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Abstract—Single-event transients (SETs) in linear integrated
circuits have caused anomalies in a number of spacecraft. The
consequences of these anomalies have spurred efforts to better
understand SETs, including the mechanisms responsible for their
generation, the best approaches for testing, how data should be
analyzed and presented, and approaches for mitigation.
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event transients (SETs).

I. INTRODUCTION

S
INGLE-EVENT TRANSIENTs (SETs) are voltage glitches

that occur in integrated circuits (ICs) operating in a radia-

tion environment. They are caused by ionizing particles passing

through sensitive p-n junctions in the ICs. By their very nature,

SETs are temporary, but they can lead to long-term effects if,

for example, they corrupt instruction code in memory or trigger

unwanted actions, such as power resets.

Generally, any device that uses charge to represent informa-

tion is susceptible to SETs. That would include all silicon-based

technologies (CMOS, bipolar, and BiCMOS) as well as all com-

pound semiconductor technologies (MESFET and heterojunc-

tion). Both digital and analog circuits are susceptible to SETs,

but there are sufficient differences to warrant treating them sep-

arately. SETs in digital circuits (DSETs) make their presence

known when they are converted to single-event upsets (SEUs),

such as when a SET changes the information stored in a reg-

ister or memory. On the other hand, SETs in linear analog cir-

cuits (ASETs) originate at a sensitive p-n junction within the

circuit, but they must first propagate to an output in order to

be detected. ASETs generally have no long-term effects on the

linear circuits in which they are generated. However, they can

trigger long-term effects in follow-on circuits connected to the

output of the struck circuit, with the type of effect depending on

the function of the follow-on circuit.

Experience has taught us that ASETs pose a potentially se-

rious threat to spacecraft operating in the radiation environment

of space. It is well established that a number of system malfunc-

tions on board spacecraft have been attributed to ASETs. The

first occurred shortly after the launch of NASA’s TOPEX/Po-

seidon satellite in 1992, when an anomaly occurred in an op-

erational amplifier (OP15) that was part of the electronics for
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a scientific instrument [1]. Malfunctions on other spacecraft,

including TDRS, CASSINI, [2] SOHO [3], [4], TERRA, and

MAP [5], were also attributed to SETs. In most cases, the SETs

caused the satellites to switch into “safe mode,” in which all

nonessential systems were temporarily powered down until the

cause was identified.

This paper is devoted exclusively to the study of ASETs in

linear bipolar devices. It addresses all aspects of ASET genera-

tion and propagation, with special emphasis on the application

of a variety of different experimental methods and computer

simulations to reveal ASETs properties.

II. BACKGROUND

Spacecraft contain many different types of linear ICs in-

cluding operational amplifiers (op-amps), voltage comparators,

voltage references, pulsewidth modulators, voltage-controlled

oscillators, dc/dc converters, etc., all of which may be ASET

sensitive. Only operational amplifiers and voltage comparators

will be discussed in detail here because most of the ASET

studies to date have been devoted to these two types of linear

circuits.

Many factors determine whether ASETs pose a threat to a

spacecraft. They include the function of the linear IC, the type

of ion, the location within the IC of the ion strike, device and cir-

cuit parameters, device configuration (input and supply biases),

and output impedance. Factors such as the incident ion type and

energy, the ion strike location and the parameters of the struck

transistor determine the initial ASET size. Circuit parameters

then determine whether the ASET is able to propagate from the

strike location to the IC output.

After propagating through an IC and appearing at an output,

an ASET must still propagate through the subsystem until it

reaches a critical IC where it can trigger a change. The propaga-

tion is determined by the bandpass of the subsystem, and only

sufficiently large ASETs will be able to switch the state. As a

result, of the many ASETs produced with a variety of shapes

and sizes, the number that will pose an actual threat to a system

is quite small.

Op-amps are used in a wide variety of applications, in-

cluding power-supply circuits where their outputs are routinely

filtered to remove noise. Those same filters are also effective

at removing ASETs, so that additional mitigation is not always

necessary for power-supply circuits. However, in applications

where the outputs of op-amps cannot be filtered, such as for

high-speed measurements, ASETs present a very real problem

for the circuit designer.

ASETs in op-amps have a variety of shapes and sizes. Fig. 1

shows examples of ASETs from a single device, the LM124
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Fig. 1. Variety of ASETs produced in the LM124 operational amplifier by high-
energy heavy-ion irradiation [6].

operational amplifier, configured as an inverting amplifier with

gain [6]. Some ASETs are positive, some are negative, and some

are bipolar. Some are of very short duration, while others are

much longer. It is important to note that the operating configura-

tion may determine ASET shape and sensitivity, so that ASETs

captured for a specific set of operating conditions are not repre-

sentative of those in other configurations.

Comparators are used in applications where their outputs

have digital character (either high or low voltage). ASETs at

the outputs of voltage comparators are less complex as they are

unipolar and all have approximately the same shape, i.e., their

widths are proportional to their amplitudes. The sizes and sen-

sitivities of the ASETs also depend on the operating conditions,

particularly the differential input voltage, which, if sufficiently

large, can greatly reduce the overall ASET sensitivity of a

comparator.

Other types of linear circuits such as pulse width modulators

(PWMs) and voltage-controlled oscillators (VCOs) have very

different ASET signatures. Fig. 2 shows the two output signals

of a PWM [7]. An ASET takes the form of a shortened pulse

in one of the PWM’s outputs, but by the next clock period, the

PWM operates normally again. ASETs in PWMs may consist

of dropped pulses, shortened pulses, or phase shifts.

Fig. 3 shows an ASET in a VCO. The ASET causes a tem-

porary distortion in the output signal for a time that spans more

than one clock period [8]. The temporary operational malfunc-

tions in both the PWM and the VCO qualify as ASETs because

they are caused by voltage transients induced by ions passing

through sensitive transistor nodes in circuits. In each case, the

device returned to its normal mode of operation at the end of the

voltage disturbance.

Fig. 2. Two pulse trains from a SG1525A pulsewidth-modulator showing a
shortened positive pulse in one of the trains [7].

Fig. 3. Output voltage as a function of time for a voltage controlled oscil-
lator. The ASET appears as a reduction in the amplitude that lasts for about
10 cycles [8].

There are several reasons why ASETs pose a serious threat

to linear ICs operating in space. One is the low linear energy

transfer (LET) threshold ( MeV cm /mg) that prevails

for some configurations, resulting in large numbers of heavy

ions in space being capable of producing ASETs. Another

is the combination of large amplitudes (rail-to-rail) and long

durations (typically tens of microseconds, but some as long as

milliseconds) that enhance the likelihood of an ASET propa-

gating through a series of follow-on circuits before eventually

becoming “latched.” Finally, the low-energy threshold (

MeV) measured for proton-induced ASETs in some devices

means that a large number of protons in space will be able to

generate ASETs [9]. Since protons are by far the most abundant

positive ion species, circuits sensitive to proton-induced ASETs

will exhibit high rates in space.

III. ASET PROPAGATION

Integrated circuits on board spacecraft are exposed to ener-

getic positive ions with masses that span the periodic table from

hydrogen to uranium. Most of those ions are capable of pro-

ducing ASETs in ICs, a process consisting of a number of steps.

The first step involves energy deposition by an ionizing particle

that produces a track of charge (electrons and holes) through

or near a p-n junction transistor node. The second step involves
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Fig. 4. Circuit elements for a simple operational amplifier consisting of six
transistors [10].

separation of the charge by the electric field of the p-n junction.

The charge separation alters the voltage at the transistor node

by reducing the voltage in the n-type region and increasing it

in the p-type region. The magnitude of the voltage disturbance

depends on many factors, including ion (type and energy) tran-

sistor (doping levels, voltages, transistor size) and circuit (loca-

tion of transistor in circuit). The third step involves the propa-

gation of the ASET from its origin through the IC to the output.

Because the literature on single event effects contains nu-

merous discussions on charge generation, charge collection, and

transistor response, the mechanisms involved will not be dis-

cussed here. Instead, this review will concentrate on transient

propagation through a simple op-amp. Fig. 4 shows a basic

op-amp circuit with no feedback [10]. The input stage contains

a differential amplifier consisting of a pair of identical n-p-n

bipolar transistors whose emitters are connected to a constant

current supply Tr3. In addition, and all

the transistors are assumed to have infinite gain, which means

their base currents are zero.

For equal input voltages , the currents through

R1 and R2 are equal, as are the voltage drops across R1 and R2.

This leads to equal currents flowing through Tr4 and Tr5. With

equal currents flowing through and , the potential drops

across and must be equal. The diode D1 ensures that the

potential drop across is the same as across , so that

is midway between V and V , i.e., V.

An increase in causes an increase in and a reduction in

. The result is a reduction in the voltage at the base of Tr4 and

an increase in the voltage at the base of Tr5. More current will

flow through Tr5 and less through Tr6, which increases . In

fact, is proportional to . The same analysis

shows that if increases relative to will drop by

an amount proportional to .

Based on the above analysis, it is relatively straightforward to

explain how ASETs propagate to when charge is injected

into either one of the input transistors. Charge injected into the

C/B junction of Tr1 will cause the E/B junction to be slightly

more forward biased. As a result, will increase and will

decrease. An increase in increases the voltage drop across

and a decrease in decreases the voltage drop across .

Both voltage transients will propagate through the op-amp, the

positive transient to the base of transistor Tr4 and the negative

transient to the base of Tr5. Tr5 becomes more conducting and

Tr6 becomes less conducting. Together they cause the output

voltage to drop. When the excess charge deposited in transistor

Tr1 disappears, the voltage drops across and return to

their original values and so do the voltages on the bases of Tr5

and Tr6. gradually recovers and the ASET disappears.

The analysis above is for ASETs originating in the differential

input transistors of a very simple op-amp circuit. Some op-amps

contain more than fifty transistors, many of which may be sensi-

tive to ASETs. To determine which ones are in fact ASET sen-

sitive may require the use of computer simulations or experi-

mental investigations using pulsed laser light.

To prevent op-amps from going into spontaneous oscillation,

compensating capacitors are added that reduce the op-amp’s

bandwidth. The inclusion of the capacitor, which functions as

a low-pass filter, eliminates some fast ASETs and dampens

others. For instance, although charge collection in the input

transistor of the LM124 op-amp occurs over a time interval

lasting hundreds of nanoseconds, the presence of the compen-

sating capacitor dampens the ASET, which may last on the

order of tens of microseconds.

The ASET response of a circuit cannot be calculated by

simple linear analysis (output as a function of input) because

the charge deposited by an ion at a sensitive transistor may

be sufficient to drive the transistor out of its normal operating

regime. To calculate the response, one is forced, instead, to use

device and circuit simulator programs—an approach that will

be discussed in more detail in Section V.

IV. CRITICAL CHARGE

When applied to digital circuits, critical charge is de-

fined as the minimum amount of charge required for producing

a SEU [11]. may be obtained experimentally by measuring

the threshold LET , provided the collection depth (d) is

known. At threshold, equals the collected charge ,

which, to a first approximation, is given by the product of

and d. Conversely, d may be obtained from the calculated

and the measured through . This is im-

portant information for the experimentalist wishing to measure

SEU cross section as a function of ion LET, because ions with

sufficiently large energies must be selected so that the ion ranges

exceed the charge collection depth, which may be quite large for

devices where charge collection by diffusion is significant.

The concept of critical charge may also be applied to linear

circuits. The value of is somewhat arbitrary for linear de-

vices, since it must be related to a measurable quantity, such as

ASET amplitude. Therefore, any definition of should in-

clude the criterion used for measuring it. may be defined as

the minimum amount of charge required to produce an ASET of

a given amplitude in a particular operating configuration.

may also be defined with respect to a system application for

which some minimum amount of charge must be collected to

change a system.

Experiments have shown that the LET thresholds for some

linear bipolar devices are very small—on the order of 1

MeV cm /mg, which is equivalent to depositing 0.01 pC per

micron [1]. Such a low LET begs the question as to whether the
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cause is a small and a small collection depth or a large

and a large collection depth. To answer this question,

was determined for two linear circuits—the LM111

voltage comparator and the LM124 op-amp—using a variety of

experimental techniques [12]. for the most sensitive tran-

sistor in each IC was also calculated from computer simulation.

Results indicate that the critical charge is approximately 1 pC

for both devices, which suggests that the collection depth is

about 100 m. Evidently, for these devices, charge is collected

from well beyond the deepest junction, which is about 10 m

below the silicon surface. To measure ASET cross sections

accurately requires that the ions have ranges on the order of

100 m, a requirement that limits the choice of accelerators to

those with high-energy ions.

V. ASET SIMULATION VIA COMPUTER MODELING

Simulation is an important tool for studying ASETs. It re-

quires the development of models to represent the devices (tran-

sistors, diodes, etc) in an IC. Once the model has been gener-

ated and validated, simulation may be used to obtain a great

deal of information about ASETs difficult to obtain by other

means. In particular, modifications to ASET shapes and sensi-

tivities resulting from changes in design and manufacturing can

be studied. Another potent application of simulation is to the ex-

planation and evaluation of possible mitigation approaches for

anomalous ASETs. It may also be used to determine whether

ASETs generated in an IC, such as an operational amplifier or

voltage comparator, will propagate through a variety of poten-

tial follow-on circuits that have not yet been assembled.

There are two approaches to computer simulation of ASETs.

One combines a device simulator program with a circuit simu-

lator program, and the other uses only a circuit simulator pro-

gram. The latter approach, which may be used when the re-

sponse time of the circuit is much slower than the charge col-

lection time, is the approach of choice because it is much less

computer intensive.

A. Device Simulation

Several commercial device simulator programs are available

for investigating ASETs in linear ICs. A device simulator pro-

gram solves the set of equations that governs the movement of

charge in the device, i.e., Maxwell’s equations, Poisson’s equa-

tion, the continuity equations and the carrier transport equations.

Because these equations cannot be solved analytically, the de-

vice simulator program is used to solve them numerically.

Once a transistor has been selected for modeling, a fine grid is

overlaid on the transistor’s structure. The equations governing

the movement of charge are solved self consistently at each grid

node, a time-consuming procedure. Information needed for the

device simulator includes doping levels, geometrical layout, and

thickness of the various layers, all of which must be obtained

from the IC manufacturer or from reverse engineering. In addi-

tion, the injected charge profile is required. The movement of

the charge (via drift and diffusion) and the responses of the ter-

minal voltages are calculated as a function of time.

The device simulator may be combined with a circuit sim-

ulator to calculate how the circuit as a whole responds to the

Fig. 5. Excess charge collected in the substrate p-n-p transistor as a function
of emitter-base voltage for three different ion LETs [13].

changes in voltages at the transistor terminals. This proce-

dure must be repeated for charge tracks at various locations

throughout the transistor, because the sizes and shapes of

ASETs depend on ion strike location. Each transistor in the

linear IC must be simulated in turn, a mammoth task when one

considers that some ICs contain on the order of fifty transistors.

It is, therefore, not surprising that, to date, there have been no

published reports using this approach.

Device simulators by themselves have been used to study

charge collection processes in isolated transistors representative

of those in voltage comparators and op-amps [13], [14]. Fig. 5

shows the excess charge (obtained by subtracting the dc cur-

rent from the ion-induced current) at the collector of a vertical

p-n-p transistor as a function of E/B voltage. The calculations

are carried out for three different ions, each with a different LET

[13]. With the E/B voltage near 0 V, the transistor is turned off.

Deposited charge is not sufficient to turn the device on, so the

amount of charge collected is proportional to the amount de-

posited.

As the E/B junction is more forward biased, the transistor

begins to conduct current weakly. Any additional injected

charge will further increase the forward bias leading to more

charge being collected than deposited. The amplification effect

increases as the bias becomes more negative, so that at a bias of

V the amplification is a maximum. Although not shown,

the amplification decreases for more negative voltages, because

the device begins to conduct a large amount of current.

B. Circuit Simulation

Circuit simulations require transistor libraries and a netlist

for the IC. Transistor libraries contain all the needed parame-

ters extracted from electrical measurements of individual tran-

sistors and a netlist describes how the transistors are intercon-

nected. For proprietary reasons, IC vendors are reluctant to pro-

vide that type of information. One way to obtain the information

is through reverse engineering, which involves isolating a tran-

sistor from the rest of the circuit by using ion-beam etching to

sever all the connections [15]. Once a transistor has been iso-

lated, contact to the terminals is made with mechanical probes
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Fig. 6. Simulated and measured small-signal output waveforms for the LM124
when a square wave is applied to the input [15].

and the current-voltage characteristics are measured. The pa-

rameters needed for the Gummel-Poon model, as implemented

in the circuit simulator program, SPICE, are obtained from the

I–V transistor curves.

The first step to validate the model is to apply various input

signals to an actual device and compare the output signals with

those obtained by simulation. Both large and small signal inputs

are necessary because ion strikes give rise to output disturbances

with large nonlinear voltage swings (requiring large-signal in-

puts) and high-frequency components (requiring small-signal

inputs) [15]. This approach was used for validating a model for

the LM124 operational amplifier [15]. Fig. 6 shows the response

for a small square-wave input signal. The excellent agreement

confirms that the transistor parameters used in the model are

accurate. Excellent agreement was also obtained for the large-

signal response.

The next step is to check that the model generates valid

ASETs. Just because the model accurately calculates the output

response of an IC to a particular input does not mean that it

will accurately reproduce ASET shapes, because some devices

are forced out of their normal operating range by the deposited

charge. Direct comparison between calculated ASETs and

those generated by heavy ions is one way to establish the

validity of the model. A broad beam of heavy ions is of little

use because there is no way to identify the origin of a specific

ASET. Instead, one may use a focused ion microbeam or a

pulsed laser. The tool of choice is a pulsed laser because of

the limitations of the ion microprobe (to be discussed in Sec-

tion VI.C. Comparisons between simulated and laser-induced

ASET pulse shapes may be used to assess the accuracy of the

model. Additional tweaking of the model might be necessary

to ensure that the calculated transients match the experimental

ones. For example, many linear ICs contain parasitic elements

that affect ASET shapes, but are not identified from reverse

engineering. The pulsed laser may be used to identify parasitic

elements for inclusion in the model.

Clearly, the development and validation of device and circuit

models for an IC is a formidable task so that it is really only

worth the effort if the IC is expected to find wide application

in space. An example of a popular device used on spacecraft is

the LM139 voltage comparator, which has been the subject of

extensive modeling and experimental measurements.

Fig. 7. Illustration showing the connections for a current generator across the
collector/base, emitter/base, and emitter/collector junctions [16].

To mimic the charge deposited by an ion, ideal current

sources are connected across the bipolar transistor junctions.

Fig. 7 shows how the ideal current sources are connected. As

long as the response time of the circuit is much greater than

the time during which the charge is collected, the shape of the

current pulse has no effect on the shape of the ASET. The only

relevant variable is the total amount of injected charge obtained

by integrating the current pulse over time [20]. The amount

of charge injected at each junction is varied by adjusting the

current pulse’s amplitude or duration until it matches that of

an experimentally obtained ASET. If they do not match, the

circuit model might have to be changed by adjusting some

of the Gummel-Poon parameters or by including parasitic

elements that might have been missed during the initial attempt

at building a model.

Modeling results have proved conclusively that the ASET

shape is insensitive to the injected current profile, provided the

total integrated charge remains constant and provided the circuit

response is slower than the charge collection time [16]. Further

confirmation that the time evolution of the current pulse has no

effect on the shape of the ASET comes from the lack of any dis-

cernable differences between the shapes of ASETs calculated

with SPICE and those generated by focusing a pulse of laser

light on the same junction of the same device.

VI. EXPERIMENTAL TECHNIQUES FOR MEASURING ASETS

Three different experimental approaches have been used for

studying ASETs in analog ICs. They are unfocused and focused

beams of ions from an accelerator and a focused beam of light

from a pulsed laser. The application of all three techniques to

the study of ASETs has proven enormously useful, providing

comprehensive information that is not available from a single

technique alone. This section will be devoted to describing each

technique.

A. Accelerator Testing—Broad Beam of Heavy Ions

Accelerator testing is essential for predicting the event rate

in space. The standard approach involves exposing an IC to a

broad beam of heavy ions and counting the number of events

and recording the particle fluence (ions/cm ). The cross section

is calculated by dividing the number of events by the fluence.

This procedure is repeated for several different ions, each having

a different LET.

An issue that must be considered when measuring ASET

cross sections, particularly when the incident accelerator ions

have low energies or are incident at large angles, is the ion
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Fig. 8. Cross section as a function of ion LET for the LM124 op-amp. The
part was configured as a voltage follower withV = 5 V. The measured cross
section is larger for ions at TAMU than at BNL [17].

range. Sensitive junctions in some bipolar transistors are quite

deep ( m below the surface) and additional charge collec-

tion by diffusion may take place from tens of microns beyond

the junctions. In those cases, range cannot be ignored. For ex-

ample, some SET data have been collected using I-127 with en-

ergy of 321 MeV. The LET at the surface of the device is 60

MeV cm /mg, but the range is only 31 m, which is not suffi-

cient for those devices where a large amount of charge is col-

lected by diffusion from depths approaching 100 m. The result

will be errors in the calculated ASET cross section.

Fig. 8 is a plot of (LET) for ASETs in the LM124 that re-

veals the role played by particle range [17]. The ASET cross

sections measured at Brookhaven National Laboratory (BNL)

are smaller than those measured at Texas A&M University Cy-

clotron Institute (TAMU) due to the lower energies and smaller

ranges of the ions at BNL.

The unique nature of ASETs becomes evident when com-

paring the experimental approach used for measuring their cross

section with that used for measuring the SEU cross- section of

a memory. To test a memory for SEUs, a pattern of “1s” and

“0s” is written to the memory. The memory is then exposed to

a predetermined fluence of heavy ions or protons. After the ex-

posure, the memory is read, the number of errors recorded, and

the cross section calculated. Since ASETs appear as temporary

disturbances at the output of a bipolar IC, the device itself does

not record the number of disturbances. A counter must be con-

nected to the device output to count and record the total number

of ASETs. A counter with a fixed trigger level is of limited

value because experiments have shown that (LET) depends

on trigger level and it is unlikely that the chosen trigger level

will match that for a particular application. Another approach

uses a digital pulse-height analyzer with variable trigger level,

which can be adjusted to match that of the intended application.

Fig. 9 shows how the ASET cross section for the OP-42 de-

pends on trigger level. The experiments were repeated for dif-

ferent pulse height settings for the discriminator, a procedure

that made it possible to replicate the different “decision” levels

for circuits connected to the output of the OP-42. The figure

shows the obvious result that an increase in the trigger level

caused an increase in the LET threshold [1].

Fig. 9. ASET cross section as a function of ion LET for the OP-42 [1]. The
figure clearly shows that as the trigger level is increased from 200 mV to 1.5 V,
the LET threshold also increases.

The best approach is to connect the output of the device under

test (DUT) to a storage oscilloscope, which not only counts the

number of ASETs but also stores the waveform for later anal-

ysis. The trigger level of the storage oscilloscope should be set

to a relatively small voltage ( mV) in order to capture all

the relevant transients. For a particular application, only those

ASETs with amplitudes greater than the switching level need by

considered. This type of analysis may be done after the conclu-

sion of the experiment.

Merely counting the number of ASETs that exceed a specific

decision level is not sufficient for calculating the ASET cross

section because the bandwidth of the intended application limits

the number of ASETs that are relevant. For example, none of the

ASETs may cause a problem if the bandwidth of the application

is sufficiently small. To calculate the cross section, it is neces-

sary to count only those ASETs that exceed minimum values of

amplitude and width as determined by the application’s band-

width.

Knowing the configuration of the device in the intended ap-

plication is essential for calculating ASET cross sections. Con-

figuration for an op-amp includes power-supply voltage, input

voltage and output impedance. It also includes the external cir-

cuitry necessary for configuring a voltage follower or an ampli-

fier with gain. Since ASET sensitivity has been shown to depend

on all these factors, the device must be tested in a configuration

identical to that of the application. The results are generally ap-

plicable only to that configuration.

The large variety of pulse shapes for ASETs generated in

the LM124 operational amplifier was shown earlier in Fig. 1.

In order to capture both positive and negative ASETs with a

digital storage oscilloscope, two probes should be attached to

the output of the device. Each probe is connected to a different

channel on the oscilloscope. One channel is set to trigger on

positive pulses and the other on negative pulses. Care must be

taken when connecting the output of the device to the oscillo-

scope’s input. Long cables will have sufficient capacitance to

distort the ASET’s shape, particularly very fast ASETs. To avoid

this problem, active probes with very low capacitances ( pF)

should be used.
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Testing at some accelerators is only possible with the device

located inside a vacuum chamber. BNC feed-throughs should be

avoided because of their limited bandwidth. Instead, the active

probes should be placed inside the vacuum chamber so that they

can be connected directly to the output of the device. Special

feed-throughs are necessary for the active probes. Most of these

problems may be avoided by testing in air, which is possible at

accelerators with high-energy ions.

When the test engineer cannot be close to the device under

test due to radiation hazard, the oscilloscope and power supply

should be located adjacent to the device and controlled remotely

with a computer. Another option is to locate all the equipment

outside the radiation chamber and use long cables to connect the

DUT to the oscilloscope. Because the DUT generally does not

have sufficient drive for the load imposed by the 50-ohm termi-

nated BNC cable, the signal from the DUT should be connected

to a high-speed buffer located adjacent to the output of the de-

vice. The high-speed buffer has sufficient drive to transmit an

undistorted ASET to the oscilloscope.

An ASET test report should include all the test conditions so

that others may determine whether the data are relevant to their

application. For example, a test report for an operational am-

plifier should include information on the supply voltage, input

voltage, configuration, gain, output loading, and oscilloscope

trigger level, in addition to ion species, LET, flux, and fluence.

B. Accelerator Testing—Broad Beam of Protons

A device with a heavy-ion LET threshold below 15 MeV cm /

mg is considered so sensitive to SEEs that it may also be sen-

sitive to proton-induced SEEs [18]. Therefore, linear devices,

which have LET thresholds of approximately 1 MeV cm /mg

would, according to the above rule, be expected to be proton

sensitive. However, as already pointed out, the LET threshold

is small because the long charge collection depth partially com-

pensates for the relatively large critical charge. Given the short

range of the secondary particles generated in a nuclear interac-

tion, it is certainly not a given that protons will produce tran-

sients in all linear devices.

The first linear device tested for ASET sensitivity to protons

was the LM139 voltage comparator, which had a LET threshold

of 2 MeV cm /mg when the differential input voltage was 25

mV and the trigger level was 2 V [9]. To improve the chances of

seeing ASETs with protons, the differential input voltage was

reduced to 12.5 mV. Fig. 10 shows the measured cross sections

as a function of proton energy for a trigger level of 2 V. Although

there is some scatter in the data, the trend is unmistakable—as

the proton energy increases, so does the cross section. The data

also reveal a greater ASET cross section for negative values of

differential input voltage than for positive values. Low-energy

(30 MeV) protons produced smaller transients than high-energy

(200 MeV) protons, and when the differential input voltage was

increased to 25 mV, only 200-MeV protons produced ASETs

greater than 2 V.

To calculate the ASET rate in space requires data from both

heavy ion and proton experiments. In fact, in some cases the rate

from protons will most likely dominate that from heavy-ions,

so it is essential to do proton testing when, for example, the

differential input voltage of a comparator is small.

Fig. 10. ASET cross section for the LM139 as a function of proton energy for
two different values of differential input voltage [9].

C. Accelerator Testing—Focused Ion Beam

The major drawback of broad-beam ion testing is the inability

to obtain spatial information concerning the physical origins of

the induced transients. That type of information can be enor-

mously helpful in understanding anomalous behavior and in val-

idating models used for computer simulation studies. A focused

ion beam is an experimental method that provides information

on the spatial origins of ASETs [19].

There are numerous microbeam facilities throughout the

world, including Sandia National Laboratories (SNL) in the

U.S. and Gesellschaft für Schwerionenforschung (GSI) in

Germany. Unfortunately, this experimental technique has only

rarely been used for investigating ASETs due to a number of

reasons: limited accessibility to almost all facilities, the use

of low-energy ions at some facilities that have small ranges in

silicon, and the difficulty of changing ion species. Nevertheless,

some useful results have been obtained with the microbeam.

The focused ion microbeam at SNL was used to study the ori-

gins of ASETs in the LM111 voltage comparator [20]. Both the

utility and the limitations of the technique were evident from the

results of this study. The usefulness of the ion microbeam tech-

nique was confirmed when it identified the base of a transistor

in the differential input section of the LM111 as ASET sensi-

tive, in contradiction to the results from SPICE modeling, which

determined that the base was not sensitive. This lack of agree-

ment was rectified when it was realized that the SPICE model

failed to include the spreading resistance between the input and

the base. The fact that the focused ion beam failed to identify

other ASET-sensitive areas in the LM111 points to its major

deficiency—the low energies and, therefore, short ranges of the

ions in silicon.

D. Pulsed Laser Testing

Over the years, the pulsed picosecond laser has been success-

fully applied to the evaluation of single event effects in a number

of different circuits and devices, including SRAMs, DRAMs,

logic circuits, analog-to-digital converters, etc. [21]–[26]. It is

in the area of ASETs, however, that the pulsed laser truly has

come into its own. It has been unequivocally demonstrated for

the devices investigated to date that the ASET shapes generated

by pulsed laser light are identical to those generated by heavy
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ions. The similarity of the pulse shapes suggests that the dif-

ferences in the mechanisms responsible for free-carrier gener-

ation—Coulomb excitation for charged particles and light ab-

sorption for photons—are not important for the devices tested

thus far.

One key factor that distinguishes the pulsed laser from a broad

ion beam, apart from the physics of carrier generation, is the

control over the location of the charge injection. By focusing

the laser light to a spot with a diameter of approximately one

micron and scanning the spot across the surface of the IC, infor-

mation regarding the locations of ASETs as well as their pulse

amplitudes and shapes can be obtained.

Several features of the pulsed laser technique have been used

during the ASET studies reported herein. They include the

ability to obtain spatial information without any concomitant

radiation damage (total ionizing dose or displacement damage)

to the device being tested, provided the light intensity is not

excessive. Additional practical features of the technique are

that testing may be performed in air, and it is a simple matter to

adjust the “equivalent LET” merely by increasing or decreasing

the laser pulse energy.

The laser approach has been used to extract a great deal

of useful information regarding ASETs. For example, the

information provided by the pulsed laser has proved vital for

fine-tuning the models used to calculate ASET pulse shapes

with computer programs such as SPICE [20]. Parasitic capaci-

tances and resistances, not available from manufacturers’ data

sheets, have had to be included in the circuit models to ensure

that calculated ASET pulse shapes matched those obtained

experimentally [16]. The pulsed laser has also provided essen-

tial information regarding the location of anomalous ASETs,

such as unusually long pulses observed in some circuits [27].

It has been used to study the effect of changing supply and

input voltages as well as device configuration on the shapes

and amplitudes of ASETs [28]. Finally, the pulsed laser has

been used to determine whether a linear device is suitable,

from an ASET point of view, for a specific application. This

was done by measuring maximum amplitudes and widths of

ASETs produced by scanning a laser beam across the surface of

the linear IC. If none of the transients exceeded the minimum

values required for being latched into a follow-on circuit, the

device could be used [29].

The physical mechanism responsible for ASET generation in

ICs with pulsed laser light is the excitation of electrons from the

valence to the conduction band of the semiconductor by the ab-

sorption of photons. (This may be compared to the mechanisms

responsible for ASET generation by particles where the excita-

tion is the result of a Coulomb interaction between the nucleus

of the incident particle and the bound electrons of the semi-

conductor material). The free carrier generation rate

is given by

(2)

where is the pulse irradiance in W/cm at a distance

from the surface and a radial distance from the center of the

track. is the density of free carriers generated by the light,

is the linear absorption coefficient, is the two-photon absorp-

tion coefficient, which is the real part of , the second-order

nonlinear-optical susceptibility, and is the photon energy.

Equation (2) includes both linear and nonlinear processes. The

linear term governs one-photon absorption, and the quadratic

term governs two-photon absorption.

To date, two different methods of charge injection using laser

light have been developed for studying ASETs. The first, well-

established approach involves single-photon absorption, which

is governed by the first term in (2). The second, recently de-

veloped, relies on the nonlinear-optical process in which two

subbandgap photons are absorbed simultaneously to generate a

single electron-hole pair. Nonlinear absorption is governed by

the second term in (2). The two processes may be prevented

from interfering with each other by selecting the appropriate

values of laser wavelength, pulse energy, and pulse width [30].

The photon energy, which is inversely proportional to wave-

length, should be chosen to be greater than the bandgap of Si

(1.1 eV) for linear absorption, and less than the bandgap for non-

linear (two-photon) absorption to be the dominant process. To

obtain sufficient intensity for efficient carrier generation in the

latter, an optical pulse of around 100 fs (or less) duration is fo-

cused to a spot of about one micrometer in diameter. This pulse

length is a factor of 10 to 100 shorter than that typically used for

single-photon absorption experiments.

The application of each method is described in detail later.

1) Linear Absorption: For photon energies larger than the

bandgap of the semiconductor, in (2) is greater than zero. At

low light intensities, the first term on the right hand side of (2)

dominates, and the light intensity decays exponentially

with distance z from the surface according to

(3)

The penetration depth is defined as the depth at which

the intensity drops to (37%) of its intensity at the surface

and is given by the inverse of the absorption coefficient, which

depends on the wavelength of the light. For example, the pulsed

laser at the Naval Research Laboratory typically operates at a

wavelength between 590 nm and 610 nm, and is approximately

1.8 m in silicon [31]. The charge density along the track varies

in the same way as the intensity given in (3). Fig. 11(a) shows the

charge track produced in silicon by focusing a 590 nm optical

pulse with a microscope objective lens [30]. The radial charge

density ideally has a Gaussian shape whose profile is determined

by the characteristics of the incident laser beam and the focusing

power of the microscope objective lens. Fig. 11(b) illustrates the

corresponding carrier density profile produced by 800 nm light

under analogous conditions.

There are some issues regarding the pulsed laser technique

that bear consideration. The first, and most obvious, is the pres-

ence of metallization that prevents the light from reaching some

of the junctions. Fortunately, however, transistors in many linear

devices have large surface areas devoid of metal, making it pos-

sible to probe almost all potentially sensitive areas with laser

light. In those cases where metal does completely cover a sen-

sitive area, two options remain. One is to focus the light onto

a spot adjacent to the metal and increase the light intensity so
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Fig. 11. Electron-hole density plot for (a) 590 nm and (b) 800 nm single-photon excitation processes in silicon as a function of depth in the material for a 1–ps
pulse focused to a diameter having a full-width at half-maximum of 1.2 and 1.6 �m, respectively. The carrier density is plotted in electron-hole pairs/cm [30].

that charge can diffuse under the metal to the sensitive region

[21]. The impact of metal coverage of the sensitive nodes on

the results was minimal in that case, and quantitative agreement

with heavy ion measurements was achieved. Another approach,

which is described in detail in the next section, is the use of sub-

bandgap optical pulses that propagate through the wafer from

the backside of the chip. The subbandgap laser pulse propagates

unimpeded through the substrate until it reaches the focal point

of the microscope objective lens, at which point it has sufficient

intensity to generate carriers via the two-photon processes.

The second issue is the difference in the charge profile gen-

erated by heavy ions and laser light. Calculations have clearly

demonstrated that, within a matter of a few picoseconds after the

charge has been deposited, there are essentially no differences

in the profiles produced by focused laser light and by heavy ions

[32]. Therefore, this issue is of no concern.

Previous experiments have demonstrated that it is possible, in

many cases, to relate the pulsed laser light energy needed to pro-

duce a SEU with the threshold LET measured with heavy ions

[25], [33]. The method is purely empirical and found valid for

a variety of devices, all of which have their junctions near the

surface of the semiconductor. In contrast, analog devices fre-

quently make use of different types of bipolar transistors (ver-

tical n-p-n, substrate p-n-p, and lateral p-n-p) with junctions at

different depths. The fact that the amount of light reaching two

junctions at different depths will be different makes the direct

comparison of their ASET sensitivities challenging.

The decisive test showing unequivocally that the pulsed

laser faithfully reproduces ASETs was obtained by comparing

ASET pulse shapes generated by laser light and heavy ions.

Fig. 12 shows that the pulse shapes of the ASETs generated

in the LM124 by these two methods are effectively identical

[6]. Evidently, the charge deposition processes and details of

the spatial profiles of the deposited charges play no role in

determining the resultant ASET output pulse shape, provided

the charge is deposited in a time shorter than the response time

of the circuit. For the example of Fig. 12, after collection of

the heavy-ion SET measurements, the unique signatures of the

different nodes were identified using a 590–nm pulsed laser. To

obtain the correspondence illustrated in Fig. 13, the laser pulse
Fig. 12. Comparison of ASETs induced by a broad beam of heavy ions and
590 nm pulsed laser light [6].
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energy was adjusted so that the ASET amplitude matched that

of the heavy-ion transient for each node of interest.

The technique may be used to automatically scan the sur-

face of ICs to map areas sensitive to ASETs. IXL Microelec-

tronics Laboratory in Bordeaux, France, has developed such a

laser scanning system [34]. The IC of interest is mounted on

an x-y stage and a focused beam of light is directed at the IC

surface. A computer controls the movement of the x-y stage. A

complete scan of the IC is performed for a series of laser ener-

gies. During the scan, all ASETs are captured and stored on an

oscilloscope and their locations noted. The data are used to con-

struct contour plots of ASET amplitude or width. The contour

plots are then superimposed on a photomicrograph of the chip

to assist in identifying the origins of all ASETs. The software

is sufficiently powerful that it can produce contour plots of any

ASET characteristic of interest, such as pulse width, pulse am-

plitude, positive pulses, negative pulses, pulses larger than an

arbitrary threshold, location of bipolar pulses, etc. Scans of lo-

calized areas are achieved by reducing the step size to 0.1 m,

whereas scans of the whole chip are more efficiently done with

larger step sizes. Scanning the entire surface of an IC is the best

way to begin a study of ASETs in the IC.

2) Nonlinear Absorption: The second method for injecting

charge involves the nonlinear-optical process of two-photon ab-

sorption (TPA). The wavelength of the optical pulses is selected

so that the individual photons have energies smaller than the

bandgap of the semiconductor. In this case, in (2) is effec-

tively zero, and the light passes through the semiconductor unat-

tenuated by linear absorption processes. However, as the pulse

irradiance is increased, the second term in (2) becomes nonneg-

ligible and electrons can be excited to the conduction band via

the simultaneous absorption of two photons.

In practice, the laser pulse irradiance is increased by using a

very short optical pulse ( fs) with high energy and focusing

it to a small ( m) spot. The free-carrier generation rate for

TPA is proportional to the square of the laser pulse irradiance,

as can be seen in (2). As already noted, TPA requires a laser

system that has different characteristics from the one used for

single-photon absorption; the photons must have energies less

than 1.1 eV, the bandgap of silicon, and the pulses must be on

the order of 100 fs or less.

Fig. 13 shows a first-order calculation illustrating carrier de-

position profile for propagation of a sub-bandgap femtosecond

optical pulse through intrinsic silicon under conditions opti-

mized for efficient TPA [30]. As is evident, absorption only oc-

curs near the focal region where the pulse irradiance is a max-

imum. The carrier profile produced by TPA has the shape of a

“cigar” whose dimensions are determined by the confocal pa-

rameter of the incident laser beam, the focusing power of the

lens, and the index of refraction of the material.

Using this approach, for which linear absorption processes

are absent, the focal point, and hence, the location of the carrier

generation, can be positioned at any depth below the surface

of the IC by translating the device relative to the lens. Two ad-

vantages accrue from this approach. One is the ability to inject

carriers in a localized volume at any depth below the surface to

separate the contributions to ASETs from different junctions, so

they may be studied independently.

Fig. 13. Electron-hole density plot for the 2-photon excitation process in sil-
icon as a function of depth (z). The laser light had a wavelength of 1.27 �m, an
energy of 1 nJ, a pulse duration of 120 fs, and was focused to a diameter of 1.6
�m. The carrier density is plotted in electron-hole pairs/cm [30].

Fig. 14. Comparison of ASETs generated by one-photon and two-photon pro-
cesses in the LM119. In both cases, the light was focused on the same spot on
transistor Q6 [30].

The second is potentially more important in that it provides

another option for ASET testing of devices that may be covered

with metal or are packaged “face down.” Access to the sensitive

regions may be gained by directing the incident light through

the wafer from the backside of the IC. Reservations about the

utility of the pulsed laser technique arising from the presence of

metal layers on the surface of the IC that would prevent the laser

light from reaching sensitive junctions are allayed by backside

probing.

The one situation in which the two-photon technique re-

quires additional processing is for the case of highly doped

( cm ) silicon substrates. When the free-carrier density

in the semiconductor is sufficiently high, the incident optical

pulse is attenuated by free-carrier absorption [35]. This impacts

both the optical pulse propagation through the wafer, and

the imaging capability of the experiment. In this case, it is

necessary to thin the device by removing most of the substrate

material, an approach that has been demonstrated recently [36].

The two-photon method for producing ASETs was first val-

idated by comparing the ASETs generated in the LM124 for

one- and two-photon absorption processes. Fig. 14 shows that



BUCHNER AND MCMORROW: SETS IN BIPOLAR LINEAR ICS 3089

Fig. 15. Transients obtained from two-photon absorption at two different lo-
cations on transistor Q18 of the LM124 op-amp. The dark lines are for light
incident from the front side and the grey lines are for light incident from the
backside. No adjustment of the light intensity was made [30].

the transients generated via two-photon absorption are identical

to those generated via one-photon absorption. Fig. 15 illustrates

that, for topside illumination, there is no difference in the ASET

pulse shapes generated by the two approaches [30]. Validation

of the through-wafer approach was performed by comparing

ASET pulse shapes generated by front-side and backside illu-

mination at identical locations in a number of transistors in the

LM124 operational amplifier. Fig. 15 shows that there is no dif-

ference in the ASET shapes, or in the amount of energy needed

to produce equivalent ASET pulses for light incident from the

top-side of the chip, or for optical pulses that propagate through

the unthinned wafer from the back of the IC [30]. The minor dif-

ferences between the two data sets are not significant, and are

associated with uncertainties in the laser spot location.

VII. CASE STUDIES

Earlier, the pulsed laser was presented as a convenient lab-

oratory tool for studying ASETs because analog ICs may be

evaluated for ASET sensitivity with a minimum of delay and

a maximum of convenience. The ability to focus the light on a

specific transistor junction is essential for identifying the sources

of anomalous ASET responses. Since linear devices can be used

in a large number of different operating configurations (gain,

output load) and voltages (supply and input), it is impractical

to perform accelerator testing for all possible conditions. By

supplementing conventional accelerator testing with pulsed

laser testing and circuit simulation, the full spectrum of ASET

responses and sensitivities can be investigated and characterized.

What follows is a brief overview of some examples for which the

pulsed laser and/or circuit simulations have proven invaluable

in unraveling the complex ASET response of some linear ICs.

A. Dependence of ASETs on Circuit Parasitic Elements

This section will describe briefly how focused laser light was

used to identify specific areas in linear ICs that were not orig-

inally known to be ASET sensitive. In fact, in the cases out-

Fig. 16. Critical charge calculated for ASETs produced in the LM119 voltage
comparator (solid line). The two data points were obtained with a pulsed
laser [16].

lined here, sensitive areas were first identified by scanning the

focused laser light across the entire surface of the IC and noting

where ASETs were generated. Knowing which transistors are

sensitive is enormously important for interpreting the results of

broad-beam heavy-ion tests and for improving the accuracy and

completeness of the device models used for simulation.

The first example is that of the LM119 high-speed voltage

comparator [16]. A laser scanned across the surface of the die

revealed an unexpected result: SETs were produced when the

laser spot was focused on some internal resistors. Closer ex-

amination revealed that the resistors were long narrow p-type

structures formed in n-wells. It was first assumed that the light

absorbed in the p-type resistor led to an increase in the number

of free carriers, which caused an increase in conductivity. Such

an increase in conductivity could, in theory, cause an ASET, but

the fact that the ASET amplitude depended on the position of the

charge injection along the resistor’s length, ruled out conduc-

tivity modulation as the sole mechanism responsible for ASET

production.

An alternate mechanism was proposed to explain this effect:

injected charge was separated by the resistor/substrate p-n junc-

tion. The charge-separation effect was modeled by replacing a

single resistor with two resistors in series, and adjusting their

resistances in proportion to their relative lengths. A diode con-

nected to was added to the circuit to simulate the junc-

tion, with a current generator across the diode to simulate the

charge injection. Fig. 16 shows excellent agreement between the

charge required to produce an ASET using computer simulation

and that measured by charge injection using a pulsed laser. This

analysis would not have been possible without the detailed spa-

tial information provided by the pulsed laser interrogation. An-

other study affirmed the accuracy of the SPICE model used for

simulating the ASETs is the LM119.

In a second example, pulsed laser SET measurements proved

essential in the development of an accurate SPICE model for

the current source used for the LM111 voltage comparator [20].

The pulsed laser identified the C/B junction of an input tran-

sistor (Q2) as the area most sensitive to ASETs for the bias con-

figuration under consideration. To simulate an ASET in SPICE,

a current source was connected across the C/B junction of Q2.

However, the base of Q2 in the test configuration is connected
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Fig. 17. Parasitic elements included in the SPICE model of a simple p-n-p tran-
sistor that formed the input transistor in the LM111 voltage comparator [20].

to ground such that any injected current would flow directly to

ground and not disturb any voltages across the transistor. To ac-

curately reproduce the experimental results it was necessary to

include a spreading resistance (RB) between the base and the

input contact.

Fig. 17 shows how RB was included in the model. The

Gummel-Poon compact SPICE model includes resistances for

the emitter, base, and collector internal to the model, but the

ASETs are produced by charge injected across the junctions

and the current sources must be connected between the resis-

tances and the internal nodes. With these modifications, the

calculated ASET shapes and sensitive junctions agree with

those measured with the pulsed laser.

The third example is that of the LM124 operational amplifier

in which a device designated as a resistor in the manufacturer’s

schematic diagram was found to be one of the most sensitive

locations for ASET production [20]. The ASETs originating in

this “resistor” had large positive amplitudes with very narrow,

almost square wave, characteristics and were unlike any other

ASETs observed for the circuit. Identical ASETs were observed

in heavy-ion experiments, but the pulsed laser was used to iden-

tify the resistor structure as the origin of the unique transients.

This “resistor” is used as a biasing element in the gain stage of

the amplifier. Following considerable physical analysis, it was

determined that the resistor was fabricated as a floating-base

transistor. Once the structure of the resistor was established,

it was straightforward to understand its sensitivity to ASETs:

any charge deposited in the “floating” base would cause a large

change in the potential that could produce a transient that would

propagate to the output of the device. Furthermore, once this in-

formation was understood, the floating base transistor was in-

cluded in a circuit model that was more complete than that sup-

plied by the manufacturer.

The examples cited demonstrate how the pulsed laser can play

a key role in the development of accurate circuit models.

B. Long-Duration ASETs

It has long been recognized that the pulsed laser is a powerful

tool for investigating the origins and mechanisms of anoma-

Fig. 18. LDPs observed for the LM6144 exposed to a beam of heavy ions [27].

lous SEEs. One particularly interesting and totally unexpected

case was the occurrence of long-duration pulses (LDPs) in the

LM6144 operational amplifier [27]. The LDPs were observed

during heavy-ion testing at Texas A&M University Cyclotron,

and it was the pulsed laser that helped identify the mechanisms

responsible.

The LM6144 was configured as an inverter with gain (10

V/V) and V. With the input set at 625

mV, the dc output was V. Fig. 18 shows the LDPs that

occurred when the part was irradiated with heavy ions having

LETs greater than 50 MeV cm /mg. The longest ASET mea-

sured in the heavy-ion tests had a width of 1.5 ms, which is ap-

proximately two orders of magnitude longer than ASETs typ-

ically observed for similar op-amps. Of particular interest was

the fact that the LDP amplitude saturated at 6 V, which is well

short of the maximum possible amplitude (16.25 V) determined

by the difference between the rail ( V) and the dc output

( V).

The pulsed laser was used to determine the origins of the

LDPs by scanning the focused laser light across the IC surface

and monitoring the output. A layout of the circuit, provided by

the manufacturer, helped identify two n-p-n transistors as the

sensitive nodes in question. The two transistors are part of a

startup circuit whose function is to force the bias circuit into

a particular state so that the op-amp will assume a stable oper-

ating state when power is first applied.

Fig. 19 shows the response of the circuit to a laser pulse fo-

cused on one of the two transistors. For this test the configura-

tion of the part was the same as used during the heavy-ion testing

except that the input was set at mV instead of mV.

Therefore, the dc output was at V. The ASET amplitude

was V and the duration 25 ms.

A detailed study was undertaken to unravel the processes as-

sociated with the occurrence of LDPs in this device. It was no-

ticed that background light had a major effect on the duration of

the pulse—the LDP persisted as long as any background light

was present. Numerous sources of background light bedevil the

experiment. They include: the light bulb used to illuminate the

surface of the chip when positioning the laser pulse on the area
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Fig. 19. Two oscilloscope traces, one displaying the signal from the photodiode
monitoring the light emission by the pulsed laser (lower trace) and the other
displaying the ASET that appeared at the output of the LM6144 [27].

Fig. 20. Simulation results for the effect of power supply voltage on the width
and amplitude of the LDPs. As the power supply voltage is increased, the re-
covery of the LM6144 is speeded up and the transients become shorter while
their amplitudes increase [27].

of interest; the room lights; and the noncoherent or scattered

light emitted by the laser (the scattered light provides a constant,

low-level background collinear with the coherent laser beam).

Another phenomenon discovered with the laser was that once

a LDP was generated in the presence of background light, it

could be removed with a laser pulse directed at a transistor out-

side the initially sensitive area. This important finding helped

explain some of the heavy-ion data. During heavy-ion testing,

the delidded part was exposed to light from an ionization gauge

used to measure the vacuum level of the beam line. It is believed,

though not conclusively demonstrated, that the intensity of the

light from the ionization gauge was sufficient to cause LDPs to

persist indefinitely. However, once generated by an ion strike in

the sensitive region, the LDP could be switched off by another

strike in the surrounding circuit. It is believed that the varying

lengths of the LDPs measured in the heavy-ion tests are a conse-

quence of the random arrival times of the individual ions exiting

the accelerator.

Pulsed-laser testing in the absence of background light re-

vealed that, as the power supply voltage was reduced, the re-

covery time increased. Fig. 20 shows that, when the supply volt-

ages were set at V, the LDP width was 25 ms, at V, it

was 55 ms, and at V, it was 150 ms.

The presence of LDPs may be explained by noting that there

are two different stable operating states for the bias circuit, and

that injection of charge onto either one of the two n-p-n transis-

tors in the startup circuit causes the bias circuit to switch into

a stable state different from the one it entered when power was

first applied. A change in the bias circuit affects many transis-

tors throughout the op-amp, and the result is a change in the

op-amp’s output. As long as even a small amount of charge is

continuously being injected into either one of the two n-p-n tran-

sistors by background light, the bias circuit remains in the wrong

state. Removal of all external sources of light allows the circuit

to return to its preferred operating state.

The role of the bias/startup circuit was revealed by computer

simulation. All the observed effects mentioned above were sim-

ulated. For example, Fig. 20 shows the results of calculations

of LDP-width for different supply voltages, and shows gen-

eral agreement with the experimental results. Once the mech-

anism responsible for the LDPs was understood, a simple miti-

gation was devised—the addition of small capacitors across the

base/collector junctions of the two NPN transistors eliminated

the LDPs.

The realization that even relatively little background illumi-

nation can affect SEE generation means that special attention

must be given to reducing all background light when performing

either laser or heavy-ion testing.

C. ASETs in a Fast Voltage Comparator (LM119)

Mention has already been made of the fact that voltage

comparators are used in many different configurations and

that the ASET sensitivity depends on the actual configuration

implemented. A detailed investigation of ASETs in the LM119

voltage comparator was undertaken with the pulsed laser to

study how ASETs are affected by changes in operating condi-

tions [28].

The ASET-sensitive transistors were identified by scanning

the pulsed laser across the surface of the IC. Two different values

of were used, i.e., mV. Of the 22 transistors in the

LM119, seven are ASET sensitive for mV and

eleven are sensitive for mV. Three of them are

sensitive in both configurations. For mV, the most

sensitive transistor is the output transistor (Q16), whereas for

mV, the most sensitive is the input transistor (Q1).

Simulation results for comparators have indicated that, for

small values of , the transistor most sensitive to ASETs

is the “off” transistor in the differential input pair. For the input

transistor to dominate the ASET response of the LM119,

must be less than mV. For negative values of , the

amplitude of the ASET generated at an input transistor shows

little dependence on the differential input voltage.

The first accelerator tests of the LM119 indicate no depen-

dence on , in agreement with the pulsed laser results [37].

However, subsequent pulsed laser testing at reduced values of

revealed that the LM119 is, in fact, sensitive to ASETs,

with the most sensitive transistor being the input transistor (Q2)

[28]. Heavy-ion measurements later confirmed that the ASET

sensitivity of the LM119 depends on when the trigger

level was set at 50 mV or lower [18].
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TABLE I
DEPENDENCE OF ASET CHARACTERISTICS ON SUPPLY VOLTAGES

(V = �V ) FOR THE LM119

Fig. 21. Relative laser energies to produce the ASETs with the same amplitude
for three different transistors (Q15, Q6, and Q11) as a function of proton fluence
[28]. The highest fluence is equivalent to approximately 40 Mrad(Si).

Other ASET characteristics (rise time, fall time, amplitude

and threshold) may be investigated with the pulsed laser. Table I

lists the results obtained when transistor Q15, located close to

the output, was irradiated. Since the differential input-voltage

was positive, the dc output was at 5 V and transients appeared

with negative amplitudes. Increasing the supply voltage caused

the fall time of the leading edge to decrease, but it had no effect

on the rise time of the trailing edge. The absence of an effect

on the trailing edge is related to the open collector of the output

transistor that is connected to through a “pull-up” resistor.

The combination of the resistor and the capacitance of the large

output resistor together determine the recovery time. Since nei-

ther of those two values changes as the supply voltage increases,

the recovery time is constant. Notice that the amplitude of the

negative-going pulse increased as the supply voltage increased,

while the energy to produce the ASET decreased.

One LM119 was irradiated with 3-MeV protons to produce

both ionizinganddisplacementdamage.The effectof thedamage

on the energy threshold needed to produce an ASET was mea-

sured. With increasing damage, the amount of energy needed to

produce an ASET also increased. Fig. 21 shows the dependence

of the laser threshold energy for three different transistors of the

LM119 as a function of proton fluence [28]. It is clear that the

energy threshold increased with increasing proton fluence.

Finally, the effects of changing the value of the “pull-up” re-

sistor on ASET shapes and thresholds were measured. A reduc-

tion in the value of the resistor by an order of magnitude (from

1.7 to 0.157 kOhm) had no effect on the leading edge fall time

or the threshold, but the recovery time was reduced from 145 to

50 ns.

Fig. 22. Components used in an undervoltage detector. U1 and U2 are both
LM111 voltage comparators [38].

Fig. 23. Simplified circuit diagram of the LM111 op-amp. Q1, Q8, and Q14
were identified as the transistors most sensitive to ASETs. Macromodels were
used to describe the rest of the circuit [38].

D. Application Dependence of ASETs

As was mentioned in the previous section, if a valid model

for an IC is available, computer simulation may be used to study

ASETs in ways that are sometimes difficult or impossible to do

experimentally. For example, it is straightforward to use com-

puter simulation to study the dependence of ASET shape and

sensitivity on the values of internal resistors and capacitors. An-

other application would be the effect of the load on the ASET

sensitivity. In fact, dramatic effects have been found when the

load was only slightly altered.

The application chosen for analysis was an undervoltage de-

tector incorporating the LM111 voltage comparator [38]. Fig. 22

shows the application, which includes a comparator, a load, and

a latch. Under normal circumstances, the output of the circuit

is high, but if the input voltage drops below a reference voltage

, the output latches into a low state. Fig. 23 shows a sim-

plified diagram of the LM111 using macromodels for parts of

the circuit not sensitive to ASETs. Calculation revealed that the

transistors most sensitive to ASETs were Q1, Q8, and Q14.

ASETs generated in U2 did not cause latching. Therefore, the

study concentrated on ASETs generated in U1. The most signif-

icant result was that the identity of the transistor most sensitive

to ASETs depended on the external application circuitry, in par-

ticular on the value of the capacitor (C1). For values of C1 up to

0.3 nF, Q1 was the most sensitive transistor. For values greater

than 0.4 nF and less than 1.3 nF, Q8 was the most sensitive tran-

sistor, whereas for values greater than 1.2 nF, Q14 was the most

sensitive. The study also found unexpected behavior of the crit-

ical charge with increasing capacitance, i.e., the critical charge

for a single transistor increased slightly as the capacitance in-

creased, but when the identity of the most sensitive transistor

changed, the critical charge increased by orders of magnitude.

The implications of these calculations for laser testing are

obvious: Since the identity of the transistor most sensitive to
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Fig. 24. ASET width as a function of amplitude for the LM124. The data points
are for a variety of heavy ions spanning a wide range of LETs [39].

ASETs sometimes changes abruptly with small increases in ca-

pacitance, pulsed laser testing should not be confined to only

one transistor. Instead, for each application, a scan of the entire

IC must be undertaken to identify the most sensitive transistors

for each application.

VIII. DATA PRESENTATION

The point has been made numerous times already that merely

counting the number of events is not sufficient to characterize

the ASET sensitivity of analog devices. What is needed in ad-

dition is specific information on pulse width and amplitude.

The best approach for doing ASET testing at accelerator,

where the available time is severely limited, is to capture all the

transients with a digital storage oscilloscope so that they may

be analyzed once testing is complete. One is then faced with

the prospect of having to analyze hundreds of transients with

a variety of shapes and sizes. Only amplitude and width

are needed to determine whether ASETs pose a problem

for amplifiers and comparators. The fine details of the pulse

shape are generally irrelevant. A convenient and compact way

of presenting that information is needed. The first publication to

address this issue suggested that plots of versus provide

a useful way of presenting relevant ASET characteristics [39].

Fig. 24 is a plot of versus for the LM124 op-amp.

The fact that all the data points fall on a straight line suggests

the presence of only one type of ASET whose width increases

in proportion to its amplitude. The method for displaying

ASET characteristics described above was expanded upon in a

subsequent publication. Fig. 25 is another plot of versus

for the LM124. It includes data from many runs, each

with a different ion LET [40]. For this case, both positive and

negative pulses were included, and the different families of

points reveal that ASETs from a single amplifier may have a

variety of shapes. A point worth stressing is that the authors

of the publication clearly identified the exact conditions under

which the data were obtained. This is important because the

distribution of points is not necessarily the same for different

configurations.

Plots of versus are easily generated using a computer

program that examines each pulse, measures its amplitude and

width, and plots the data. Since some ASETs are bipolar, it is im-

portant that both positive and negative components of the tran-

sient are included.

Fig. 25. Plot of amplitude versus width for the LM124 configured as a closed
loop noninverting amplifier with gain (2X) [40]. Both positive and negative
pulses were included.

Fig. 26. Plot of amplitude versus width for ASETS originating in the LM124.
When the LM124 is used in a particular application in which only those ASETs
with amplitudes greater than 10 V and widths greater than 20 �s will propagate,
the relevant phase space for propagation is indicated by the arrows, i.e., j�Vj >

10 V, and �t > 20 �s [6].

The above analysis may be used to determine whether any of

the ASETs pose a threat to a system containing the linear de-

vice being tested. The analysis involves determining the critical

values of pulse amplitude and width for propa-

gation through the system. Those values are included in the plots

by drawing boundary lines that separate propagating ASETs

from nonpropagating ASETs. The result is a “phase space” for

ASETs whose shape varies depending on the device application.

Fig. 26 is a plot of versus for ASETs originating

in the LM124 op-amp. For a particular application, the phase

space for nonpropagating AESTs must be determined. In this

example, only pulses with amplitudes greater than V and

widths longer than 20 s can propagate [6]. The boundaries

of the phase space separating propagating from nonpropagating

ASETs are denoted by the dashed lines. To calculate the ASET

cross section as a function of ion LET, this type of plot would
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Fig. 27. ASET cross section as a function of ion LET for the LM139. The
upper curve was obtained by counting all transients with amplitudes greater
than 0.5 V. The lower curve was obtained by counting only those ASETs with
amplitudes larger than 2.5 V [41]. The error rate calculated using the lower curve
is approximately sixteen times smaller than if the upper curve had been used.

have to be generated for each ion LET and only points in the

areas indicated by the arrows need by counted.

The next step is to plot (LET). The plot will depend on

the application. Fig. 27 shows two plots for the PM139 voltage

comparator manufactured by Analog Devices [46]. The differ-

ential input voltage was 1 V. The plot with the higher saturated

cross section and lower LET threshold was obtained by counting

all transients generated in the PM139 with amplitudes greater

than 0.5 V. The second plot includes only those transients with

amplitudes greater than 2.5 V that would produce resets in the

processor. The saturated cross section in the second plot is a

factor of four smaller than the first, and the LET threshold is

a factor of two higher. One can use the figure-of-merit (FOM)

approach to get a rough estimate of the change in the error rate.

The error rate, given by the FOM, is proportional to the satu-

rated cross section and inversely proportional to the square of

the LET threshold [42]. Therefore, the actual error rate will be

smaller by a factor of sixteen than the error rate cal-

culated by counting all transients with amplitudes greater than

0.5 V.

The same kinds of plots may be generated using a pulsed

laser. The laser light is focused on each sensitive transistor and

all the ASETs are captured as the laser pulse energy is gradually

increased. One has the option of plotting the data for a single

transistor or for all the transistors in the IC. Fig. 28 shows the

data points generated with the laser [6]. The usefulness of the

laser data stems from the fact that, because the identity of each

transistor in the IC is known, the source of each point

is known. A circuit designer can use this information to devise

ways to harden the circuit.

The plots of make it possible to compare directly

ASETs produced by heavy ions and by laser light. All the data

obtained from the two methods may be combined in a single

plot to facilitate the comparison. The fact that the two sets of

data overlap validates the approach of using the pulsed laser for

hardness qualification discussed in a later section.

Presentation of ASET data is also a problem for those doing

simulation. Large numbers of transients can be generated from

Fig. 28. Pulse amplitude versus pulse width for ASETs generated at various
transistors in the LM124 op-amp obtained with a pulsed laser [6].

computer simulations, and a compact and manageable way of

presenting the data is necessary. All the information for ASET

propagation in a system may be combined together into plots

of versus , just as was done for the data obtained from

accelerator and pulsed-laser testing. The data from both simu-

lation and experiments may be combined in a single

plot to assess the accuracy of the simulations

IX. PARAMETER INFLUENCE ON ASETS IN OPERATIONAL

AMPLIFIERS AND VOLTAGE COMPARATORS

This section introduces the reader to some of the unique as-

pects of ASETs in op-amps and voltage comparators.

A. Operational Amplifiers

Op-amps were among the first linear ICs tested for ASET sen-

sitivity. It was recognized early on that op-amps contain mul-

tiple amplification stages capable of amplifying small voltage

glitches in transistors located in input stages. By the time those

glitches reach an output, they will have been magnified to such

an extent that they may be able to induce errors in mixed-signal

applications.

ASET amplitude and width are dependent on a number of

factors, some internal and some external to the op-amp. These

same factors also affect ASET sensitivity. In the next two sub-

sections, external and internal factors will be considered.

1) External Factors: It seems reasonable to assume that

ASETs will be affected by such external factors as operating

configuration, supply voltage, input voltage, output load, and

gain. Initial studies in a few op-amps indicate that some external

factors have an effect and others do not. Additional studies

are necessary in order to identify which factors are important,

especially given the wide variety of op-amp designs available.

The results presented in the following sections are for a small

number of op-amps and are not meant to be definitive.

Device Configuration: Op-amps may be used in a number

of different configurations, including voltage follower, inverter

with gain and noninverter with gain. The LM124 was selected

to determine whether changes in operating conditions affect

ASET cross section. Fig. 29 shows the ASET cross section as
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Fig. 29. ASET cross section as a function of ion LET for a number of different
operating configurations and input voltages [41].

Fig. 30. Simulation of the effect of gain on the shape of an ASET generated at
transistor Q14 in the output section of the LM124 op-amp [44].

a function of ion LET for three different configurations and for

a variety of input bias conditions [41]. The figure surprisingly

shows that the cross section is independent of configuration,

supply voltage and input voltage. Unfortunately, it is impos-

sible to draw any conclusions about the effects of different

configurations on transient shape because the oscilloscope was

set to trigger if the output deviated by V from the dc level,

regardless of ASET shape. If, in addition, versus had

been plotted for each configuration, one would be able to make

a valid comparison. The data plotted in Fig. 30 imply only that

the number of transients with amplitudes greater than 0.5 V is

independent of operating configuration if the fluence and LET

remain fixed. The ASET shapes may have changed, but the

total number did not.

Confirmation that the ASET shapes for the LM124 were, in

fact, unaffected by changes in operating conditions were ob-

tained with a pulsed laser. The laser light was focused on the

sensitive junction of a transistor in the LM124 configured as a

voltage follower. The configuration was switched to that of an

inverting amplifier with gain of ten without moving the device

or changing the location or energy of the laser beam. No notice-

able changes were observed in the ASET shape. In addition, the

measured energy thresholds were also independent of config-

uration. The procedure was repeated for a number of different

transistors in the LM124, and in each case, no obvious changes

were detected. Not only did the pulsed laser confirm the data

obtained with heavy ions, it also revealed that the ASET shapes

were independent of configuration. Note that these results are

for only two configurations, so they do not imply that this is

universally true.

Power Supply Voltage: A unique aspect of operational am-

plifiers is that they are designed to operate over a wide range

of power supply voltages. For example, the LM124 can be op-

erated single-sided with 0 V and V or with dual supplies

of V. Power supply affects ASETs in two ways. An in-

crease in the power supply voltage causes an increase in ,

which makes the device less susceptible to ASETs. However, a

larger power supply increases the available drive, which should

magnify some of the smaller transients. Furthermore, a larger

supply voltage permits ASETs with larger amplitudes because

of the increased “overhead” between the dc output and the rail.

A comprehensive study has not yet been undertaken to deter-

mine how supply voltage affects ASET shape or sensitivity.

Input Voltage: Fig. 29 suggests that input voltage has very

little effect on cross section, i.e., and (LET) appear

to be independent of input voltage over a large range that extends

from 0.01 V to 10 V. Because the cross section was determined

by counting the total number of transients captured using an

oscilloscope with a small trigger voltage, even large changes

in ASET shape brought about by changing the configuration

should have very little effect on the total number of ASETs and,

thus, on the cross section.

Device input voltage may affect the magnitude of an ASET

if the dc output level is close to a “rail”. As an illustration, we

consider the case of an amplifier with noninverting gain of two

and voltage supply of 10 V. If the input signal is a dc voltage of

1 V, the output is at 2 V and the maximum amplitudes of positive

and negative ASETs are and V, respectively. If the input

signal is increased to 4 V, the maximum amplitudes are and

V, respectively. For most ASETs, an increase in the am-

plitude is accompanied by an increase in the width. Therefore,

in the example cited earlier, increasing the input signal level re-

duces the threat posed by positive ASETs to follow-on circuits,

but increases the threat posed by negative ASETs.

Gain: An interesting and relevant question is whether gain

affects ASETs. An attempt to answer this question involved an

experiment to measure ASET cross section of the LM108 as a

function of gain. The part was configured as an inverter with two

different values of , i.e., and . Gain was found to

have no effect on the measured cross section. This is not sur-

prising if the cross section is calculated by counting the number

of ASETs captured with a fast oscilloscope set to trigger at a

relatively low voltage [43].

The optimum method for studying how gain affects ASET

shapes is computer simulation. Simulations were carried out for

ASETs generated in the LM124 op-amp for different values of

gain using a model validated with the results of pulsed-laser

measurements. To ensure that the dc level would not affect the

amplitude of the transients, the input was set to 0 V. The calcu-

lations were for ASETs generated in transistors located in the

input, gain and output stages of the op-amp [44]. The largest

effects were for transistors in the input stage where increasing
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the gain from 2X to 50X caused a broadening of the transient

from about 2.5 s to 10 s, a factor of about four. Transients

originating in the gain exhibited a similar increase in width.

However, transients originating in the output exhibited a much

smaller increase. Fig. 30 shows that transient width increased

from about 1 s to 1.5 s. The calculated transients for tran-

sistors in the input and gain stages showed very little change in

shape as long as the gain increase was less than five. Larger in-

creases caused proportionally greater increases in width. In all

cases, changing the gain had no effect on the amplitudes of the

transients.

The cross section depends on both the amplitude and width

of the transient. Large increases in width caused by changing

the configuration from one with a small gain to one with a large

gain would require that the measurements be repeated.

Calculations were also performed to determine whether the

transient shapes were affected by changing the values of the

resistors and , while keeping the gain fixed

[44]. An increase in the values of resistors and caused a

widening of the pulses generated at a transistor in the gain stage

of the amplifier. Maximum width increases were a factor of two.

Again, there was little effect on the amplitude. The explanation

for the broadening of the transients with increasing gain in the

LM124 has to do with the presence of a compensating capac-

itor that acts as a low-pass filter between in the input and gain

stages. Increasing the gain means the bandwidth of the low-pass

filter decreases resulting in a broadening of the pulses.

The above results explain why the measured cross sections

did not depend on gain. Since only the width changed appre-

ciably when the gain changed, the number of transients captured

on an oscilloscope would not be expected to change. Whether

gain is important for ASET cross sections for a particular con-

figuration depends on the magnitude of gain. Very high values

of gain will give rise to wide transients, and wide transients are

more likely to cause upsets in mixed signal applications.

These findings are important because they serve to under-

score the point that measurements of cross section as a function

of ion LET are not sufficient to characterize an analog IC for

ASET sensitivity. Transient amplitude and width are two cri-

teria that should be used to judge whether ASETs could propa-

gate through the subsystem of the intended application.

2) Internal Factors: Fig. 31 shows a simplified schematic of

the LM124. Like most amplifiers, the LM124 consists of three

stages—input, amplifier, and output stages. Resistors are added

for negative feedback to obtain a stable output with a fixed gain

determined by the values of the two resistors. An amplifier’s in-

ternal gain and bandwidth also play a crucial role in determining

ASET responses. Three transistors, one in each section of the

amplifier, were selected as sources of ASETs to investigate how

changes in the internal operating parameters affect ASET shape

and sensitivity [44].

Compensating Capacitor: The LM124 contains a compen-

sating capacitor between the input and gain stages to prevent

oscillations [44]. Its value was found by physical analysis to

equal 18 pF. The first transistor selected for investigation was

Q4 in the input stage. By circuit simulation, an ideal current

source was applied across the same junction as was irradiated

with the pulsed laser. The amplitude and width of the current

Fig. 31. Simplified circuit diagram for the LM124 [44].

Fig. 32. Simulated ASET at transistor Q4 of the LM124. With increasing value
of the compensating capacitor, the ASET’s amplitude decreases and its width
increases [44].

pulse were adjusted until the calculated ASET shape matched

that obtained with the pulsed laser. Next, the size of the capac-

itor was increased in steps from 18 pF to 40 pF to determine

how the ASET was affected. Fig. 32 shows that, with increasing

capacitance, the ASET amplitude was reduced and the width

increased. This is consistent with the gain and output sections

acting as a low-pass filter with a cutoff frequency determined by

the value of the capacitor.

The next transistor studied was Q9 in the gain stage. Fig. 33

shows how the shape of the ASET changes with capacitance.

The ASET is complex with both fast and slow components.

Changing the capacitance had no effect on the fast component,

but did increase the recovery time for the slow component. The

large amplitude produced by Q9 implies that it is the transistor

most sensitive to ASETs.

The transistor in the output stage selected for investigation

was Q14. The shape was not affected by changes in capacitance

because it was beyond the influence of the capacitor.

The general conclusion from this work is that both internal

and external factors affect the shape and sensitivity of ASETs.
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Fig. 33. Simulated ASET at transistor Q9 in the gain stage of the LM124. With
increasing value of compensating capacitance, the ASET’s width increases [44].

Fig. 34. ASET cross section as a function of ion LET for the LM139 for dif-
ferent values of �V [45].

Circuit simulation is the best way to determine what factors will

affect ASET sensitivity.

B. Voltage Comparators

Voltage comparators are amplifiers without feedback. Their

outputs are high for a positive value of differential input voltage

and low for a negative value. Analysis

of experimental data points to the “off” input transistor as being

the most AEST sensitive transistor. In fact, the ASET sensitivity

of the comparator as a whole is largely dominated by that of

the input transistor such that contributions from the rest of the

circuit may be ignored.

Fig. 34 shows the dependence on for the LM139, a

voltage comparator [45]. Increasing causes an increase

in and a decrease in the saturated cross section. This be-

havior is consistent with a decrease in the sensitivity of the “off”

transistor in the differential input pair as is increased.

X. HARDNESS ASSURANCE AND QUALIFICATION

The purpose of a hardness assurance (HA) program is to en-

sure that manufactured parts meet advertised levels of radiation

hardness. That requires testing of a few parts from the latest pro-

duction lot. When applied to transients, a HA program would

require that a number of ICs (a minimum of three) be tested for

their ASET sensitivity. It is impractical to do this at an acceler-

ator because of limited access. However, a pulsed laser is ideally

suited to monitor the ASET sensitivities of all the transistors in

the ICs. It could be done by comparing the laser pulse energies

needed to produce ASETs in ICs from the latest production lot

with those from a reference lot that had previously been tested

with both heavy-ions and a pulsed laser. Again, a minimum of

three devices should be tested.

The pulsed laser could also be used to reduce the amount of

heavy-ion testing needed to qualify parts. The process would

involve collecting data on versus for all ASETs [33].

Fig. 35 shows the steps involved.

The first step is to determine whether the part has previously

been tested for ASETs in the same operating configuration.

Data should include plots of (LET) together with complete

waveforms for all the captured ASETs for each value of ion

LET. These data may be used to generate plots of versus

as previously described.

In order to establish the minimum acceptable values of am-

plitude and width, it is necessary to consult a design engineer

to determine the conditions under which ASETs will propagate

through the system. There are two options, depending on the

availability of ASET data.

A. No Heavy-Ion ASET Data Available

In the absence of ASET data, the first step would be to

probe all the transistors on the chip using the laser to determine

whether any of the ASETs lie outside the area in

phase space defined by the threshold failure values of

and . If all the points lie inside the box, the part is deemed

noncritical. To confirm that all SETs are within the area of non-

transmission in t phase space, accelerator testing can

be done using only ions that result in the worst-case ASETs. If

some of the ASETs are outside this window, a design engineer

should be consulted to determine whether modifications could

be made to the system to prevent ASET propagation. Such

modifications may involve the addition of a filter, for example.

If the modifications are possible, the device should still be tested

for ASETs, but only with the highest LET ions, provided there

are no bipolar transients that have been observed to decrease in

width as the LET increases. If ASETs cannot be prevented, a

complete characterization with heavy ions is necessary.

B. Heavy-Ion ASET Data Available

There are two possible courses of action when ASET data

exist. One is for the case where the operating configuration is

identical to the one of interest and examples of ASETs shapes

are available. No further testing is required, and the decision on

whether to accept the device is relatively straightforward. If the

device meets all the requirements, it may be used as is. If it does

not, either some form of mitigation must be used, or the part is

deemed unacceptable.

A different course of action is required if the available data are

for a different operating configuration. The first step is to scan all

the transistors using the pulsed laser to determine maximum am-

plitude and width in order to determine whether any ASETs will

propagate for the configuration of interest. If all the ASETs gen-
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Fig. 35. Steps involved in using a pulsed laser to reduce the amount of ion-beam testing for a linear device [29].

erated by the pulsed laser have amplitudes and widths that are less

than the threshold values for propagation, the part may be placed

in the noncritical category. A limited accelerator test using ions

that produce the worst case ASETs may be performed. If some

of the measured transients have amplitudes and widths greater

than the thresholds for propagation, the design engineer should

be consulted to determine whether the propagation requirements

on and/or could be modified.

If the follow-on circuit cannot be modified to be tolerant of

ASETs, a scan of all the transistors using the pulsed laser should

be performed for the same configuration as for the heavy-ion

data. The laser and ion data for the original configuration are

then combined in a single plot of versus and com-

pared with a similar plot for the new configuration. If the loci

of points are different for the two configurations, the

laser cannot be used, and a complete heavy ion test must be done
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to fully characterize the part. However, if the same transistors in

both configurations are responsible for the points lo-

cated beyond the minimum values for propagation, the pulsed

laser can be used to obtain a rough measure of LET threshold

and cross section for the new configuration.

The threshold is determined by calibrating the laser energy

needed to produce an ASET in the new configuration against

that in the old configuration. This is done by placing the laser

light on the transistor responsible for the points just

outside the box in the old configuration and measuring the pulse

energy. The device is then set to the new configuration and the

energy measured at that same transistor to produce a

point just outside the box. Since the ion LET threshold for the

old configuration is known, it can be calculated in the new con-

figuration by taking the ratio of the laser energies and multi-

plying by the ion in the old configuration.

The saturated cross section may be obtained by increasing the

laser energy and measuring the sensitive area surrounding every

transistor that produces ASETs. (The increase in laser energy

depends on the application, but is ultimately limited by phys-

ical damage due to excessive localized heating.) The sum of

all the ASET sensitive areas gives a measure of the saturated

SET cross section for that particular application. Previous re-

sults have demonstrated the validity of this approach [29].

The availability of linear devices hardened to the effects of

ASETs would be of great interest to the aerospace industry.

This could not be accomplished without implementing a HA

program as described above, but the two main obstacles include

the multitude of configurations in which op-amps are operated

and the relatively small aerospace market that does not serve

as an incentive to IC manufacturers. An alternate approach to

a full-blown HA program is to use the pulsed laser in a judi-

cious manner to screen parts for specific applications, as afore-

described.

XI. ASET MITIGATION

Most linear ICs are commercial-off-the-shelf (COTS) parts

that are manufactured without regard to performance degrada-

tion by radiation. A few manufacturers do produce linear ICs

that are designated “radiation hard” or “radiation tolerant,” but

those designations usually refer to the effects of total ionizing

dose and not to ASETs. In fact, there are relatively few linear ICs

available with immunity to ASETs, so the designer is forced to

implement mitigation methods to eliminate or reduce the effects

of ASETs on a system. ASET mitigation is achieved through

modifications to the device, the circuit and the system.

A. ASET Mitigation at the Device Level

Hardening linear parts to ASETs at the device and circuit

levels is the responsibility of circuit designers and manufac-

turers. There are two generally accepted ways of suppressing

ASETs at the transistor level. The first is to increase the crit-

ical charge, . This approach has proved successful in

SEU-hardened SRAMs, which incorporate resistors, capacitors

or additional transistors in the feedback loop. In linear de-

vices, increasing the size of a transistor and raising the supply

voltage are two options. The second is to reduce the amount

of collected charge needed to produce an ASET. The

Fig. 36. ASET produced by pulsed laser light in the LMH6624 op-amp. The
ASET amplitude is small (<120 mV) and of short duration (5 ns).

widely accepted method for reducing is to use a very thin

epitaxial silicon layer, such as silicon-on-insulator (SOI). The

reduction in the collected charge will result in smaller ASETs

with narrower widths.

An example of a linear device manufactured in SOI is the

LMH6624, an ultra low noise wideband (1.5 GHz) operational

amplifier. Fig. 36 (unpublished data) illustrates the type of

ASET produced in the LMH6624 with a pulsed laser. When

the maximum laser pulse energy was used, the ASETs had

amplitudes no greater than 0.3 V and widths of the order of

10 ns. A similar device, the LMH6702, was tested with heavy

ions. Heavy ions having an LET of 96 MeV cm /mg produced

ASETs whose amplitudes were less than 400 mV and widths

were approximately 20 ns. Depending on the application, these

ASETs may or may not be of consequence.

B. ASET Mitigation at the Circuit Level

Another effective way of reducing ASET sensitivity is to re-

duce the part’s bandwidth, thereby suppressing all the fast tran-

sients.

A different approach to circuit level hardening is to use triple

modular redundancy (TMR). This approach was adopted for the

IS-139ASRH, a hardened version of the widely used LM139

comparator [46]. The part was designed and manufactured using

a triply redundant architecture, in which a single comparator

was replaced with three parallel comparators. The three-com-

parator outputs drive a CMOS voting logic block that has been

hardened to SETs by using oversized transistors. Fig. 37 shows

a functional block diagram of the ASET hardened comparator.

The principle behind this hardening approach is that the ma-

jority voting logic produces an output that equals the state of

two out of the three parallel comparators. If an ASET occurs in

one of the comparators, the outputs of the other two will deter-

mine the output of the voting circuit, which will remain valid.

The only way to get an erroneous output is for ASETs to be

generated simultaneously in two or more of the comparators.

Although this is highly unlikely, the probability is not zero, be-

cause an ion traveling at an oblique angle to the semiconductor

surface could deposit sufficient charge in two adjacent compara-

tors to cause an ASET in each one. In that case, two of the inputs
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Fig. 37. Functional block diagram of the ASET-hardened IS-139ASRH
voltage comparator [46].

to the voting logic would be in error, which would produce an

ASET at the output.

To eliminate the possibility that an ion strike to a voltage ref-

erence would simultaneously affect all three redundant com-

parators, separate voltage references were used for each com-

parator. Replacing one comparator with three parallel redundant

comparators has penalties, including an increase of 60% in the

size of the silicon chip and a 50% increase in power.

Heavy-ion testing showed that, as long as the input overdrive

voltage was relatively large ( V), the comparator op-

erated as designed, i.e., no ASETs were observed for heavy-ion

irradiation up to a LET of 83.9 MeV cm /mg. However, when

the overdrive voltage was reduced to the point where it became

comparable to the input offset voltage (5 mV), ASETs would

be generated. The maximum overdrive voltage at which ASETs

occurred was 5.8 mV, which is 0.8 mV above the input offset

voltage.

The explanation for this failure involves input capaci-

tance and resistance. An ion strike to an input diode on the

IS-139ASRH caused a voltage transient that induced a voltage

drop across the input resistor. All the inputs to the redundant

comparators are connected together, so that a voltage transient

on the input resistor propagates to all three inputs. The result

is an ASET on the output. The magnitude of the overdrive

at which ASETs no longer occur depends on both the input

resistance and capacitance. Fig. 38 shows how the minimum

input overdrive for ASET-free operation depends on the input

resistance for various values of input capacitance and supply

voltage.

C. ASET Mitigation at the System Level

System mitigation can be very effective at reducing ASETs.

A common approach is to add a low bandpass filter to suppress

the propagation of fast ASETs. The value of the bandpass filter

is determined by the system bandwidth. An example of an actual

exercise in hardening is presented later.

Fig. 38. Minimum input overdrive (�V ) for SET-free operations as a func-
tion of input resistance, input capacitance, and supply voltage using Kr ions with
an LET of 38 MeV�cm /mg [46].

Fig. 39. Simplified circuit schematic of a specific application that contains
two OP27’s and one LM124 [47]. For proprietary reasons the other circuits are
treated as black boxes.

Fig. 39 shows a circuit designed for controlling and moni-

toring the power distribution inside a spacecraft [47]. The part

is designed to prevent a battery on board a spacecraft from being

overcharged or undercharged. Analysis of the whole system de-

termined that a system failure would occur if an ASET with am-

plitude greater than 1.8 V that lasts for more than 6 s appeared

at the circuit output (Monitored output 3).

Because of proprietary reasons, the details of the circuit were

not revealed and were treated as “black boxes.” The individual

operational amplifiers were exposed to heavy ions and the

ASETs produced were sampled at three different locations in

the system. To validate the accuracy of the models used for

computer simulation, “worst-case” ASETs were calculated

both at the output of the IC being irradiated and at the system

output (Output 3) and then compared with the actual ASETs

obtained experimentally. Given the amount of work previously
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done to model ASETs in the LM124 and the OP-27, it was

not surprising that the calculated and measured ASET pulse

shapes were essentially identical. It is important to note that

this approach only works if the models have previously been

validated by comparing calculated ASETs with those produced

by heavy ions or pulsed-laser light.

Once the model for the whole circuit had been instantiated,

ways of hardening the system were investigated. The restriction

was that no new components could be added and the dc bias

levels could not be changed. The first attempt at circuit hard-

ening was to reduce the value of a resistor in “circuit network

1” from 1 k to 100 . The reduction in resistance strongly

attenuated only the negative ASETs but not positive ones. Con-

versely, a reduction by an order of magnitude in the value of a

resistor in “circuit network 2” attenuated positive ASETs but not

negative ASETs. Finally, the values of two resistors in “circuit

network 3” were reduced by a factor of five while keeping their

ratio constant. The two resistors were in the feedback loop and a

reduction in their values while keeping the ratio constant did not

affect the gain. For this case, both positive and negative pulses

were attenuated. The penalty associated with changing the re-

sistor was an increase in power consumption by a factor of 3.5.

This analysis shows how a combination of computer simulation,

heavy-ion experiments and pulsed-laser experiments were used

to harden a system to ASETs.

XII. SUMMARY AND CONCLUSIONS

This review has presented a detailed summary of our cur-

rent level of understanding of ASETs in linear devices. To re-

capitulate, ASETs occur in all types of linear circuits and may

take many different forms, from simple glitches in voltage com-

parators to missing pulses in pulse width modulators. The best

way to study ASETs is to use a combination of circuit simula-

tion and experiments (unfocused ion beam, focused ion beam

and pulsed laser). Although circuit simulation requires a con-

siderable investment of time, the rewards are great because it

is possible to study factors affecting ASETs that cannot easily

be studied experimentally. Testing with unfocused ion beams is

necessary to obtain the ASET cross section as a function of ion

LET. However, merely counting the number of ASETs is not

adequate—an analysis of the waveforms is necessary to deter-

mine which transients actually pose a threat to a system. Only

those that pose a threat are counted when calculating the cross

section. The pulsed laser has proved to be a very useful tech-

nique for studying ASETs because of the spatial and temporal

information it provides in a laboratory setting. Two-photon ab-

sorption makes it possible to produce ASETs by directing the

light from the backside of a wafer, a novel approach that is still

in its infancy. There are mitigation approaches that may be used

successfully to reduce the threat posed by ASETs.

Finally, it is imperative to ensure that all linear devices in-

tended for use in a spacecraft be checked for ASETs. Failure to

do so could cause an unwanted anomaly that would jeopardize

the successful completion of a mission.
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