation of static soft error testing is that the temporal information is not captured which prevents the 
user from separating temporal and  physically adjacent  single-event multiple-bit upsets.   
 
Continuously-Read Soft Error Testing – For continuously-read soft error testing, the memory arrays are 
first loaded with a test pattern and then the arrays will be read in a loop for a specific loop count (e.g., 1 
loop is a pass through the entire memory space), error count, or duration of time.  For memory array, 
typically the read operation will be executed on a per address basis.  Once the error is found, the address 
information should be reported along with the time stamp (i.e., time or loop count).  To prevent the same 
error from being reported in the next iteration of the read loop, the correct data should be written back to 
the word with the error.   The timing information of the errors can be used to help distinguished between 
temporal and physically adjacent single-event multiple-cell upsets.   Errors that are found physically 
adjacent to each other but separated by more than 1 loop count cannot be from the single-event upset.  
The second error has to come from a different event, otherwise it would have been detected in the same 
loop as the first error (with the exception that the event happens right after one address is read and before 
the other address is read).  However, care must be taken to ensure that the flux used in the test is not too 
high because if there are too many errors that need to be written back, a significantly delay in the 
completion of the read loop cycle could result in loss of the temporal data.    
 
Dynamic Soft Error Testing – For dynamic soft error testing, the device is run in normal operating mode 
running user applications (or tests to simulate user applications) while it is being radiated.  Typically, this 
involves running the device under typical datasheet conditions (i.e., nominal voltage, temperature and 
frequency).  In addition, extended voltage, temperature and frequency conditions can be used to 
determine the soft error rates over a range of environmental IC operation window.  This test mode 
exposes all of the elements of the device that are used in normal operation to soft error.  It should be noted 
that many modern IC designs at advanced technology nodes use automated internal power saving features 
by shutting down various circuit blocks that are not in use for a particular test or operation.  If these 
features are running during dynamic soft error testing, radiation strikes to the control circuits can cause 
these features to malfunction leading to possible SEFI events. 
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3.3.3 Static vs. dynamic testing  (cont’d) 
 
NOTE In order to characterize soft error events related to the device IO and power pins, the user should 
ensure that the DUT board design uses impedances consistent with the datasheet specification. 
 
Depending on the objectives of the test program, static or dynamic operation of the DUT may be 
specified. For static tests the DUT is initialized to a known state (e.g., data pattern written into memory, 
and then the DUT is irradiated. Following the irradiation, the state of the DUT is read out and compared 
with the initialized value to determine the number of upset events. 
 
In dynamic testing the DUT is also initialized prior to irradiation to a known state. Once irradiation 
begins, the DUT is continuously operated (e.g., continuous write-read operations)  at a rate specified in 
the test plan, counting upset events as they are detected. Once the irradiation stops, sufficient time to read 
all of the DUT is allowed to assure that all upsets induced by the radiation have been tabulated. Generally, 
the DUT state is rewritten with a new complement pattern as it is being accessed, to correct upset events 
and to exercise more internal data states. 
 
The pattern of accesses for dynamic testing has to be planned to minimize “dead-time” between a read of 
a location and a subsequent write to that location. Any upset that occurs between a read from a location 
and the next write will not be detected since it is overwritten. Failure to account for this dead time will 
result in an erroneously low estimate of SER. The final report must include details of the dead-time 
calculation. 
 
Use of a “write array” followed by “read array” update is not recommended. Soft errors that occur 
between the last read of a location and its next write cannot be detected and result in excessive dead time. 
For the case where continuous updating of the array is used, this method would result in 50% of the test 
time being unused and the SER value being too low by a factor of 2.  A better strategy would be to 
perform a write – soak – read followed by immediate write of new data (where soak is the delay time 
between write and read, the time the memory cell is susceptible to an upset that will be detected and not 
overwritten.)  This minimizes the dead time to small period between read and re-write. 
 
Dynamic testing of memory is often carried out through the device’s normal access (i.e., row and column 
address circuits). Non-memory components may use test access modes, such as JTAG boundary scan, for 
access to internal logic. 
 
One example of a dynamic test cycle uses 2 cycles per address. The first cycle reads the value stored at 
the address, comparing it with the expected value and noting any errors. The second cycle writes a value 
to the same address to correct any errors. The second access writes the complement of the expected value 
so that every bit in the DUT changes state with each complete pass through the memory. This cycle has a 
very short dead time of approximately 1 memory cycle for each complete scan through the DUT. 
 
Both types of testing are illustrated in the flow diagram in Figure 3.1. For these flows, a logical 
“checkerboard” pattern of alternating 0 and 1 value is assumed, along with a complementary rewrite 
operation for the dynamic test. 
 
When testing non-memory components, such as microprocessors, the choice of static or dynamic testing 
may have a very large effect on the measured results, particularly at clock rates over 200 MHz. The  
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3.3.3 Static vs. dynamic testing (cont’d) 
 

 
Figure 3.1 — Flow diagram comparing static and dynamic testing. 

 
dynamic case will have a higher soft error rate due to the effects of errors in combinational logic being 
clocked into sequential logic elements and from race conditions created by particle strikes on the clock 
network. 
 
3.4 Considerations for Soft Error Testing of Individual Circuit Elements 
 
Modern IC components typically consist of several different types of circuit elements – latches, flops, 
memory cells, clock circuits, etc.   How each of these building blocks respond to radiation can be very 
different.  For example, higher voltages on a flip-flop or memory cell might  decrease its SER (due to a 
higher stored charge) but increase the probability of SEL in a parasitic pnpn element.  The purpose of this 
section is to outline the known soft error effects in these various circuit elements.  The user should be 
familiar with the various circuits in the DUT of interest in order to formulate a valid Test Plan.  If detailed 
circuit schematics of the DUT are not possible, familiarity with the various DUT functions from the 
datasheet should be used. 
 
This section addresses soft error testing of the individual building block circuits used to design a modern 
IC product (FPGA, CPU, SoC, etc).  Test chips can be designed with these elements in order to test SEU 
effects.  Alternatively, the can user isolate and test these circuit elements individually on a complex IC 
product. 3.5 addresses soft error testing of the entire IC as a whole.  
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3.4 Considerations for Soft Error Testing of Individual Circuit Elements (cont’d) 
 
3.4.1 Memory 
 
Memory devices store digital data in memory cells, which can be addressed and read out.  The logical 
address is the electronic representation and the physical address is the actual x-y coordinates of the cell. 
Typical memory cells store a 0 or 1 (e.g., DRAM, SRAM and single level NVM) but multi-level data 
storage is also possible (e.g., Multi-level cell NVM).  Typically, memory cells are packed in close 
physical alignment and a single soft error event can lead to the upset of a single cell or multiple cells in 
close physical proximity.  Upset rates can also depend on whether the bit flip is from a logical 0 --> 1 or 
1-->0.  The user  should also be aware that there can be a difference between logical 0s and 1s vs voltage 
stored on a node or not.  A memory cell is susceptible to an soft error event between the time data is 
written and when it is read back.  If new data is overwritten before a read, then any soft errors will be 
erased and undetected. 
 
3.4.2 Combinational Logic  
 
In combinational logic, the output is a pure function of the present input only. An SET event can occur at 
any time on an input (or internal) node that changes the output state. 
 
3.4.3 Sequential Logic  
 
In sequential logic, the output depends not only on the present value of its input signals but on the 
sequence of past inputs.  For synchronous sequential logic, the state of the circuit changes only at specific 
times in response to a clock signal. Therefore, soft errors will depend on a) any upsets in the input logic or 
signal lines, b) timing of the radiation strike and c) the clock frequency. For asynchronous sequential 
circuits, the state of the device can change at any time in response to changing inputs.  In this case, the 
soft error event in the registers can occur at any point in time. 
 
3.5 Considerations for Testing IC Products 
 
Testing for non-memory components is a complex topic that cannot be completely described herein due 
to the wide variety of different ICs. This section addresses some specific issues to be considered for the 
fundamental soft error testing of various memory and non-memory components (e.g., random logic, 
microprocessors, and FPGAs, analog devices and power devices).  In today’s IC technology, many 
products have combined memory and logic functions.  This section addresses considerations for testing 
the IC as a whole (e.g., normal operating functions).  3.4 addresses soft error testing of the individual 
elements (or building blocks) of the IC. 
  
A carefully written test plan and report are essential for meaningful non-memory testing. It is particularly 
important to consider the number of storage elements that are exposed during irradiation and the 
observability of errors in those elements. Errors in sequential logic, control structures and even FPGA 
configuration logic is often not observed during operation because it is masked by the operational state of 
the device or choice of test vectors. A minor change in the test conditions may have a large effect on the 
rate of observed errors. 
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3.5 Considerations for Testing IC Products (cont’d) 
 
3.5.1 Memory components 
 
There are three basic functions of a memory component: write data, store data and read data.  Any of 
these operations can be susceptible to soft errors.  The memory cells (i.e., memory core) are common to 
each of these modes.  Different periphery/logic circuits can be used for each of these operations.  
Therefore, for complete soft error testing of memory, each of these three functions should be exercised 
and a determination made of the soft error rate during each of these operations. 
 
Example 1 - Determine the susceptibility in the storage mode 
Data can be written into memory prior to irradiation (so soft errors won’t occur in the write mode), the 
memory is then irradiated to induce soft errors and then data read out after radiation is turned off (so soft 
errors won’t occur in the read mode).  The soft error rate can be measured in normal operation (i.e., 
normal voltage supplied to the memory core) or in standby mode (i.e., core power is reduced but still 
maintains data).  Care should be taken to insure that the only errors occurring in standby mode are due to 
radiation (i.e., the memory should be cycled through write-standby-read without radiation and display no 
errors).  
 
Example 2 - Determine the susceptibility of read mode 
Data can be written into memory prior to irradiation (so soft errors won’t occur in the write mode), 
memory is then irradiated and read continuously.   Soft errors in this mode can be due to cell upsets as 
well as read circuit upsets.  Comparison of soft error data with Example 1 can give insight into how much 
and what types of errors are due to the memory cells vs the read circuits. 
 
Example 3 - Determine the susceptibility of write mode 
Data can be written and read  continuously during irradiation.  In this case, both read and write circuits 
are susceptible to soft errors as well as the memory cells.  Comparison of data acquired  in this mode with 
Examples 1 and 2 can give insight into the  soft errors from the write circuits. 
 
If the user is knowledgeable about cell asymmetries (i.e., if a 1 or 0 represents stored charge in a DRAM, 
or an SRAM cell is more sensitive to read or write disturb when transitioning from 1  0 or 0  1), this 
information can be helpful in explain if there are pattern dependent differences in error rates. 
 
3.5.2 Random logic circuits 
 
Testing procedures of the following types of logic circuits and devices are specified: 
 
1) Sequential Logic (includes dynamic combinatorial logic) 

2) Register Files 

3) Static Combinatorial Logic 
 
The SER testing procedure critically depends on the type of logic device under investigation. 
Testing of types 1 and 2 are somewhat similar to SRAM testing, since both types of cells are 
memory/storage cells with feedback devices at the state nodes. SER testing of type 3 is much more 
involved due to the transient nature of the propagating glitches and the dependency on the circuit’s logic 
configuration and state at the time a transient reaches a sequential cell or output. 
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3.5.2 Random logic circuits (cont’d) 
 
Sequential Logic: In this section, the procedure to measure the nominal SER of sequential logic (i.e., logic 
whose output depends not only on the present value of its input signals but on the sequence of past 
inputs) is described.  (Note: The nominal SER refers to conditions where logic sequentials hold data 
statically, without clocks being exercised.)  Clock upsets of nodes located in the sequential logic are not 
covered in this specification. Note that the actual SER of sequential logic in a product can be vastly 
different from nominal values and depends critically on the circuit context in which the sequential has 
been placed. The actual SER of sequential logic in a data path depends on the logic depth of the stage and 
on the clock frequency. The nominal SER of sequential logic can be tested using a shift register or array 
type architecture.  
 
A sequential logic testing procedure typically involves the following steps: 
 
1) The clock signal (or clock signals, if a race proof scheme is implemented) is running at a low speed 

(typically kHz to a few MHz range) and the data are shifted in.  

2) The clock(s) is (are) stopped and the devices are irradiated. 

3) Irradiation is stopped. 

4) Clocks are turned on and data are shifted out and logged. 
 
Due to the asymmetric nature of sequential nodes, critical charges and therefore failure rates of different 
sequential nodes are state dependent. At a minimum, data patterns must include a logical checkerboard 
pattern and its complement or both solid ones and solid zeros to cover all potential transitions and states.  
Patterns are written into the shift register before exposure and then irradiated for a given exposure time. 
After exposure data are shifted out and checked for any upsets. This procedure allows identification of the 
sequential logic cells that were upset during exposure.  
 
For tests where the clock is running during irradiation, use of a test structure with a non-overlapping 
clocking scheme, where the main and secondary stages of a flip-flop are clocked separately, is 
recommended to avoid minimum-delay problems. If main/secondary flip-flops are used in a shift register 
topology together with a non-overlapping clock scheme, the state information of one stage (main or 
secondary) is lost because the shifting process overwrites the state of one of the stages after both clocks 
have been stopped. Testing is recommended at slow clock speeds, i.e., at clock speeds where the cycle 
time is orders of magnitude longer than the internal device delays.[1], [2]   
 
The DUT can be designed to have significant soft error contributions from one node only by increasing 
the critical charge Qcrit of other nodes sufficiently. This allows for a separation of 1→ 0 and 0 → 1 
transitions. Furthermore, by implementing various sequential flavors with different diffusion area sizes of 
the most critical node, the diffusion area scaling can be characterized [3]. 
 
The functionality of the sequential logic circuit must be tested prior to the radiation exposure for all 
patterns over the planned voltage range. 
 
The nominal SER of sequential logic can also be assessed by exploiting scan chains implemented in 
products for testing purposes. The testing procedure in this case is very similar to the one above since 
scan chains are usually implemented in the form of shift registers. 
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3.5.2 Random logic circuits (cont’d) 
 
Multiport Register Files: The SER of register files may be assessed using a memory array structure where 
all register file cells can be individually written and read. Testing guidelines are the same as for memory 
components. One important difference is, however, that for multiport devices the write and read logic also 
needs to be tested for its susceptibility to upsets. 
 
Static Combinational Logic: The soft error rate of static combinatorial logic is defined here as the rate of 
latched glitches induced by upsets of combinational nodes. A glitch by itself is not considered a soft error 
and a static combinatorial gate by itself does not have a well-defined soft error rate in digital logic. Its 
SER contribution depends on the circuitry it feeds into. The glitch induced by radiation can be attenuated 
or even blocked by consecutive stages. The arrival time at the latching element determines if the glitch is 
latched and therefore whether the event is relevant and results in a SEU. 
 
Static combinational SER has to be tested in its application environment. Static combinational SER can 
be tested and quantified using a shift register architecture as described in [4], [5] and [6]. This architecture 
comprises shift registers of various lengths and with different logic (i.e., shift register) depths to quantify 
the impact of clock speed and electrical masking on the failure rate. Because attenuation (electrical 
masking) depends on the gate delay relative to the pulse width, it is highly recommended that the static 
combinational test structures comprise paths with different logic depths and different logic-cell sizes (i.e., 
gate speeds).  This technique quantifies the SET induced SEU rate that can be quantified per path or per 
gate and extrapolated to the circuit block or product level. 
 
Another approach to estimate the contribution of ionizing particle strikes in combinational logic that relies 
on test-chips is circuitry that enables characterization of SET amplitude and width distributions for 
different static logic cells along circuit paths [7]. The pre-characterized distributions are then applied in a 
full product risk assessment which involves estimating the fraction of SETs that are latched in clocked 
receivers. 
 
To maximize the signal due to upsets occurring in combinatorial nodes in a test circuit, the SER 
contribution of sequential elements needs to be minimized. This can be achieved by using a minimum 
number of hardened sequential elements. 
 
Because the content of the receiving latch impacts the sensitivity to the minimum magnitude and width of 
the glitch to be latched, data patterns must include a logical checkerboard pattern and its complement as 
well as solid 1 and solid 0 patterns [8]. 
 
Recommended variable evaluations include:  
 
1) Voltage: nominal +/- tolerance; Expanded range of test voltages is highly recommended. 

2) Different cycle times; please note that the SER of static combinational logic increases linearly with 
clock speed. 
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3.5.3 Field programmable gate arrays 
 
When testing FPGAs for single event effects, one should design the test strategy to detect: 

1) SEU in the configuration memory 
2) SEFI in the logic blocks 
3) SEU and SEFI in the IO blocks 
4) SEFI in the configuration circuitry 
5) SET and SEU in flip-flops embedded in logic blocks 
6) SEU in RAM blocks (or user memory) 
7) SEL – either non-destructive (i.e., increased leakage) or destructive 
 
FPGA supplier view vs user view of soft error testing – An FPGA supplier should characterize the soft 
error cross-section at the basic building block level.  A user can use this information to do their own 
estimate of the total soft error cross-section of their design (not covered in this standard) or use the 
suppliers software tools (if available).  The user might also choose to do actual soft error testing on an 
FPGA configured to their own application (or user configured circuit).  The user derived soft error cross-
section is design/application (or user configured circuit) dependent and does not apply to different 
design/applications on the same FPGA base die.  

The final report should clearly show results for all failure mechanisms separately.  On-line scrubbing 
(periodic reading and correction of configuration memory) detects soft errors within seconds to minutes 
of their occurrence (depending on scan time).  Functional monitoring is capable of detecting errors in the 
application. With the combination of on-line scrubbing and functional monitoring it is possible to directly 
tie the FPGA’s SEUs to the functional failure.  Furthermore, on-line scrubbing will keep SEUs from 
accumulating, making it easier to do fault attribution. 

For SEU in embedded logic blocks and RAM blocks, a similar approach to other stand-alone components 
may be used.  
 
3.5.4 Microprocessors 
 
The SER of microprocessors comprises failure contributions from the components described above. The 
microprocessor SER can be assessed either by properly adding up the contributions of those components 
tested individually, or by directly measuring the SER on the microprocessor itself [3].[9]. In the latter 
case the microprocessor needs to be tested in either a real system or on a high speed ATE. In both cases 
the failure rate of a microprocessor is application dependent. 

Testing in a real system involves running diagnostic software on the system that logs detected upsets. 
Note that this constitutes only one potential contribution of the overall microprocessor SER. Changes in 
unobserved states, also known as silent data corruption, can be observed for only by transforming silent 
errors into detected errors. Another complication arises from the fact that a system might crash and no 
data might be available on what caused the crash. Great care needs to be taken to ensure that the system is 
stable and that other intermittent errors are not mistaken as radiation-induced soft errors. In the case of 
accelerated testing of microprocessors in systems, it is important that only the DUT be irradiated and 
other peripheral chips are not accidentally irradiated. 

Running the microprocessor on a high speed ATE while exposing it to radiation has the advantage that 
more of the relevant errors can be detected and less ambiguity exists. In this case the SER is typically 
assessed for specific patterns that might yield SER values very different from actual systems deployed in 
the field. 
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4 Real-time (unaccelerated and high-altitude) soft error test procedures 

4.1 Background 
4.1.1 Introduction 
 
The most direct way to measure SER in a device is simply to observe it under standard operating 
conditions under normal ambient background radiation. The inherent problem with this approach is that 
the effective failure rate is so low that a single device would take decades to generate a statistically 
significant number of soft errors. In order to circumvent this limitation, real-time (unaccelerated) SER 
(RTSER) testing utilizes a very large number of devices in parallel to reduce the required test time.  The 
number of soft errors observed is linearly proportional to the number of DUTs multiplied by test time (ie 
device hours). Testing can also be done at elevated altitudes where the higher neutron flux will generate a 
higher error rate. The system can either be a set of custom designed boards populated with a large number 
of the devices to be tested or a large server or other complex system (or array of servers/systems) 
containing a high part count. 
 
Since RTSER testing typically involves a large number of devices and relatively long test times (weeks or 
months), a good test plan is crucial. It is extremely helpful to have some accelerated SER data (alpha 
particle and neutron) to get an estimate of the average failure rate. This estimate can then be used with the 
chi-squared statistics in annex C.2 to optimize the sample size and test duration so that the measured real-
time SER will be valid to the desired confidence interval. 
  
The procedures for non-accelerated RTSER and accelerated testing are similar. For real-time testing, the 
neutron flux is generally assumed to be a nominal value, based on the location of the ATE (see annex A). 
Alternatively, a measurement of the actual flux during the test may be made. This is a difficult 
measurement and beyond the scope of this specification. The alpha particle flux from the DUT packaging 
materials is assumed to be representative of the actual packaging. Separating the alpha and neutron 
contributions is complicated, requiring accelerated beam testing or system tests conducted at multiple 
locations. If RTSER results are to be used for SER estimates at other locations, this separation of effects 
is required. The minimum test procedures are listed separately below. 
 
4.1.2 Guideline   
 
The test method described below defines the requirements and procedures for RTSER testing without a 
radiation source, i.e., only the natural ambient background radiation due to terrestrial cosmic rays and 
alpha particles from packaging and chip materials. Accelerated SER testing with alpha particles, high-
energy neutrons/protons, and thermal neutrons are discussed in 5, 6 and 7, respectively. 
 
4.1.3 Scope of test method 
 
This test method can be used to test large arrays of SRAM or DRAM memory, and can be adapted for use 
with other types of components, such as microprocessors. The RTSER test algorithm and hardware must 
have allowances for separating actual radiation induced soft errors from errors induced by system noise. 
Since the RTSER test method does not discriminate between alpha particle and neutron induced soft 
errors, doing real-time tests on the same components in different environments, such as in a cave for 
shielding the terrestrial neutron flux, at high altitudes for enhancing terrestrial neutron flux, and thermal 
neutron shielding for shielding thermal neutrons (see 6.6) allow the alpha particle SER contribution 
(which will be constant when in secular equilibrium) to be separated from the terrestrial high-energy and 
thermal neutron-induced SER [10].  
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4.1.4 Goal of test method 
 
The primary goal of RTSER testing is to obtain a well-defined estimate of the total soft failure rate for 
products/components using a uniform test methodology.  
 
4.2 Test facilities and equipment 
 
4.2.1 Basic electrical test requirements 
 
The basic RTSER test requirement is to monitor each DUT’s output vector and continually verify that the 
measured output matches the expected output vector or by using built-in self-test (BIST) features. A 
vector could simply be a pattern of data stored within the memory array of a DUT, or a stream of data 
generated as an operation or sequence of operations performed by the DUT on an input vector. The latter 
would be relevant for logic devices such as microprocessors. If the vector from the DUT does not match 
the expected vector, then a soft error may have occurred. The system consists of the input stimulus 
generator and response recorder that is designed to accommodate the specified device. Testing requires 
some sequence of writing data to the DUT, reading the data back, comparing the output data to the written 
data, and tabulating the number of detected errors.  
 
4.2.2 DUT board hardware 
 
RTSER testing requires a DUT board capable of supporting a large number of DUTs. Several DUT 
boards may be used in a single system. The boards can be controlled by a computer driven system or on a 
board controller that monitors and communicates with the DUTs during the test interval. 
  
4.2.3 Test hardware 
 
The test cables should be short enough and designed with the proper shielding to allow sufficient test 
speeds without electrical noise problems. If this is not possible, then on-board controllers should be used 
to allow high-speed operation of the DUTs and low speed communication off-board. The ATE should be 
capable of being configured to do both static and dynamic testing.  
 
The following features are also desirable: 
 
1) the ability to adjust and monitor the temperature of the DUTs or at least the ambient in which the 

DUT boards are located; 

2) the ability to monitor power supply current of individual DUTs to check for latchup (preferably the 
ability to individually remove power from latched-up DUTs should also be provided); 

3) if  knowledge of the thermal neutron contribution is of interest, the ability to shield the DUT 
enclosure from background thermal neutrons to determine their contribution to the SER (see 7); 

4) operation at the rated core cycle for the DUT. If this is not possible due to power consumption issues, 
the deviation should be noted in the final report. 
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4.2.4 Test software 
 
The basic requirements for a RTSER DUT test system software are as follows:   
 
1) Create test conditions for the DUT. A suite of test patterns (or benchmarks) should be selected that 

represents the intended operation of the DUT. In general, the test program for memories or arrays of 
latches should include patterns of ones, zeros and more complex variations, such as internal 
checkerboards, alternating rows and alternating columns to determine if the component has any 
preferred data states that are more robust or can be affected by nearest neighbors. 
 

2) Identify and record any errors based on the selected test conditions. If an error does not go away when 
the component is rewritten or power cycled (powered down and then powered up), then it is a hard or 
intermittent fail. Hard fail events should be noted in the final report with an explanation of the source 
(e.g., a latent defect in the DUT, an early life fail, a power supply malfunction, etc.). 
 

3) Provide adequate fault coverage and failure bit mapping (or analysis of output results). This is 
effective in distinguishing multiple independent failures from a cluster of nearest neighbor upsets 
from a single multi-cell upset caused by a single energetic particle (MCU). If a redundancy latch is hit 
and brings a defective row or column back into a repaired memory array, the signature of the error 
pattern should be distinguishable from a normal SCU or MCU. Likewise, if latchup occurs in a 
memory array, the signature of that event (typically inducing a large number of contiguous failing 
bits) should be uniquely distinguishable.  
 

4) Initialization of control devices and rudimentary functional checks. Any upset of the control devices 
or power supplies should be distinguished from upsets of the DUT.  
 

5) Select operation mode (dynamic or static operation) and provide resetting capability. For example, 
static testing of memory would be to write a test pattern once and store it for an extended period 
before reading the pattern back out. Dynamic testing of memory would involve writing once and then 
reading continuously or interleaving write and read operations at a specified operating frequency. 
 

6) Provide error detection and logging. If the embedded ECC capabilities of the DUT are being enabled, 
the user must understand the details of the ECC operation (e.g., code, error registers, bit interleaving, 
etc.) 

 
7) Data analysis and logging while the test is in process. This is required to help separate independent 

events due to multiple particle hits from single events that upset multiple cells. (Note: This is less of a 
concern for real-time SER than accelerated SER due to the lower flux levels, but should not be 
ignored.) 
 

8) Ability to distinguish and report different soft error types (e.g., single memory cell upset, multiple cell 
upsets, latchup, functional interrupts from hits on the address or control registers, etc.). See 2 for 
definition of types of soft errors. 
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4.3 Testing procedures 
4.3.1 Pretest preparations 
4.3.1.1 Sample selection   
 
Component variability for RTSER is generally small for components produced with the same masks and 
fabrication steps. The system user must be sure that components tested are equivalent to actual baseline 
production components, because manufacturers may make process/design changes affecting SER without 
changing the component’s designation or advising users of the changes.  
 
In general a minimum requirement to establish a product’s RTSER is to run the test with roughly equal 
numbers of nominal devices from at least three different baseline lots. If a product is tested that has on-
board error-correction codes/circuits (ECC), tests should to be run under two conditions, both with ECC 
enabled and with ECC disabled if possible. The presence of ECC and its on/off status during each data 
collection run must be included in the final report. (Note: In general, ECC is effective at masking single-
bit cell upsets. But it will be ineffective with non-cell related events such as neutron-induced latchup or 
other single-event functional interrupts). 
 
4.3.1.2 DUT preparation and orientation 
 
The DUT package used for the RTSER test must be identical to the package used for production 
components. This is critical for the alpha component of RTSER. If a finned heat sink is required, this can 
have an impact on the neutron flux reaching the DUT. Since there is some angular dependence for high-
energy neutrons (more high energy neutrons have normal incidence to the Earth’s surface - see A.5), the 
DUTs should be mounted horizontally to expose them to the maximum flux where the tester does not 
dictate otherwise. Care must be taken in considering the path of atmospheric neutrons in the real-time 
SER setup and the effects of building shielding. For example, vertical stacking of DRAM DIMMs that are 
each oriented in a horizontal position would cause a neutron to traverse many DRAMs before reaching 
the final device (see [11] for discussion of neutron attenutation through DUT cards). The possibility of 
generating secondary particles as well as the attenuation of flux could lead to anomalous results. 
Therefore, the orientation of the DUTs in real-time SER testing should avoid this. If this is not possible, 
an attempt should be made to note any differences in SER FIT between the top and bottom devices. 
Ideally, where other constraints do not exist, the testing location should also be done on the top floor or 
roof to avoid building shielding effects.  Finally, the orientation of the DUTs and stacking of DUTs 
should be noted in the final report. If heatsinks are used, then their geometry (e.g., thickness, fin height 
and number, etc.) and material should be described in the final report. If the user also intends to do 
accelerated beam testing (Sec 6), the orientation of the beam should be similar to the RTSER testing. 
 
4.3.1.3 Load DUT      
 
Place the desired population of DUTs on each DUT board and run the test program to verify proper 
operation of all the DUTs. Make necessary adjustments to system and DUTs to insure that the test 
program executes flawlessly on all DUTs in the test system. 
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4.3.1.4 Effective neutron flux at the test location 
 
When performing real-time SER testing, it is necessary to make estimates based on the amount of 
building shielding and the terrestrial neutron flux (see annex A). Measurement of the actual neutron flux 
is beyond the scope of most experimental programs . The results should be normalized to the reference 
high energy neutron flux (see annex A) in the final report for purposes of standardization. An estimate of 
sensitivity to thermal neutrons should also be made using thermal neutron shielding for part of the 
experiment (see 7.6). 
 
If the testing is to be done at high altitude, several factors should be taken into consideration when 
designing the experiment.  
 
1) The cosmic ray dosimetry method and how it is monitored.  If the facility has a dosimeter, it should 

be used but is not manditory.  (See annex A for the expected neutron flux at the test location). 
2) The electrical power features and stability of the facility. The test setup often requires an 

independently stabilized uninterruptible power supply to run the test. Note that the overall power 
consumption for a large sample size can be significant. Make sure that the facility can provide the 
required power with good stability.  

3) The lab should be protected against electrostatic discharge from lightning (i.e., presence of a Faraday 
cage, a lightning rod, etc.)  

4) The environmental conditions that influence cosmic ray flux and how they are monitored (i.e., 
temperature, hygrometry, average pressure, average accumulation of snow, etc).  An assessment of 
the impact of the variation of these environmental conditions (either important or insignificant) 
should be noted in the final report.  If variation is determined to be insignificant, an average condition 
can be used in the final report.  General guidance on the threshold for significant variation is a 50% 
impact on measured SER.  Annex A details the impact of altitude and barometric pressure.  As a 
quick rule of thumb:  
Example 1 — a 40mmHg drop in atmospheric pressure (which is a significant change in weather conditions), 
will lead to a 50% increase in neutron flux.  
Example 2 — based on typical values of snow density (~0.4-0.5 gm/cm³), the reduction in neutron flux due to 
attenuation by snow on a roof is approximately 50% for 5 feet of snow.  

5) It is convenient to have real-time monitoring of the experiment remotely through Ethernet access, as 
well as a remote reset function so that full-time staffing is not required. 
 

4.3.1.5 DRAM and SRAM testing 
 
At the minimum, data patterns must include a logical (external) checkerboard pattern and its complement, 
alternating by address and by bit. This will average out any asymmetry in SER behavior and represent 
actual application of the device. Read and write cycles should be selected so that all the elements of the 
DRAM or SRAM circuit (sense amps, storage capacitor or latches, decoders, multiplexers, etc.) are 
vulnerable to upset. 
 
If the design supports a broad frequency range and different circuit elements will show different soft error 
rates as a function of frequency, care must be taken in selecting the core clock. A recommended solution 
is to run the RTSER test at a nominal frequency defined either by the tester capability or the product 
specification sheet to get a calibrated overall upset rate. Since the RTSER results can be frequency 
dependent, the nominal frequency used and how it was selected should be noted on the final RTSER 
report.  Accelerated SER testing (see 5, 6 and 7) can then be used to determine the frequency dependent 
upset rate of the various circuit elements.  
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4.3.1.5 DRAM and SRAM testing (cont’d) 
 
For those DRAM and SRAM designs that support a standby or reduced power mode (i.e., read and write 
operations are not allowed, but the device is expected to maintain its memory), a fraction of the real-time 
SER testing time should be dedicated to this mode of operation. The final report should include the 
estimate of SER from this mode vs. normal operating mode. 
 
4.3.1.6 Other device testing 
 
It might not be appropriate to use real-time SER testing procedures on all device types. Memory devices 
are good candidates because these devices are dominated by the core array and it is possible to capture 
and log all cell related upsets. Likewise, any FPGA or ASIC technologies using a high SRAM or DRAM 
content would be good candidates. On the other hand, not all upsets in logic devices will propagate to the 
output. This will depend on the static and dynamic design elements used. Therefore, an estimate of the 
expected fail rates should be made initially and the counting statistics discussed in annex B should be use 
to determine if a real-time SER test is appropriate for a device.  Likewise, use of systems with large 
memory installations (like super-computers or server data-centers) might be appropriate for RTSER 
measurements.  However, the user should be aware of confounding effects that happen at the system level 
(see 4.4). 
 
4.4 Differences in real-time soft error tests and actual end-user observed fail rates   
 
While the error rates determined from real-time SER testing are representative of device performance 
under real-life radiation conditions (both alpha particle and atmospheric neutrons), the results are not 
necessarily directly applicable to end user system applications. In addition to the customer environmental 
conditions that can be accounted for using annex A (i.e., geomagnetic location, altitude, building 
construction, etc.), other factors that need to be taken into consideration in translating real-time SER FITs 
to actual end user error rates include (but are not limited to):  
 
1) Geometry of end user system (e.g., Are components stacked?  Are they above or below the system 

board?  Are the system boards stacked?  Are the system boards oriented parallel or perpendicular to 
the background radiation? etc.) 

2) How are errors detected (e.g., by ECC or by comparing read data to write data)?  Are all errors 
reported?  For example, are hardware ECC errors reported to error registers?  If multiple errors occur 
within a short period of time, will error registers be overwritten, loosing information about earlier 
errors? 

3) How is determination made between a soft error event and signal integrity/noise, weak cells, hard 
fails? 

4) What measures are taken to prevent multiple counting of a single event?  For example, if hardware 
ECC corrects the error for the user but leaves the write-correct to a slower software operation, will the 
same event be counted multiple times (i.e., many hardware reads to same address before software 
corrects the data in memory)? 

5) Can multiple errors from a single event be distinguished from single errors from multiple events? 
6) What types of errors are masked by software error handling codes of the application?   
7) What fraction of errors will be over-written before they are read?  (Highly sensitive to application 

software.)   
8) What fraction of errors will not be reported because they are not utilized by the application?  This 

includes both unutilized memory as well as memory written to but never read. 
9) Is the end-system using standard packaging or heat sinks (i.e., is the device packaging used in the 

system the same as the packaging used in the test configuration)? 
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5 Accelerated alpha-particle test procedures 
 
5.1 Background 
 
5.1.1 Introduction 
 
Uranium and thorium impurities and their daughter products found in trace amounts in the various 
production and packaging materials as well as 210Po contamination of lead and tin emit alpha particles. 
Alpha particles are strongly ionizing, so those that impinge on the active device create bursts of free 
electron-hole pairs in the silicon. This charge disruption can be collected at pn junctions (much like 
charge created by light), producing a current spike (noise pulse) in the circuit. These current spikes can be 
large enough to alter the data state on some circuits. This section deals with the method of determining a 
component’s sensitivity to alpha particle radiation from accelerated experiments.  
 
5.1.2 Scope 
 
This section deals strictly with SER induced by alpha particles and the techniques of using intense alpha 
particle sources to accelerate the alpha SER and use the ratio of this source emissivity to the package 
emissivity in order to determine the device alpha SER. The alpha flux is independent of altitude, and is 
only a function of the type, location, and amount radioactive impurities present in the component or its 
package.  
 
Alpha particle SER data cannot be used to predict high- or low-energy neutron cosmic-ray-induced 
failure rates. Conversely, neither can high-energy neutron nor low-energy neutron SER data be used 
to predict alpha-induced failure rates. An overall assessment of a device’s soft error sensitivity is 
complete ONLY when the alpha AND high- and low-energy neutron induced failure rates have been 
accounted for. 
 
5.1.3 Safety issues 
 
All of the accelerated test procedures involve the use of ionizing radiation sources that are potentially 
hazardous. Proper safety and monitoring procedures are essential for tests utilizing these sources.  
 
Test hardware and parts may become contaminated with radioactive material when recoil fragments or 
larger fragments of the radioisotope escape the alpha source encapsulation. Good ventilation should be 
provided as some unsealed alpha sources may emit radon as a decay product. When not in use, alpha 
sources should be stored away from personnel as most alpha sources also produce low-level gamma 
radiation. Alpha sources should be handled with care even though external alpha emission is not 
hazardous (alpha particles have insufficient energy to penetrate the dead layers of the skin). Alpha 
emitting contaminants are extremely hazardous if inhaled or swallowed as alpha particles damage living 
tissues inside the body. It is the responsibility of the user of this test method in consultation with radiation 
safety personnel to establish the appropriate safety and health practices and the applicability of and 
compliance with local, state and Federal/National regulatory limitations.  Gloves should also be used in 
handling the source to prevent accidental contamination of other locations.  The user should check if a 
license is required to operate a source used in this study and will need to go through a compliance process 
that is beyond the scope of this spec.  (Each country or state will have its own regulations.) 
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5.1.4 Guideline   
 
The test method described below defines the requirements and procedures for accelerated SER testing 
with alpha particle radiation. Generalized real-time (unaccelerated), or field testing has been dealt with in 
4, while accelerated testing for SER induced by cosmic radiation is dealt with in 6 (high-energy) and 7 
(low-energy).  
 
5.1.5 Limits of test method 
 
The accelerated test method in this section applies ONLY to alpha-particle-induced events. It does NOT 
apply to terrestrial-cosmic-radiation-induced events or events induced by the reaction of thermal neutrons 
with 10B. This test method can be applied to the testing of memory, sequential logic, combinational logic, 
or components combining these circuit types. 
 
5.1.6 Goal of test method 
 
The end product of this accelerated testing is a well-defined estimate of the alpha-particle-induced failure 
rate for components. The soft failure rate can be characterized as a function of voltage, timing, and 
possibly other operating variables.  
 
5.2 Alpha particle environment 
 
See detailed description in annex D. 
 
5.3 Packaging for alpha particle testing 
 
Unlike accelerated high energy neutron and proton test methods where the package type is not critical, for 
accelerated alpha particle testing the DUT’s surface must be directly exposed to an isotope source without 
any intervening solid material and with a minimal air gap.  

Recommended DUT package types are the ceramic dual-in-line (CERDIP) or pin-grid array (CERPGA) 
package, as illustrated in Figure 5.1a and Figure 5.1b respectively. Certainly, other package types that 
offer access to the top surface of the chip can also be used but these types in particular are mechanically 
robust, particularly when used with zero-insertion force (ZIF) sockets allowing reliable loading and 
unloading over many cycles. 

The die should be mounted and wirebonded within the well or cavity such that the surface of the die is as 
close as possible to the top surface of the package without anything, such as the bond wires, projecting 
above this plane. This configuration is required to minimize the alpha source-to-die spacing, while 
providing a convenient indexing surface for the isotope source. The metal lid for the package should be 
installed with tape to protect the DUT between tests.  

If the product to be tested is already encapsulated in a plastic package, the material over the die must be 
etched back to fully expose the active area. If die coating is used in the product, the user should be aware 
of whether or not the die coating is removed during this package deprocessing.  This information will be 
required in translating the accelerated alpha SER into real-time alpha SER.  In this case it is best to have 
unpackaged, but coated, samples of the DUT provided by the manufacturer for alpha testing, rather than 
attempting to etch back the existing packaging material. Lead-over-chip (LOC) packages are not suitable 
since the lead frame shadows a large portion of the device. Product or test chips with solder bumps 
distributed over the face of the die (for flip-chip attachment) are also not suitable for the same reason.  
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5.3 Packaging for alpha particle testing (cont’d) 
 

a)       b) 

Figure 5.1 — Recommended packages for alpha particle testing, a) ceramic dual-in-line package 
(CERDIP), and b) ceramic pin-grid array (CPGA). 

 
Wafer-level testing can also be used to perform alpha-particle testing. The wafer-level test system must 
have a probecard configured to allow the alpha particle source to be placed accurately and in close 
proximity to the die without shorting the probe pins or the pins shadowing the source. 
 
Many ICs use flip chip packaging (i.e., the die faces down in the package and its electrical connections 
are made through some form of metal bump or pillar).  In this case, it is not easy to gain access to the 
surface of the die for alpha testing.  Accelerated alpha SER testing can be accomplished by thinning the 
backside of the die and introducing the alpha source to the back of the device.  Because alpha particles are 
strongly attenuated by silicon (see Fig D.3 of annex D), uniformity and measurement of the thickness of 
the remaining silicon is important.  The user should first consider the source of alpha contamination from 
the flip chip package (typically from the pre-solder paste and metal bumps), estimate the energy and 
range of those alpha particles through the top layers (die coat, metal interconnects and dielectric layers).  
An alpha source and silicon thickness can then be selected that will mimic the energy deposition from the 
package materials.  Due to the issues with respect to thinning the backside, it is recommended to do wafer 
level alpha SER testing instead. 
 
5.4 Alpha particle sources 
 
5.4.1 Alpha source selection 
 
The alpha source should be selected considering the alpha emission from the impurites of the package 
type.  The following factors should be considered: 
 
1) Maximum Energy – 5.3MeV 241Am vs 8.79MeV 232Th (see annex D) 
2) Energy Distribution – monoenergetic energies from thin foils vs broad spectrum from thick films (see 

annex D) 
3) Source Emission Uniformity  
4) Source Size (see  5.5.2) 
5) Source Activity – sufficient flux to create a statistically significant amount of soft errors.  This 

requires that the user has some estimate of the range of the soft error rates to be expected, either from 
prior devices of similar design or a literature search of other alpha soft error work. 
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5.4.1 Alpha source selection (cont’d) 
 
Sources that emit alpha particles with energy spectra similar to uranium and thorium impurities simulate 
the radiation environment of wirebonded components encapsulated in molding compound. Sources that 
emit alpha particles with similar energy spectra to 210Po are used for simulating components in a flip-chip 
arrangement with solder bumps.  Aside from the issue of 1) mono-energetic vs thick sources and 2) 
source uniformity, an 241Am source might be advantageous over a 232Th source because of its higher 
emission rate.  A 232Th source emission rate is fixed by its specific activity and easily calculated and 
measured assuming the daughter products are in secular equilibrium (steady state).  Substitution of a 
source of a different energy spectrum should be noted in the final report.   
 
Pure radioisotope foils or metallic substrate foils with the radioisotopes deposited or diffusion-bonded 
may be used. Solid sources that are physically thicker than the range of the highest energy alpha particle 
emitted are best since the alpha spectrum will be distributed as it would be in the real packaged device.  
 
Since the range of alpha particles in metals is limited to < 40um at 10MeV, a solid source at least 0.04mm 
thick should ensure a distributed spectrum is emitted.  Thin-film sources produce a mono-energetic 
spectrum (see Figure D.1) that is typically not representative of the distributed spectrum (see Figure D.2) 
that would occur in a real packaged device.  This can lead to variation in resulting charge deposition 
profile in the device (see Figure D.3).  These effects should be taken into account along with the 
availability of alpha sources before designing the experiment.   
 
The energy spectrum should be measured and the emissivity calibrated on a regular basis (more 
frequently for sources with short half-lives) to ensure that the source is providing the expected spectrum 
and flux. The source area should ideally be larger than the device area to ensure that all angles of 
incidence are allowed.  
 
An alternative is the use of an ion accelerator to provide a monoenergetic and uniaxial beam of alpha 
particles. The disadvantages of accelerators are the experimental complexity, beam time cost and the fact 
that many runs will be needed at different energies and angles to obtain the alpha SER. The advantage is 
that the localized and collimated beam allow identification of sensitive areas and angle dependencies that 
anisotropic, uncollimated radioisotope sources cannot provide.  
 
5.4.2 Alpha particle source calibration 
 
Alpha sources lose activity by sputtering induced by fragments ejected from the source. Annual 
calibration is recommended to ensure that the source flux is known, particularly for high activity sources 
whose intensity can change dramatically over a short period. The type, activity,  physical configuration of 
the radioisotopic source, energy spectrum (if available), and date of last calibration must be included in 
the final report. Ion accelerator sources must be calibrated and the flux measured from time-to-time to 
ensure it is at the expected levels, which is usually part of ion source facility standard procedures. 
 
5.4.3 Alpha particle source fluence 
 
The total number of particles incident during a test must be sufficient to establish with a high statistical 
confidence that the entire sensitive volume on the DUT has been irradiated. A fluence and test time 
should be selected to meet the desired accuracy of the soft error rate (FIT with confidence level). See 
annex B for discussions on statistically based confidence levels. 
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5.4.4 Alpha particle source intensity and uniformity  
 
The user should make sure that the measurement equipment can handle the error rate induced by the alpha 
source (linearity concern – see Sec 3 for discussion and make adjustments if required).  
 
It is recommended that for large area (i.e., radius > 1 cm) alpha particle sources, the user should specify a 
+/- 10% uniformity or better for the activity across the active area of the source to their supplier.  One of 
the ways a supplier or a user to can check the uniformity is to perform an activity distribution 
measurement.   Examples of some techniques are: 
 
1) For a source with a large radius (>2.5cm), one can use an SRAM test chip with a small active area or 

opening (i.e.,  smaller than 1cm x 1cm) to expose the device to different regions of the source simply 
by using small displacement of the source over the chip.  The error counts from different parts of the 
source can then be used to determine the variation of activity across the source.  

2) The source to DUT gap can be increased and if there is variation in the soft error rate (increase in 
some areas of the DUT and decrease in other areas of the DUT), this indicates radial variation of the 
source.  With a uniform source, one would expect to see a monotonic decrease in the soft error rate 
due to attenuation of the alpha energy by air. 

3) Another way to measure source uniformity is to scan the source across a small aperture and detector. 
 
5.4.5 Loading the alpha source 
 
After the component or wafer has been loaded and verified to be functioning as expected, a background 
test is run with no source as described in 3. When this test is complete, the appropriate alpha source is 
centered over the DUT. The source-to-DUT spacing should be made as small as physically possible – a 
spacing of less than 1mm is recommended. The actual spacing must be recorded in the final report, 
especially important if a spacing of ≤ 1mm cannot be used. The active area of the alpha source should be 
larger than the device area and must also be recorded on the final report. Great care must be used to 
ensure that the surfaces don’t touch, since any contact could short the device. The recommended 
configuration is shown in Figure 5.2 for a wire bonded device.  The source should be handled with 
dedicated plastic tweezers and not metal tweezers to prevent damage at the source surface. 

 
Figure 5.2 — Cross-section through ceramic package illustrating recommended alpha source size 

and placement – larger than the chip and as close to the chip as possible. 
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5.5 Test procedure and results 
 
5.5.1 Basic alpha particle flux acceleration factor 
 
The intensity of alpha particle sources is often reported in the International System of units (SI), the 
becquerel (Bq), representing a radioactivity of 1 disintegration/sec into 4 pi steradians (a spherical 
volume). To obtain a surface emission of alpha particles in cm-2h-1 (a hemispherical volume), the source 
can be placed in a detector capable of measuring the alpha particle flux. Since the high rate of alpha 
events from typical alpha sources can overwhelm the response of many standard detectors, care must be 
taken to ensure that the source activity is not underestimated. 
 
A basic alpha particle source acceleration factor is simply the ratio of the number of alpha particles per 
unit time emitted by the source and those emitted by the packaging materials in contact with the die 
surface in the final component (the standard unit is cm2-hr) as shown in Equation 5.1.  
 

  (5.1) 
 
Depending on the emissivity of the alpha source selected, a large range of acceleration factors available. 
Ultimately the acceleration factor used should be determined by the desired test time and total dose and 
sensitivity considerations.  
 
This simple acceleration factor cannot directly be used to extrapolate the alpha particle SER because of 
geometry and absorption effects that must be accounted for (See Equation 5.2). 
 
NOTE 1 The alpha emissivity of the package materials can be specified and controlled in the manufacturing 
process (controlled alpha material) or determined by a statistical sampling (uncontrolled alpha material).  For 
uncontrolled material, there is no guarantee that the alpha emissivity will not spike out of control at a later date.  The 
method of determining the emissivity of materials used in manufacturing must be noted in the final report.  If the 
user is concerned with alpha SEU rates for their product, ultra-low alpha or controlled alpha material should be 
specified. 
 
NOTE 2 Accurate measurement of low alpha emissivity materials (~1 to 10 α/cm2-khr) is difficult and can lead to 
variation of up to 1.7x from site to site [12], [13]. 
 
5.5.2 Geometry factor and shielding 
 
If the accelerated alpha SER test is performed in a vacuum with a source that is very much larger than the 
component being tested, with a known and calibrated source flux and with a small DUT-to-alpha source 
spacing (< 1 mm), the need for an accurate geometry calculation is minimized, since the acceleration 
factor will be close to the ratio defined in Equation  5.1.    
 
In most test situations however, a more elaborate model is needed to accurately determine the flux 
incident on the component. In general, not accounting for, or miscalculating geometry and shielding 
factors leads to significant errors in the extrapolated alpha SER of the actual component. Using a 
simple analytic model for a circular DUT and alpha source centered about a central axis [14], the effect of 
source size and source spacing on the alpha flux incident on the DUT area were calculated (Figure 5.3). 
The dotted line represents the point source approximation. When both the source and device are the same 
size (solid squares) with a spacing of 1mm, the incident flux is reduced by more than 30%! For a larger 
source area (solid triangles) at the 1mm spacing the reduction in flux is nearly 10%. Clearly, minimizing 
the source-device spacing and using a source that is larger than the device being tested ensures that errors 
are minimized. 

145 10 10~    to
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5.5.2 Geometry factor and shielding (cont’d) 
 

 
Figure 5.3 — Normalized alpha flux, averaged over the entire device area, incident on a device as a 

function of the source-device spacing and the source size. 
 
The calculation shown here is given only as an example. For rectangular component areas these curves 
fall-off even more rapidly with increased spacing. Actual device and source geometries can be calculated 
more accurately with computer modeling accounting for typical test situations such as rectangular die and 
non-axial alignments. The final alpha flux incident on the active device area must be recorded in the final 
report. 
 
NOTE If a thin-film source with mono-energetic spectra is used, see annex D, the air gap will introduce some 
energy dispersion effects along with a reduction of the flux.  This effect might actually maximize the measured SER 
by fine-tuning the alpha particle energy to stopping range in the device (Bragg Peak).  While this technique can be 
used to characterize the sensitive volume of the device, the intent of this specification is to allow extrapolation of 
accelerated alpha SER to real use conditions.  In most cases, the package is either in intimate contact, for plastic 
mold compound or underfill, or very close proximity, for ceramic packages. 
 
A further complication results if a test chip is being used to extrapolate the SER of a different component. 
The extrapolation will only be accurate for a component that has the same number, type, and thicknesses 
of metal, dielectric, passivation, and polyimide layers. Often test chips have fewer metal layers, while 
production components have significantly more layers, providing a higher level of alpha particle 
shielding. Not accounting for, or miscalculating the loss of alpha flux from shielding during testing and in 
the actual production component can lead to significant errors in the final extrapolated SER.  
 
To properly account for shielding it is strongly recommended that simulations to determine the 
differences in shielding due to differences in the number of different layers, or controlled accelerated SER 
experiments with components utilizing different numbers of metal layers be performed.  
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5.5.3 Extrapolating the failure rate to use conditions 
 
To determine the actual field product failure rate from soft errors requires extrapolating the accelerated 
test results to use conditions. The product SER under normal use conditions can be obtained by 
multiplying the observed SER (rate of soft errors) during the accelerated testing by the ratio of the alpha 
particle flux reaching the DUT active device area under normal use conditions and the alpha flux reaching 
the DUT active device areas during the accelerated test according to Equation 5.2.  

 
(5.2) 

 
 

where ASER is the soft error rate obtained from the DUT during accelerated testing (number of errors for 
a given number of alpha particle events), and in the numerator of the ratio, pkgΦ  is the alpha particle flux 
reaching the actual production component (cm-2h-1), Fgeopkg is the geometry factor associated with the 
production component (usually this is 1 unless there is some distance between the chip surface and the 
final packaging materials see Figure 5.3), and Fshieldpkg is the amount of shielding, respectively, in the final 
production package (this accounts for energy lost by alpha particles traversing metal layers and polyimide 
layers). In the denominator, dutΦ  is the alpha particle flux reaching the DUT during the experiment 
(normalized to cm-2h-1), Fgeodut is the geometry factor during the experiment (defined by the source-to-die 
spacing and source and die size, offset, etc.), and Fshielddut is the amount of absorption loss (due to 
polyimide and metal layers), respectively, in the DUT under the accelerated experimental conditions. As 
mentioned earlier, since the accelerated source uses an alpha particle source with a flux that is 
significantly higher than the nominal package environment, this ratio will always be much less than 1 and 
consequently the unaccelerated SER will be significantly lower than the SER observed during accelerated 
testing. This equation and method are not part of the actual requirement, however, all alpha particle SER 
data must include a description of the assumptions made for geometry factor and shielding along with all 
experimental parameters (e.g., source size, DUT active area, source-to-DUT spacing, etc.) that would 
enable an outside observer to verify that the assumptions used were valid. 
NOTE 1 This equation makes the simplifying assumption that all the sources of alpha particles are coming soley 
from the packaging material and not the wafer or wafer fab material. Actual geometry and absorbtion effects can be 
quite complex [15].  If the user chooses to take these into account and do a more thorough analysis than Equation 
5.1 and 5.2, the details should be stated in the final report. 

NOTE 2 Equation 5.2 applies to each individual type of soft error event (e.g., SCU, MCU, SEL, SEFI, etc.).  The 
count of different types of soft error events should be kept separate in calculating the accelerated soft error rate 
(ASER) and the final report should provide the information used to calculate each type of unaccelerated alpha 
particle SER. 
 
If the same metal-dielectric stack is used both for the test component and the final product, then Fshieldpkg = 
Fshielddut thus simplifying the extrapolation. If the alpha source used for the accelerated testing is placed in 
direct contact with the active layers and is sufficiently large to mitigate edge effects, assuming that 
packaging materials were in direct contact with the final product die, then Fgeopkg = Fgeodut. In reality, due 
to practical and safety concerns, the alpha source will generally not be placed in direct contact with the 
die so the geometry factor will probably need to be calculated. 

Finally, it is not uncommon to use dedicated test structures instead of the final product during accelerated 
testing. This is particularly true in cases where a technology’s alpha-particle SER sensitivity is being 
determined prior to actual qualified production. It is recommended that alpha testing of at least a few 
actual production components be done following test chip data to ensure that the test chip used is 
representative of the SER sensitivity in actual products. 
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5.6 Interferences 
 
5.6.1 Total dose 
 
Some parts may suffer total dose damage. This damage may show up as hard failures or as parametric 
degradation. Parametric degradation may affect the soft error rate and is also an indication that the device 
is approaching the level where significant damage is occurring. Dose damage may also manifest as timing 
sensitivity where the DUT may fail at its rated speed but operate adequately at lower speeds 
 
If total dose is a problem, it may be necessary to reduce the targeted number of failures or distribute 
testing over more DUTs. Total dose effects are evaluated by subjecting a DUT to the same test conditions 
for the first and last tests of a series. If the results are the same, within experimental error, then total dose 
is not affecting the results. 
 
5.6.2 Package shadowing 
 
Packaging materials between the top surface of the die and the alpha particle source may attenuate the 
alpha flux and energy leading to errors in the calculated error rate. This includes die coats, encapsulants, 
package lids, and surface contamination such as fingerprints.  
 
Another concern is the use of polymer (polyimide, etc.) layers as mechanical stress relief and for 
shielding alpha particles. If these layers are used in the final product, the test chip used for alpha particle 
characterization should have these layer as well. If the test chip does not, then layer absorption simulation 
methods must be used to determine the effect of these layers in the final product, since depending on the 
thickness and density of the layers, they may make the final SER better or worse than what is extrapolated 
from the test chip without the layers.  
 
NOTE While it might be straightforward to calculate the attenuation of alpha particles of different energies by a 
die coat of a given thickness using programs like SRIM [16], it is much more difficult to assess the impact on soft 
error rate by moving the peak energy deposition closer to (or farther away from) the active region of the device (see 
Figure D-3).  For this reason, actual measurements with the die coating in place are preferred over simulation 
techniques. 
 
If the product die is in a flip-chip package, access to the die surface is an issue. Furthermore, even in die 
form, overlying solder bumps or other materials that mask portions of the active areas from radiation 
access prevent testing of devices in this configuration. Backside etching to expose the active silicon 
region may be considered. In this case, the device must be etched to within a few microns of the active 
silicon region to expose it to an external alpha source. Note that self-heating properties may change with 
thinner silicon. If this method is used, some testing to demonstrate its equivalence to conventional front 
side irradiation is required to justify results. 
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6 Accelerated high-energy neutron test procedures 

6.1 Background 
6.1.1 Introduction    
 
When cosmic rays enter Earth's atmosphere, they collide with atomic nuclei in air and create cascades of 
particles of every kind, some of which reach the ground. Among these terrestrial cosmic rays are particles 
which interact strongly with nuclei: primarily neutrons, plus some protons and a few pions. These 
particles interact with Si and other nuclei in the electronic device and package via strong nuclear 
interactions. These processes produce a variety of secondary particles - protons, neutrons, alpha particles 
and heavy recoil nuclei. Some of these secondary particles are strongly ionizing, so those that impinge on 
the active device create bursts of free electron-hole pairs in or near the active region. This charge 
disruption can be collected at pn junctions (much like charge created by light), producing a current spike 
(noise pulse) in the circuit. These current spikes can be large enough to alter the data state and other 
single event effects. This section deals with the method of determining component sensitivity to high-
energy neutron events from accelerated experiments.  
 
6.1.2 Scope 
 
This section deals strictly with soft errors induced by high-energy neutron events. The high energy 
neutron flux is dependent on altitude, latitude, longitude, barometric pressure and solar activity (see 
Annex A).  

High-energy neutron soft error data cannot be used to predict alpha particle or low-energy neutron 
(i.e., thermal neutron) cosmic-ray induced failure rates. Conversely, neither can alpha particle nor 
thermal neutron soft error data be used to predict high-energy neutron-induced failure rates. An 
overall assessment of a device’s soft error sensitivity is complete ONLY when the alpha, high-energy 
neutron AND thermal neutron induced failure rates have been accounted for. 
 
6.1.3 Guideline   
 
The test method described below defines the requirements and procedures for accelerated soft error 
testing with high energy proton and/or neutron radiation. Real-time SER testing is dealt with in 4, while 
accelerated testing for soft errors induced by alpha particles is dealt with in 5 and soft errors induced by 
thermal neutrons is dealt with in 7.  
 
6.1.4 Limits of test method 
 
The accelerated test method in this chapter applies ONLY to terrestrial-cosmic-ray-induced events, which 
are dominated by high energy (E> 10 MeV) atmospheric neutrons. It does NOT apply to alpha-particle 
events or events induced by the reaction of thermal neutrons with 10B. This test method can be applied to 
the testing of memory, sequential and combinational logic, or components combining these circuit types. 
 
6.1.5 Goal of test method 
 
The end product of this accelerated testing is a well-defined estimate of the high-energy neutron induced 
error rate for components using a uniform methodology. The soft failure rate can be characterized as a 
function of voltage, timing, and possibly other operating variables.  For standardization purposes, the 
reference level for the high energy terrestrial neutron flux above 10 MeV is 3.596×10-3 cm-2 s-1 or 12.946 
cm-2 h-1 (see annex A). 
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6.2 Test facilities  
 
To simulate how the atmospheric neutrons induce single event effects in microelectronic components at a 
highly accelerated rate, high energy particle beams may be used. Three different types of facilities are 
discussed in this chapter which provide such high energy particle beams: 1) spallation neutron source, 2) 
quasi-monoenergetic neutron source and 3) monoenergetic proton and neutron sources. Neutron and 
proton facilities available for soft error testing are discussed in annex E. 
     
Spallation neutron sources provide neutrons over a wide range of energies, with the shape of the spectrum 
being similar to that of the terrestrial neutron environment. Annex A contains the details of the terrestrial 
neutron spectrum and 6.6 compare the spectra from the spallation neutron sources to that of the terrestrial 
neutron spectrum. 
 
There is limited access to spallation neutron sources. Therefore monoenergetic neutron and proton 
sources have been shown to be effective for measuring the soft error response of products and circuits at 
several energies, which can be used to obtain the soft error rate from the full spectrum of the terrestrial 
neutron flux. The details for utilizing the monoenergetic soft error data from protons and neutrons is 
discussed in 6.5.  
 
In addition, there is a related source, a quasi-monoenergetic neutron source that may be utilized to 
measure monoenergetic SEU responses at high energies. This source is discussed more fully in 6.5.  
 
6.3 Angular Dependence Considerations 
 
The angular dependence of terrestrial neutrons is complex.  Neutrons above 10MeV have a predominantly 
vertical angle of incidence (perpendicular to the ground) because they are primarily from spallation in the 
upper atmosphere.  Neutrons in the 1 – 10MeV range are more isotropic due to secondary scattering and 
energy loss taking place in the local environment (see annex A for more detail).  Device orientation in 
actual applications can be horizontal or vertical.  Due to these complications, it is recommended to 
perform tests with the beam at normal incidence as a minimum requirement.  It is up to the user to 
determine if additional angles of incidence are needed. 
 
6.4 Beam parameters 
 
6.4.1 Beam check 
 
Most facilities provide beam calibration and have published results on energy spectrum, flux, beam 
uniformity, etc.  The user should consult with the beam facility manager on these details. 
 
NOTE  A technique to monitor the fluence of the beam in real time should be used to allow for accurate 
estimation of the integrated particle dose.  If this is not possible, then periodic sampling of the beam fluence should 
be used between DUT exposures.  
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6.4.2 Beam fluence 
 
In determining the beam fluence required (beam flux x test time), the user should have an initial idea of 1) 
the accuracy of the soft error rates to be established and 2) prior knowledge or published literature of the 
range of soft error rates expected. 
 
EXAMPLE 1 – The user wishes to establish an upper bound to the SEL rate with a 90% confidence 
level.  For a beam flux that is 107 more intense than the terrestrial neutron flux (Φ̇𝑟𝑟𝑟𝑟𝑟𝑟 = 12.95 n/cm2hr, 
see annex A), a 1hr test time is a fluence of 1.295 108 n/cm2.  If 0 SEL events are observed, then the upper 
bound of the SEL rate is (see annex B and C for statistical discussion and the inverse chi square function, 
Xinv): 
 

𝑆𝑆𝑆𝑆𝑆𝑆 𝐹𝐹𝐹𝐹𝐹𝐹 =  
1
2

 Χ𝑖𝑖𝑖𝑖𝑖𝑖(𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝,𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑜𝑜𝑜𝑜 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓) 
Φ̇𝑟𝑟𝑟𝑟𝑟𝑟

Φ𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 ∙ 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
 109

=
1
2

 Χ𝑖𝑖𝑖𝑖𝑖𝑖�90%, 2(0 + 1)�  
12.95

1.295 ∙ 108
 109 = 230 𝐹𝐹𝐹𝐹𝐹𝐹 

 
That is, if no SEL events are observed, the user has only established to a 90% confidence level that the 
SEL rate is ≤ 230 FIT.  If determination of a lower FIT is desired, the user must increase the fluence.  If a 
10x increase in fluence is used (by either increasing the beam flux or extending the exposure time) and 
there are still 0 SEL events observed, then  
 

𝑆𝑆𝑆𝑆𝑆𝑆 𝐹𝐹𝐹𝐹𝐹𝐹 =  
1
2

 Χ𝑖𝑖𝑖𝑖𝑖𝑖(90%, 2) 
12.95 

1.295 ∙ 109
 109 = 23 𝐹𝐹𝐹𝐹𝐹𝐹 

 
This example shows how using more fluence, especially in cases with a null cross section, will decrease 
the FIT estimate. 
 
EXAMPLE 2 – If the user wishes to determine to a high degree of accuracy that the single cell upset rate 
(SCU) is within a certain range, then many SCU events will have to be observed.  For example, if 1 SCU 
events is observed for a fluence of 1.295 107 n/cm2, then the upper and lower bounds are 

𝑆𝑆𝑆𝑆𝑆𝑆 𝐹𝐹𝐹𝐹𝐹𝐹 (90% 𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏) =
1
2

 Χ𝑖𝑖𝑖𝑖𝑖𝑖(90%, 4) 
12.95 

1.295 ∙ 107
 109 = 3890𝐹𝐹𝐹𝐹𝐹𝐹 

 

𝑆𝑆𝑆𝑆𝑆𝑆 𝐹𝐹𝐹𝐹𝐹𝐹 (10% 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏) =
1
2

 Χ𝑖𝑖𝑖𝑖𝑖𝑖(10%, 4) 
12.95 

1.295 ∙ 107
 109 =  532 𝐹𝐹𝐹𝐹𝐹𝐹 

 
That is, there is a 10% probability that the SCU rate is above 3890 FIT and a 10% probability it is below 
532 FIT.  If this is too wide an interval, the user can increase the fluence by 100x to observe 100 SCU 
events and obtain 

𝑆𝑆𝑆𝑆𝑆𝑆 𝐹𝐹𝐹𝐹𝐹𝐹 (90% 𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏) =
1
2

 Χ𝑖𝑖𝑖𝑖𝑖𝑖(90%, 202) 
12.95 

1.295 ∙ 109
 109 =  1141 𝐹𝐹𝐹𝐹𝐹𝐹 

 

𝑆𝑆𝑆𝑆𝑆𝑆 𝐹𝐹𝐹𝐹𝐹𝐹 (10% 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏) =
1
2

 Χ𝑖𝑖𝑖𝑖𝑖𝑖(10%, 202) 
12.95 

1.295 ∙ 109
 109 =  884 𝐹𝐹𝐹𝐹𝐹𝐹 

 
which is more than a 10x decrease in the uncertainty of the FIT (see Figure C.1). 
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6.5 Fundamental quantities: soft error cross-section and soft error rate 
 
There are two complementary quantities to characterize the soft error sensitivity of a chip/circuit: (1) the 
soft error cross section, and (2) the soft error rate, also known as soft error rate (SER), or soft fail rate. 
 
The soft error cross section is an intrinsic parameter of a chip/circuit that specifies its response to a 
particle species (e.g., neutron, proton, pion, heavy ion, etc.). It is measured using a beam of particles 
produced at an accelerator. The soft error cross-section depends on the particle type and particle energy. 
In general it is also a function of the operating conditions of the irradiated chip (e.g., applied voltage, 
temperature, etc.). The units commonly used for soft error cross section are cm2/bit, cm2/Mb or 
cm²/device. 
 
The soft error rate is a measure of a chip or circuit  response to a particular type of radiation 
environment. Its value varies from one location to another, depending on the radiation environment that is 
present. For example, due to the variations of the terrestrial neutron flux (altitude and geomagnetic 
effects), the neutron-induced soft error rate of a chip is larger at high altitudes than at sea level. Also the 
soft error rate is lower at locations close to the geomagnetic equator, compared with locations close to the 
geomagnetic pole. The computation of terrestrial neutron flux is essential for the evaluation of fail rates, 
and it is discussed in annex A.  
 
For terrestrial applications, based on the knowledge of soft error cross section (as a function of particle 
energy) and the particle energy spectrum at a given location, the soft error rate at any given location can 
be computed. It is important to note that from the soft error rate measurements alone one cannot extract 
any information on the energy dependence of soft error cross section. In general the equation that relates 
soft error rate with soft error cross section cannot be inverted to solve for the soft error cross section from 
a given soft error rate (see Equation 6.14 formulated in 6.5.4.1). 
 
Proton-induced and neutron-induced soft error cross sections are often used interchangeably as the basic 
parameters to characterize soft error sensitivity. Protons and neutrons interact with semiconductor 
materials via nuclear reactions. Over a wide energy range, e.g., MeV to GeV, these reactions produce 
charged, ionizing fragments like alpha particles, recoil nuclei and other secondary particles; these 
secondary particles induce upsets in circuits. In general the nuclear interactions of protons and neutrons 
with most semiconductor materials (especially light elements like Si and O) are very similar for incident 
particle energies above 50 MeV [17]. Therefore, ≥50MeV protons can be used in place of equivalent 
energy neutrons.  
 
6.5.1 Soft error cross-section dependence on type of facility 
 
The list of neutron an proton facilities available is found in annex E. Here we summarize the basic 
measurements made in these facilities during soft error testing. 
 
  



JEDEC Standard No. 89B 
Page 40 
 
 

 

6.5.2 Measured quantities using particle beams 
6.5.2.1 Monoenergetic proton beam: proton-induced soft error cross-sections at Ep 

Proton-induced soft error cross sections are measured using a monoenergetic proton beam. They can be 
defined in two ways (per device or per bit):   

        σp-dev,i(Ep) = Np,i / (Φproton)                                                                             (6.1) 
and 

σp-bit,i(Ep) = Np,i / (Φproton×Nbit)                                                                     (6.2) 
 
In Equations 6.1 and 6.2, Ep is the proton energy; Np,i is the number of soft error events of type i (e.g., i=1 
could represent a single cell upset, i=2 could represent a multi-cell upset, i=3 could represent a single 
event latchup, etc.) measured in the irradiated sample during each test; Φproton is the fluence of the protons 
to which the device was exposed in units of protons/cm2; Nbit is the number of bits in the sample under 
test; σp-dev(Ep) is in units of cm2/device and σp-bit(Ep) is in units of cm2/bit. Equation 6.1 is general for all 
devices (logic and memory).  Equation 6.2 is more applicable to memory arrays.  
 
Example 1 – A device displays a single event latch-up (SEL) every 10 minutes with a 100MeV proton flux of 107 
protons per cm2 per second.  The SEL cross-section of the device is 1 event/(107 protons per cm2 per second x 600 
seconds) = 1.67 10-10 cm2 at 100 MeV.  

Example 2 – A 256Mb SRAM displays a single cell upset every 1 second and a multi-cell upset every 10 seconds 
with a 50 MeV proton flux of 107 protons per cm2 per second.  The single cell cross-section is 1 event/(107 x 256 
106) = 3.91 10-16 cm2/bit and the multi-cell cross section is 3.91e-17 cm2/bit at 50 MeV. 
 
NOTE 1 Proton range in thick packaging or materials in front of the DUT – When testing with mono-
energetic proton beams, the energy and range of the protons needs to be considered.  The energy of the proton can 
be degraded as it passes through the material in front of the active area and no longer satisfy the neutron equivalency 
criteria (i.e., >50MeV).  A nuclear program such as SRIM/TRIM, GEANT, FLUKA, etc should be used to ensure 
the proton energy is in the correct range and can be used to translate to a neutron cross-section (see 6.6.3). 

NOTE 2 Use of beam degraders to obtain lower proton energies – Use of beam degraders to lower the peak 
proton energy creates an added uncertainty by introducing contributions from the high energy tail.  The user should 
assess whether or not this can be significant and should note this in the final report. 
 
6.5.2.2 Monoenergetic neutron beam: neutron-induced soft error cross-sections at En 

Neutron-induced soft error cross sections can be measured using a monoenergetic neutron beam. 
Monoenergetic neutron beams are to be distinguished from quasi-monoenergetic neutron beams discussed 
in 6.6.2.3. There are three main types of truly monoenergetic neutron beams > 1 MeV in which almost all 
of the neutrons are within ±1 MeV of the peak energy. All are produced by accelerating a charged particle 
into a tritium (T) or deuterium (D) target. D-T reactions produce neutrons of 14 MeV, and this is the most 
common type of neutron generator. D-D reactions produce neutrons of 3-5 MeV, depending on the energy 
of the deuteron, and p-T reactions produce neutrons with energies depending on the energy of the proton. 
For more detail on neutron production, the user can refer to annex E. Similar to the proton case, 
monoeneergetic neutron soft error cross sections can be defined in two ways: 

        σn-dev,i(En) = Nn,i / (Φneutron)                                                                              (6.3) 
and 

σn-bit,i(En) = Nn,i / (Φneutron×Nbit)                                                                          (6.4) 
In Equations 6.3 and 6.4, En is the neutron energy, Φneutron is the fluence of neutrons to which a device is 
exposed, in units of neutrons/cm2; σn-dev,i(En) is in units of cm2/device and σn-bit,i(En) is in units of cm2/bit 
and all other parameters are as in 6.6.2.1. 
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6.5.2.3 Quasi-monoenergetic neutron beam: neutron-induced soft error cross-sections at En 
 
Above 20MeV, monoenergetic neutron sources are not possible due to multi-body breakup effects of 
7Li(p,n) and 9Be(p,n) sources (i.e., particles other than neutrons).  Neutron-induced soft error cross 
sections above 20MeV can also be measured using a quasi-monoenergetic neutron beam [18]. This beam 
differs from a truly monoenergetic neutron beam in that a significant fraction of the neutrons are at 
energies less than the peak energy.  Figure 6.1 shows an example of the spectrum obtained from a 7Li(p, 
n) source for various incident proton energies.  As a minimum, at least four different peak energies should 
be used, similar to the mono-energetic proton and neutron measurements.  A summary of these facilities 
can be found in annex E. 

 

  
Figure 6.1 — Normalized quasi-monoenergetic neutron differential fluence from 7Li(p,n) source for 

various proton energies from [19], such that the integral of each spectrum across all neutron 
energies is 1. 

 
The neutrons from this beam comprise a two-part distribution, the neutrons at the peak energy, ~1-2 MeV 
below the proton energy incident on the target, and the neutrons within the so-called low energy tail, from 
Epeak -2 MeV down to ~0 MeV. Thus, the tail may contain neutrons spread out over more than 100 MeV. 
The challenge in using this type of source is to separate out the soft error contribution of the neutrons in 
the low energy tail from those at the energy peak.  The contribution of the tail neutrons must be calculated 
in order to derive the monoenergetic neutron cross-sections in Equations 6.3 and 6.4.  There are two 
techniques available to unfold the contribution of the tail neutrons and derive the cross section at the peak 
neutron energy (En):  
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6.5.2.3.1 Iterative Unfolding Algorithm 
 
The iterative unfolding technique uses an algorithm of estimating the tail contribution to the measured 
cross-section and subtracting it from the total cross-section [20].  A first estimate is made of the neutron 
cross-section at several peak energies Ej  
 

𝜎𝜎𝑒𝑒𝑒𝑒𝑒𝑒1�𝐸𝐸𝑗𝑗� =  𝑁𝑁𝑗𝑗
Φ𝑗𝑗

                                                                                        (6.5) 

 
where the subscript j represent the peak energy (e.g., if the energies in Figure 6.1 are used, 23MeV, 
44MeV, 95MeV and 175MeV), Nj is the number of soft errors and Φj is the peak fluence.  This first 
estimate ignores the contribution of the tail to the soft error count, but can be used to generate a first fit of 
the energy dependent cross-section (see Equation 6.13)  
  

𝜎𝜎1(𝐸𝐸) =  𝜎𝜎𝐿𝐿1 �1−  𝑒𝑒−�
𝐸𝐸−𝐸𝐸01
𝑊𝑊1

�
𝑆𝑆1

�                                                                                  (6.6) 

 
The various terms are defined in Eq 6.13 and the subscript 1 represents the first attempt to fit the overall 
cross-section.  A second estimate of the peak energy cross-section, 𝜎𝜎𝑒𝑒𝑒𝑒𝑒𝑒2�𝐸𝐸𝑗𝑗�, can now be made including 
the tail contribution 
 

𝑁𝑁𝑗𝑗 =  𝜎𝜎𝑒𝑒𝑒𝑒𝑒𝑒2�𝐸𝐸𝑗𝑗�Φ𝑗𝑗 +  ∫ 𝜎𝜎1(𝐸𝐸) 𝑑𝑑Φ𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
𝑑𝑑𝑑𝑑

𝐸𝐸𝑗𝑗
0  𝑑𝑑𝑑𝑑 =  𝜎𝜎𝑒𝑒𝑒𝑒𝑒𝑒2�𝐸𝐸𝑗𝑗�Φ𝑗𝑗 +  (Φ𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝜎𝜎𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡)1����������������          (6.7) 

 
where the second term represents a first estimate of the tail contribution.  Solving for 𝜎𝜎𝑒𝑒𝑒𝑒𝑒𝑒2�𝐸𝐸𝑗𝑗� 
 

𝜎𝜎𝑒𝑒𝑒𝑒𝑒𝑒2�𝐸𝐸𝑗𝑗� =  𝑁𝑁𝑗𝑗− (Φ𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝜎𝜎𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡)1������������������

Φ𝑗𝑗
=  𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡,𝑗𝑗1 

𝑁𝑁𝑗𝑗
Φ𝑗𝑗

                                                              (6.8) 

 
Ctail,j1 represents a first estimate of the tail correction factor for each peak energy j.   A new energy 
dependent cross-section can now be generated similar to Equation 6.6: 
 

𝜎𝜎2(𝐸𝐸) =  𝜎𝜎𝐿𝐿2 �1 −  𝑒𝑒−�
𝐸𝐸−𝐸𝐸02
𝑊𝑊2

�
𝑆𝑆2

�                                                                                 (6.9) 

 
and a new estimate of the tail correction factor, Ctail,j2, can be made by repeating the process in Equation 
6.7 and 6.8.  This process is repeated until the series Ctail,jn converges to the desired accuracy (e.g., for an 
accuracy of 10%, Ctail,j(n+1) should be within +/-10% of Ctail,jn).   
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6.5.2.3.2 Multiple Angle Neutron Irradiation 
 
This method relies on the property that the quasi-monoenergetic neutron spectrum is a function of the 
angle between the protons and the neutrons coming off the target [30].  It requires knowledge of the 
differential neutron fluence vs. angle.  By measuring the total upset rate at two angles (e.g., 0° and x°) 
from the incident proton beam, the cross section from the monoenergetic neutron peak energy of Epeak can 
be extracted from the combined peak and tail distribution: 

 
𝜎𝜎𝑛𝑛,𝑖𝑖(𝐸𝐸𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝) =  Φ0°�𝐸𝐸𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝�𝑁𝑁𝑥𝑥°−Φ�𝑥𝑥°𝑁𝑁0°

Φ0°�𝐸𝐸𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝�Φ�𝑥𝑥°
                                                      (6.10) 

 
where Φ0°�𝐸𝐸𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝� and Φ�𝑥𝑥° are the fluence of the peak at 0°and the integrated tail fluence at x°,𝑁𝑁0° and 
𝑁𝑁𝑥𝑥° are the number of soft error events at angle 0° and x°.  (Note - 0° and x°refer to the angle between the  
neutrons coming off the source with respect to the incident protons and not the angle of neutrons with 
respect to the DUT).  The cross section can be interpreted per bit or per device similar to Equation 6.3 and 
6.4 depending on whether 𝑁𝑁0° and 𝑁𝑁𝑥𝑥° refer to soft error count per bit or per device.  Equation. 6.10 
assumes there is no peak distribution at x° and that the energy dependence of the tail distribution changes 
only in magnitude and not shape with angle.  These assumptions should be verified with the facility 
manager.   
 
NOTE Epeak is the neutron peak energy, which will be slightly less than the incident proton energy.   
 
6.5.2.4 Spallation neutron beam: averaged neutron soft error cross-section over neutron spectrum 
 
A spallation neutron source (see annex E for facilities) allows one to measure the soft error rate and 
derive an energy averaged soft eerror cross section. Because the neutrons produced from a spallation 
source cover a wide energy spectrum, the user cannot extract a soft error cross section at a specific energy 
from such measurements, but rather obtains the contribution of soft error events from neutrons of all 
energies within the spectrum. The major reason that a spallation neutron source is widely used is that the 
shape of the energy spectrum from this beam is similar to the spectrum of the terrestrial neutrons on the 
ground and in the atmosphere [21]. Figure 6.2 shows a compar ison of the neutron spectra from various 
facilities with the scaled neutron spectrum at ground level from annex A. 
 
The flux of neutrons at the DUT can be different than the flux at the facility’s neutron monitor detector.  
The user should cnsult with the facility manager to determine this ratio.  For example, the ICE-II 
spectrum in Figure 6.1 is at the location of the LANL fission detector, which was at a point 19.97 meters 
down the flight path from the tungsten target. DUTs are located further down the flight path, so that the 
neutron flux will be reduced by the following ratio r²/(r+d)², where r is the distance to the detector (19.97 
m in this case) and d is the distance between the detector and the DUT. At TRIUMF the spectrum in 
Figure 6.1 also applies at the location of the DUT so no correction needs to be made.  
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6.5.2.4 Spallation neutron beam: averaged neutron soft error cross-section over neutron spectrum 
(cont’d) 

 
Figure 6.2 — Comparison of several neutron beam spectra normalized to the terrestrial neutron 

spectrum (see annex A). The scaling factor of each facility is shown in the legend (e.g., 5.48×108 for 
LANSCE ICE II means the differential flux has been divided by 5.48×108).  The scaling (or acceleration) 
factor is the ratio of the flux of the facility to the ground level reference flux integrated above 10 MeV. 

 
If a spallation neutron source is used that contains thermal neutrons, then the thermal neutrons can 
contribute to the overall soft error and skew the data (see 7).    The user should consult the facility 
manager to determine the thermal neutron content and techniques to screen them out. 

With measurements using spallation neutrons, one can derive an energy averaged neutron soft error cross 
which can be defined in two ways: 

𝜎𝜎𝑑𝑑𝑑𝑑𝑑𝑑,𝚤𝚤������� =  𝑁𝑁𝑖𝑖 Φ� 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏
                                                                                                               (6.11) 

and 

𝜎𝜎𝑏𝑏𝑏𝑏𝑏𝑏,𝚤𝚤������ =  𝑁𝑁𝑖𝑖 (Φ𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏  ×  𝑁𝑁𝑏𝑏𝑏𝑏𝑏𝑏)�                                                                                               (6.12) 
                                                                   

In Equations 6.11 and 6.12, the energy averaged cross sections depend on the entire spallation neutron 
spectrum; Φbeam is the integrated fluence of neutrons over the spectrum from E>10 MeV, in units of cm-2; 
𝜎𝜎𝑑𝑑𝑑𝑑𝑑𝑑,𝚤𝚤�������  is the spallation soft error cross section of event type i (e.g., single cell, multi-cell, SEL, etc) in 
units of cm2/device and 𝜎𝜎𝑏𝑏𝑏𝑏𝑏𝑏,𝚤𝚤������ is in units of cm2/bit and all other parameters are as in 6.6.2.2. It is 
important to emphasize that the energy averaged neutron soft error cross sections defined in this section 
not be confused with the energy dependent proton and neutron soft error cross sections discussed in 
6.6.2.1, 6.6.2.2 and 6.6.2.3. 
Example 1 – A device displays a single event latch-up (SEL) every 60 minutes with a broad energy neutron flux of 
106 neutrons per cm2 per second.  The SEL cross-section of the device is 1 event/(106 neutrons per cm2 per second x 
3600 seconds) = 2.78 10-10 cm2.  

Example 2 – A 256Mb SRAM displays a single cell upset every 360 seconds with a broad energy neutron flux of 
106 neutrons per cm2 per second.  The single cell cross-section is 1 event/(106 x 256 106) = 1.09 10-17 cm2/bit. 
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6.5.2.5  Complementing broad beam neutron soft error data:   
 
Test campaigns using the few available broad spectrum spallation sources (Sec 6.6.2.4) can be time-
consuming and subject to scheduling difficulties.  A complementary technique is to use alternative 
ionizing radiation sources that reproduce the neutron LET distribution such as a high energy proton beam 
to establish a correlation factor (CF) at the introduction of a technology node/standard cell (or circuit 
building block) level.   Once the CF has been established, IC product built on that technology node/design 
can be tested at the alternative source and the results translated to an equivalent broad spectrum neutron 
SER.  The potential alternative sources include (but are not limited to) high energy protons (where 
energies above ~50MeV have identical cross sections to neutrons [126]), mono-energetic and quasi-
monoenergetic neutron beams. 
 
NOTE 1 Correlation needs to be demonstrated for all key building blocks and/or devices for conditions that 
include soft error relevant operating conditions (such as voltage, temperature, frequency, etc).  

NOTE 2 Irradiation sources that do not have a significant nuclear cross section, such as heavy ions or pulsed 
lasers, will not be sensitive to changes in material makeup in regions close to the active region; Examples include 
10B content and high-Z elements that are known to change LET distributions relative to 28Si for high energy protons 
and neutrons.   
 
Figure 6.3 shows the CF over a wide range of 22nm device types - SRAM devices, sequential elements, 
unhardened and hardened flip-flops and latches, and static combinatorial logic. The figure shows that the 
CF dependence on device type is within measurement uncertainties. Consistency in CF across several 
technology generations and voltages is demonstrated in reference [22]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 6.3 — Correlation factors (CF) and the corresponding 90% confidence intervals for various 
measured devices. CF corresponds to LANSCE neutron FIT (per JESD89A) divided by 198MeV proton 

cross sections collected at IUCF. Dotted line denotes the weighted average CF.  Adapted from [23]. 
 
The validity and CF value of the correlation is soft error mechanism dependent (SBU, MCU, SEL, etc) 
and has to be established for each technology and each mechanism. Further, the CF value is a function of 
the alternate ionizing radiation source used and needs to be validated and calibrated for each facility and 
beam energy. Once a CF for one technology has been established, the alternate radiation beam sources 
can be leveraged to test more devices and to expand the test condition parameter envelope at a reasonable 
cost. 
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6.5.3 Energy variation of soft error cross section  

Figure 6.4 shows an example of the variation of the soft error cross section per bit and per device with 
neutron or proton energy. It contains two of the recommended types of measured soft error cross sections 
discussed in 6.6.2, using monoenergetic protons and monoenergetic neutrons. These were measured in 
two different SRAMs [24], [29]. For the SRAM from [24], the cross section for single cell upset (SCU) is 
in units of cm2/bit.  For the SRAM from [29], the cross section for single event latch-up (SEL) is in units 
of cm2/device. Above a threshold energy, the soft error cross section curve rises rapidly with increasing 
energy and tends to reach a plateau.  

It is often convenient to fit the soft error cross-section data points by a smooth curve. The preferred 
method is the four-parameter Weibull equation  [26], which has the form of: 

𝜎𝜎𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊,𝑖𝑖(𝐸𝐸) =  𝜎𝜎𝐿𝐿𝑖𝑖 �1 −  𝑒𝑒−�
𝐸𝐸−𝐸𝐸0𝑖𝑖
𝑊𝑊𝑖𝑖

�
𝑆𝑆𝑖𝑖

�                                                          (6.13) 

where σLi is the limiting or asymptotic proton or neutron cross-section (Note – above 50MeV, the proton 
and neutron cross-sections are the same); E0i is the cutoff energy below which soft error cross section is 
zero; Wi is the “width” parameter; Si is the shape factor and the subscript i represents the particular soft 
error event of interest (e.g., SCU, SEL, etc.).  

Another alternative is to use a piece-wise linear fit between the data points, an approach which has 
occasionally been used. However, the Weibull fit is the preferred method for obtaining the smoothed 
function fit, since it provides a “best” fit in a least squares sense to all of the soft error cross section data, 
and allows for averaging “dips” at one or more energies. An effective way to implement the Weibull fit is 
to use the SOLVER routine within the EXCEL spreadsheet application since this allows the user to obtain 
a set of the four parameters that minimizes a function such as the square of the difference between the 
smooth curve and the actual data.  

A minimum of four data points, at four different energies should be used to obtain the Weibull fit. 
Suggested energies are: a) in the range of 1 to 14 MeV (monoenergetic neutron), b) 50-60 MeV (proton), 
c) 90-100 MeV (proton) and d) > 200 MeV (proton). However, more data points are always helpful, each 
based on a large enough number of upsets to be statistically valid, in order to improve the internal 
consistency of the data, as well as of the fit to the data. Using a low energy (E < 10 MeV) monoenergetic 
neutron beam would allow a value of E0 < 10 MeV to be accurately obtained. Note that for SCUs in [24], 
most of the cross section variation is between 1 to 10 MeV and saturation occurs below 50MeV.  For SEL 
in [25], saturation was not experimentally observed and was modeled to occur well above 1 GeV(add 
simulation wording). 

 
(a)                                                                                 (b) 

Figure 6.4 — Measured SCU cross section from [24] and SEL cross section from [25] for 
monoenergetic neutrons (<20 MeV) and protons (>50MeV). 

Weibull fit to data is shown in the dashed line in (a) and the Weibull fit to simulation the solid line in (b). 
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6.5.4 Analysis Methods Available 
 
6.5.4.1 Computation of Fail Rate from Mono-energetic Proton- or Neutron-Induced Soft Error 

Cross Section and Quasi-monoenergetic Neutron-Induced Soft Error Cross Section 
 
The soft error rate can be computed from the soft error cross-section and particle spectrum as follows: 
 

𝑆𝑆𝑆𝑆𝑆𝑆𝑖𝑖 =  ∫  �𝑑𝑑Φ̇(𝐸𝐸) 𝑑𝑑𝑑𝑑⁄ �𝜎𝜎𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊,𝑖𝑖(𝐸𝐸)𝑑𝑑𝑑𝑑   𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚
𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚

                                 (6.14) 
 
In Equation 6.14, 𝑑𝑑𝛷̇𝛷(𝐸𝐸)/𝑑𝑑𝑑𝑑 is the differential flux of the particle, given in units of particle number cm-

2MeV-1s-1; σWeib,I (E) is the soft error cross section of event type i using the Weibull approximation, given 
in units of cm2×device-1 or cm2×bit-1; Emin and Emax are the lower and upper limits of the energy spectrum 
over which σ(E) is defined. For the Weibull approximation in Equation 6.13, Emin = E0,i.  For Emax, the 
terrestrial cosmic ray spectrum becomes insignificant above 10 GeV. Note that σWeib,i(E) in Equation 6.14 
is a generic term: if σp/n-dev (defined in Equations 6.1 and 6.3) is used, the soft error rate will be in units of 
fails×device-1s-1; if σp/n-bit (defined in Equations 6.2 and 6.4) is used, the soft error rate will be in units of 
(fails×bit-1s-1). For most commercial IC devices, terrestrial neutrons are the most important source of soft 
errors. Recent measurements of the terrestrial neutron flux and an effective parameterization of the 
differential flux ( ) dEEΦd   is given in annex A, which should be used to calculate the fail rate. The 
σWeib,i(E) term in Equation 6.8 should be the Weibull fit to the soft error cross section data taken at various 
neutron and/or proton energies. 

Since the neutron flux is given in annex A as either values in 36 different energy bins (1-1000 MeV) or in 
analytical form, and the Weibull fit to the SE cross section is in analytical form, the integration in 
Equation 6.14 can be calculated very easily in spreadsheet format (using averaged values across the 
energy bins or Simpson’s rule).  

Equation 6.14 can be approximated by using a linear-log algorithm: 

𝑆𝑆𝑆𝑆𝑆𝑆𝑖𝑖 =  ∑ (𝐹𝐹𝑗𝑗−1 − 𝐹𝐹𝑗𝑗)(𝐸𝐸𝑗𝑗+1 − 𝐸𝐸𝑗𝑗) 𝑙𝑙𝑙𝑙(𝐹𝐹𝑗𝑗+1 𝐹𝐹𝑗𝑗⁄ )⁄  𝑗𝑗=𝑁𝑁+1
𝑗𝑗=1                            (6.15)      

In Equation 6.15,  Fj= dΦ̇ (Ej) /dE x σp/n,i(Ej),  Ej is the j-th energy point; j=1 corresponds to the lowest 
energy point Emin, and j=N corresponds to the highest energy point Emax. 
 
6.5.4.2 Computation of fail rate from spallation soft error cross section 
 
From the spallation (averaged) soft error cross section discussed in 6.6.2.4, the soft error rate per device 
for event type i calculated as follows:  

𝑆𝑆𝑆𝑆𝑆𝑆 𝑑𝑑𝑑𝑑𝑑𝑑,𝑖𝑖 = 𝛷̇𝛷𝑟𝑟𝑟𝑟𝑟𝑟  ×  𝜎𝜎𝑑𝑑𝑑𝑑𝑣𝑣,𝚤𝚤  �������� = 𝑁𝑁𝑖𝑖  𝛷̇𝛷𝑟𝑟𝑟𝑟𝑟𝑟
Φ𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏

                                           (6.16) 
  

The soft error rate per bit for event type i is calculated as follows: 
𝑆𝑆𝑆𝑆𝑆𝑆 𝑏𝑏𝑏𝑏𝑏𝑏,𝑖𝑖 =  𝛷̇𝛷𝑟𝑟𝑟𝑟𝑟𝑟  × 𝜎𝜎𝑏𝑏𝑏𝑏𝑏𝑏,𝚤𝚤  ������� = 𝑁𝑁𝑖𝑖

𝑁𝑁𝑏𝑏𝑏𝑏𝑏𝑏
 𝛷̇𝛷𝑟𝑟𝑟𝑟𝑟𝑟
Φ𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏

                                          (6.17) 
 
Example 1 – Using the SEL example from 6.5.2.4, 𝛷̇𝛷𝑟𝑟𝑟𝑟𝑟𝑟= 3.596 10-3 n/cm2s or 12.95 n/cm2hr (see annex A.2) and 
assuming the broad spectrum neutron source is well matched to the terrestrials high-energy neutron spectrum, the 
device SEL rate is 2.78 10-10 cm2 x 3.596 10-3 neutrons per cm2-sec = 9.99 10-13 per sec or 36 FIT. 

Example 2 – Using the 256Mb SRAM example from 6.5.2.4, the single cell upset rate is 1.09 10-17 cm2 per bit x 
3.596 10-3 neutrons per cm2-sec = 3.90 10-20 per bit-sec or 1.4 10-6  FIT/bit. 
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6.5.4.2 Computation of fail rate from spallation soft error cross section (cont’d) 
 
Here, the nominal integral neutron flux on the ground above 10 MeV (𝛷̇𝛷𝑟𝑟𝑟𝑟𝑟𝑟) is obtained by integrating the 
differential flux 𝑑𝑑𝛷̇𝛷/𝑑𝑑𝑑𝑑 in E (see annex A.2). This upset rate can be adjusted for specific locations and 
conditions using the scaling factors given in annex A. The flux > 10 MeV is used because the neutron 
flux in the range of 1-10 MeV, constitutes ~ 35% of the entire neutron spectrum > 1 MeV (𝛷̇𝛷𝑟𝑟𝑒𝑒𝑒𝑒), but 
these lower energy neutrons contribute only a few percent of all of the soft error events over the entire 
spectrum [27]. 
 
NOTE The ratio of terrestrial flux (𝛷̇𝛷𝑟𝑟𝑟𝑟𝑟𝑟) and beam fluence (Φ𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏) is impacted by selection of Emin for the lower 
integral limit.  Emin = 1MeV accounts for a non-zero cross-section below 10MeV (Figure 6.4a) but introduces a 
larger error in Φ𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏due to the mis-match in the various spallation sources and the terrestrial spectrum (Figure 6.2).  
Therefore, using 10MeV as the lower limit of the flux/fluence energy integral leads to more accurate results in 
Equation 6.16 and 6.17.  
 
6.6 Interferences - Scattering, secondary ion effects and thermal neutrons at the DUT 
 
Particle scattering can be a problem in any beam experiment, particularly when dense high Z materials are 
placed in the beam in close proximity to the DUT. Thermal neutrons are more easily scattered due to their 
low energy and thus any shielding that is done must enclose the device. It should also be noted that the 
higher the Z of the shield or scattering material, the larger the likelihood that high-energy protons will be 
emitted as a reaction product (this is mainly a concern in neutron beams containing high energy neutrons). 
These higher energy protons can penetrate the DUT and cause additional soft errors. Spurious results 
might be obtained if a high Z metal shield were to be used to enclose a DUT if a large fraction of the 
observed SER was related to the resulting secondary protons. If this is thought to be a problem, using 
boron as a shielding material (e.g., borated polyethylene or borax bricks) instead of Cd or Gd should 
reduce this effect considerably. 
 
The scattering effects can also be seen if large metallic heat sinks are used in the DUT. Any type of 
scattering material in the neutron beam during the experiments needs to be described in detail in the final 
report. If a large metallic heat sink is part of the DUT in the neutron beam, the user should consider 
repeating the neutron testing at several different beam incidence angles. If the user wants to minimize 
scattering effects, the test assembly should be oriented with the heatsink behind the DUT. 
 
If the high energy beam contains a significant amount of thermal neutrons (consult the facility manager), 
then steps should be taken to eliminate these thermal neutrons from the DUT during high energy testing. 
A variety of materials containing high concentrations of isotopes with high thermal neutron cross-sections 
can be used as a thermal neutron shield. The user should use enough shielding to ensure that the thermal 
neutron  effects are minimal. 
 
Three materials that have been commonly used for shielding thermal neutrons are boron (B), cadmium 
(Cd) and gadolinium (Gd). The very dramatic increase in the thermal neutron cross-section for these three 
materials is shown in Figure 6.5. The neutron cross section is commonly expressed in units of barns (10-24 
cm²). The 10B cross-section is seen to decrease with energy at an almost constant slope, its cross section 
varying as 1/v or as 1/E½ where v and E are neutron velocity and energy, respectively.  In contrast, the 
cross sections for both 113Cd and 157Gd are seen to have a very sharp increase for low energies, E < 0.4 
eV. As the energy decreases from 0.4 eV to 0.1 eV, the cross section for these two metals increases by 
about two orders of magnitude, thus these metals are very effective in shielding out low energy neutrons 
with E < 0.4 eV, while allowing higher energy neutrons and gamma photons to pass through. 
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6.6 Interferences - Scattering, secondary ion effects and thermal neutrons at the DUT (cont’d) 

Figure 6.5 — Variation of the low energy neutron cross section with energy for 10B and natural 
abundance  Cd and Gd. 

 
Cd and Gd may be used to shield DUTs in a neutron beam comprised of both thermal and higher energy 
neutrons with the advantage that higher energy neutrons (En > 0.4 eV) pass unaffected [28]. Because the 
thermal neutron cross sections are so high, only a minimal thickness is required, <1mm, to virtually shield 
out all neutrons with E < 0.4 eV as shown in Table 6.1. 
 

Table 6.1 — Neutron attenuation as a function of thickness for various materials 
Shield 

Thickness, mm 
Boron 
(10B) 

Cadmium 
(113Cd) 

Gadolinium 
(157Gd) 

.01 9.1E-1 8.9E-1 3E-1 
.1 3.7E-1 3.1E-1 5.8E-6 
1 4.7E-5 8.8E-6 4.3E-53 

 
Another standard approach to shielding thermal neutrons has been to use products that contain large 
quantities of boron, such as boric acid and borated polymer sheets (sold commercially) but several 
millimeters of these materials will be needed since the shield is not composed entirely of boron. 
 
Whatever the material, it must be conformal or at least placed in such a way that the entire device is 
surrounded by shielding material. This is necessary to preclude any stray scattered thermal neutrons from 
reaching the device and causing errors during the shielded test. In some facilities it may be possible to 
place the shielding material in the beam upstream from the DUT such that the number of scattered 
thermal neutrons is reduced – but the efficiency of such a shield should be confirmed with neutron 
detectors prior to running any component tests. 
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7 Accelerated thermal neutron test procedures 
 
7.1 Background 
 
7.1.1 Introduction 
 
Thermal neutrons are a result of the high energy terrestrial neutrons coming into thermal equilibrium with 
the environment (~25 meV, see Figure A.4.1).  The interaction of most concern for single event effects is 
the absorption of thermal neutrons by 10B.  The 10B nucleus has a very high capture cross section for 
thermal neutrons. Boron has two isotopes, 10B (approximately 20% in natural abundance) and 11B 
(approximately 80% in natural abundance). Like most other nuclides when 11B captures a neutron it emits 
a photon which cannot cause a single event upset. In stark contrast, 10B not only has a very high neutron 
capture cross-section but upon capturing a neutron the 10B nucleus has a high probability of fissioning 
into two highly ionizing particles each of which can cause a single event effect [29], [30]. The nuclear 
reactions are [31]: 
 

n + 10B   7Li (0.84 MeV) + 4He (1.47 MeV) + gamma (0.48 MeV) 94%  (7.1a) 
 

n + 10B   7Li (1.02 MeV) + 4He (1.78 MeV)                                         6%     (7.1b) 
 

The relative probability (i.e., branching ratio) of these reactions are shown after the capture process. 
 
The resultant alpha and lithium particles from the 10B neutron reaction are both strongly ionizing, so if 
either impinges on the active device it creates bursts of free electron-hole pairs in the silicon. The range of 
a 1.47MeV alpha particle is ~5um (see Figure D.3), so all sources of 10B within the active region are 
potential sources for thermal neutron upset.  10B can be present in large quantities in the device in the 
form of polysilicon doping, substrate doping or boro-phospho-silicate glass (BPSG) and other boron 
sources (e.g., B2H6) [32]. Using high concentrations of boron in its natural isotopic abundance in any of 
these layers is the primary concern [33] for this reaction because it contains  high amounts of boron (for 
example BPSG typically contains 4 - 9% boron by weight) and covers a large portion of the chip area.  It 
should be noted that in more recent technologies, very highly doped substrates, polysilicon layers and 
implants are being used that could place high concentrations of 10B in proximity to the active devices. 
Even if the device does not use BPSG, this is not sufficient grounds to rule out the need to do thermal 
neutron soft error testing.  If there is uncertainty about either the presence of 10B in the device or the 
contribution of 10B to the soft error cross section when it is present, thermal neutron testing is 
recommended to make a determination of the single event error cross-section. The results of the thermal 
neutron testing or assessment of why thermal neutron testing was not conducted needed must be included 
in the final report.  Unlike many of the high-energy neutron reactions discussed in 6 that have reaction 
thresholds of > 5 MeV, the 10B neutron capture reaction actually increases as the neutron energy is 
reduced  (see Figure 6.5). This reaction is dominated by neutron energies below 0.4 eV.  
 
7.1.2 Scope 
 
This chapter deals with the method to determine the relative sensitivity of a component to soft errors from 
thermal neutrons from accelerated experiments. soft error from reactions by low energy neutrons, i.e., 
thermal and epithermal neutrons (i.e., energies less than 25 meV), with 10B depends on altitude, latitude, 
solar activity, the local shielding environment, and most importantly, to the amount of 10B present in the 
IC. 
 



JEDEC Standard No. 89B 
Page 51 

 
 

 

7.1.3 Limits of test method 
 
The accelerated test method in this section applies ONLY to events caused by low energy (E ~ 25 meV) 
neutron reactions with 10B. It does NOT apply to high-energy neutron-induced events nor does it 
encompass errors due to alpha particles. This test method can be applied to the testing of memory, 
sequential logic, combinational logic, or components combining these types of circuits. 
 
7.1.4 Goal of test method 
 
The goal of this test method is to determine the thermal neutron cross section or soft error rate of the 
component or circuit under study.  Thermal neutrons can manifest themselves as several different types of 
soft errors. 
 
7.2 The terrestrial thermal neutron environment 
 
For a description of the thermal neutron spectrum, see annex A.4. 
 
7.3 Packaging for thermal neutron testing 
 
The DUT package has little effect on thermal neutron testing and on the test results since neutrons are 
uncharged and interact only by nuclear reaction with matter (unless the package contains materials with 
high thermal neutron cross sections, e.g., B, Cd or Gd).  For example, components encapsulated in plastic, 
lead-over-chip (LOC), and most chip-scale packages are suitable for thermal neutron testing.  This is not a 
complete list of packages suitable for thermal neutron testing. The only limitations related to packages are 
those with large metal heatsinks that might modify the thermal neutron beam. 
 
7.4 Thermal neutron sources 
 
7.4.1 Thermal neutron source selection 
 
Testing for chip soft errors due to thermal neutrons can be done using various sources (see annex E). 
Thermal neutrons are available from both nuclear reactors and particle accelerators. Particle accelerator 
facilities use nuclear reactions such as energetic protons on Li targets to produce neutrons. These neutrons 
are then moderated (lowered in energy) by passing the neutrons through low-Z materials like 
polyethylene; a few such facilities are indicated in annex E. Neutron generators, such as 14 MeV D-T or 
2.2 MeV D-D may also be used to produce thermal neutrons, again by using a moderating material to 
slow down the higher energy neutrons. Calibration is a critical issue for thermal neutron testing because 
the soft errors cross-section varies significantly with small changes in neutron energy – thus the 
measurement is very sensitive to the energy distribution of the low energy neutrons. Thermal neutrons are 
also available at nuclear reactors, where the flux calibration may already exist, but the associated gamma 
ray field in the reactor volume and its effect on the DUT must be accounted for (see 7.7.6). Figure 7.1 
shows a comparison of three thermal neutron facilities with the low energy (<100 keV) terrestrial neutron 
background (see Fig A.4 in annex A). 
 
NOTE Cold neutron sources (i.e., enhanced spectrum below 25 meV) should be avoided because the E-1/2 cross-
section dependence will lead to an soft error rate that is higher than that due to thermal neutrons. 
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7.4.1 Thermal neutron source selection (cont’d) 

 
Figure 7.1 — Comparison of  terrestrial neutron energy times differential flux (see annex A.2) with 
three thermal neutron facilities (see Table E.2.1). The facilities have been normalized to the thermal 
neutron peak at Yorktown Heights (see Figure A.4.1) by dividing by the acceleration factor (AF) shown 

in the legend. 

Since low-energy neutrons are easily scattered, the concept of a well-defined beam is not necessarily 
applicable as there may be significant dispersion such that a neutron field exists within a large volume of 
the test area. This has ramification for shielding personnel, equipment, and DUTs. Thus the term “beam” 
is used loosely in this chapter and can in fact refer to a neutron field with little directional dependence. 
The user should consult with the facility manager about the angular dependence of the thermal neutrons. 

High energy spallation facilities can provide a source of thermal neutrons by use of moderators, such as 
polyethylene.  However, the resulting spectra might still contain a high percentage of neutrons above 
1MeV, confounding the results of soft error measurements.  The user should consult with the facility 
manager on the ratio of thermal neutron flux (<200 meV) to high energy neutron flux (>1 MeV) before 
attempting this technique. 
 
7.4.2 Source calibration 
 
Most facilities provide beam calibration. In most cases users will rely on calibration and beam uniformity 
at the facility. In cases where facility calibration is not well established, then it will be necessary to 
measure the flux, energy, and spatial uniformity (area) of the beam following standard procedures such as 
ASTM E262-03 (Standard Method for Determining Thermal Neutron Reaction and Fluence Rates by 
Radioactivation Techniques). This is generally done with activation foils, such as with 197Au or 23Na, but 
the details vary with facility and are beyond the scope of this document. 
 
7.4.3 Thermal neutron source fluence 
 
The total number of neutrons incident on the DUT must be sufficient to establish with a high statistical 
confidence that the entire sensitive volume has been irradiated uniformly. See annex B for discussion on 
statistically based confidence levels. Soft error experiments using thermal neutrons are similar to those 
using particle accelerators (discussed in 6). The beam almost always activates any chips or socketsplaced 
in the beam (activate means to make temporarily radioactive), so the facility manager should be consulted 
in terms of quarantine period. 
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7.5 Test procedure and results 

7.5.1 General test specification  

The test method utilizes a beam of neutrons or neutron field from a reactor with most neutrons being at 
thermal energies or below. The flux of thermal neutrons should be well defined and validated with 
activation foils and/or a calibrated neutron detector. The purpose of this test method is to determine the 
thermal neutron soft error cross section.  Two approaches are recommended here for determining the 
impact of thermal neutron soft error.  
 
7.5.1.1 Thermal Neutron Source - The first approach involves doing dedicated soft error testing at a 
facility that provides a calibrated thermal neutron beam and minimal high-energy neutrons, like a nuclear 
reactor (see annex E for facilities). After the background runs are completed the DUT is irradiated with 
the thermal neutron beam and the number of soft errors are recorded. 
 
7.5.1.2  High Energy Neutron Source - The second approach assumes that both the thermal and high-
energy neutron soft error testing will be done at a single high-energy neutron spallation source. This 
requires that the spallation source contain a well-quantified thermal neutron component whose flux level 
is similar to that of the high-energy neutron component, like TRIUMF. In spallation facilities that do not 
have an appreciable thermal neutron flux, the use of a moderator could adequately increase the thermal 
neutron component, but it would have to be calibrated; see annex E for other facilities. 
 
7.5.2 Computation of fail rate from thermal neutron soft error cross section 
 
For low energy neutron sources, such as nuclear reactors, a significant fraction of the fluence is centered 
around the thermal neutron energy.  D-T/D-D generators and high energy spallation sources can also be 
used for thermal neutron soft error measurements if they appropriately moderated (i.e., there are sufficient 
number of high energy neutrons slowed down to thermal energies) or already have a significant thermal 
neutron flux.  However, higher energy neutrons (>1 MeV) can possibly contribute to the measured cross 
section (see discussion of E0 in 6.6.3).  Therefore, a thermal neutron shield should be used to help 
differentiate the thermal and high energy contributions.  The thermal neutron acceleration factor Ath is 

  𝐴𝐴𝑡𝑡ℎ =
Φ̇𝑡𝑡ℎ,𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏

Φ̇𝑡𝑡ℎ,𝑟𝑟𝑟𝑟𝑟𝑟
=  

Φ̇𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑤𝑤𝑤𝑤 𝑠𝑠ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 −  Φ̇𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑤𝑤 𝑠𝑠ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

Φ̇𝑡𝑡ℎ,𝑟𝑟𝑟𝑟𝑟𝑟
                                       (7.2) 

where Φ̇th,beam is the accelerator thermal neutron flux and  Φ̇𝑡𝑡ℎ,𝑟𝑟𝑟𝑟𝑟𝑟
̇ is the reference thermal neutron flux 

(6.5 n/cm2-hr or 1.8 × 10-3 n/cm2-s, see annex A.4).  Φ̇𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑤𝑤𝑤𝑤 𝑠𝑠ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖  is the total accelerator flux without a 
thermal neutron shield and  Φ̇𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑤𝑤 𝑠𝑠ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 is the total flux with the thermal neutron shield.  The thermal 
neutron cross section for an soft error event of type i is 
  

𝜎𝜎𝑡𝑡ℎ,𝑖𝑖 =  𝜎𝜎𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡,𝑖𝑖 −  𝜎𝜎𝐻𝐻𝐻𝐻,𝑖𝑖  =
𝑁𝑁𝑤𝑤𝑤𝑤 𝑠𝑠ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖,𝑖𝑖

Φ𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑤𝑤𝑤𝑤 𝑠𝑠ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
−  

𝑁𝑁𝑤𝑤 𝑠𝑠ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖,𝑖𝑖

Φ𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑤𝑤 𝑠𝑠ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
                             (7.3) 

where σtotal,i is the total (high energy plus thermal neutron) cross section, σHE,i is the cross section from 
high energy neutrons only, Nwo shield,i is the number of soft error events of type i (e.g., single cell upset, 
multi-cell upset, single event latchup, etc.) measured without the shield and Nw shield,i is the number of 
events with the shield.  If high energy neutrons do not contribute to the total cross-section, then the 
second term in Eq 7.3 will become small.  If there is a significantly large flux of high energy neutrons in 
comparison thermal neutrons (e.g., incompletely moderated spallation source), the difference between 
two large numbers (Nwo shield,i and Nw shield,i  in Equation 7.3) can become very small, leading to a large 
statistical uncertainty in the thermal neutron cross-section.  (See annex H for error determination.) 
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7.5.2 Computation of fail rate from thermal neutron soft error cross section (cont’d) 
 
The thermal neutron soft error rate for event type i is 
 

𝑆𝑆𝑆𝑆𝑆𝑆𝑡𝑡ℎ,𝑖𝑖 =   𝜎𝜎𝑡𝑡ℎ,𝑖𝑖 ϕ𝑡𝑡ℎ,𝑟𝑟𝑟𝑟𝑟𝑟  =   𝜎𝜎𝑡𝑡ℎ,𝑖𝑖  
ϕ𝑡𝑡ℎ,𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏

𝐴𝐴𝑡𝑡ℎ
                                                                      (7.4) 

 
at the reference level thermal neutron flux similar to the high energy neutron cross section in 6.  The 
thermal neutron soft error rate can be expressed per device or per bit similar to Equation 6.16 and 6.17. 
 
Example – A 256Mb SRAM displays 10,000 single cell upsets in one minute of unshielded beam 
exposure of 9 107 n/cm2-sec for a total cross-section of 1.85 10-6 cm2.  Using a thermal neutron shield, the 
respective numbers are 5,000 upsets in one minute with a high energy flux of 7 107 n/cm2-sec for a high 
energy cross-section of 1.19 10-6 cm2, resulting in a thermal neutron cross-section of 6.61e-7 cm2.  Using 
the reference thermal neutron flux of 1.8 10-3 n/cm2-s, the single cell soft error rate is 1.19 10-9 per second 
(4,290 FIT) or 4.65 10-18 per second per bit (1.67 10-5 FIT/bit). 
 
7.6 Gamma flux from nuclear reactor neutron beams 
 
If performing neutron experiments at a nuclear reactor facility, the effect of the large gamma photon flux 
mixed with the neutron flux must be determined. While many advanced components do not have a high 
sensitivity to gamma irradiation, a test should be performed using a neutron shield that ensures that no 
thermal neutrons are getting to the DUT even when it is in the beam. In this case only gamma photons 
and whatever high energy neutrons are not shielded will be reaching the DUT. The user should consult 
the facility manager on the flux of the shielded high energy neutrons. The DUT should be exposed for the 
longest planned duration. If the gamma photons and unshielded high energy neutrons do not contribute to 
the soft errors, it is expected that no errors will be observed. If errors are observed in the shielded case 
then the component is sensitive to either the gamma flux or unshielded high energy neutrons and this 
must be included in the final report. 
 
It is important to note that for long exposures or in intense neutron beams that contain gamma photons, 
total dose effects may also manifest themselves. .  These permanent damage or change in device 
characteristics can interfere with soft error characterization.  The user should take this into consideration 
(See Sec 1.1 Related Documents for standards that address these effects.) 
 
 



JEDEC Standard No. 89B 
Page 55 

 
 

 

Annex A - Determination of terrestrial neutron flux (normative) 
 
A.1 Introduction 
 
This annex provides the cosmic-ray-induced neutron differential flux above 1 MeV for a reference 
location and conditions and also provides formulas and tables that allow the reference spectrum to be 
scaled to other locations and conditions. This annex describes the use of a Web-page calculator that is 
available to simplify determination of the flux scaling factor. The presence of cosmic-ray secondary 
protons, the neutron spectrum below 1 MeV, especially thermal-energy neutrons, the directional 
distribution of the neutrons, and the effects of shielding by buildings are also discussed.  
 
The intensity of cosmic-ray-induced neutrons (and other secondary cosmic radiation, including protons) 
in the atmosphere varies with altitude, location in the geomagnetic field, and solar magnetic activity. 
Atmospheric shielding at a given altitude is determined by the mass thickness per unit area of the air 
above, called areal density or atmospheric depth. The geomagnetic field deflects low-momentum primary 
cosmic particles back into space, lowering the neutron flux produced in the atmosphere. The minimum 
momentum per unit charge (magnetic rigidity) that an incident (often, vertically incident) particle can 
have and still reach a given location above the Earth is called the geomagnetic cut-off rigidity (cutoff) for 
that point. The varying magnetic field carried outward from the Sun by the solar wind plasma that 
permeates the solar system also reduces the cosmic-ray intensity at Earth. This solar modulation has been 
measured for decades by a number of neutron monitors on the ground at various locations. The cosmic-
ray-induced terrestrial neutron flux is highest when sunspots and other solar activity are at a minimum 
(quiet sun), and lowest when the sun is most active. The effects on the terrestrial neutron flux of 
atmospheric depth, geomagnetic cutoff, and solar activity are not independent. For example, the change in 
flux with cutoff depends on solar activity and to some extent on atmospheric depth. 
 
The most important parameter determining the terrestrial neutron flux is atmospheric depth, which is 
proportional to barometric pressure and changes with altitude. The neutron flux is roughly 10 times higher 
at an altitude of 3,000 m (9,843 ft) than it is at sea level. The global variation with cutoff is about a factor 
of 2 from equator to pole at sea level, and 3 at the highest inhabited altitudes. Solar modulation is smaller 
still, about a 25% decrease from maximum to minimum recorded monthly-averaged rates at polar 
locations near sea level and ~7% at the equator, and 30% to 12% for polar and equatorial sites at high 
elevations.  
 
Fortunately, the shape of the outdoor ground-level neutron spectrum above a few MeV does not change 
very much with altitude, cutoff, or solar modulation. This makes it possible to describe the neutron 
differential flux at one location under reference conditions and then scale the reference spectrum to obtain 
the neutron differential flux anywhere on Earth at any time.  
 
A.2 Reference neutron spectrum 
 
The location and conditions for the reference cosmic-ray-induced terrestrial neutron differential flux have 
been chosen to be New York City outdoors at sea level at a particular time of average solar activity. 
Values of the neutron flux in units of neutrons/(cm2 MeV s) at 46 energies above 1 MeV are given in 
Table A.2-A. The reference spectrum was determined primarily by measurements, and is taken from 
Gordon et al. [34], where those interested can find details of the measurements and the scaling functions 
described below in A.3.  
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A.2 Reference neutron spectrum (cont’d) 
 

Table A.2-A — Cosmic ray induced neutron differential flux 
for reference conditions (sea level, New York City, mid-level solar activity, outdoors) 

Neutron 
Energy 
(MeV) 

Differential Flux 
(cm-2 s-1 MeV-1) 

 Neutron 
Energy 
(MeV) 

Differential Flux 
(cm-2 s-1 MeV-1) 

 Neutron 
Energy 
(MeV) 

Differential Flux 
(cm-2 s-1 MeV-1) 

1.054 6.83×10-4  5.220 1.53×10-4  130.7 9.64×10-6 
1.165 8.19×10-4  5.769 1.25×10-4  224.6 4.30×10-6 
1.287 7.61×10-4  6.376 1.16×10-4  386.3 1.33×10-6 
1.423 7.02×10-4  7.047 8.90×10-5  664.2 3.99×10-7 
1.572 6.00×10-4  7.788 7.16×10-5  1.142×103 1.02×10-7 
1.738 5.72×10-4  8.607 6.73×10-5  1.964×103 2.24×10-8 
1.920 5.06×10-4  9.512 5.53×10-5  3.376×103 3.36×10-9 
2.122 5.02×10-4  10.51 4.58×10-5  5.805×103  4.71×10-10 
2.346 5.44×10-4  11.62 4.09×10-5  9.982×103  9.87×10-11 
2.592 4.30×10-4  12.84 3.80×10-5  1.716×104  3.83×10-11 
2.865 3.34×10-4  14.19 3.44×10-5  2.951×104  8.60×10-12 
3.166 2.65×10-4  16.16 3.02×10-5  5.074×104  2.17×10-12 
3.499 1.86×10-4  18.52 3.22×10-5  8.725×104  6.97×10-13 
3.867 1.64×10-4  25.70 2.59×10-5  1.500×105  1.88×10-13 
4.274 1.73×10-4  44.19 2.09×10-5    
4.724 1.88×10-4  75.98 1.53×10-5    

 
To provide values at energies between those given in Table A.2-A, an analytic expression has been fit to 
the reference spectrum:  
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     (A.1) 

 
where E is neutron energy and dEEΦd )(0

  is the reference neutron differential flux.  
 
The total flux of the measured reference spectrum above 10 MeV is 3.596×10-3 cm-2 s-1 (12.946 cm-2 h-1). 
This is the value of the reference flux above 10 MeV for this JESD89B standard. The total flux of the 
analytic fit above 10 MeV is 3.585×10-3 cm-2 s-1 — within 0.3% of the measurement. The estimated 
uncertainty in the measured value of the neutron flux above 10 MeV is over 10%, [35] but for the 
purposes of this standard, the reference flux is considered to have no uncertainty.  
 
Figure A.2.1 is a graph of the reference spectrum, the differential flux of cosmic-ray-induced neutrons as 
a function of neutron energy. The points are the values in Table A.2-A. The solid curve is the analytic fit.  
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A.2 Reference neutron spectrum (cont’d) 
 
Figure A.2.2 presents the same information as Figure A.2.1, but using a different representation of the 
neutron spectrum, plotting energy times differential flux as a function of energy. This representation is 
standard in the field of radiation protection, but it is not yet routine in the literature on soft errors or 
cosmic-ray physics. It is conceptually simpler to plot the differential flux, dEΦd  , but for neutrons, that 
typically requires a log–log plot covering many orders of magnitude on both axes, making details difficult 
to see. The large range of neutron dEΦd   stems from its characteristic E1  dependence when neutrons 
slow down in a scattering medium. ( )dEΦdE   is relatively flat and can be plotted on a linear scale. 

( )dEΦdE   is  mathematically identical to ( )( )EdΦd ln . In a plot of ( )dEΦdE   against ( )Elog , equal 
areas under the spectrum in different energy regions represent equal integral fluxes.  
 
In Figure A.2.2, the histogram is the measurement-based reference spectrum, and, as in Figure A.2.1, the 
solid curve is the analytic fit to the reference spectrum.. Note that Figure A.2.2 begins at 0.1 MeV.  
 
The reference spectrum applies only to locations on the ground. It is not accurate for airplanes or any 
situation far from the ground.  
 
High-energy secondary protons are also present in the cosmic-ray-induced particle showers that produce 
neutrons, and such protons can also cause single-event effects in electronics. The reference neutron 
spectrum does not include protons. Calculations indicate that the terrestrial cosmic-ray proton flux is 
roughly 5% to 15% of the neutron flux above 10 MeV, depending on altitude and cutoff, with the higher 
fraction of protons at high altitude and high cutoff.  
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A.2 Reference neutron spectrum (cont’d) 
 

Figure A.2.1 — The differential flux of cosmic-ray-induced neutrons as a function of 
neutron energy under reference conditions (sea level, cutoff = 2.08 GV, mid-level solar 
activity, outdoors). The data points are the reference spectrum, the solid curve is the 

analytic fit to the reference spectrum. 

Figure A.2.2 — Reference spectrum of cosmic-ray-induced neutrons plotted as energy 
times differential flux as a function of neutron energy. The histogram is the reference 

spectrum, and the solid curve is the analytic fit to the reference spectrum. 
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A.3 Scaling the reference neutron spectrum to other locations/conditions 
 
To account for the effects of altitude, cutoff, and solar modulation, the neutron spectrum outdoors at any 
location can be expressed as follows:  

 ( ) ( ) ( ) ( ) ,,,cBA
0 dIRFdF

dE
EΦd

dE
EΦd

⋅⋅=


        (A.2) 

where dEEΦd )(0
  is the reference spectrum, d is the atmospheric depth, cR  is the vertical geomagnetic 

cutoff rigidity, I is the relative count rate of a neutron monitor measuring solar modulation, ( )dFA  is a 
function describing the principal dependence on altitude (i.e., on atmospheric depth) and ( )dIRF ,,cB  is a 
function describing the dependence on geomagnetic location and solar modulation which also has a 
dependence on depth. Atmospheric depth is given by gpd = , where p is the barometric pressure and g 
is the acceleration of gravity. Vertical cutoff depends primarily on the horizontal component of the Earth's 
magnetic field. It is near zero at the poles and has a maximum of 13 to 17 GV at the equator. (GV is a unit 
of rigidity; GeV is a unit of energy.)  Consequently, the cosmic-ray induced neutron flux is higher at the 
poles and lower at the equator. Values of cR  for cosmic rays reaching the atmosphere have been 
calculated several times for a grid of locations covering the globe. Values of BF  given in this standard 
have been calculated using values of cR  provided by the U.S. Federal Aviation Administration Civil 
Aerospace Medical Institute, Protection And Survival Research Laboratory. The cutoff values were 
calculated by D. F. Smart and M. A. Shea from the International Geomagnetic Reference Field for 2010 
[36]. Figure A.3.1 shows contours of the values of cR  plotted on a world map.  
  

Figure A.3.1 — Contours of vertical geomagnetic cutoff rigidity plotted on a world map. 
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A.3 Scaling the reference neutron spectrum to other locations/conditions (cont’d) 

The neutron differential flux at any location is the product of the reference spectrum and the scaling factor
BA FF ⋅ . Formulas for AF  and BF , a table of BF  at sample values of cutoff rigidity, and a table of BA FF ⋅  

for several cities and other locations are given below. A Web-page calculator has been developed to 
calculate the scaling factor BA FF ⋅  for an arbitrary location on Earth given the latitude, longitude, and 
barometric pressure or elevation at the location. In Equation A.2, the main altitude dependence is 
exponential attenuation: 
 
 ( ) ( )[ ] ,3.1312.1033expA ddF −=          (A.3) 
 
where 1033.2 g/cm2 is the mean atmospheric depth at sea level, and 131.3 g/cm2 is the effective mass 
attenuation length in the atmosphere for neutrons above 10 MeV. Barometric pressure is often given in 
millibar (hectoPascal, hPa) or in mmHg. Standard sea level pressure is 1013.25 millibar or hPa, which is 
equal to 760 mmHg. Using barometric pressure p in hPa, atmospheric depth d in g/cm2 is given by  

 980665.0/)hPa()g/cm( 2 pd = ,         (A.4) 

where 0.980665 is the average acceleration of gravity at sea level, 9.80665 m/s2, divided by 10. 
Atmospheric depth is best determined from actual barometer readings, but when the barometric pressure 
is not available, its average value at a given elevation, z, in meters can be determined using 

 ( ) 255877.5516.11880/)514.44331()hPa( zp −= .       (A.5) 

Although AF  describes the main dependence of the neutron flux on atmospheric depth (altitude), for best 
accuracy it should not be used alone, even when the cutoff is held constant (for example, comparing the 
flux at the bottom and top of the same mountain) because BF  also contains some depth dependence. 
Without the depth dependence of BF , the attenuation length in air would be about 135 g/cm2.  
 
The expression for BF  comes from theoretical calculations [37], [38] that were done only for the extreme 
conditions of solar modulation: quiet sun, when the terrestrial cosmic ray flux is at its peak, and active 
sun, when the terrestrial cosmic ray flux is at its minimum. For these two conditions,  

 ( ) ( )[ ]1
c1cquietB, exp1098.1, kRhRF α−−=       (A.6) 

and 

 ( ) ( )[ ] ( )[ ] ( )[ ] ,50exp150exp1exp1098.1, 212
21c2cactiveB,

kkkRhRF aaa −−−−×−−= (A.7) 

where the parameters α and k are given by  

 ( )[ ] ,11exp09.0094.084.1exp1 hh −−+=α        (A.8) 
 ( ) ,8.8exp24.056.04.11 hhk −+−=        (A.9) 
 ( )[ ] ,10exp18.015.093.1exp2 hh −−+=α       (A.10) 
and ( ) .5.9exp18.049.032.12 hhk −+−=       (A.11) 

Unlike Equations A.2 – A.5, Equations A.6 – A.11 use barometric pressure, h, in bar (1 bar = 105 Pa) 
instead of depth or pressure in millibar:  /1000 = ph .  
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A.3 Scaling the reference neutron spectrum to other locations/conditions (cont’d) 

Since the terrestrial neutron flux changes by less than 30% between these extremes (less than 20% for 
most locations), in many cases, especially at low altitudes and latitudes, it is practical to set FB equal to 
the average of the results from Equations A.5 and A.6 and ignore solar modulation. This should not be 
done for determinations of the neutron flux at high-altitude facilities used for accelerated testing with 
natural radiation. In such cases, where an especially accurate knowledge of the neutron flux is desired, 
readings from a neutron monitor during the test period should be used to determine the state of solar 
activity, and an interpolation made between the values from Equations A.5 and A.6.  
 
For example, if monthly average neutron monitor readings are 20% of the way from their typical 
minimum values at active sun to their typical maximum values at quiet sun, interpolate 20% of the way 
from FB, active  to FB, quiet . ("Typical minimum values" means exclude the very low values seen in some 
months of 1989 – 1991, and “typical maximum values” means exclude the very high values from late 
2008 through early 2010.) The neutron monitor must be one with available data over several solar activity 
cycles so the neutron monitor count rate during the test period can be compared to its rate during typical 
extremes of solar activity. Data and graphs for many neutron monitors are available from the Neutron 
Monitor Database at http://www.nmdb.eu/nest/search.php. Neutron monitor stations with consistent long-
term data include Kerguelen (KERG), McMurdo (MCMU),  Newark (NEWK), Oulu, (OULU), and 
Thule (THUL).  
 
Table A.3-A gives values of FB, active , FB, quiet , and their mean at sea level for integer values of 
geomagnetic vertical cutoff rigidity from 0 (magnetic poles) to 17 GV (the maximum value, found in 
southeastern Asia). Multiplying the reference neutron spectrum by these values gives the terrestrial 
cosmic-ray neutron differential flux at sea level locations with the indicated cutoff rigidity. At the time 
the reference spectrum was determined, the cutoff rigidity at New York City was 2.08 GV. (It has since 
increased because the geomagnetic field has changed over the years [36]) Since 2.08 GV is the reference 
cutoff, the value in Table A.3-A at 2 GV for average solar modulation is very close to 1. The values in 
Table A.3-A (and Table A.3-B) are given to 3 significant figures so that trends may be understood more 
easily, but the overall uncertainty of the values for FB is as large as 10%, especially for low latitudes (high 
cutoffs), where the relative flux factor has not been verified by measurements.  
 

Table A.3-A — Relative neutron flux at sea level vs. geomagnetic vertical cutoff rigidity 

Cutoff 
Rigidity 

(GV) 

Relative Neutron Flux 
  

Cutoff 
Rigidity 

(GV) 

Relative Neutron Flux 
Active Sun 
Minimum 

Quiet Sun 
Peak Average Active Sun 

Minimum 
Quiet Sun 

Peak Average 

0 0.939 1.098 1.019    9 0.686 0.737 0.712 
1 0.938 1.097 1.018  10 0.657 0.702 0.679 
2 0.929 1.076 1.002  11 0.630 0.670 0.650 
3 0.902 1.030 0.966  12 0.606 0.640 0.623 
4 0.866 0.975 0.920  13 0.583 0.614 0.598 
5 0.827 0.919 0.873  14 0.562 0.589 0.576 
6 0.789 0.867 0.828  15 0.542 0.567 0.555 
7 0.752 0.819 0.786  16 0.524 0.547 0.535 
8 0.718 0.776 0.747  17 0.508 0.528 0.518 

 

http://www.nmdb.eu/nest/search.php
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A.3 Scaling the reference neutron spectrum to other locations/conditions (cont’d) 

Table A.3-B gives a brief list of cities and some high-elevation research locations with the latitude, 
longitude, and elevation (altitude) of each, and the corresponding geomagnetic vertical cutoff rigidity, 
typical atmospheric depth, and BA FF ⋅  for active sun, quiet sun, and average solar modulation. To 
determine the long-term average cosmic-ray induced neutron differential flux for one of the listed 
locations, multiply the reference spectrum by the number in the last column of the table for the location of 
interest. The elevations given in Table A.3-B may not be correct for a particular point in the city or high-
altitude research site, but they are the elevations assumed for the flux factor calculations.  
 
For some locations, the cutoff rigidity values in the table and the corresponding flux factors are slightly 
different from the values in Table A.3-B of JESD89A because the Earth’s magnetic field, and therefore 
the geomagnetic cutoff rigidity, has changed [36]. The flux factors in JESD89A were determined using a 
cutoff map calculated from the International Geomagnetic Reference Field for 1995. Flux factors given in 
JESD89B are determined using cutoffs calculated from the International Geomagnetic Reference Field for 
2010 [36]. The difference between the previous and new flux factors is less than 1% for many locations. 
The largest change for any location on land at a habitable elevation is 4%, which occurs near Buenos 
Aires, Argentina. From 1995 to 2010, the cutoff at New York City changed from 2.08 GV to 2.32 GV, 
and the neutron flux decreased by almost 1%, so the flux factor for New York City at sea level in Table 
A.3-B is 0.99. The calculated flux factors for locations at high cutoffs have an uncertainty of about 10%.  
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A.3 Scaling the reference neutron spectrum to other locations/conditions (cont’d) 
 

Table A.3-B — Cosmic-ray neutron flux at selected places relative to reference flux 

   City or location Latitude 
(°) 

Longit. 
(° E) 

Elevat. 
(m) 

Atm. 
Depth 

(g/cm2) 

Cutoff 
Rigidity 

(GV) 

Relative Neutron Flux 

Active Sun  
Low 

Quiet Sun 
Peak Avg. 

Cities           
Bangkok, Thailand 13.4 N 100.3 20 1031 17.4 0.51 0.53 0.52 
Beijing, China 39.9 N 116.4 55 1027 9.0 0.72 0.77 0.75 
Berlin, Germany 52.5 N 13.4 40 1028 2.8 0.94 1.08 1.01 
Bogotá, Columbia 4.6 N 285.9 2586 753 12.3 3.71 4.01 3.86 
Chicago, IL, USA 41.9 N 272.4 180 1011 1.8 1.09 1.27 1.18 
Denver, CO, USA 39.7 N 255.0 1609 851 2.8 3.43 4.08 3.76 
Hong Kong, China 22.3 N 114.2 30 1030 15.9 0.54 0.56 0.55 
Houston, TX, USA 29.8 N 264.6 15 1031 4.6 0.85 0.95 0.90 
Johannesburg, S. Africa 26.2 S 28.0 1770 834 7.2 2.93 3.27 3.10 
La Paz, Bolivia 16.5 S 291.9 4070 623 11.8 8.78 9.63 9.21 
London, UK 51.5 N 359.9 10 1032 3.0 0.91 1.04 0.98 
Los Angeles, CA, USA 34.0 N 241.7 100 1021 5.1 0.90 1.00 0.95 
Mexico City, Mexico 19.4 N 260.9 2240 787 7.8 3.88 4.32 4.10 
Moscow, Russia 55.8 N 37.6 150 1015 2.1 1.06 1.23 1.14 
New Delhi, India 28.6 N 77.2 220 1007 14.1 0.66 0.70 0.68 
New York, NY, USA 40.78 N 286.0 0 1033 2.32 0.92 1.06 0.99 
Paris, France 48.9 N 2.3 50 1027 3.8 0.91 1.03 0.97 
Seattle, WA, USA 47.6 N 237.7 50 1027 2.0 0.97 1.13 1.05 
Seoul, South Korea 37.6 N 127.0 50 1027 10.5 0.67 0.71 0.69 
Sidney, Australia 33.9 S 151.2 30 1030 4.5 0.87 0.97 0.92 
Singapore City, Singapore 1.3 N 103.9 15 1031 17.2 0.51 0.53 0.52 
Stockholm, Sweden 59.3 N 18.1 30 1030 1.4 0.96 1.12 1.04 
Taipei, Taiwan 25.0 N 121.5 10 1032 15.2 0.54 0.57 0.55 
Toronto, Canada 43.7 N 280.6 120 1019 1.7 1.04 1.21 1.13 
Tokyo, Japan 35.7 N 139.8 20 1031 11.2 0.64 0.67 0.66 

High Altitude Locations        
IAO, Hanle, Ladakh, India 32.8 N 79.0 4500 589   11.9 10.91 11.99 11.45 
Jungfraujoch, Switzerland 46.5 N 8.0 3580 664 4.6 11.57 13.70 12.64 
Leadville, CO, USA 39.25N 253.7 3100 706 3.0 9.74 11.86 10.80 
Los Alamos Natl. Lab., USA 35.9 N 253.7 2250 786 3.8 5.16 6.07 5.62 
Mauna Kea (summit), HI, USA 19.8 N 204.5  4207 612 12.7 8.92 9.73 9.32 
Mt. Fuji, Japan 35.4 N 138.7 3776 647 11.4 7.75 8.50 8.12 
Plateau de Bure, France 44.6 N 5.9 2550 757 5.2 5.75 6.64 6.19 
South Pole Station 90.0 S - 2820* 695* 0.0 11.41 14.47 12.94 
White Mtn. Res. Sta., USA 37.4 N 241.6 3810 644 4.3 13.64 16.30 14.97 
*The atmospheric pressure at the south pole is significantly lower than given by the standard atmospheric profile—the mean 
barometric pressure is 681.2 hPa, equivalent to 3226 m elevation.  
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A.3 Scaling the reference neutron spectrum to other locations/conditions (cont’d) 

A Web-page calculator has been developed to calculate the scaling factor BA FF ⋅  for an arbitrary location 
on Earth given the latitude, longitude, and barometric pressure or elevation at the location. The URL of 
the website containing the calculator is http://www.seutest.com. Below is a procedure to determine the 
neutron flux for an arbitrary city or location at a given time using the Web-page flux-factor calculator 
followed by two examples. It is assumed that the user has Internet access and is familiar with Web 
browser software.  

1. Obtain the latitude and longitude of the city or location and an average or typical barometric pressure 
for the time of interest. If the barometric pressure cannot be determined, the elevation of the location 
may be used instead.  

2. Type http://www.seutest.com into the address window of your Web browser.  Click/select "Flux 
calculation". Read the instructions on the Web page for the use of the calculator. They may differ 
from the instructions given here.  

3. Enter the latitude and longitude in the boxes provided. Choose North or South for latitude and East or 
West for longitude. Latitude and longitude should be in decimal degrees, and 0.1 degree accuracy is 
more than sufficient.  

4. Enter a value for one of the following: barometric pressure, elevation (altitude), or atmospheric depth. 
Caution: use the station (actual) barometric pressure, not the pressure corrected to sea level. The 
pressure may be entered in millibar (hPa), mmHg, or inches Hg. Be sure to select the unit you use. If 
you do not know the barometric pressure, enter the elevation of the location in the box for elevation 
and select the unit (meters or feet).  

5. Under "Solar Modulation", generally choose the default value, 50%. For high-altitude locations where 
the most accurate value is desired for a particular time period, obtain count rate data or graphs from 
one or more neutron monitors for that time period and for several solar cycles. (A solar cycle with 
both polarities of the solar magnetic field is ~22 years.)  Compare the average rate for the time of 
interest with the historical maximum and minimum monthly average rates and interpolate between the 
quiet and active sun values of BF  accordingly. Data and graphs for many neutron monitors are 
available from the Neutron Monitor Database at http://www.nmdb.eu/nest/search.php. Neutron 
monitor stations with consistent long-term data include Kerguelen (KERG), McMurdo (MCMU),  
Newark (NEWK), Oulu, (OULU), and Thule (THUL).  

6. Click/select "Submit" to start the calculation. The calculator will return a value for the flux scaling 
factor, for the two pressure-related quantities that were not entered, AF  and BF  from Equations E.3 
and E.6 – E.11, and the geomagnetic cutoff  used in the calculation.  

7. Read the flux scaling factor. Also, check that the values returned by the calculator for the two 
pressure-related quantities that were not entered seem reasonable. To assure that correct values of the 
latitude and longitude were entered, including N-S and E-W, check that the value returned for the 
geomagnetic rigidity cutoff is reasonable by comparing it with Figure A.3.1 or the cutoff contour map 
displayed when you click on the "Rigidity cutoff" link next to the value displayed.  

8. Multiply the reference differential flux from Table A.2-A or Equation A.1 by the flux scaling factor 
to obtain the differential flux at the location. 

 
Example 1: City location — Albuquerque, New Mexico, USA.  
Latitude = 35° 40' N ≅ 35.7° N;  Longitude = 106° 39' W = 106.65° W. 
Barometric pressure hard to find; use elevation. Elevation = 4945 feet = 1507 m. 

http://www.seutest.com/FluxCalculation.htm
http://www.seutest.com/
http://www.nmdb.eu/nest/search.php
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A.3 Scaling the reference neutron spectrum to other locations/conditions (cont’d) 

Type http://www.seutest.com/ into Web browser address window. Click/select "Flux calculation". In the 
"Latitude" box, enter 35.7 and select "North"; in the "Longitude" box, enter 106.65 and select "West". In 
the "Elevation" box, enter 1507 and choose "meters". Leave the  "Station pressure" and "Depth" boxes 
blank. In the box labeled "Solar modulation" leave the default value, 50%.  
 
Click/select "Submit" to start the calculation. Calculator returns a flux scaling factor of 3.23. It also 
returns a value of 633.7 mmHg for pressure and 861.5 g/cm2 for depth. The returned values of AF = 3.70 
and BF = 0.87 are appropriate for a location at a high elevation and a cutoff above that of New York City. 
The returned value of rigidity cutoff, 3.92, is consistent with the contours on the map similar to Figure 
A.3.1 displayed when you click the "Rigidity cutoff" link.. 
 
Example 2: High-altitude research location — Mt. Washington, NH, USA, June 2003.  
Latitude = 44.27° N;  Longitude = 71.30° W. 
Mean station barometric pressure during test = 607.7 mmHg  (Elevation = 1905 m).  
Solar modulation for June 2003:  about 20% of the way from typical minimum monthly average rate to 
maximum monthly average rate.  
 
Type http://www.seutest.com/ into Web browser address window. Click/select "Flux calculation". In the 
"Latitude" box, enter 44.27 and select "North"; in the "Longitude" box, enter 71.3 and select "West". In 
the "Station pressure" box, enter 607.7 and select mmHg. Leave the "Elevation" and "Depth" boxes blank. 
In the box labeled "Solar modulation" enter 20.  
 
Click/select "Submit" to start the calculation. Calculator returns a flux scaling factor of 4.46. It also 
returns a value of 1847 m for elevation and 826.2 g/cm2 for depth. Since the calculated elevation is 
slightly below the actual elevation, the entered pressure value was above average, but reasonable. The 
returned value of FA = 4.84 is appropriate for a location at a high elevation. The returned value of FB 
= 0.92 seems low for a location with a cutoff below that of New York, but that is because of the solar 
modulation (and high altitude).  The returned value of rigidity cutoff, 1.80, is consistent with the contours 
on the map similar to Figure A.3.1 displayed when you click the "Rigidity cutoff" link.  
 
A.4 The neutron spectrum below 1 MeV, including thermal-energy neutrons  
 
While the shape of the cosmic-ray-induced terrestrial neutron spectrum above a few MeV is 
approximately constant, that is not the case at lower energies, where the shape of the spectrum depends on 
how local materials scatter neutrons. Figure A.4.1 shows full energy range cosmic-ray neutron spectra 
measured outdoors (one was in a thin-roofed building) at five locations.[34] Each spectrum has been 
scaled to sea level and the reference cutoff of 2.08 GV using the Equations in A.3 and plotted as energy 
times differential flux as a function of neutron energy. Above a few MeV, the spectra lie practically on 
top of one another, justifying the use of one reference spectrum. At lower energies, these spectra vary by 
up to 66%, lowest to highest, and the relative flux at thermal energies (<0.4 eV) does not correlate well 
with the relative flux at higher energies. For these spectra scaled to reference conditions, the thermal 
neutron flux ranged from 1.84×10-3 cm-2 s-1 (6.6 cm-2 h-1) to 2.8×10-3 cm-2 s-1 (10 cm-2 h-1) and averaged 
2.27×10-3 cm-2 s-1 (8.2 cm-2 h-1).  
  

http://www.seutest.com/
http://www.seutest.com/
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A.4 The neutron spectrum below 1 MeV, including thermal-energy neutrons (cont’d) 

Other measurements [39] have found somewhat lower values of the thermal neutron flux. Figure A.4.2 
shows a bar chart of the results of measurements of the thermal neutron flux made in 2003 at 52 sites near 
sea level within 160 km of Annapolis, MD (39.0°N, 76.5°W) on the top floor inside low buildings and 
outdoors.  

Figure A.4.2 — Thermal neutron flux measured at 52 sites near sea level within 160 km (100 miles) 
of the U.S Naval Academy in Annapolis, MD (39.0° N, 76.5° W) [19]. The fluxes shown have not been 

adjusted to the reference conditions. 

Figure A.4.1 — Spectra of cosmic-ray-induced neutrons measured at five locations. Each 
spectrum has been scaled to sea level and the cutoff of New York City and plotted as energy 

times differential flux as a function of neutron energy. 
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A.4 The neutron spectrum below 1 MeV, including thermal-energy neutrons (cont’d) 

On land and not during thunderstorms, the measured thermal neutron flux ranged from about 2.6 to 6.3 
cm-2 h-1, averaging 4 cm-2 h-1. Assuming an average elevation of 10 m and an average roof shielding of 5 
g/cm2, scaling the results of these measurements to the reference geomagnetic cutoff rigidity at sea level 
with no shielding and average solar modulation multiplies them by 1.087, giving thermal neutron fluxes 
ranging from 2.8 to 6.8 cm-2 h-1 with an average of 4.35 cm-2 h-1. This set of measurements does not agree 
with the measurements shown in Figure A.4.1, but the two sets do overlap at 6.6 to 6.8 cm-2 h-1.  
 
The reference value for the flux of cosmic-ray-induced terrestrial neutrons at thermal energies (<0.4 eV) 
is 1.8×10-3 cm-2 s-1 (6.5 cm-2 h-1). This value is the average of the means of the two sets of measurements 
described above [34], [39] after scaling to the reference conditions. Some of the individual measurements 
differ from the reference value by as much as a factor of 2.3, and this is indicative of the variations that 
may be encountered in different surroundings. In general, the flux of thermal neutrons may be estimated 
within about a factor of 2.3 by using the reference value together with the methods described in A.3 to 
scale the reference thermal flux.  
 
A.5 Angular distribution  
 
The angular distribution of high-energy cosmic-ray-induced neutrons is not isotropic. As the energy 
increases, the neutrons tend to be directed more and more downward. Figure A.5.1 shows the calculated 
normalized differential angular distribution, 𝑑𝑑𝛷̇𝛷/𝑑𝑑Ω , of the neutron flux, 𝛷̇𝛷, for various energy regions 
of the neutron spectrum.  The differential flux per steradian of solid angle Ω  is plotted against cos θ, 
where θ is the angle from vertically downward, (zero degrees is down) and Ω = 2π cos θ . The flux at 
each vertical angle is integrated over the azimuthal angle, averaging the azimuthal dependence, which has 
an east-west asymmetry for the higher energies, especially at high cutoff rigidities. Each curve is 
normalized to a total flux of 1 cm-2 s-1 sr-1. The figure shows that the higher-energy neutrons are mostly 
downward, while neutrons with energies from epithermal to 1 or 2 MeV are nearly isotropic. Thermal-
energy neutrons are mostly upward, with roughly 1.75 times as much thermal flux going upward as going 
downward. The calculation was done for the reference conditions (near New York City, sea level, average 
solar modulation) using MCNP6 to transport cosmic-ray particles through the atmosphere following the 
methods in McKinney et al.[40] and McMath et al.[41] The flux of thermal neutrons depends strongly on 
the material of the ground, which for this calculation was a 15-cm thick concrete slab on top of typical 
soil.  
 
Figure A.5.2 shows results from the same calculation in a different way, plotting the neutron energy 
spectrum for different angles from vertically downward. The spectra are plotted as energy times 
differential flux per steradian as a function of energy (see  A.2). At downward angles, there are a lot of 
high-energy neutrons—for angles within 18° of vertically downward, 64% of the neutrons have energies 
above 10 MeV. As the angle changes from downward to sideways to upward, the flux at high energy 
decreases dramatically and the flux at thermal energy increases.   
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A.5 Angular distribution (cont’d) 

  

Figure A.5.1 — Calculated normalized differential angular distribution, 𝒅𝒅𝜱̇𝜱/𝒅𝒅Ω , of the 
neutron flux, 𝜱̇𝜱, for five different energy regions of the neutron spectrum at the reference 

conditions. The angle θ  is measured from vertically downward. 

Figure A.5.2 — Calculated neutron spectra at different angles from vertically downward for 
the reference conditions. The spectra are plotted as energy times differential flux per steradian as 

a function of energy. 
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A.6 Effects of shielding by buildings and other material 
 
The procedures in A.3 give the nominal neutron flux to which a deice or circuit is exposed at a location 
without shielding, that is, outdoors with no enclosure. Most applications are indoors, and the materials of 
the building attenuate the actual flux that impinges on the electronics.  
 
The attenuation by moderate layers of low-atomic-number materials such as wood is roughly similar to 
that by an equal mass thickness (areal density) of air, so the shape of the spectrum above 10 MeV is not 
significantly changed, and the attenuation may be treated as similar to increasing the atmospheric depth.  
 
For concrete, in a large building it was found that two 15-cm (6-inch) slabs (plus associated roofing, 
ceiling, and flooring material, ductwork, etc. in an industrial building) reduced the high-energy portion 
(E > 10 MeV) of the neutron spectrum by a factor of 2.3, while the total neutron flux was reduced by a 
factor of only 1.6. As they penetrate the concrete, low-energy neutrons are scattered, thermalized, and 
absorbed, but the high-energy neutrons are attenuated by interactions which cause the nuclei in the 
shielding to emit neutrons with energies in the MeV range, regenerating the low-energy portion of the 
neutron spectrum.  
 
For the portion of the spectrum above 10 MeV, the attenuation by horizontal concrete layers above the 
point of interest may be estimated using exponential attenuation with an attenuation length of 1.2 feet or 
0.37 m:   
 
 )37.0/exp(0 xΦΦ −=           (A.12) 
 
where  𝛷̇𝛷 and 0Φ  are the attenuated and initial flux and x is concrete thickness in meters. Assuming a 
density of 2.3 g cm-3, the mass attenuation length of concrete floor slabs is roughly 85 g cm-2. The lower 
energy portion of the neutron spectrum does not decrease as fast; the attenuation length for the total flux 
is about 0.65 m or 150 g cm-2. The cosmic ray secondary protons are presumably attenuated more than the 
neutrons. 
 
If there are thick concrete walls as well as floors and roofs and an accurate differential neutron flux is 
desired, a high-energy radiation transport code, such as MCNP6 [42], FLUKA [43], Geant4 [44], or 
PHITS [45], should be used to model radiation transport through the building.  
 
Large amounts of steel (such as aboard ships) or other materials with high atomic number (e.g., lead 
shields) can significantly distort the neutron spectrum. Each incident high-energy neutron can liberate 
several neutrons with energies ~1 MeV, sometimes creating an increase of a factor of 2 or more in that 
region of the spectrum. However, steel shielding above the point of interest attenuates the portion of the 
spectrum with E > 10 MeV. Steel (or iron) also absorbs thermal neutrons, and a room or enclosure with 
steel walls will have a significantly reduced thermal neutron flux.  
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Annex B – Counting statistics (normative) 
 
B.1 Confidence Interval 
 
In accelerated SER testing, the total number of particles incident on the DUT must be sufficient to 
establish with a high statistical confidence that all sensitive volume has been irradiated uniformly. After 
certain particle fluence, each memory element either passes or fails. The probability of failure for each 
memory element is calculated as 
 

     
N
FPE =         (B.1) 

 
where PE is an estimation of probability of failure, N is the total number of memory elements, F is the 
total failures.  (Note:  F must be >0.  If F = 0, see annex C for statiscal analysis.)  If it is desirable that, 
with (1-α) confidence level, the estimated probability of failure PE is within a plus and minus ε% bounds 
of the true probability of failure P, the following condition needs to be satisfied according to the 
definition of the confidence interval: 
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where Φ-1(α/2) is the inverse cumulative standard normal distribution function, F is the total observed 
errors and N is the total number of memory elements. 
 
B.2 Estimating probability for results with low numbers of observed events  
 
In this example, the DUT is an SRAM of 512 K bit, i.e., N=512*1024=524288. After a certain time of 
radiation exposure, we observed 100 errors, i.e., F=100. Therefore, the estimated error probability pE is 
F/N=0.00019, with 95% confidence level, the precision of the estimated probability of failure will be:  
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In other words, with 95% confidence level, we can say that estimated probability of failure per bit is 
within the bounds of minus and plus 19.6% of the true probability of failure. According to Equation B.3, 
it seems that precision increases with increasing F. In reality, when F approaches N, the effect of the same 
bit getting hit more than once can no longer be ignored, thus one must be careful to avoid accumulating 
too many errors or else the soft error rate will be underestimated.  
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Annex C – Real-Time Testing Statistics (normative) 

 
C.1 Statistics for Real-Time Testing 
 
In the typical real-time test, N devices are placed on test under normal (unaccelerated) operating 
conditions and the number, location, and time of each soft failure is recorded. Since soft errors are not 
permanent (eliminated when new data is written) this test can be thought of as a life-test with replacement 
(in which a failing device is replaced with a new device immediately upon failure detection).  
 
Let us assume the soft failures are random in time and that the probability of an error at any time is 
constant. Secondly we assume that the number of errors is small relative to the number of units in the test 
– for soft failures in components this is a good assumption (ignoring big solar events or large changes in 
barometric pressure that would alter the neutron flux – in any case, these types of events will be averaged 
out during the test). Thus we apply the exponential or Poisson distribution assuming the form: 
 

tNeNtf λλ −=)(         (C.1)  
 
Where λ is the mean error rate and N is the number of units on test. Given a real-time experiment, we first 
want to understand the SER maximum likelihood estimate which is simply the number of errors divided 
by the time and the number of units on test, according to: 
 

)10( 9

r
avg NT

rSER component =   FIT   (C.2) 

 
Where r is the number of errors observed at Tr.  For the purposes of this test we have multiplied the 
standard formula by 109 to convert errors/hour to FIT. The second issue we need to understand is, do we 
have enough errors to confidently proclaim that the component has an SER below or above certain 
intervals. The longer a test is run and the more errors accumulated, the greater our confidence in the 
average failure rate. Since real-time testing can take months, it is crucial to understand when enough 
errors (enough test time) have been logged to make an acceptable estimation of the component SER. 
Because Poisson distributed variables have a probability distribution function that is a gamma function, 
we can use a special case of the gamma function, the chi-squared (χ2) distribution to answer questions 
about variance in the mean. Using the χ2 distribution, the two-sided upper and lower 100 (1-α) percent 
confidence intervals with k=2(r+1) degrees of freedom for the SER can be expressed as:  
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For example, selecting a 90% confidence interval  (α=0.1), the average SER of the entire population of 
devices has a 90% probability of being between the lower and upper limits in C.3.  There is a 1-
(α/2)=95% probability the average SER is greater than the lower limit and there is only a (α/2)=5% 
probability that the average SER is greater than the upper limit.    As in the previous equation we have 
multiplied the standard formula by 109 to convert errors/hour to FIT. 
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C.2 Determining Upper and Lower Confidence Intervals  
 
A common aspect of this type of testing is to calculate confidence limits as a function of the number of 
errors observed so that the experimenter can judge when to terminate the experiment. In other words, 
when is the SER known to be below a certain failure rate with a certain confidence. Probably the most 
straightforward way to understand this is to use an actual example of an experiment. The experiment was 
a real-time test on 3500 identical components. Since this was a soft error rate test and patterns were 
rewritten after reading, we consider this a test with replacement. The test was continued until nine failures 
were observed and was terminated on the ninth fail after 1982 hours. The soft failures occurred at 150, 
450, 811, 950, 1197, 1327, 1512, 1768, and 2045 hours. The experimental data and the maximum 
likelihood estimate for the SER are tabulated in Table C.1.  

 
Table C.1 

Tr 
(hr) 

Number 
of 

Devices 
Errors 

(r) 

Component  
SER 

FIT,avg 
150 3500 1 1905 
 450 3500 2 1270 
811 3500 3 1057 
950 3500 4 1203 

 1197 3500 5 1193 
 1327 3500 6 1292 
 1512 3500 7 1323 
 1768 3500 8 1293 
 2045 3500 9 1257 

  
  

Equation C.2 was used to generate the SER maximum likelihood estimate SER column labeled here 
simply as SER. Applying Equation C.3 we can calculate both the upper and lower confidence bands for 
this data set. In Table C.2 the chi-squared table is generated for the upper and lower confidence intervals 
for 90%, 80%, and 60%. Note that k is the degrees-of-freedom (number of errors). In Table C.3 we show 
the data and in Figure C.1 the plot for SER confidence intervals for 90%, 80%, and 60% based on χ2 
values from Table C.2 and using Equation C.3. 
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C.2 Determining Upper and Lower Confidence Intervals (cont’d) 
 

Table C.2 — χ2 values for upper/lower 90, 80, and 60% confidence intervals  

  χ2 
    Confidence             
   Interval (1-α) 90% 80% 60% 

   Lower, Upper Limits             
    1-(α/2),α/2 95% 5% 90% 10% 80% 20% 

 Errors 
(r) 

Degrees of Freedom 
2(r+1)             

 0 2 0.103 5.991 0.211 4.605 0.446 3.219 
 1 4 0.711 9.488 1.064 7.779 1.649 5.989 
 2 6 1.635 12.592 2.204 10.645 3.070 8.558 
 3 8 2.733 15.507 3.490 13.362 4.594 11.030 
 4 10 3.940 18.307 4.865 15.987 6.179 13.442 
 5 12 5.226 21.026 6.304 18.549 7.807 15.812 
 6 14 6.571 23.685 7.790 21.064 9.467 18.151 
 7 16 7.962 26.296 9.312 23.542 11.152 20.465 
  8 18 9.390 28.869 10.865 25.989 12.857 22.760 
 9 20 10.851 31.410 12.443 28.412 14.578 25.038 

   
 

Table C.3 — Component SER 90, 80, 60% confidence intervals  
   Lower and Upper confidence limits for component SER 
     Confidence             
     Interval (1-α) 90% 80% 60% 
     Lower, Upper Limits             
     1-(α/2),α/2 95% 5% 90% 10% 80% 20% 

 Time 
(hr) 

Errors 
(r) 

Degrees of Freedom 
2(r+1)             

 149 0 2 98 5744 202 4415 428 3086 
150 1 4 677 9036 1013 7409 1570 5703 

    450 2 6 519 3997 700 3379 975 2717 
 811 3 8 481 2732 615 2354 809 1943 
 950 4 10 593 2753 732 2404 929 2021 

 1197 5 12 624 2509 752 2214 932 1887 
 1327 6 14 707 2550 839 2268 1019 1954 
 1512 7 16 752 2485 880 2224 1054 1934 
 1768 8 18 759 2333 878 2100 1039 1839 
 2045 9 20 758 2194 869 1985 1018 1749 
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C.2 Determining Upper and Lower Confidence Intervals (cont’d) 
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Figure C.1 — Plot showing the max. likelihood SER (average) and the upper and lower confidence 

intervals at 90, 80, and 60% levels. 
 
Obviously using higher confidence levels means longer test times. If one wanted to be sure that the 
component tested had an SER < 2000 FIT, at 60% confidence the 3500 units would have to stay on test 
for about 800 hours while at 80% confidence the same components would need to be tested out to nearly 
2000 hours. Conversely, the huge confidence interval shows the risk of using short field tests with no or 
few errors to test some assumption about average failure rate.  
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Annex D – The alpha particle environment (informative) 
 
A significant source of ionizing radiation in components is from alpha particles from the naturally 
occurring radioactive impurities in materials. Alpha particles can be emitted when the nucleus of an 
unstable isotope decays to a lower energy state. The alpha particle is composed of two neutrons and two 
protons emitted with specific kinetic energy typically from 4 to 9 MeV.  
 
The activity of a particular isotope is directly proportional to its natural abundance and inversely related 
to its half-life (the time required for a population of atoms to decay to one-half their original number). 
238U, 235U and 232Th (and their associated daughter products) have the highest activities of the naturally 
occurring radioactive species and are the dominant source of alpha particles in materials. 73.1% of the 
observed alpha flux would be from 238U decay, 23.5% from 232Th, and 3.4% from 235U respectively if 
these isotopes were present in equal amounts.  
 
If the half-life of the daughters is less than the half-life of the parent (usually the case for natural 
isotopes), then their alpha emissivity must also be considered since they can also contribute to the soft 
error calculation. A population of 238U atoms in equilibrium emits eight different alpha particles at 
discrete energies ranging from 4.15-7.69 MeV, a population of 232Th will emit six alpha particles from 
3.96-8.79 MeV, and an equilibrium population of 235U will emit seven alpha particles from 4.15-7.45 
MeV. The spectrum emitted from the natural occurring U and Th populations in a thin film are shown in 
Figure D.1.  Figure D.2 is the emission spectra from at thick film 232Th source showing spectral 
broadening due to alpha particle energy loss through the film. 
 

 
Figure D.1 — Emission Spectra from thin-film 238U, 232Th, and 235U, the predominant natural alpha 

emitters. Emission is based on activity and natural abundance. 
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Annex D – The alpha particle environment (informative) (cont’d) 
 

 
 

Figure D.2 — Emission Spectrum from thick-film of 232Th. Since alpha particles can be emitted at 
any depth from the surface, discrete emission lines are broadened into a continuous spectrum of 

alpha energies.  
 
241Am is also commonly used as a alpha particle source.  The alpha energy spectra is different than Th/U 
sources.  If 241Am is used, the user should consult with the supplier on the energy spectrum and flux of the 
source.  It is up to the user to determine if there is an energy mismatch between package contamination 
and alpha source and assess the impact. 
Secular equilibrium is only valid if the material has not undergone any chemical separation or 
purification. Since virtually all semiconductor materials are highly purified, in general, the alpha emitting 
impurities will not be in secular equilibrium since various isotope concentrations can become depleted or 
enriched. Alpha counting investigations are therefore necessary to accurately determine the alpha flux 
emission.  Variations in total alpha activity (TAA) over time can be as large as 10 times [46]. 
 
In actual components the alpha emitters are typically distributed throughout each material. The distinct 
energy “lines” shown in Figure D.1 are usually not observed since emission can occur anywhere within 
the material and the fine spectrum is broadened as the alpha particles lose energy traveling to the material 
surface. The alpha spectrum from a thick source of 232Th is shown in Figure D.2. The spectrum from a 
distributed source of 238,235U will look very similar.  
 
If the alpha source is confined to a thin layer so that all the alpha particle emission essentially occurs at or 
very near the surface a discrete spectrum is expected. Two examples of surface distributions are the 
residue  
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Annex D – The alpha particle environment (informative) (cont’d) 
 
of alpha emitting impurities left after a wet-etch with certain phosphoric acids and the segregation of 
210Po to the surface of standard lead-based and tin-based solders.  In this case, there will be a peak energy 
followed by a low energy tail as shown in Figure D.3. 
 

 
 
Figure D.3 — Alpha particle energy distribution from surface emission of 210Po. 
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Annex D – The alpha particle environment (informative) (cont’d) 
 
The probability that an alpha causes a soft error is based on its energy and on its trajectory. The wrong 
assumptions about the energy spectrum can lead to errors in estimating the SER from accelerated 
experiments. Alpha particles interact primarily by elastic coulombic scattering with the electrons 
surrounding nuclei, effectively freeing electrons from their material nuclei. This is also referred to as 
direct ionization.  Significant quantities of electron-hole pairs are generated along the physical trajectory 
of the ion. For an alpha particle traveling in silicon, an average of 3.6 eV of energy is lost for every 
electron-hole pair created. The denser the material, the more quickly the alpha particle loses its energy 
since there is a higher density of charge with which to interact. The charge generation rate (energy loss) 
increases with the distance the alpha particle travels and reaches a maximum near the end of the alpha 
particle's path Bragg Peak). This non-linear response is due to the increased ionization efficiency as the 
velocity of the alpha particle is reduced. Knowing the energy spectrum of incident alpha particles is very 
important to correctly assess device SER. A curve of the stopping power (or linear energy transfer) and 
range of an alpha particle in silicon as a function of its energy is shown in Figure D.4. The alpha particle 
generates anywhere from 4 – 16 fC/µm.  

Figure D.4. Stopping power or linear energy transfer (solid diamonds) and range (open diamonds) 
of an alpha particle in silicon as a function of its energy calculated from SRIM [16].  The Bragg 

peak is the depth of the maximum charge deposition (~0.5MeV). 

In a packaged semiconductor product the sources of alpha emitting impurities can be found in the 
packaging materials, the chip materials, materials used to attach the chip, and in the materials used 
during the fabrication process. Alpha particle surface emissions from some key production materials 
determined by alpha counting are summarized in Table D.1. The alpha emissivities are reported at the 
90% confidence level. Depending on the grade and type of material, a large range of alpha emissivities 
was observed. 
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Annex D – The alpha particle environment (informative) (cont’d) 
 

Table D.1 — Example of alpha emissivities of various materials.  (Note – these emmissivities are 
examples of published measurements.  Not all materials will fall in this range and will depend on 

their source of origin.) 
 

Material Emissivity (counts/khr-cm2) 
Fully Processed Wafers < 0.4 
30um thick Cu Metal < 0.3 

20um thick AlCu Metal < 0.3 
Mold compound < 0.5  –  < 24 

Flip Chip Underfill < 0.7  –  < 4 
Eutectic Pb-based Solders < 0.9  –  < 7200 

 
In a well-controlled manufacturing environment the primary sources of alpha particles are the package 
materials (ceramic materials, mold compound, underfill, solder, etc.) and not the semiconductor 
manufacturing materials.  However, cases of alpha contamination of semiconductor processing materials 
have been reported in the past – e.g., 85Kr contamination during package integrity testing, 210Po 
contamination from evaporator filaments and 210Po contamination of nitric acid during bottle cleaning 
[47].  
 
There are three ways to reduce alpha particle SER. The first is to use high purity materials and screen for 
alpha emission. Another is to keep packaging materials with the highest alpha emission separated from 
sensitive circuit components (e.g., “keep out” regions to separate sensitive SRAM circuits from solder 
bumps in flip chip packages). Another approach is to shield chips with films of various materials. 
Knowing the source and energy of the alpha emission is crucial since using a shield that is too thin can 
raise the SER above unshielded units by moving the peak of the energy deposition (Bragg Peak in Figure 
D.4) up into the active region. 
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Annex E – Neutron and Proton Test Facilities (informative) 
 
E.1 Introduction 
 
Most accelerated tests are performed at accelerator facilities which have been built for other applications, 
e.g., nuclear or high energy physics research at government laboratories or private facilities offering 
proton cancer treatment. Such facilities usually provide beams for chip testing on a cost recovery basis, 
which can range from a few percent to a significant fraction of their mission. Normally, the facility 
provides the beam and the dosimetry, and the user provides the test equipment. Sometimes, facilities 
collaborate with an outside company which will provide support with the dosimetry and/or test 
equipment, for a fee.  
 
Radiation effects testing at these facilities covers a wide range of applications, from material damage 
studies to space effects studies. It is very important that the facility staff is aware of the requirements of 
the user in beam energy, dose and uniformity and can provide quality assurance that these requirements 
are met. It is the responsibility of the user to communicate those requirements well in advance of the 
experiment and to ask for assurance that they can be met. Accelerator facilities are large, complicated 
systems and on any given day, things can go wrong, so users should maintain flexibility and have some 
patience.  
 
Sometimes facilities - particularly at government laboratories in the U.S. - require user agreements to be 
signed and estimated advance payment made before a test run can be scheduled. Ample time should be 
allowed for this paperwork to be completed, particularly the first time. Typically, university facilities are 
more flexible in this regard. Users should be aware that most of the time these facilities run 24 hours a 
day, sometimes 7 days/week. Sometimes the primary mission of the facility takes place during the day, 
and the availability of beams is limited to nights and weekends, e.g., at some proton therapy centers. 
 
E.2 Facilities list 
 
The major types of user facilities are described briefly in Tables E.2.1 through E.2.4. A spreadsheet of 
this information will be kept up to date at: www.seutest.com. 
 
 
NOTE:  Facilites managers should submit updates to www.jedec.org to keep www.seutest.com current. 
  

http://www.seutest.com/
http://www.jedec.org/
http://www.seutest.com/
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E.2 Facilities list (cont’d) 
 

Table E.2.1 List of thermal neutron facilities . 
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E.2 Facilities list (cont’d) 
 
Table E.2.2. List of mono-energetic, broad spectrum and quasi-mono energetic neutron facilities. 
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E.2 Facilities list (cont’d) 
Table E.2.3. List of High Energy Proton Facilities 

 

  
E.2 Facilities list (cont’d) 
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Table E.2.4. List of High Altitude Facilities, Underground Facilities and Terrestrial Neutron 

Monitoring Database. 
 

 
 
E.3 Heavy ion facilities 
 
Heavy ion facilities are generally used for testing of parts destined for space orbit, where primary cosmic 
rays can cause significant damage to microelectronics. Heavy ion testing facilities are well established 
and could be an option for alpha tests over radioactive sources. These facilities are not included in the 
database at this time. 
 



JEDEC Standard No. 89B 
Page 85 

 
 

 

E.4 Proton facilities 
 
The maximum and minimum flux and size of the beam which is available from any of the proton facilities 
depends on many factors, e.g., shielding, dosimetry, and radiation training of users (some facilities require 
additional training courses to run above certain levels). Most facilities are set up so that the part is run in 
air, which makes it easier to set up and allows the use of shorter cables. However, one should take great 
care that any radiation sensitive secondary equipment is shielded from the beam.  
 
Proton dosimetry has been well established over the last 30 years by the therapy community and standards 
exist for calibration of ion chambers, the main means of real-time dosimetry in use. These have been 
summarized in a report by the International Atomic Energy Agency (IAEA) entitled, ‘Absorbed Dose 
Determination in External Beam Radiotherapy: An International Code of Practice for Dosimetry based on 
Standards of Absorbed Dose to Water’. The user should consult with the facility’s manager on beam 
calibration techniques and measurements. 
 
E.5 Neutron facilities 
 
Four types of neutron facilities are available:  
 
1) Thermal neutrons, usually obtained from reactors, used for the studies described in 7 
2) (d,d) or (d,t) neutron sources, giving monoenergetic neutrons at 2.5 and 14 MeV, respectively, used 

for accelerated testing in combination with proton sources, as described in 6, 
3) spallation proton sources, which produce a neutron energy spectrum up to the energy of the proton 

source, also used for accelerated studies as described in 6, and 
4) quasi-monoenergetic neutrons of various energies, usually produced using protons on a Be or Li 

target, an alternative method described in 6 
 
Because neutrons have no charge, it is not possible to count the neutrons directly. Instead, secondary 
reactions which have high probability and are well understood must be used for dosimetry. The most 
appropriate material for dosimeters for neutrons is dependent on the neutron energy. For thermal 
neutrons, boron-containing material is efficient for capturing neutrons and can be used for real-time 
dosimetry. The most accurate method is activation foils, which are very well understood but must be 
counted offline after the irradiation. For fast neutrons, polyethylene, liquid-scintillator or other hydrogen-
containing material is used and the proton recoils are measured. An old technique, which is still used 
extensively, is fission ion chambers. The fissionable material used, which could be uranium, bismuth or 
other heavy isotopes, determines the low energy threshold of sensitivity to neutrons. There is no standard 
for neutron dosimetry as there is for protons, and the dosimetry may not be as well understood as at 
proton facilities. The user should determine from the facility what the efficiency, accuracy and energy 
limits are of the dosimetry in use. 
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Annex F – Sources of measurement errors (informative) 

 
This annex provides guidance in assessing the various sources of measurement errors in determining the 
fundamental quantities soft error cross-section (σ) and soft error rate  (R): 
 

𝜎𝜎 =  𝑁𝑁
Φ

                                                                                                                 (F.1) 
 

𝑅𝑅 =  𝑁𝑁
𝑇𝑇

= 𝜎𝜎 Φ
𝑇𝑇

                                                                                                       (F.2) 
 
where N is the number of events, Φ is the alpha or neutron fluence per unit area and T is the measurement 
time interval.  
 
F.1 Sources of errors in thermal and high energy neutron measurements (real-time and 
accelerated) 
 
F.1.1  Measurement accuracy due to errors in fluence measurement - Φ 
 
F.1.1.1  Accuracy of fluence 
 
For accelerator or reactor facilities, the facilities manager should be consulted on the accuracy of the 
fluence.  For example, how is variation of flux accounted for in the final fluence?  Is the flux monitored 
real time and integrated at the end of the test?  Or is an average flux assumed and multiplied by the test 
duration?  In the case of real time testing, is the terrestrial flux assumed to be constant?  Or are 
adjustments made for atmospheric pressure variation and solar activity? 
 
F.1.1.2  Uniformity of fluence (large area devices and multiple devices side by side) 
 
Depending on the beam configuration and device area (or if multiple devices are side by side), variations 
in the uniformity of the fluence will lead to differences in the measured cross-section and rate.  The user 
should consult the facility manager on beam fluence variation over the area of devices tested. 
 
F.1.2  Measurement accuracy due to uncertainty in number - N   
 
F.1.2.1  Statistical variation 
 
See annex C. 
 
F.1.2.2  Undetected errors and masking effects 
 
Not all soft error events will necessarily be observed.  The number of events that go undetected will 
depend on the device design, test conditions and test algorithms.  There is no way to generalize the 
measurement error introduced by not accounting for these undetected or masked upsets.  However, the 
user should ensure that the testing uncovers as many errors as possible.  If the user has a means of 
estimating these undetected errors (e.g., only half of memory can be tested, so errors from untested 
memory will go undetected), this should be noted in the final report.   
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F.1 Sources of errors in thermal and high energy neutron measurements (cont’d) 
 
F.1.3  Measurement error due to uncertainty in time interval – T 
 
This is not a significant source of measurement error because the time scale is large (minutes to hours for 
accelerated testing or days to months for real-time testing) and can be measured with better accuracy than 
fluence or soft error count discussed above. 
 
F.1.4  Measurement errors due to secondary beam and energy effects 
 
Equations F.1 and F.2 implicitly contain neutron energy dependence.  Therefore, any mismatch in spectra 
between the test source and the reference spectrum will introduce errors. 
 
F.1.4.1  Particle scattering in beamline 
 
Secondary and scattered particles can be generated as a result of the beam interacting with materials in the 
beamline.  The user should consult with the facility manger on characterization of these effects and if 
these secondary particles have sufficient energy to reach the device active area.   
 
F.1.4.2  Fluence  attenuation and secondary ion generation due to material in front of the active 
area 
 
Several cases exist where the geometry of and material used in the test fixture (not the beamline) can 
impact incident beam energy (spectrum shift) and fluence (beam attenuation due to scattering and 
absorbtion) as well as generating secondary ions – e.g., heat sink materials and devices tested one in front 
of the other.  For real time testing, building effects should be considered.  The user should either 1) 
estimate the impact of fluence attenuation, energy shift and secondary ion generation using simulation 
(GEANT, FLUKA, etc.) or 2) count differences in the number of errors for each device (from front to 
back) and assess the impact of these effects. 1/r2 dependence should also be accounted for.  
 
Note – For 2) above, the error counts must be high enough to discern differences between stacked devices 
that are not due to statistical counting variation.  (see annex C).   
 
F.1.4.3 Spallation source mismatch 
 
The match between the reference spectrum and the various spallation sources will lead to measurement 
errors that depend on the energy dependence of the cross section.  Unless the user makes independent 
measurments to determine this energy dependence, it is difficult to assess the impact of this mismatch. 
 
F.1.4.4 Weibull fit 
 
If mono-energetic or quasi-mono-energetic sources are used, fitting the data to a four parameter Weibull 
function can lead to errors.  However, the user can use numerical integration techniques to assess the 
impact of the fit on Equation 6.10.  [27]. 
 
 
  



JEDEC Standard No. 89B 
Page 88 
 
 

 

F.1 Sources of errors in thermal and high energy neutron measurements (cont’d) 
 
F.1.5  Propagation of errors  
 
As discussed in 7.6.2 (see Equation 7.3), significant measurement errors can be encountered when using a 
high energy neutron source to measure the thermal neutron cross section in cases where the cross section 
measured with and without shielding is comparable (i.e., Nwo shield /Φ beam wo shield ~ Nw shield/Φ beam w shield).  
This can occur in cases where there is not a signicant thermal component in the beam or if the thermal 
cross section is significantly smaller than the high energy cross section.  Considering the primary sources 
of errors as counting statistics and beam fluence, from Equation 7.3, these will be added in quadrature:  
 

𝛿𝛿𝜎𝜎𝑡𝑡ℎ =  �𝛿𝛿𝛿𝛿𝑤𝑤𝑜𝑜 𝑠𝑠ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
2 + 𝛿𝛿𝛿𝛿𝑤𝑤 𝑠𝑠ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

2                                                                                                         

=  �𝜎𝜎𝑤𝑤𝑤𝑤 𝑠𝑠ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
2(
𝛿𝛿𝑁𝑁𝑤𝑤𝑤𝑤 𝑠𝑠ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

2

𝑁𝑁𝑤𝑤𝑤𝑤 𝑠𝑠ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
2 +

𝛿𝛿Φ𝑤𝑤𝑤𝑤 𝑠𝑠ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
2

Φ𝑤𝑤𝑤𝑤 𝑠𝑠ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
2 ) + 𝜎𝜎𝑤𝑤 𝑠𝑠ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

2(
𝛿𝛿𝑁𝑁𝑤𝑤 𝑠𝑠ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

2

𝑁𝑁𝑤𝑤 𝑠𝑠ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
2 +

𝛿𝛿Φ𝑤𝑤 𝑠𝑠ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
2

Φ𝑤𝑤 𝑠𝑠ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
2 )          (𝐹𝐹. 3) 

 
~   √2 𝛿𝛿𝜎𝜎𝑤𝑤𝑤𝑤 𝑠𝑠ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖                                                                                                                                    

 
in the case where σwo shield and σw shield are comparable (i.e., σth is small by comparison).  The errors in both 
will also be comparable (i.e., δσwo shield ~ δσw shield).  If δσwo shield >> σth, then the use of a high energy 
neutron source to measure thermal neutron cross section is not valid because δσth >> σth. 
 
F.2   Sources of errors in alpha particle measurements 

F.2.1  Alpha source flux calibration, energy spectrum and uniformity 
 
The user should request information from the alpha source supplier on flux, energy spectrum and 
uniformity along with how the source should be maintained and calibrated.  Uniformity of the source 
across the active area is critical and variation should be no more than +/-10%.  If an encapsulant  is used 
to protect the surface, it’s impact on the energy spectrum should be assessed.  If the surface is not 
protected, physical handling can cause change in flux over time.  So precautions should be taken to not 
touch the surface.  If something has happened to the surface, it should be sent back for recalibration. 
 
F.2.2  Energy Spectrum Effects 
 
The energy spectrum of the source used for accelerated measurements might be different than the actual 
package contaminants (e.g., 241Am source vs 232Th/238U package contamination).  The user should 
consider this impact and note in the final report.  In addition, spectrum smoothing and attenuation effects 
can take place in a packaged part that would not be seen with a bare die and alpha source.  There are no 
straightforward correction factors that can be applied in these cases.  If the user chooses to undertake 
these calculations, they should be noted in the final report. 
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F.2.3  Geometrical Effects 
 
Accelerated alpha soft error measurements use a uniform planar source separated by a physical gap from 
the active area.  However, the real sources of alpha particles for the device might not be uniform (e.g., 
point source emission from Pb bumps in a flip chip package) and are in intimate contact with (or near) the 
active area.  The user should consider these impacts and try to minimize as much as practically possible 
(e.g, minimize gap so attenuation of flux is minimal- see Figure 5.3 for source to bare die flux correction 
factor) and note in the final report. There are no straightforward correction factors that can be applied to 
cases where the package emissivty is nonuniform or is coming from different depths in the package. If the 
user chooses to undertake these calculations, they should be noted in the final report. 
 
F.2.4  Measurement Accuracy Due to Uncertainty in Number - N   
 
See annex F.1.2 
 
F.2.5  Measurement Error Due to Uncertainty in Time Interval – T 
 
This should not be a significant source of measurement error because the time scale for accelerated alpha 
soft error measurements are large (>>1hr) and can be measured with better accuracy than source flux or 
geometric factors discussed above. 
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Annex G – Recommendations for Final Report Content (informative) 
 
As discussed in 3 through 7, there are multiple radiation techniques required in order to measure the SEE 
characteristics due to alpha, thermal neutron and high energy neutron radiation.  Once the user has 
determined and completed the entire test campaign (i.e., real time testing and/or accelerated alpha source 
testing, high energy neutron beam testing and thermal neutron testing), a final report should be produced 
that summarizes all the tests. All applicable SEE rates for the tested component should be individually 
reported (see Table G.2.A). If the user decides to eliminate some tests, the reasons should be noted in the 
final report.  For example, a test campaign can include separate measurements of accelerated alpha, 
thermal neutron and high energy neutron cross sections.  From this data, the total SER of a device at the 
reference standard can be calculated.  Alternatively, a combination of real time SER and accelerated alpha 
source testing can be used to determine the soft error characteristics of a device in the reference spectrum, 
but the thermal and high energy contribution cannot be deconvolved if Cd or 10B shielding is not used 
(see Sec 6.7).  Either technique is acceptable and it is up to the user to determine the preferred approach.  
At a minimum, the device should be tested at nominal operating conditions (temperature, voltage and 
frequency) with normal angle of incidence for high energy neutrons.  Additional characterization at 
different operating conditions and angle of incident radiation is optional. This section is intended to guide 
the user in assembling the various pieces of data collected into a format that can be easily communicated 
and demonstrate compliance to this standard.   

G.1 Device and Test Equipment Electrical Charateristics  
 
Table G.1 lists the general items that should be included in the final report with respect to the devices 
being tested.  For any details that the user does not have access to or is considered confidential, the 
response should be “unknown” or “confidential”. 
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G.1 Device and Test Equipment Electrical Charateristics (cont’d)  
 
Table G.1 — Device description, electrical tests and failure details that should be included in final 

report. 
DUT description: 

  

Sample size (number of devices tested) 
Vendor, Part # and Die rev (for commercial components) or Test Chip Description 
Process technology (feature size, # and type of metal levels, presence or absence of polyimide or other 
layers, etc.) 
Product (e.g., SRAM, DRAM, Microprocessor, test chip flip flop chain, etc.) 
On-chip error correction (type and coverage of ECC) 
Dimension of the active device area tested. 
Package (type, connection to chip, materials and geometries) with description of any modifications made 
for SER testing (e.g., etch back of encapsulant, etc.). 

Electrical Test Description 

  

Test duration 
Voltage (external supply, internal regulated, back bias voltages if applicable) 
Junction & ambient temperature during test 
Static or Dynamic test (core cycle time or frequency if dynamic) – special note must be made if the DUTs 
are run at a cycle time different than the intended end use 
Refresh rate (where applicable) 
Test patterns and data patterns, including dead-time calculation (see 3.3.3) 
Test Hardware (ATE commercial model and/or physical description if equipment is custom made) 
Description of test board (number of layers, number of devices, etc.) 
Description of types of errors that can be detected 
Duration of test time per device 
Shielding from radiation sources (if used) or building wall and ceiling description (for real time testing) 
Record any problems or unusual behavior 

Failure Information 

  

Periodicity of readouts/time of each failure 
Failing logical address/s 
Failing physical location/s 
NOTE:  Electrical signature of each soft error including a description of the occurrence of SCU, MCU, MBU, SEL, and 
SEFI events. Estimating a failure rate without segregating the types of errors occurring (SEU, MBU, MCU, SEL, SEFI, 
etc.) can lead to erroneously high average failure rates. The effective failure rate of each unique failure signature 
must be calculated accordingly (e.g., Equation 6.1 and 6.2) ) 

Voltage, ECC on/off status, DUT power mode (i.e., standby, running traffic, etc.) and test/data pattern at 
the time of failure 
Identification of failures that are multiple-cell errors 
Electrical signature and source of hard errors (if observed)  
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G.2 Source Radiation Characteristics and Device Positioning 
 
Table G.2.A and G.2.B list the items that should be included in the final report based upon the user 
determined source selection and test campaign. 
 
Table G.2.A — Radiation source items that should be included in final report depending on which 

sources are used. 
REAL TIME SER ALPHA SER HIGH ENERGY NEUTRON 

SER 
THERMAL NEUTRON SER 

Location of devices under 
test:  latitude, longitude 

and altitude 

Source isotope(s) (e.g., 
241Am, 232Th, etc.) 

Name, location, type and overall description of accelerator 
facility including beamline (if applicable) 

Average of atmospheric 
conditions / range of 

calendar dates of data 
collection  

Source manufacturer, serial 
number or other means of 

identification  

Description of source used to generate neutrons 

Calendar date of each 
failure 

Physical configuration of 
the source (e.g., diffusion 
bonded with gold over-

layer, encapsulant material, 
etc.) 

Description of energy spectrum 

General building description 
(e.g., number of floors, 

building material, windows, 
etc.) and location of DUTs 

within building 

Source activity in Bq – 
implies integration over 

spherical emission volume 

Description of beam spot size, shape, uniformity and 
distribution (e.g., gaussian, uniform, etc.) 

Either a measurement of 
the neutron flux at the ATE 
or an estimation showing 

clear details of the 
calculation (e.g., direct 
measurement over a 

particular energy range, 
calculations from annex A, 

etc.) 

The last calibration date Description of measurement technique and correction 
factors used to determine flux at DUT (e.g., flux at DUT 

different than flux at detector due to solid angle effects) 
and relevant calibration information  

Description of method to determine fluence at each DUT 
(e.g., average of flux at start and end of test, real time flux 

integration, etc.) 

Description of special configurations or filters used (e.g., 
moderators, neutron guides, Cd shielding, etc.). 

Particles in beam and their 
energy other than high 

energy neutrons 

Particles in beam and their 
energy (other than thermal 

neutrons) 

If complementary proton 
testing is used, note the 

correlation factor 
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Table G.2.B — Items that should be included in final report describing source and device 
orientation. 

REAL TIME SER ALPHA SER HIGH ENERGY NEUTRON 
SER THERMAL NEUTRON SER 

Orientation of DUT to 
horizon and geometry of 

boards (i.e., planar or 
stacked) 

Dimension and shape of 
source active area and 

device active area 
Beam angle of incidence with respect to the DUT  

If available, the source 
energy spectrum (for thin 
foil sources with discrete 

energy peaks a simple list of 
peak energies will suffice 

while for sources with 
distributed spectra a plot is 

recommended) 

If multiple DUTs tested, decription of geometry with 
respect to the beam (e.g., stacked or side by side) 

Alignment of source with 
respect to DUT active area 

tested 

Describe any type of scattering/shadowing material in the 
neutron beam during the experiments needs to be 

described in detail (see 7.7.5)  

A description of any 
shadowing which might 
affect the final result by 
obstructing some of the 

source flux 

Source-to-die spacing 

Estimate of the alpha flux 
reaching the active device 

surface 

 
Note – Not all four test techniques are required.  It is up to the user to determine the test requirements for 
a complete alpha and neutron soft error characterization. 
 
G.3 SEU Cross Section and FIT Calculations 
 
The final report should include the various tests done to arrive at a final soft error characterization at the 
reference spectrum level.  This will include the alpha SEU due to material impurities as well as high 
energy and thermal neutron soft errors.  Table G.3 summarizes what should be reported for real time or 
accelerated tests, measurement errors and the translation methodology to the reference spectrum. 
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G.3 SEU Cross Section and FIT Calculations (cont’d) 

Table G.3 — Summary of soft error cross section or rate reporting. 
ITEM REAL TIME ALPHA HIGH ENERGY NEUTRON THERMAL NEUTRON 

Real Time or 
Accelerated Soft 

Error Cross 
Section or FIT 

Calculation of real-time 
soft error cross section 
or FIT at test site for 
each type of event (e.g., 
cell upset, logic upset, 
latchup, etc.) using: 

Calculation of 
accelerated alpha soft 
error cross section or 
FIT for each type of 
event (e.g., cell upset, 
logic upset, latchup, 
etc.) 

Calculation of high energy 
neutron soft error cross 
section or FIT for each type of 
event (e.g., cell upset, logic 
upset, latchup, etc.) and for 
each electrical condition 
measured (e.g., voltage, ECC 
state, pattern, frequency, 
etc.) and each radiation test 
(e.g., single spallation source 
test, multiple mono-energetic 
or quasi-mono energetic 
sources). 

Calculation of thermal 
neutron soft error cross 
section or FIT for each type 
of event (e.g., cell upset, 
logic upset, latchup, etc.) 
and for each electrical 
condition measured (e.g., 
voltage, ECC state, pattern, 
frequency, etc.) and each 
radiation test (i.e., with and 
without B or Cd shielding). 

Description of the 
techniques used to 
calculate fluence at the 
DUT including building 
effects 

Description of the 
techniques used to 
calculate fluence at the 
DUT including alpha 
attenuation through 
layers 

Description of the techniques 
used to calculate fluence at 
the DUT including high energy 
neutron scattering effects 

Description of the 
techniques used to calculate 
fluence at the DUT including 
thermal neutron absorbtion 
and scattering effects 

For nuclear reactor facility 
tests: check pre and post 
device charateristic for 
gamma radiation damage. 

Statistical methods outlined in annex C if event count is small and the confidence intervals should be clearly stated in 
the final report). 

Soft Error Cross 
Section or FIT at 
Reference Level 
(high energy 
12.9 n/cm2hr 
and thermal 6.6 
n/cm2hr) 

Translation of real-time 
soft error FIT to 
reference spectrum 

Translation of 
accelerated alpha soft 
error cross section or 
FIT to packaged 
product. 

Translation of accelerated 
high energy neutron soft 
error cross section or FIT to 
reference spectrum. 

Translation of accelerated 
thermal neutron soft error 
cross section or FIT to 
reference spectrum. 

This will require 
estimation of high 
energy and thermal 
neutron and alpha 
particle components. 
The assumptions/ 
calculations should be 
stated clearly in the 
report (e.g., Is alpha 
cross section 
independently 
determined?  What are 
scaling assumptions 
between high energy 
and thermal neutrons?) 

Acceleration factor 
between alpha source 
and product package 
emissivity 

For spallation sources, beam 
acceleration factor used. 

Methods used to correct for 
cold, epithermal and high 
energy neutron 
contributions if appropriate 
(i.e., how closely does 
source represent terrestrial 
thermal neutron spectrum?) 

Final report should 
clearly state any  
correction factors used 
to account for overlayer 
attenuation, package 
geometry and spectrum 
mismatch (e.g., 241Am 
source vs 238U package 
impurities). 

For monoenergetic sources, 
report Weibull parameters 
and method used to calculate 
cross section or FIT 

For complementing broad 
beam neutron test, method 
to arrive at correlation factor 
(see 6.6.2.5) 

Report any scaling factors between test chip and final product if appropriate 
NOTE Linearity check - for highly accelerated testing using alpha and neutron sources, the user should distinguish multiple errors (e.g., MCU) from a 
single event from multiple errors caused by multiple events (e.g., multiple SCUs).  This can be accomplished by reducing source flux and increasing read-
out frequency to reduce the probability of multiple events.  The number of events should scale linearly with the source fluence.  A good indication of 
operation in the non-linear regime is if there are errors every readout cycle.  This indicates there can be a “collision” of events where two or more single 
events occur within the same readout cycle.  As the probability of errors per readout cycle drops to p < 1, the probability of two independent single events 
scales down as p2. 
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Annex H (informative) Differences between JESD89A and JESD89B 
 
The following are changes made from JESD89A. 
 
Introduction 
 

Figure 1 added to diagram various single event terms used in the standard.  Soft error remains as the 
primary term for JESD89B.  Single event upset (SEU) more narrowly defined as a cell, flip-flop or 
latch-upset, so soft error replaces SEU throughout JESD89B. 

 
1  Scope 
 

List of related documents updated and extended to include other radiation effects. 
 
2  Terms and definitions 
 

New terms added to more precisely define soft error effects:  bit, cell, reset soft error, single bit upset, 
single cell upset and single event hard error. 

 
3  Test equipment and software requirements 
 

3.1 Test plan - Section moved to beginning of Sec 3 as a better introduction.  More guidance 
provided around planning a successful soft error test plan for first time users.   
 
3.3 Test conditions - More details and guidance added to environmental conditions, static vs. 
dynamic testing. 
 
3.4 Setup procedure (JESD89A) – This section has been eliminated because the information 
repeated in 4, 5, 6 and 7 under detailed testing procedures for each source. 
 
3.5 General testing specification (JESD89A) – This section has been eliminated because the 
information repeated in 4, 5, 6 and 7 under detailed testing procedures for each source. 
 
3.6 Data collection (JESD89A) – This section has been removed and the details required for the final 
report are added to annex G – Recommendations for Final Report Content. 
 
3.4 Considerations for Soft Error Testing of Individual Circuit Elements (JESD89B) – This 
section is new and addresses soft error testing of individual building block circuits (i.e., test chips 
designed for soft error testing). 
 
3.5 Considerations for Testing IC Products (JESD89B) -  Examples of testing memory 
components has been added. 3.7 Considerations for testing non-memory components (JESD89A) has 
been eliminated as obsolete and other sections addressing random logic circuits, FPGAs and 
microprocessors have been re-numbered. 
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Annex H (informative) Differences between JESD89A and JESD89B (cont’d) 
 
4  Real-time (unaccelerated and high-altitude) SER procedures 
 

4.2.3 Test Hardware – Reference directly to BPSG for thermal neutron soft errors is eliminated and 
user is refereed to 7 Accelerated thermal neutron test procedures for updates on other sources of 
thermal neutron soft errors. 
 
4.2.4 Test software – Added requirement the user must understand the details of embedded ECC 
capabilities of they are used. 
 
4.4  Differences in real-time SER tests and actual end-user observed fail rates – Added more 
examples of how errors detected in RTSER set-up might go undetected in system operation. 
 
4.5 Final Report (JESD89A) – Deleted.  Details moved to annex G  Recommendations for Final 
Report Content (JESD89B) where final report instructions for 4, 5, 6 and 7 have been consolidated. 

 
5  Accelerated alpha-particle test procedures 
 

5.1.1 Introduction – 210Po contamination in lead and tin added as an additional source of soft errors. 
 
5.3.1 Flip Chip Packages – new section 
 
5.4.1 Alpha source selection – more details added on source selection, including 241Am and 232Th 
sources. 
 
5.4.4 Alpha particle source flux (JESD89A) changed to Alpha particle source intensity and 
uniformity (JESD89B) – Details added on user checks for linearity of soft error measurements and 
source uniformity. 
 
5.5  Basic test methodology (JESD89A) – eliminated as redundant information that is covered in 
new section  3.5.1 Memory components 
 
5.6.1 General test specifications (JESD89A) – eliminated as redundant information to Sec 3 and 
annex G. 
 
5.6.2 Basic alpha particle flux acceleration factor (JESD89A) – renumbered 5.5.1 
 
5.6.3 Geometry factor and shielding (JESD89A) – renumbered 5.5.2 
 
5.6.4 Extrapolating the failure rate to use conditions (JESD89A) – renumbered 5.5.3 
 
5.7.1 Rate of errors in accelerated tests (JESD89A) – eliminated as redundant information covered 
by linearity note in annex G. 
 
5.7.2 Generalized noise issues (JESD89A) – eliminated as redundant information covered 3 
 
5.7.3 Total dose (JESD89A) – renumbered 5.6.1 
 
5.7.4 Package shadowing (JESD89A) – renumbered 5.6.2 
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Annex H (informative) Differences between JESD89A and JESD89B (cont’d) 
 

5.7.5 Single event latchup and single event functional interrupt – eliminated as redundant to note 
for Equation 5.2 and information provided in definitions for SEL and SEFI. 
 
5.8 Final Report – eliminated as redundant information outlined in annex G. 

 
6  Accelerated high-energy neutron test procedures 
 

Note – Some sections were deleted and others moved forward, so section number refrencing below is 
with respect to JESD89B unless JESD89A is specifically called out.  
 
Replaced “terrestrial cosmic ray” in JESD89A with “high-energy neutron” to more accurately define 
content of section and distinguish from thermal neutron testing in 7. 
 
General - Soft Error Cross Section and Soft Error Rate equations in 6 have been updated with 
subscript i to explicitly indicate different types of soft error events (e.g., i= SCU, MCU, SEL, SEFI, 
etc) that should not be mixed in the calculation. 
 
6.1.5 Goal of test method – Changed reference level high-energy neutron flux above 10 MeV from 
NYC to a fixed number (3.596×10-3 cm-2 s-1 or 12.946 cm-2 h-1 ).  Details are covered in annex A. 
 
6.3 Basic test methodology (JESD89A) - eliminated as redundant information that is covered in new 
section 3.5.1 Memory components 
 
6.3 Angular Dependence Considerations – new section added based on learnings outlined in annex 
A 
 
6.4 Basic test procedure (JESD89A) – eliminated as redundant information covered in 3. 
 
6.4.2 Beam Fluence – Examples added to help user determine how much fluence is needed to obtain 
desired soft error measurement accuracy. 
 
6.4.3 Beam flux (JESD89A) – eliminated because guidelines for linearity are moved to 3 and 
different proton/neutron energies are covered in detail in 6.6.3.  
 
6.5.2.1 Monoenergetic proton beam: proton-induced soft error cross-sections at Ep – Notes 
added to alert user to proton energy loss in thick packages and loss of mono-energetic properties with 
beam degraders. 
 
6.5.2.3 Quasi-monoenergetic neutron beam: neutron-induced SEU cross-sections at En  -  Figure 
6.1 added as an example of quasi-monoenergetic neutron spectrum. 
 
6.5.2.3.1 Iterative Unfolding Algorithm (New) – Algorithm equations added to calculate soft error 
cross section from quasi-monoenergetic neutrons. 
 
6.5.2.3.2 Multiple Angle Neutron Irradiation (New) – Equation added to calculate soft error cross 
section from quasi-monoenergetic neutrons. 
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Annex H (informative) Differences between JESD89A and JESD89B (cont’d) 
 

6.5.2.4 Spallation neutron beam: averaged neutron SEU cross-section over neutron spectrum – 
Figure 6.2 (formerly Figure. 6.1 in JESD89A) updated to include Chip IR and RCNP spectrum.   
 
6.5.2.5 Complementing broad beam neutron soft error data – New section detailing technique 
used to develop correlation factor (CF) between broad spectrum neutron and monoenergetic proton 
soft errors.  
 
6.5.3 Energy variation of soft error cross section – New Figure 6.4 (Figure 6.2 in JESD89A) added 
showing Weibull fit to SCU and SEL events. 
 
6.5.4.2 Computation of fail rate from spallation soft error cross section - Integration of lower 
energy limit of beam fluence remains at 10 MeV for JESD89B even though iterature indicates finite 
neutron cross-section below 10MeV.  However, errors introduced in acceleration factor due to mis-
match of various spallation sources and the terrestrial neutron spectrum in the 1 – 10 MeV range 
would introduce larger errors [27]. 
 
6.6 Interferences - Scattering and secondary ion effects and thermal neutrons at the DUT – 
7.4.5 Thermal neutron shielding - moved from 7.7.5 (JESD89A) to 6.6  because it is applicable to 
high energy neutron sources that generate a large flux of thermal neutrons that can interfere with the 
soft error measurements. 
 
6.7.1 Rate of errors in accelerated tests (JESD89A), 6.7.2 Generalized noise issues (JESD89A) 
and 6.7.3 Total dose (JESD89A) – removed as redundant and are included in 3 and annex G. 
 
6.7.5 Proton range in thick packaging (JESD89A), 6.7.6 Single event latchup and single event 
functional interrupt (JESD89A) and 6.8 Final report (JESD89A) – these sections have been 
remove since they are redundant with 3 and annex G in JESD89B. 

 
7  Accelerated thermal neutron test procedures 
 

7.1.3 Safety Issues (JESD89A) – removed as redundant with 3. 
 
7.1.4 Guideline (JESD89A) – removed because 4, 5 and 6 make it clear that complete soft error 
characterization requires various forms of alpha and neutron testing. 
 
7.4.1 Thermal neutron source selection – Figure 7.1 added showing various thermal neutron 
sources.  Cautions provided in using thermal neutron flux from high energy spallation sources. 
 
7.4.4 Beam flux (JESD89A) - removed as redundant and are included in 3 and annex G. 
 
7.4.5 Thermal neutron shielding (JESD89A) – moved to 6.6 Interferences - Scattering and 
secondary ion effects and thermal neutrons at the DUT. 
 
7.5 Basic test methodology (JESD89A) - eliminated as redundant information that is covered in new 
3.5.1 Memory components. 
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Annex H (informative) Differences between JESD89A and JESD89B (cont’d) 
 

7.5.2  Computation of fail rate from thermal neutron soft error cross section – JESD89B adds 
more proscriptive (and not relative) details on calculating and reporting of thermal neutron cross-
section and soft error rate.  
 
7.7 Interferences (JESD89A) – deleted as redundant to 3 and annex G. 

 
Annex A - Determination of terrestrial neutron flux 

 
Updated data to terrestrial neutron flux from JESD89A is insignificant (<2%).  High energy and 
thermal neutron reference flux has moved from NYC to a fixed reference that will not change 
with shift magnetic pole.  Information on angular distribution vs. neutron energy added to help 
user understand complex terrestrial neutron environment.  

 
Annex D - The alpha particle environment 

 
Figure D.2 change to log scale to help user visualize emission spectrum of 232Th.  Added Figure 
D.3 from surface emission of 210Po.  

 
Annex E – Neutron and proton test facilities  

 
Updated to include new facilities and delete old facilities taken off line. 

 
Annex F – Sources of measurement errors  

 
New annex that details various sources of measurement errors. 

 
Annex G - Recommendations for final report  

 
New annex that consolidates recommendations for final report from 4, 5, 6 and 7. 
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