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CHAPTER 1

INTRODUCTION

1.1 BACKGROUND |

The technology of Transient Radiation Effects on Electronics (TREE)
covers a wide range of scientific and engineering disciplines. It is a
specialized field that incorporates concepts and terms from solid-state
physics, radiation and nuclear physics, nuclear-weapon technology, and
electronic and systems engineering. Most electronic systems must meet some
kind of nuclear radiation specifications; hence, therc is a need for device
testing to gather data to fill the gap between available state-ot-the-art
information and the requirements of a specific system. It is important
that test data be obtained and recorded in such a way that tests can be re-
peated and the data can be correlated with other work in the same area.

T T | TRy e et i <

It is the purpose of the TREE Preferred Procedures to bring to the at-
tention of the electronic engineer and the system designer those procedures
3 in testing that will yield useful results for these purposeas. Numerous
standard procedures have been formulated as part of the Defense Nuclear '
Agency (DNA) hardness assurance program for TREE. This handbook describes 1
the principles and philosophy involved in applying a set of standard proce-
dures to obtair data for both discrete and integrated circuit devices.

1.2 PHILOSOPHY

The recommendations in this document are based on the applicable ASTM
and Military Standards that have been developed for device parameter mea-
sarements. The object has been to formulate and recommend procedures by
which radiation test data on electronic components and radiation environ-
ments may be obtained and reported. They provide a means of communicating
useful information among workers in a large multidisciplined technology so
that people in different but related specialties (e.g., dosimetry, circuit
design, component testing, system specification, or component fabrication)
will be able to use one common term in place of various specialty terms to [
better understand one another. ]

Sl ot

R Mid

It is. assumed that the users of this document will have access to the
Design Handbook for TREE (Reference 1). The proper use of these preferred ,
procedures relies on the user being familiar with the information contained j
in that handbook. A review of the pertinent subjects is strongly recom- !
mended when planning any TREE testing programs.

et e Ml it 1L
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1.3 USE OF THIS DOCUMENT
This document will be of assistance to four principal types of users:
1. Circuit and system designers who use component data

2. System specifiers--those who perform tradeoffs to for-
mulate environment criteria, system performance speci-
fications, and system~failure criteria

3. Component manufacturers who can provide basic physical
and electrical data and have the fabrication tech-
niques and process controls needed for the development
of radiation hardened components

4. The primary users of this document--those who define
and perform tests to obtain and record radiation re-
sponse data on electronic devices for use in circuit
and system design.

The material in this document reflects the present ASTM and Military
Standards for device testing; additional standards will be developed as
electronics technology advances. This document will be updated as neces-
sary to incorporate the latest standards., Therefore, it is the responsi-
bility of the user to make certain he is using the most recent edition and
to take an active part in supplying new information to effect improvements.
The user should also realize that he bears the responsibility when simpli-
fying or deviating from the suggested procedures.

1.4 DOCUMENT CONTENTS AND LIMITATIONS

This document is divided into eight related chapters. Chapter 2 dis-
cusses the principles of test design, analysis and prediction requirements,
test data, and test procedure requirements. Also covered are test hardware
considerations and gensral testing techniques such as device characteriza-
tion and interference suppression. Chapter 3 covers general documentation
requirements for testing programs.

A brief survey of the radiation sources used in TREE testing is pre-
sented in Chapter 4. General characteristics of radiation sources are dis-
cussed and the important parameters are summarized in tabular form. Source
selection guidelines are also presented.

Chapter 5 covers dosimetry and environmental correlation procedures.
Neutron measurements, photon and electron measurements, and pulse shape
monitoring techniques are discussed for each type of the major simulation
techniques.

Chapter 6 covers specific test procedures for measuriug parameter vari-
ations due to radiation for transistors, diodes, and field-effect devices.
Neutron, total dose, and transient ionizing radiation measurements are
discussed.

1-2
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Chapter 7 deals with test procedures for determining the currents and
voltages in charged and uncharged capecitors due to radiation exposure.
The most important capacitor effects are transient.

Chapter 8 presents test procedures for making permanent degradation and
transient response measurements on integrated circuit devices. Both dig-
ital and linear circuit responses are discussed and specific test proce-
dures are given for both types.

The principles presented in this document are applicable to high-volume
testing as well as individual device testing. There are a number of high-
volume electronic device testers in use. However, this equipment is often
specially designed and is also expensive. Unless the radiation facility to
be used already has such equipment and it is applicable to the test pro-
gram, the test eugineer will have to supply his own test fixtures.

It is not recommended that the measurement procedur<: described in this
document be used in connection with decisions between buyers and sellers
unless the precision of each has been evaluated by interlaborato:-y compari-
son and is approved for procurement pu:poses,
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CHAPTER 2
TEST DESIGN

2.1 INTRODUCTION

Careful organization of the test efforts related to 3 development pro-
gram is essential to avoid waste of test facility and financial resources.
It also helps to reduce the time required for system development. Use of
proven standardized test and documentation procedures is necessary if one
is to obtain reliable, repeatable test data.

T

A well-documented test program provides much of the input information
needed for scheduling, financing, and managing the total system development
program as well as the test work. It not only apecifies the tests to be
accomplished and the expected results, but also provides a basis for effi-
cient and effective integration of the test program into the total system
development program. A good test design document will contain much of the
information needed for the final report that describes the test results.
It is a good practice to anticipate the final report format in the test
planning documentation, since much effort must be spent in preparing and
documenting the test program before any results can be published.

i bl sl
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In all branches of science and technology, there are principles and
techniques that are pertinent to the task of designing engineering tests.
The basic principles and techniques applicable to designing tests for de-
termination of transient-radiation effects on electronic arts are dis-
cussed in this chapter.

2.2 TEST DESIGN PRINCIPLES

Radiation effects data on electronic components are available from many
different sources. There has been considerable variation in the techniques
and simulation facilities used. Proper interpretation of such data re-
quires some knowledge of the techniques and problems encountered in test-
ing. This section considers the principles of test design with the i
objective of standardizing test procedures in accordance with established
ASTM and Military Standards. Standardization of the test procedures will
result in data that have much greater design application.

e e B i o sl Sk

The following must be considered in developing a comprehensive test
program for electronic components:

1. Purpose of the test--what is the problem and what in- _
formation is needed to solve the problem? :

=epermmer
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2. Pretest analysis and prediction requirements--what
analysis or othcr methods car be used to obtain this
information? 1s the theory valid?

3. Data requirements--what test data are needed to solve
the problem?

4. Test procedures—--what tests must be done to obtain the
data?

5. Application of the data--how can the data be best ana-
lyzed and aprlied to solve the problem?

The documentation of a test program should contain the answers to these
questions,

2.2.1 Purpose of the Test

Defining the problem to be solved often leads to optimal approaches for
solution. Therefore, the statement of the problem--the purpose of the
test--is an important part of the test design. 1In very brief form, the
purpose of most TREE tests to which these preferred procedures are applica-
ble will be to support either some TREE-hardened system design or the TREE
assessment of a system, System design support might involve determination
of radiation responses o7 a group of devices for design application data or
it might take the form of screening tests for acceptunce. The definition
of the problem for a pretest document, then, would inciude:

1. A clear statement of the test objectives tn ensure
that the necessary results will be achieved

2. The system design or assessment radiation criteria

3. A staiement as to how the system design or assessment
program has been organized

4. A statement as to how the tests about to be described
and performed will be integrated into the overall
program

5. A statement of the data required and the required ac-
curacy of the data.

2.2.2 Pretest Analysis and Prediction Requirements

Most TREE testing to which this documert applies measures electronic
device parameters before, during, and/or after radiation exposure. Since
these electrical parameters are related to an application requirement or a
response model, some predictive analysis may be made as a basis upon which
test results may be judged. 1In the test design, pretes: analysis methods
should be described in detail and approximate expected test results should
be predicted. This will ease the measurement process and also demonstrate
applicability of the expected results to the system task at hand. Pretest
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analysis may lead to significant changes in the test design if unexpected
results are found., This is normal and proper, since design is inherently a
dynamic process, subject to revision as new data or understanding become
available, Any changes should be documented.

Analysis prc.edures for TREE phenomena are outlined in this handbook.
Detailed procedures can be found in the Design Handbook for TREE (Refer-
ence 1). MDNiscussions of the validity of the underlying theory for the pre-
test analysis may be muecessary for some parameters. The significant
assumptions should be set down, especially those related to the system
problem of which the test is to be a part. (For example, environmental
synergistic effects may be important.) These questions should be addressed
in pretest analysis and in its documentation.

2.2.3 Test Data Requirements

Data requirements for a test program are derived from the test objec-
tives, the amount of existing information, and the planned analysis meth-
ods. Specific requirements are also defined in the applicable ASTM and
Military Standards (References 2 through 4), These requirements should be
observed in all testing. A basic list of data requirements includes:

1. The format

2. A list of required parameters and their dependencies

3, Accuracies
4, The number of test items

5. Environmental ranges

6. Contractual requirements such as traceability of cali-
bration standards.

Some compromises will need to be made when establishing data requivre-
ments. For example, at a particular test facility, the radiation environ-
ments may be mixed or separated in certain ways or the number of data
points may be limitea for nontechnical reasons.

Statistica' test design should be used when suitable to provide con-
trols, proper numbers of test groups, and sample sizes to meet system con-
fidence requirements. The assignment of test—sample sizes is not a trivial
problem, nor can statistical methods be blindly applied to TREE test
design. One reason for this is that the distributions of semiconductor-de-
vice parameters are probably not normal but rather truncated by manufactur-
ers' orocess controls and screening tests. Log-normal distributions are
generally used instrnrd, Another reason is that most of the tests envi-
sionad will be designed to determine device parameters as functions of op-
erating conditions and environments rather than in terms of a "failure
level”™ or "go-no-go" criteriaj screening tests are an obvious exception.
These points are discussed in detail in Section 2.4.
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The other elements of the test dala requirements (1 through 3 and
above) are discussed in the succeeding chapters of this document.

2.2.4 Test Procedures

Detailed test procedures must be developed as an integral part of the
test plan., Existing ASTM and Military Standards must be followed and must
be used as the basis for electronic component test procedures (References 2
through 4). The test engineer must alsu cousicder availability of person-
nel, equipment, radiation facilities, or even of test items. Ultimately,
the test engineer should apply the physical principles of TREE technology
within whatever other constraints he may have. This document contains spe-
cific recommended ''preferred" procedures, based on existing standards, for
many types of TREE tests on transistors, diodes, integrated circuits, and
capacitors as aids to the test engineer.

The test procedures section of a test plan should include:

1. Specific means for eliminating or controlling sources
of systematic errors

2. Description of each of the test tasks and how these
integrate into the whole test to produce the desired
results

3. Required measurement-equipment 1lists including cali-
brations and accuracy requirements

4. Specific, detailed procedures including circuit dia-
grams, operating ranges, environment ranges, etc,

5. Kadiation source characterization details and means of
obtaining the desired exposures

6. Specific plans for data analysis.

2.2.5 Application of the Data

The raw TREE test data will generally be in the form of oscilloscope
photographs, punched cards or tape from an automated semiconductor test
set, or tabulated sets of meter readings. A posttest analysis and data re-
duction are required to translate the raw data into useful information that
can be used as a measure of the expected performance of a system containing
the tested components when operated in a specified radiation environment.
The posttest data analysis involves three processes:

1. Interpretation of the raw data in terms of electrical
quantities and units including reading errors and

equipment accuracies

2. Interpretation of the electrical quentities in terms
of the test objectives, required parameters, device
models, predicted responses, etc., tincluding the
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experimental uncertainties arising from the procedures
and sample sizes

3. Interpretation of unexpected data points in terms of
testing errors or some uncontrolled or unknown
nhenomenon. -

-
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The appropriate posttest analysis methods should be specified in the
pretest documentation for the particular test.

2.3 ANALYSIS OF TEST DATA |

Selection and specification of the analysis procedures for a test pro-
gram is primarily an engineering responsibility. The general rule for
selecting analysis techniques for inclusion in the analysis procedures sec- ’
tion of the test program document is to select the simplest technique that
will fulfill the stated objectives and purpose of the test. Actually, the
only :estrictions placed on the selection of analytical techniques is that
they must be sufficient to:

S i e e e

|
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|

1. Satisfy the test objectives |
2. Determine the confidence associated with any conclu- }
{

sions reached

3. Estimate the test accuracy for all numevical results.

procedures produce an orderly arrangement (tabular and/or graphic) of the
test dJdata as measured and, where appropriate, in reduced form. Detailed !
procedures should be specified for data reduction.* A description of the
procedures for evaluating measurement precision and system test error and
the methods for combining these to estimate the test error and accuracies
should be included. Error bands should be included and identified (e.g.,
ranges, standard deviation, etc.) on all graphs. Accuracies should be ;
stated in all tables of numeric data. 7

j

For any type of test, the objectives will require that the analysis H
i

i

i

]

!

Tor the preferred aeasurement procedures given in this document, the 3
1 data reduction and analysis techniques are usually inherently defined by '

* Data reduction here denotes the derivation of more meaningful parameters
by combining the values of measured parameters. For example, resistivity
may be derived by combining measured voltage, current, and dimensional
values: neutron fluence expressed as neutrons per cm? (E > 1 MeV) may
be derived combining activation dosimetry values, reactor spectra infor- :
mation, and shielding data. Data reduction may also mean the computation i
of descriptive statistics, the normalization of data by taking ratios,
etc. Making value judgments or preaictions of any kind are not included
in data reduction.
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the test. Thus, if *transistor gain as a function of collector current and
neutron fluence is needed, the test procedures would resu't in raw data
that can be reduced by straightforward methods to obtain the desired gain
data. In the process of data reduction, it is important to track the
sources of uncertainty and errci, such as measurement errors in currents,
counting errors in dosimctry, etec. Then the results and probable errors
are quoted, This data reduction process is clear for the protlem of deter-
mining response of one or a few devices.

The test objective might be to determine the expected radiation re-
sponse distribution of a population of devices of which a sample population
was tested. The test design must then provide for proper sampling of the
sopulation, measures to control errors, and the analysis of the response
data of *the irradiated groups of devices. 1In this case, some statistical
interpretations will have to be made. For example, for a given neutron
fluence, the gaina as functions of collector current may be analyzed to
find, for several specific values of 1., the mean observed gain and the
observed standard deviation of the gain for the sampie. From this, assum-
ing proper randomizing of the sample and assuming fixed process controls, a
statistical irference may be made with specified confidence concerning the
parts-population mean gain and variance for this fluence at these collector
currents. This process could be repeated for other fluence values. Alter-
natively, the gain versus fluence, or damage constant data, could be ana-
lyzed for specified I, values to arrive at the same result, More complex
statistical inferences concerning multiparameter distributions could also
be determined, but they may not be worth the effort. A specialist in sta-
tistical inference should assist in their use.

An assumption normally made that may not be valid is that the parts re-
sponse distributions are gaussian. Instead, the response distributions are
log-normal. 1t may be one function of the test to determine the actual
population distribution with some degree of certainty. This may lead to
use of "non-parametric'" statistical analysis of data--again, an area for
specialists.

One desired engineering result for TREE test data is often curves of
gain, photocurrent, etc. plotted as functions of an electrical or radiation
parameter, This involves fitting a curve to the measured (and reduced)
lata. It is convenient to express the data in terms that could theoreti-
cally be plotted linearly, e.g., reciprocal gain versus fluence or peak
photocurrent versus dose rate. Then, least squares and regression analysis
can be used to determine how well the data fit, what slopes and intercepts
are given with confidence, etc. More simply, such curves can be visually
examined if the statistizal detail is not needed. When the curves are not
linear and/or the functional relations are not analytic, the purpose of the
test will usually determine what effort is worthwhile in perfoiming more
complex statistical analyses,

For '"go-no-go' tests, such as acceptance screening of parts by testing

fcr a certain parameter, the statistical dasign of the test is generally
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easier to establish. Here, the distribution of data is b.nomial and the .

techniques are well established. The part either passes or fails a ‘est, ]

depending on the radiation response, but the parts-response distribution "

itself is not the entity in view. The data are the "passes" or "fails." a
' "go" or a "no-go" for a given test item, or a fraction passing, p, and I
failing, q = 1 - p, in the populatioun. Based on the number of failures in 'y
a sample drawn from the parts lot being accepted and on the system require-
ments, determination of the probability that the population failure rate
will be within specified limits, using binomial distribution statistics, is
straightforward (References 5 and 6).

| For system assessment work, it is more likely that only a few parts can
be found for tests and the analysis technique must glean the most informa-
tion from the test, This calls for careful test design and, perhaps, the i
use of "small-sample' statistics and tolerance factors--an area for a :
specialist.

2.4 SAMPLE SIZE DETERMINATION

In TREE test design, the selection of the sample for test depends
strongly on the purpose of the test. As indicated earlier, screening tests
use the binomial distribution,

' S/N) x N-x
F P(x_<_c)=x§0<x)p &, (2-1)

where P(x < ¢) is the probability that the number of passed items, x, is
no greater than the acceptance test level number, ¢, for the test sample
size, N, and p is the actual probability of a single item's passing the i
test, with q = 1 - p, Curves and nomographs of this distribution may be
used to decide on sample size, N, and acceptance test level, c¢. The test
engineer should consult statistical texts or specialists for details of ap-
plication to his problem. The Military and ASTM Standards for TREE testing
specify a minimum sample size of 10 devices randomly selected from the par- 3
ent population (References 2 and 3), MLD-STD-19500 and MIL-STD-38510 may !
also be used for sampling plans and acceptance criteria (Refevrences 7 and i
8).

e b s e St » S0t

For parametric design data oun components and devices, the accuracy with
which the data must be known for the specific system design applications
will determine the sample sizes for tests. Also, the spreads in the data
themselves and the uniformity of parts responses will influence the sample
size, as will the actual shapes of the distributions. This implies that
there needs to be some processing control of parts manufacturing to provide d
reasonable uniformity of response and that the sample set selected for test j
must adequately represent the parts population to be used in the system
design.
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To be much more specific than the last paragraph requires a detailed
discussion of statistical methods considering confidence (or tolerance)
limits for the system design data, allocation of parts for tests dependirg
on their design margins in the system, etc. These factors are system de-
pendent and complex and general mathematical approaches shall not be pur-
sued here. However, as a rule of thumb and as a matter of common practice,
many test engineers have found between 10 and 30 sarwples adequate to define
the parameters of principal interest to system designers for neutron and
gamma ray effects on semiconductor parts (References 2 and 3). Mean damage
constants or photocurrent slopes (in the linear range) do not usually be-
come appreciagbly better known by increasing test sample size above 30 for
those parts types that have been fabricated with the same technologies and
controls.* Normally, system designers invoke onough margins so that the
mean values of radiation-affected parameters and their distributisns (vari-
ance or higher moments) need not be known to high acciiracy. In addition,
for system hardness assurance, samples for irradiation tests are often
picked from selected production lots of a particular device type. The
variatious of device response from lot to Lot and from manufacturer to man-
ufacturer are important considerations when evaluating system hardness as-
surance, Typically, a sample size between 10 and 30 is considered adequate
for radiation sampling tests of a particular production lot. In some
cases, such as the statistical evaluation of systems performance, an analy-
sis might show the need for more parts tests or the data spreads in the
test itself might indicate such a need.

2.5 TEST HARDWARE CONSIDERATIONS AND TECHNIQUES
2.5.1 Introduction

General test hardware considerations and testing techniques for elec-
tronic components are discussed in this section. In the normal case, the
test engineer must consider the following:

1. How to characterize the device to be tested. This
characterization mav be repeated one or more times af-
ter the test.

2. Selection of the proper irradiation facility to meet
tte test objectives (Chapter 4).

3. Measurement of the selected response of the device be-
ing irradiated. The proper operating mode for the de-
vice during irradiation must be selected. A choice of
pre- and post— or in-situ measurements must be made.

* For 90-percent confidence, 90 percent of & normnl population will differ
from the sample mean by no more than a tolerance factor, K, times the
sample variance, with K decreasing only by about 25 percent (from 2.0 to
1.7) as N goes {rom 10 to 30).
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4, Electrical- and radiation-induced interferences and
thermal effects during testing.

5. Selection of the dosimetry techniques to properly
characterize the radiation to which the device is ex-
posed (Chapter 5).

2.5,2 Characterizing the Test Device

Twe types of measurements should be performed on the test device before
exposure to radiation. The first are measurements of those parameters that
are expected to change due co radiation exposure, such as transistor gain.
Secondly, it is desirable to perform additional measurements that will
characterize the particular device type. Within a particular device type
number, there are sometimes large variations in individual device charac-
teristics. These variations are usually within the parameter specifica-
tion, but occasionally there are devices whose characteristics fall outside
of the specification (the maverick problem)., 1In practice, it is very use-
ful and cost effective to perform electrical measurements that can be
correlated with ..e cxpected radiation response of a device. The gain-
bandwidth product, fr, of a transistor is an example of such a measure-
ment. Therefore, the preirradiation chavacterization should include those
parameters,

There are also other basic considerations unrelated to actual parameter
measurements when planning radiation tests. One 1is that the construetion
of semiconductor devices with the same electrical specifications device
number may be substantially different if obtained from separate manufactur=-
ers or even from different production lots of one manufacturev, These dif~
ferences in production procedure may have a significant effect on the
radiation responses of the devices, The effect of processing details on
radiation response is particularly important when evaluating radiation-in-
duced surface effects. Therefore, the characterization of samples from
various production lots is advisable tu obtain results that are truly rep-
resentative of the radiation response of a particular device type. A sec-
ond considerati m 1is that data requirements may make it necessary to
exercise some control over the samples obtained from the device manufac-
turer, Samples with identical construction but with tighter initial-param-
eter spreads may be required to satisfy system specifications for the
intended application and to obtain greater internal consistency in the test
results. 1If controlled samples are used, it is important to identify them
as accurately as possible when reporting test results.

There are several ways to conduct permanent-damage tests. One of the
simplest, most convenient, and least expensive ways is to perform pre~ and
postexposure measurements on devices that are exposed to radiation in an
unbiased state per Method 1017 of Reference 2. Each set of mecasurements
establishes the device response at a single irradiation level, This proce=-
dure permits the effective use of automated testers in a laboratory envi-
ronment and it is possible to test a statistically significant unumber of
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samples. Such tests are useful as proof tests to establish adequate device
performance at a given radiation level, as long as time and bias dependence
are not important. Usually, there is a wai% for the radioactivity of the
test devices to decay to a safe level before testing.

Data may be obtained at several irradiation levels by repecling a test
as many times as desired or by exposing different groups of samples to var-
ious radiation levels. The first procedure is more time-consuming and,
since it usually involves repeated physical orientatior. in the radiation
environment, may be subject to errors. Due to differences in the radiation
response of different samples, data obtained by the second method may ex-
hibit a lack of internal consistency (i.e., there may not be a smooth pat-
tern of parameter change with increasing irradiation exposure). Also, when
extended periods without irradiation occur during a test, the sample param-
eter values sometimes change (due to annealing) so that data taken before
and after the cessation do not correlate well. Therefore, measurements
should be made at the beginning and end of such periods, 1if possible
(Method 1019 of Reference 2).

Devices may be remotely instrumented at the test facility to permit in-
situ parameter measurements., The radiation response at various exposure
levels and/or at specific time intervals during and after exposure can be
obtained in this way on a single group of devices (Method 1019 of Refer-
ence 2). Use of automated test equipment helps to eliminate the errors due
to sample repositioning and the time delays involved in laboratory measure~
ments. The requirement for test =equipment and extensive cabling at the
test facility makes in-situ testing more complicated and more expensive
than pre~ and postexposure testing, especially if a significant number of
samples are tested.

Normally, more than one parameter will be measured in a test. The se-
quence of parameter and operating-point measurements should be carefully
considered since this affects the duration of the measurement period and
the device temperature. ..utomatic testers are useful if a large number of
samples are to be tested. The test engineer should consult References 2

and 4 for measurement configurations.

Transient effect data measurements must be performed during and imme-
diately after the radiation pulse (Reference 3). The response of a device
under test depends upon the radiation pulse width., For pulses much shorter
than the device electrical response time, the magnitude c¢f the response
usually depends upon total dose and its duration is a function of the de-
vice recovery time. For rulses long compared to the device response time,
the instsntaneous response tends to follow the dose rate. The test circuit
can affect the observed response time by intenticnal or inadvertent capaci-
tive loading of the terminals of semiconductor devices which have high
impedance circuits in series with this capacitance. 1In establishing a
transient effects test program, it is necessary to understand the role
played by the intrinsic device response time, such as inherent conductivity
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relaxation, and the vesponse times influenced by external parameters.
Therefore, the electrical loading of the device under test must always be
accurately recorded. 1

¥ 2.5.2.1 Transistors and Diodes

The basic methods of making parametric measurements on transistors and
: diodes are the steady-state method and the pulsed method. The most common
and simplest technique is to apply steady-state sources (either dc or ac)
to the test circuit and observe the desired response while varying omne or
more of the sources in discrete steps. Unfortunately, as power dissipation
increases, the junction temperatures increase, altering many of the param-
eters of the device. If the ultimate application of a particular device is
in the pulsed mode, the data taken at the higher levels using the steady-
state technique will yield inapplicable results. The pulsed method of pa-
rameter measurement minimizes changes in junction temperature and may also
be used to simulate actual operating conditions for a particular circuit
design. Applied pulses must have sufficient duration to ensure that re-
sponses have reached the electrical steady state (not thermal). The pulse
repetition rate (duty cycle) should be kept low to minimize device heating.

I

i

For matched-pair devices, it is desirable to determine the changes in .
differential device parameters. The most satisfactory technique is to make !
a differential measurement. Although such techniques are not detailed i
here, the test engineer can readily modify suggested measurement circuitry :
to provide for differential measurements (Reference 4).

Lo

‘ An example of a simple and relatively fast method of »>btaining many pa-
rameters at many operating points is by using a curve tracer to sweep out a
family of device characteristics and display them on an oscilloscope. Both
steady-state and pulse measurements can be made using this method. The
displayed characteristics shouid be photographed to provide a permanent
record for pre- and posttest comparisons. This method typically yields
data with an uncertainty of at least 5 percent so it is not recommended for
critical design-data purposes. It should be used only when device parame-
ter changes of more than 15 percent of preirradiation values are expected.

© e el s e

The choice of a particular measurement method must involve considera-
tion of the ultimate circuit application of the device (if known), accuracy
requirements, cost limitations, the number of measurements to be made, and
methods of data reduction., If the application of a particular device is
not unique, it is wise to employ several of the above-mentioned techniques
to acquire several kinds of data. Regardless of the particular methods ;
chosen, conditions should be as identical as possible for pre- and posttest |
measurements. If a large number of measurements are planned, consideration :
should be given to automating the measurements and the data-reduction pro- :
cedure. Although such methods are not described here, the suggested mea-
surement circuitry can be modified to allow for automated measurement
schemes and machine-oriented data reduction.
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Sometimes the leads of a sample are shortened after pretest measure-
ments to facilitate subsequent test purposes. The shorter leads may affect
the relation between pre- and posttest measurements in two ways. First, at
high currents, the voltage drops in the leads may be significantly differ- i
ent in the two cases; this can be measured and a correction made. Second,
changing the lead length may change the case-to-ambient thermal resistance;
this can readily change the case temperature by 20°C or more and cannot
be easily compensated. Therefore, every effort should be made to keep the
lead lengths constant and the device should be well heat-sinked for
measurements.

Unwanted oscillations during an electrical measurement can render the
measurement invalid, The following are suggested ways to eliminate oscil-
lations of test circuits:

1. Use shielded or coaxial cable to minimize coupling be-
tween the transistor elements

TN TS ey e e

L 2. Locate an appreciable part of the collector-circuit
: resistance as close to the transistor as possible

[
i
} 3. Place ferrite beads on the leads of the transistor |

4, Bypass with a capacitor the collector to the emitter .
and/or the bas2 to the emitter '

5. Provide degenerative feedback through a pulse
transformer.

e Uk

2.5.2.2 Integrated Circuits

{ The radiation response of integrated circuits can be quite complex.
Many medium-scale integrated (MSI) and large-scale integrated (LSI) devices i
have a large number of possible states or complex feedback loops. As a re- '
sult, the output is not a direct function of the input; that is, a change
of state on an input signal lead does not result in a corresponding output
change. This makes detailed evaiuation of the interaction between the var-
ious elements on a given chip impractical, if not impossible.

PR 2

The choice of a potential measurement method for integrated circuits §
must involve consideration of the ultimate application (Reference 2). 1If !
the application of a particular device is not unique, it is wise to employ
several techniques to acquire the kinds of data that are needed. Regard- ;
less of the particular methods chosen, conditions should be as identical as ?
possible for pre- and postirradiation measurements. If a large number of
measurements are planned, consideration should be given to automating the
measurements and the data-reduction procedure. Although such methods are
not described here, the suggested measurement circuitry can be modified to
allow for automated measurement schemes and machine-~oriented data
reduction,
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; A very critical step in the process of testing integrated circuits is
‘ determining what constitutes a significant response and failure of a de-
vice. The specific system requirements must be used as one of the criteria 1
to define component failure. The failure criteria for the components of a i
given system must be carefully determined by considering all electrical pa-
rameters of a device in its system upplication, These failure criteria are
usually much lower than would normally be expected bzcause of the circuit
tolerances which are used tc establish worst-case failure criteria. Logic
circuits are usually not the limiting factor in displacement etfects radia-
tion hardness of a system.

Since logic circuits are relatively hard, use of one worst-case failure
criterion for all the logic circuits is coaservative and cost effective. ‘
This eliminates the unecessity of developing failure criteria for each logic ]
circuit application.

Linear circuits, however, are almost always softer than logic circuits,
and it is often both advantageous aund necessary to examine each application |

* in detail to determine failure criteria. The necessity of each specifica-
tion Jimit must be carefuily considered because if the required specifica- ,
tion is too strict, a heavy cost may result when circuits that are hard to ¥
the required level are selected.

2.5.3 Measuring the Response to Radiation :

Radiation response measurements should be made in accordance with the ]
procedures specified in References 2, 3, and 4. These procedures define '
the requirements for testing sealed semiconductor devices for specific
types of exposure. These include:

i
1. Test setup and site requirements ;

The radiation source requirements

Bias fixtures and requirements

Sample selection criteria

Electrical parameter measurements

Dosimetry requirements

.

Safety requirements

Documentation :

[ =T N = AT ¥, Y . SO B S
.

Data requirements.

Specification of the operating mode of the test device is one of the
first decisions to be made when developing a test plan., The bias condi-
tions must be set and properly controlled during irradiation and wherever
the test devices are connected to the test fixture. Neutron exposure nests
are often conducted with the device leads open or shorted during irradia- |
tion. Measurements are then made on a pre- and posttest basis (Method 1017
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of Reference 2). Total dose exposure tests require the devices to be bi-
ased during irradiation and throughout the postirradiation measurements for
the observation of surface effects, In-situ measurements are often used
(Method 1019 of Reference 2). Transient effects measurements also require
the devices to be biased in an operating region of interest, These mea-
surements must bn taken rapidly, so only one bias point can be checked per
exposure, Exposures can be repeated at differeant bias points with no
change in inherent device characteristics (Method F448 of Reference 3).

The irradiation levels at which data are taken depend upon the end pur-
pose of the data. For data analysis and presentation purposes, it is de-
sirable to obtain data at approx1mately e 1ogarithmic intervals of
radiation exposure, such as 2 x 10 x), 5 x lO and 10\%*

Adequate dosimetry is essential for all radiation testing. Reactor ir-
radiation should 1include both neutron and gamma dose measurements. At
pulsed reactors, the n/y ratio can be measured for a particular test con-
figuration., At steady-state reactors, provision should be made for a
low-power gamma dosimetry run, The value obtained can be scaled to the ex~
perimental power level. This run can sometimes be performed several days
in advance of the actual test. If an attenuating shield is to be intro-
duced during the cest, spectral measurements should be made with and with-
out the shield {Methods E720, E721, E722 of Reference 3). For experiments
performed at gamma radiation sources, the gamma dose rate can be monitoured
and the total dose determined from the total irradiation time, or an inte-
grating dosimeter can be used to measure the total dose (Methods F526,
E665, E666, and E668 of Reference 3).

The selection of the number of dose rates at which to make measurements
will depend on the data requirements, the particular device types, and the
intended application. 1In the absence of detailed application iaformation,
measurements should be made at each decade of dose rate, 7Y, over a dose
rate range from 3 x 105 to 3 x 1010 rads (Si)/s. This extends from
a low range where the response is usually linear to a higher value where
the device is saturated in many circuit applications. Justification for
measurements over such a wide range of dose rates is that some devices do
not conform to a linear dependence of Ipp on Y, and such & series of
measurements will reveal the range of rates over which these nonlinearities

exist,

When repetitive pulsing is employed or when high dose rates and/or long
pulse widths are involved, it is easy to build up large doses in the sam-
ple. Above 104 rads (8i), some devices may incur significant permanent
damage. Such damage is evidenced as an increase in junction leakage. When
this threshold is exceeded, the sample dose should be reported and a clear
identification made of the data that were obtained above the threshold.
Justification should be given for using such data.
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To some extent, the photocurrent response of a device is dependent upon
the energy spectrum of the ionizing-radiation source, especially for spec-
tral components with energies less than 0.5 MeV. Therefore, an effort
should be made to control and/or measure the spectrum as well as the dose
rate. This is particularly important if it is suspected that the incident
spectrum at the sample location has changed (e.g., due to the interposition
of shields),

Most transistors and diodes are in the class of 'thin samples" and
their responses are independeant of orientation in a homogeneous, high-
energy radiation beam., High-power devices, however, may have thick-walled
cases or mounting studs that, in some orientations, act to shield the ac-
tive device volume (semicorductor chip) from the radiation. 1f such orien-
tations cannot be avoided, the orientation used should be recorded and an
effort made to determine the actual dose received by the active volume.
Dose enhancement effects due to the differences in materials must be ac-
counted for in the dose measurements.

Semiconductor device characteristics are dependent on junction tempera-
ture; hence, the ambient tempevature of the test must be controlled. Ref-
erences 2, 3, and 4 specify room temperature testing for most cases. If
other temperatures are required, these must be carefully specified and con-
trolled to keep the devices within their maximum ratings.

2.5.4 Interference Suppression

Conducting transient radiation effects tests presents some severe prob-
lems. These tests usually require transmitiing small signals over long
cables in the vicinity of a powerful pulsed radiation source, Careless
handling of the signals can result in the loss of data or questionable
data. Therefore, it is mandatory to maintain tho signal-to-noise ratio as
high as possible.

2.5.4.1 Interference Coupling Modes

Interference can be injected into a test setup in a number of ways.
The pulsed radiation source is a large noise . ‘erator. It has an associ-
ated electromagnetic fleld that can propagate ..rough shielding into the
measuring circuitry. The radiation source can also introduce noise on the
60-Hz power line that couples the noise into the test equipment.

Use of multiple ground points can result in ground loops or common-mode
return paths that permit noise from the pulsed radiation source, or any
other source, to enter the measurit system. Capacitive coupling can act
as a high-frequency ground connectiot.

In the case of a pulsed source of ionizing radiation, such as a linear
accelerator (LINAC) or flash X-ray, another source of noise is the charge
transferred between the source and the test box and test circuitry. An il-
lustration of charge transfer in Figure 2.5-1 shows that the charge is not
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Test box/ /—Test circuit

Exposure room Instrument
room
—=——=—== Primary electron flow
———»—— Secondary electron flow
Z=== = Ionized air

Figure 2.5-1, Charge transfer paths.

only transferred from the main beam source but also between the sample and
its surrounding environment. The charge transfer is maximized in the elec-
tron-beam mode but is also significant in the bremsstrahlung mode due to
the production of energetic electrons by Compton and photoelectric interac-—
tions. Values of the currents generated by this charge transfer range be-
tween 10-13 and 16-12 amp—sec/cmz—rad. Use of a scatter plate with
an intense beam may iuncrease this current.

Another example of charge transfer occurs in coaxial cables. The ef-
fects are shown for various cable types in Table 2.5-1. The actual re-
sponses are also dependent on the cable's irradiation and voltage history.

Air ionization caused by the radiation sources can also introduce spu-
ricus and misleading signals. Typical air-ionization leakages due to short
pulses yield a conductivity of ~10~14 ¢ (mhos/cm), where Y is the
ionization dose rate in rads/s. This can be minimized by making the mea-
surements in a vacuum or by encapsulating the test sample in an insulator.
However, secondary electrons produced in the potting material can also in-
troduce erroneous signals. When a test is being conducted in a vacuum
chamber or cassette, the effects of the secondary electrons produced by the
bremsstrahlung radiation entering and leaving the test box can be mini-
mized, but not eliminated, by using thin low-Z window material. 1If this

proves insufficient, a magnet can be used to sweep the electrons away from
the test sample.
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Table 2.5-1. Cable effects_in an ionization environment for 30-MeV
electrons (1010 rad/sec) (Reference 9).

wr— ey

Replacement Current Induced Conductance

-14 amps-sec 1=17 mho-sec
Cable Type 10 cm-ra 10 cm-rad
RG-58 Solid +3 1
RG-59 Solid -2.4 1.2 (prompt)

-2.5 (delayed to 1 ms)
RG-62 Foamed +8 25
RG-62 Semisolid -2.4 50
Notes:
1. Replacement current flows in center conductor (shield is at
ground.

. Conductivity of dielectric is also affected.
3. Above numbers are per cm of cable exposed to ionizing radiation.

———

An. : source of potential noise interference is the pulsed magnetic
field p. ced by the electron current associated with a photon beam. The
field i. ‘~nerally solencidal about the direction of the photon beam and
can be e - imated from the krnown equilibrium between photon and electron
currents. The effect of this field can be eliminated by proper shielding

and avoidance of loops in cabling configurations.

Figure 2.5-2 depicts some of the ways described above in which noise
can be int uced into a system.

2.5.4.2 Noise Minimizing

Techniques used to minimize noise in electronic systems are fairly well
understood, ~lthough often disregarded. As few ground points as possible
should be wused, preferably only one., High-frequency signals should be
handled in a coaxial configuration with continuous shielding and, where
possible, differential measurement techniques should be used. 1f a high-
frequency differential measurement is to be made, coaxial cables for each
side should be used. The two cables should be the same length and tied to-
gether so that any noise picked up in the cables will be of the same phase
and magnitude and cancel each other in the differential mode. At lower
frequencies, twinaxial cables or shielded~twisted pairs provide better cow-
mon-mode signal rejection, In extreme electromagnetic fields, the test de-
vices should be enclosed in a cassette, with the interconnecting cables
between the exposure and instrumentation rooms enclosed in a continuous

2-17

A Al e

R T T T

g e




Stray capacitance will :
Current due to coupie ground currents
air ionization to signal i

ne
e B

—

———— e o s

Ground currepts

| AN .
_ / i
3 60 Hz coupled 6!;
/ to signal line Hz
' Charge transfer

Figure 2-5.2. Typical noise sources.

L shield such as "zip" tubing, again grounded at only omne point. Triaxial ;j
cable can also be used. Grounding of the shielding and the low side of the
measuring circuit should be located as close to each other as possible to P
prevent ground loops. Where it is necessary to provide 60-Hz power to some ‘
portion of the test cetup, the low side of the 60-Hz power should not be

connected to or used as the signal return line. An improved test setup is ;
shown in Figure 2.5-3. {

In general, when selecting a ground point, it is not advisable to use
the pulsed radiation source for this purpose since it is probably the larg-
est source of noise in the vicinity of the test. However, in the case
where charge transferred from the radiation source to the test setup is a
noise problem, a ground or connection between the two may become necessary
to avoid persistent noise oscillations. LINACs or flash X-ray machines J
used in the electron beam mode must have a ground return. This connection
must have a very low inductance; otherwise, there will be a significant
voltage buildup during the pulse which can then be coupled to the measuring
circuit,

An example of a setup in whicli separate shield rooms enclose the itarget
and recording equipment is shown in Figure 2,5-4. The charge transfer to !
the cassette is transferred back to the wall of the target shield room via I
the outer shield o6f a triaxial cable, a zipper tube, or at best a solid
shield pipe. The test specimen is floated inside the cassette (but inevi-
tably couples to it capacitively) and is connected via coaxial cable to the
recording station, at which the circuit common is connected to a master :
earth, This system can also be used with balanced cable pairs and line ?
drivers, 1
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Figure 2.5-3. Improved test setup.

Radiation source i

PR

Test unit Shield rooms
tOne ground

Figure 2.5-4., Typical use of shield rooms.

Sometimes it is necessary to connect a number of pieces of equipment
together, e.g., bias supplies, checkout equipment, and recording devices.
Generally, these items will be capacitively coupled to their environment, :
even though they may be deliberately isolated from earth. Multiple-capaci- ;
] tive ground loops could occur, An effective approach is to lay out the ?
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instrumentation system along a ground path, taking care not to introduce
loops between the plane, the equipment, and the cables. Low-inductance
coupling of the units in the plane (e.g., bolting racks together) is impor-
tant, In this case, the cabling system to the test unit is looked at as an
extension tu the ground plane. Allowing cables to take two different
routes from the recording station to the test unit would be a violation of
the ground plane principle.

1f noise is being injected into the system through the 60-Hz line, a
well-designed filter or an isolation transformer may be sufficient to sup-
press the noise. 1In cases where these solutions fail, a motor-generator
set with a low-capacitance insulated mechanical coupling should be used,

Cables used to periodically monitor conditions of the test in the expo-
sure room, but not part of the active measuring circuitry, .should be dis-
connected pricr to taking data, These cables act as additional antennas
and pump noise into the system, When required, they can be connected via
relays or switches. Cables used to operate remotely controlled relays, mo-
tors, etc. should be carefully filtered at the point where they penetrate
the test enclosure,

2.5.4.3 Circuit Considerations

Transmitting high-frequency signals over long coaxial cable runs be-
tween the exposure room and the instrumentation room requires that the ca-
bles be properly terminated in their characteristic impedances., In many
cases, there is a mismatch between the test equipment and ‘the cable.
Therefore, some impedance-matching methor must be employed, such as a line
driver or, if the signal is large enough, a simple voltage divider network
may suffice, Care must be taken in the design of impedance-matching de-
vices to ensure that they faithfully reproduce the desired signal and that
they are not susceptible to the radiation environment, contributing errone-
ous signals to the measuring circuits (References 2, 3, and 4).

In measuring currents, the choice of series resistance 1is important.
For the highest frequencies, current probes can be used. They have low in-
sertion impedance and operate into terminated 50- cables, but they have
rather low sensitivity (~1 V/amp) and do not operate well at lower frequen-
cies, If higher sensitivity is required, a series resistor is useful, but
at a cost in insertion impedance and frequency response. For example, with
a very low-capacitance preamplifier (~20 pF), the rise time across a 1k
resistor is 20 ns. If the 1-ki? resistor is connected with 3 feet of co-
axial cable to the preamplifier, the rise time would be almost 100 ns.

Coaxial cables must be used with care in a radiation environment since
they are also susceptible to the radiation and can produce large unwanted
noise signals., Where it is necessary to use coaxial cable in the exposure
area, it should be kept to a minimum length, with coils or loops of cable
avoided, 1In some cases, where noise is repeatable from one radiation
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pulse to the next, methods of subtracting out the noise can be used. How-

ever, with coaxial cables, many types exhibit a radiation response thdt is ’
dependent on the voltage and radiation history of the cable. Solid dielec-
tric coaxial cables with a low capacitance per foot are preferable,

The most effective way of eliminating spurious currents due to the ca-

. bles is by careful collimation of the beam and by proper shielding to pre- :
i vent them from being irradiated. By thesc techniques, it is wusually 1
possible to reduce cable currents to negligible values in LINAC aund flash i

X-ray tests.

[
Component cabling at a pulsed-reactor facility must extend up to the ,i
machine so that a portion of the cable is always irradiated. The signal
produced in the cable during the reactor pulse may have little or no repro-
ducibility for subsequent pulses. Polarity of the cable response appears
to be influnced by the type of cable and the magnitude of the applied vol-
tage, and may not have the same polarity as the applied signal. Tests
should be conducted to determine the extent of the cable effects in the .

system.

Another source that can affect the quality of the data is the response
time of the measuring equipment. If the response time of the test cir-
cuitry is approximately the same as the radiation pulse width or the relax-
ation time of the irradiated test specimen, the resulting signal is not a
true representation of what the signal would have been if the measuring
circuit had not been connected, As a rule of thumb, the measuring system g
} should have a response time at least a factor of 10 faster than the relax- !

ation time of the test sample, if the signal must be reproduced with less
than l-percent distortion. Another alternative is to integrate the signal.
For this type of measurement, the integrating circe it should have a time
constant at least a factor of three longer than the sample relaxation time.
Longer integrating time constants will improve data quality.

e .
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CHAPTER 3
DOCUMENTATION REQUIREMENTS

3.1 INTRODUCTION

The inherent, unstated objective uf any report should be to make clear
to the reader the value and accuracy of the information contained in it.
The entire effort of a properly conducted test program can be nullified if
time and space are not taken to report the test results in a manner that
can be critically evaluated--by indicating the way in which the test pro-
gram was planned and performed, how the data were analyzed, and establish-
ing a basis for the conclusions reached.

This chapter covers the general information normally required in a ra-
diation-effects test report. No attempt is made to detail all the specific
information that may be required; certainly a good deal of judgment in this
regard is required of the report writer as he assesses his particular test
circumstances. However, some of the following sections do point out many
minimum specific details that normaily should Ye reported.

It is assumed that the person preparing the report is familiar with
technical writing and the typical structure of a technical report. The
sponsoring agency will often have a standard report format that must be
followed. Minimum data recording requirements and formats are oftcn speci-
fied by the applicable ASTM or Military Standard (References 2 through 4,
7, and 8). 1In all cases, the report should contain clear statements of the
test purposes and objectives, a description of what was done and how it was
done, and & concise but complete presentation of the test results and

conclusions.

3.2 PLANS AND PROCEDURES

The objectives of the test and the planned method of obtaining these
objectives should be briefly, but completely, described. Items to be in-
cluded are:

1. A brief statement, with references if necessary, of
any theory pertinent to the test design, including any
assumptions made and their justification

2. A description of the test technique and apparatus, in-
cluding circuits wutilized in making measurements,
special equipment fabricated for the test, and the ac-
curacy and date of ‘calibration of all test equipment
(photographs and diagrams are helpful in this respect)
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3. Any precautions taken to assure the accuracy and pre-
cision of measurements, including precautions to ex-
clude or limit extraneous variables

4, A description and justification of any deviations from
the test plan, the causes thereof, and remedial mea-
sures taken

5. A description, with an example if necessary, of how
the raw data were converted to the form used for
analysis,

As discussed in Sections 2.1 through 2.3, a properly documented pretest
plan or test design will include most of the elements of the final report.

3.3 TEST SAMPLES

All basic types of samples should be described. A good technique to
follow is to preparz a distinct report section that, for the various types
of samples, presents the manufacturer, type or specification number, lot
number, origin (factory, distributor, etc.), the number of samples in each
category, aud method of selection and validation., If useful siructural in-
formation (such as transistor emitter areas) is available, report it to fa-
cilitate data comparisons and to increase the general utility of the data.
The importance of this information cannot be overemphasized. 1Include as an
appendix any specification by which parts were selected or have a reference
to where such data are available. 1In addition, any pertinent information
about the history of the sample before irradiation, such as previous expo-
sure to radiation, must be noted. Chapters 6, 7, and 8 include suggested
standardized formats for reporting data on the samples.

3.4 SAMPLE CONDITIONS DURING MEASUREMENTS
OR IRRADIATION

The operational state of the samples and the environmental conditions
to which the samples were exposed from the time the samples entered the
program until the last measurement was made should be defined in the re-~
port. Specifically, this includes such 1items as electrical operating
point; temperature during irradiation, annealing, and measurement; mounting
configuration and sample orientation with respect to the incident radia-
tionj; dosimeter positions; a description of any potting used; etc. Photo-
graphs of equipment setups, mounting fixtures, etc. are recommended.

3.5 RADIATION ENVIRONMENT DESCRIPTION

Dccumentatiou of TREE dosimetry should be clear enough so that others
can repeat the measurements, perform the same analysis, and apply the envi-
ronmental description to another effect with possibly a different energy
dependence to make response predictions. This implies that the reporting
should specify what was actually measured, how the dosimetry values
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reported were obtained from the measured dosimetry data, and also au: as-
sumptioas made in data processing. Section 5.7 treats documentation of the
environment in more detail,

3.6 TEST RESULTS
3.6.1 General Requirements

The test results are the most important part of a report. They are the
reason the test was performed. It is essential that they be reported as
clearly and explicitly as possible. To make the report more comprehensi-
ble, the results are usually presented in a condensed tabular or graphical
form in the main part of the report. In addition, all of the basic (raw)
data should be documented either as an appendix to the main report or in a
separate report. Suggested formats for recording test data are given in
Chapters 6, 7, and 8. Use of these formats will assist test personnel in
remembering to take all the necessary information and will put the data in
a standardized form more readily usable by others. Charts, curves, and
graphs are very helpful and desirable, but they should only supplement, not
replace, basic data tabulations.

In planning a test, a theoretical model is usually selected to predict
the effect to be expected. The reduced form of the data should then be
chosen on the basis of the theoretical model to reflect the expected depen-~
dence upon the relevant parameters. For example, first-order theory says
that 1/hpg of a transistor should increase linearly with fluence, inde-
pendent of the initial value of hpg for a given base width., Therefore, for
a given transistor, one should plot reduced data of 1/hpg versus fluence.

A measurement set 1is defined as the data taken on a group of samples of
the same type in a given combination of test conditions, such as electrical
operating point, temperature, and radiation conditions. It is essential
that, when the data for a measurement set are presented, all qualifying
test conditions be given specifically, 1If a reported quantity was not mea-
sured directly, the method of analysis or evaluation should be given,

3.6.2 Tabhles and Figures

Each individual sponsoring agency may have a standard format for scien-
tific and technical reporting as well as for tables and figures. A few are
listed in References 10 through 12, The following suggestions are intended
as a supplement to standard formats to aid in making more effective
presentations.

Each figure should be as simple and boid as possible and yet be mean-
ingful without reference to the test. The abscissa and ordinate labels and
the figure's title should clearly and concisely describe the figure in ter-
minology consistent with that used in the text. Generally, curves are used
to show trends or to compare sets of data; hence, complete cross hatching
of the figure with grid lines is unnecessary. If tick marks are used to
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indicate subdivisions, the meaninyg of the tick marks (value of the subdivi-~
sions) should be clear. The tick mav e should go all the way around the

margin of the figure.

Do not overcomplicate the figure by trying to make one figure do the
job of two or more. If a figure is meant to represent a collection of
data, show enough data points tn adequately represent the degree to which
If error bars are used, state in the figure

the given curve fits the data.
All independent

what they represent, i.e., standard deviation, range, etc.
variables for the data being described should be given with each figure or
table, Whenever possible, orient figures and tables in the text in such a
manner that the text does not have to be rotated to examine the figures.

3.7 ANALYSIS

A statement should be given as to the constancy of any control samples
used, The estimated uncertainty in all important results should be quoted.
In specifying errors, the value of one standard deviation is the quantity
preferred, although other methods may be used if they are more suitable and
are unambiguous., When statistical characterizations are given, a reference

that explains the technique involved should be cited.

In summary, a good test report is one that describes all the essential
features that must be known to duplicate the test. A majority of this in-
formation should be available from a good design, as described in Section

2.2,
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CHAPTER 4
RADIATION FACILITIES

4.1 SCOPE

This chapter presents a brief survey of the radiation sources used in
TREE testing and gives some general guidelines for source selection. Sev-
eral classes of radiation sources are omitted from consideration because
they fall outside the scope of the preferred procedures of Chapters 6, 7,
and 8, The guidelines given here are general and should be used in con-
junction with the needs outlined in those chapters.

Only general characteristics are described for the radiation sources
that are mentioned, Information on the specific characteristics of a par-
ticular machine and its associated facilities is best obtained firsthand
from the operator of the radiation facility being considered or from DNA
24324, TREE Simulation Facilities (Reference 13). The value of the latter
document cannot be overemphasized. Time spent in examining the data given
in it will greatly enhance the novice's understanding of the capabilities
of the different classes of rsdiation sources most frequently used in TREE

testing.

Recommendations for choosing certain machines from a given class of ra-
diation sources are not made. The final choice of the particular facility
to be employed rests with the test engineer, who must make that choice af
ter consideration of data requirements, cost, and convenience. Once a
source has been tentatively selected, it is important to contact the facil-
ity operator (preferably by a scheduled visit) early in the planning stages
of a test. Each facility has unique characteristics and restrictionsj in
fact, these frequently determine the basic structure of a test plan., To
intelligently select a facility or plan a test, the test engineer must un-
derstand the basic phenomena with which he is dealing. The reader is re-
ferred to Chapter 10 of Reference 1 and to basic nuclear physics texts on

radiation interactions.

4.2 GENERAL. CHARACTERISTICS OF RADIATION SOURCES

From the machine designer's viewpoint, radiation sources are consider-
ably different within each class, but from the operational viewpoint of the
test engineer, different sources within a class have many characteristics
in common. The common characteristics of several important classes of ra-
diation sources are discussed in the following text.

4,2.1 Nuclear Reactors

For TREE testing considerations, nuclear reactors may be divided into
the steady-state mode in which the reactor operates

4-1
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at a constant power level for long periods of time and the pulsed mode in 3
which the reactor can be pulsed to a high power level for times much less i
than 1 second, 3

The radiation parameters associated with pulsed and steady-state reac- :
tors vary widely. However, common features may be noted, Gamma dose rate
and fast- and slow-neutron fluences are the parameters of primary interest
in radiation-effect experiments. They are determined by the reactor power
lavel and by the pulsed~reactor pulse width or by the time of irradiation
at ‘a steady-state reactor. Very grossly, the gamma dose rate induces pho-
tocurrents in electrically active devices, fast neutrons induce permanent
damage, and thermal neutrons are primarily responsible for inducing radio-
activity in test samples. Actually, either directly or indirectly, each
type of nuclear particle or radiation can produce each type of effect.

! Normally, the absolute intensities of the gamma, fast- and slow-neutron
' fluxes are known for the normal sample positions in reactors. However,
some samples can create significant perturbations in the reactor spectra,
thus inducing an error in the "known'" spectra, 1In addition, any changes in
the core configuration or insertion of other materials in the reactor, par-
ticularly the core, can alter the spectra. It is always wise to consult
with the facility's technical staff to determiunz the accuracy of the dosim-
etry information provided by the facility and to make sure that it repre-
sents the current state of the reactor., As a further safeguard, always
determine at least the S/Pu ratio to check the reactor's spectra.

¢l s 1 A i L salni

Radiation-induced heating of the sample is of concern in some in- -
stances, The heating rate is related to the rate of energy deposition from 1
both neutrons and gamma rays and can be calculated by personnel at the ra-
diation facility. As a rule of thumb, provision for cooling the sample may
be required when testing in an air void in a steady~state reactor operating
at a power level near or above 30 kW. The degree of temperature control
required depends on the device parameter iuv.lved and the end use of the
data.

Thermal neutron shielding of samples inserted in a reactor may be re-
quired to limiz the formation of radioisotopes in the materials of the ex-
periment. Typically, an experiment will be surrounded or wrapped in a
0.040-inch thick cadmium foil,

4.2.1.1 Pulse Reactors '5

Pulse reactors are of two types: air cooled and water cooled. These
reactors can also be operated in a steady-state mode, but steady-state op-
eration of some air-cooled reactors is discouraged because they produce ;
large fission-product inventories in tuhe reactor core. i
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The air-cooled reactors are suspended or sit on tables to provide easy
access at a convenient height. Water~cooled reactors are generally sus-
pended in a pool of water about 20 feet below the water surface. The vol-
umes of reactor cores vary between about 1 and 10 ft3. When operating,
they produce a neutron and gamma-radiation field in their vicinity, the in-
tensity of which is proportional to the reactor power level. It is possi-
ble to suspend test samples in the core of some reactors to maximize the
radiation intensity. However, in-core irradiation is usually limited to
small samples and the number and type of dosimetry foils that may be used
is also limited. Test samples may also be placed at a variety of locations
outside the core of both reactor types, resulting in a wide range of radia-
tion intensities.

Pulse reactor facilities are frequently used for neutron/gamma tran-
sient-radiation-effects studies and, along with steady-state reactors, are
used for permanent neutron-damage studies.

The possible ionization effects of neutrons must be considered when
performing a test at a pulse reactor. Usually, the ionization is predomi-
nantly a gamma~radiation effect, but neutrons are also efficient ionizers
in materials with low atomic numbers. The ionization dose produced by neu-
trons in silicon is of the order of 3 x 107!l rads (si) per n/em? (E
> 10 keV, Pu, fission). (For 14 MeV monoenergetic neutrons, the wvalue
increaies to approximately 2 x 1072 rads (Si) per n/cm2.) (Refer-
ence 3

Since reactors must be pulsed by a licensed operator, remote pulsing by
the test engineer is not allowed. He is given either an electrical signal
or a countdown to start the recording instrumentation.

Reference 13 contains definitive descriptions of several pulse reactor
facilities. Also see Table 4.2-1 for a summary of pulse reactor facility
data.

4,2.1.2 Steady-State Reactors

There are numerous steady-state reactors in use in all parts of the
world for experimental purposes. These reactors vary considerably in de-
sign and available neutron flux. They are used basically as a source of
neutrons.

The principal use of steady-state research reactors (and pulse reactors
operated in the steady-state mode) in TREE work is for neutron permanent-
damage studies of components. These reactors may often be cost effective
for permanent damage tests of components.

A listing of such reactors ia the United States is given in Reference
13. The test engineer contemplating the vse f such a reactor should con-
tact the facility's operator concerning the availability and applicability

of the reactor.
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4.2.2 Linear Accelerators

In a linear accelerator (LINAC), high-energy electron beams are pro-
duced that are useful in TREE studies, both directly and after conversion
to bremsstrahlung photons or to photofission neutrons. LINACs are widely
used as pulsed radiation sources in TREE studies because of their control-
lable variable pulse length, intensity, and particle energy.

Direct LINAC electron irradiation is used to produce ionization at
higher dose rates than can be obtained with bremsstrahlung. The electron
beam can be used directly and focussed on a small item such as a transistor
to obtain doses approaching 1012 rads (Si)/s. The desired high dose
rates are accompanied by the problems of replacement current and secondary
emission from surfaces, but these problems are usually resolvable by care-
ful test design, For lower rates, or for larger test item sizes, a brems-—
strahlung target may be used. Energies as low as a few MeV up to many tens
of MeV are available. Dose-rate variation is obtained by use of scattering
foils, by backing the test setup away from the LINAC beam port as needed,
or by defocussing the beam within the machine.

Neutrous can be generated by a LINAC via the photofission process, in
which photons of energy above about 5 MeV are incident on a U-238 target.
However, due to the shape of the bremsstrahlung spectrum and the variation
with photon energy of the cross section for the reaction, the LINAC should
be operating with at least 25-MeV beam energy for higher efficiency.

The LINAC is a valuable tool for the study of radiation effects because
of the following characteristics:

1. Dose rates above 10! rads (Si)/s can be obtained by
the use of the direct electron beam.

2. The pulse width and dose rate may be independently
varied over a wide range without changing sample posi-
tion cr test configuration,

3. Single or multiple puises are normally available on
command .

4., Short rise and fall-time pulses are the normal opera-
tional characteristics.

5. Conversion from electron to gamma radiation is readily
accomplished using a bremsstrahlung converter (al-
though the converter will also have a secondary elec-
tron output). The bremsstrahlung dose rate obt-ined
will be at least a factor of 100 less than the direct
electron dose rate.

6. The LINAC may be used to produce fast neutrons by the
photofission process in a suitablas target, typically
depleted uranium,
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The major disadvantage in using the LINAC is the restriction imposed cn
sample size when the electron beam is used directly,

There are several practical considerations when performing tests at a
The major ones are:

LINAC.

1.

2.

Peak current is achieved at energies somewhat less
than the maximum energy.

Minimum beam diameters (affecting peak dose rates and
maximum sample size) are in the range 0.2 to 2 cm at
the beam exit window.

In air, the team diameter expands approximately lin-
early with distance from the beam exit window; this
implies an 1inverse-distance-squared dose-rate depen-
dence. The angular spread of the beam varies from fa-
cility to facility,

When testing at any pulsed accelerator, good RF
shielding is necessary in the form of shielded boxes
to house the test devices, double-shielded cables, and
careful and proper one-point grounding., If line driv-
ers are used, care should be taken that neither RF
noise nor radiation-induced signals mask the desired
signals.

Multiple entries to the target (sample irradiation)
area are time-consuming and therefore expensive. An
average of 5 minutes per entry is typically required
to make minor changes in the test configuration., A
remotely controlled sample change should be consiu-
ered for many sample 1irradiations having similar
geometries.

Protection of the samples irradiated in the direct
electron beam may be required during retuning of the
LINAC. The dose delivered to test samples during tun-
ing must be measured and considered in the data analy-
sis. Significant sample heating also can vccur,

Placement of dosimeters with respect to samples must
be planned such that the dosimeters will accurately
measure the dose received by the sample without caus-
ing a large nonuniformity in the test-sample dose,

Beam current-density profiles may ¢ .ange considerably
during a long test. Effective pulse-to-pulse monitor-
ing of the beam must be included in the dosimetry
plans for a test.

A system for locating the beam prior to sample place-
ment is required., Collimators and wmonitors are in
common use for beam location and monitoring.
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Polyvinylchloride (PVC) plastic sheets, which darken
after irradiation to between 1 and 10 mrads, have been
satisfactorily used for this purpose, 1If a remote
television monitor is available at the facility, it is
possible to observe scintillations in many plaslics as
the beam passes through the plastic and thereby check
beam stability as machine parameters are varied,

10. It is quite normal to achieve an average of 5 to 6
useful machine hours of operation per 8-hour working
day during a test lasting several days.

The characteristics of several LINACs are described in detail in Refer-~
ence 13, Also see Table 4.2-2 for a summary of LINAC facility data.

4.2.3 Flash X-Ray Machines

Flash X-ray machines generate intense pulses of X-rays (bremsstrahlung)
by conversion of electrons produced by discharge of stored electrical en-
ergy through a cold cathode tube. These machines are also used as
electron-beam generators since the electrons can be used directly for irra-
diation studies. Flash X-ray sources differ from LINACs in that the elec-
trons are accelerated by an intense pulsed electric field rather than an RF
field, By varying many machine design factors, such as stcred charge,
electron energy (accelerating voltage), circuit parameters, cathode geome-
try, and target material, a wide range of bremsstrahlung intensities, ener-
gies, and beam spatial-distribution profiles may be obtained. However, for
a given machine, the pulsz width is essentially fixed and only limited va-
riations in photon energy and dose rate are possible,

Various commercial flash X-ray machines produce bremsstrahlung with
photon energies varying from 150 keV peak to several MeV peak, the peak en-
ergy corresponding to the electron accelerating voltage. The larger flash
X-ray machines can usually deliver very high dose rates over large volumes.
The bremsstrahlung energy distribution is such that the spectrum maximum
usually occurs at less than one-third of the peak energy.

The spatial distribution of dose rate during the pulse generally looks
like a '"dipole gain lobe." The lote pattern will vary from burst to burst
at short distances from the source. It may even switch from single to mul-
tiple lobes during a burst, although this can be minimized by careful ma-
chine operation. Thus, the effective bremsstrahlung-source location can
change slightly. This effect will often become apparent when dosimetry
"beam maps' are performed. Very often, a dosimeter beam map close to the
target will show large peaks or valleys in close proximity to one another.
This effect is usually not noticeable a few feet from the source where mul-

tiple lobes are homogenized.

The beam-switching phenomenon is only of concern when testing within a
few feet of the target and only when the time history of the burst (pulse

4-8
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shape) is of importance. Many devices do not respond in direct proportion
to the pulse amplitude (i.e., their response is not an equilibrium re-
sponse)., For these devices, oniy the prompt dose is important and the to-
tal dose measurement is adequate. Where the pulse shape is required and

when testing close to the target, the pulse shape deteckor must be placed
directly at the test sample.

At a flash X-ray source, the energy distribution (spectrum) is a func-
tion of time siunce it requires a finite time for the electron accelerating
potential to reach a maximum and to decay to zero. X-ray source configura-
tion, sample packaging, and material in the vicinity of a test sample will
cause the photon energy spectrum to vary with location. The spectrum will
also differ at various points in a plane perpendicular to the beam direc-
tion due to nonuniform absorption in the target material, The magnitude of
the fluorescent X-radiation from the target is virtually unknown., In addi-
tion, each of these factors may change significantly over the life of the
X-ray tube. For all of the above reasons, the spectra available for indi-
vidual flash X-rsy machines are likely to be only rough apprvoximations of

the photon energy spectra; further, changes will occur over a period of
time.

The pulse width can be varied slightly on some of the high-energy ma-
chines, but it is not a simple procedure. The pulse shapes are roughly
gaussian or triangular, and the total pulse wicdth is usually more than
twice the width at half-amplitude. On some higher energy machines, the
cathode configuration can be changed. This alters both the beam half-angle
and the distance between the effective origin of the burst and the closest
possible sample position (although this distance is often about 2.5 cm).

Since the mass-energy absorption coefficients increase drastically at
energies less than about 100 keV for low-atomic-number elements like sili-
con, it is at sources that have significant low-energy components (espe-
cially the low-energy flash X-ray machines) that environmental correlation
is most difficult., Lower energy components deposit their energy near the
front surface of the test item, resulting in a very nonuniform dose
throughout the material. For this reason, it is generally advised that
filters be used to suppress the low-energy components to the greatest de-
gree practical. It is possible that, even at sources operating at high
nominal energies, there may be a significant low-enevrgy component present
due to photons or electrons that have been degraded in energy by scatter-
ing. Althoush some test results indicate that this effect is probably very
small, it is nevertheless good practice to eliminate any unnecessary scat-
tering material from the vicinity of the sample.

Radiated noise from the machine and surrounding objects will usually be
a serious problem at larger flash X-ray facilities and will be different at
each facility and for every instrumentation system. Therefore, shielding
will have to be tailored to meet the requirements of each test and design
should be flexible enough to permit on-site modifications., At facilities
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having larger flash X~-ray machines, double- or triple-shielded transmission
lines about 40 feet long are usually required and the test items must be
enclosed in an RF shield. Low-energy flash X-ray machines are usually
small enough to make it more practical to enclose the noise radiating por-
tions of the machine in an RF shield.

Another consideration for the instrumentation system is command pulsing
of the X-ray machine by the user. Most machines are equipped with this
feature which allows the timing of the occurrence of the X~ray pulse with
some event in the test sequence. Although limitations of this feature will
differ at each facility, it can be expected that there wili be a fixed de-
lay time--the pulse delay will have some uncertainty (the timing jitter)
between the command signal and the occurrence of the X-ray pulse.

Detailed descriptions of several flash X-ray facilities are given in
Reference 13. Also see Table 4.2-3 for a summary of flash X-ray facility
data.

4.2.4 Miscellanecus Sources

Various radiation sources other than those already discussed are some-
times used in TREE studies. Among these are radiocactive isotope sources,
spent fuel elements from nuclear reactors, steady-state particle accelera-
tors, and high-energy neutron sources.,

4.2.4.1 Isotopes

Radioactive isotopes are useful as calibration and standardization
tools since they generally have well-known half-lives (and therefore know-
able specific activities) and decay schemes (and therefore known radiation
types and energies). Co-60 decays with a half-life of 5.3 years, emitting
two gamma rays per disintegration of energy 1.17 and 1.33 MeV. A dose rate
of 4.1 x 1073 rad (air)/s, per curie, is observed at 1 foot from a
small source of Co-60. Practical irradistion sources have activities of
from 1 to several hundred thousand curies. Although isotope sources cannot
be used for high-dose-rate simulation, they may be useful and economical
for irradiation to high total doses when rate effects are not important or
as a source for low-rate radiation-effects studies. Examples of TREE re-
search in which Co-60 irradiation is useful are found in studies of surface
effects and equivalence of radiation exposures for permanent bulk damage.

Spent fuel elements can also be used as a source of gamma radiation.
Fuel elements from a nuclear reactor always contain a significant buildup
of gamma-ray emitting radioactive isotopes after they have been in a reac-
tor for a period of time., Hence, these elements can also be used in in-
stances when low dose rates or total dose are of interest. The dose rate
available from a spent fuel element varies according to its type, its reac-
tor history, and the length of time that it has been out of the reactor.

4
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; The gamma-ray energy spectra from spent fuel elements is mixed and varies
f with time; however, the average energy will be about 0.7 MeV.

4.2.4,2 14-MeV Neutron Sources

When a deuterium 1on (d) with an energy of a few hundred keV collides
with a tritium ion (H3 ), a fusion reaction occurs in which a helium ion
and a 14~MeV neutron are the end products., Machines are available that
utilize this reaction to produce l4-MeV monoenergetlc neutrons. Typical

‘ usable neutron flux is of the order of 1010 n/cm?/s (Reference 13),
3 There are also sources utilizing a plasma of deuterium and tritium gases =
that generate l4-MeV neutrons. The user must exercise caution in convert- '
ing the 14-MeV test results to 1-MeV equivalent since the conversion is not
straightforward.

e e R ——

4.2.4.3 Direct Current Accelerators ]

"an de Graaff, Dynamitron, and other uch accelerators are used to pro-
duce controlled-energy particles in TREE work for neutron permanent damage, s
high dose research, and calibration work. Longer pulses of electrons or
neutrons can be made than are readily available at a LINAC or other sources !
by switching the beam on and off or by sweeping it magnetically past the :
test article. Electron irradiations using a dc accelerator provide a means
3 of high dose or high—-rate exposure.

|

Typlcal reactlons used in these accelerators to produce neutrons in- |

clude Be9(d,n)Bl0 for neutrons in the 0.5~ to 6-MeV range and H(d,n) ;

He* for 14-MeV neutrons. Target cooling problems go hand-in-hand with i

increased beam current and flux and may pose a problem in obtaining desired
flux over designed volumes at positions near the target.

o it st AT - il g 2, :

Typical neutron fluxes per milliampere of beam current that are obtain-
able are 5 x 1013 n/(s*steradian‘mA) from the 13(d,n)He® reaction and 1.5 x g
1011 n/ (s sters dlan mA) from the Be9(d,n)Bl0 reaction. This leads to total :

useful energet’c neutron fluences on the order of 10 n/cmé over an {
area of a few square centimeters in times on the order of 1 minute for the i
u3 (d,n)He reaction and times on the order of 2 hours for the Be?
(dyn)Bl0 reaction while operating at 1 mA of positive ion current. High
currents over extended periods of time are practicable; however; good tar-
get cooling is necessary to avoid target material depletiom,

In working with de accelerators, care must be taken in measuring the
small currents involved. Electrometers and current integrators are used,
and good insulators, guard electrodes, and other such techniques are usu-
ally needed.

4.3 SOURCE SELECTION

Some of the major features of various radiation sources were briefly
mentioned in the previous section, The characteristics of radiation

e e
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facilities that are desirable for typical TREE experiments are presented in
this section., Because of the variety of testing considerations invclved,
it is not feasible to "standardize'" research nor to recommend unequivocally

a single radiation source for use in TREE studies.

4.3.1 General Considerations

The need for simulation of a given radiation environment to produce a
predetermined effect requires careful source selection, The major parame-
ters to be considered are cost, radiation type (generally photons, neu-
trons, or electrons for TREE work), energy spectrum, and time dependence.
Other considerations of a practical nature are discussed under Operational

Considerations, Section 4.3.4,

Within the scope of this preferred prodecures document, there are ba-
sically two types of device responses of interest: transient respounse
(typically photocurrents generated in the bulk material) and permanent re-
sponse (damage in either the bulk or surface of the devices). The basic
test environment requirements for these responses are given in the follow-

ing sactions.

4,3.2 Transient Response Considerations

Transient responses typically result from photocurrents introduced

through ionization phenomena due primarily to photon irradiation. However,
neutron ionization can also cause photocurrents of interest, Therefore in

most cases, a pulsed source of ionizing radiation should have:
1. Rise and fall times short compared to diffusion times

and long enough and with controllable pulse-length ca-
pabilities to achieve equilibrium photocurrent in the

device tader test

2. Sufficient intensity to produce the required range of
dose rates in the device (i.e., to obtain data both
where I i linear with dose rate and at the high
rates where nonlinearities appear)

3. Sufficiently energetic photons or electrors to pene-~
trate the case of the device and produce a uniform

dose throughout the active volume

4. An energy spectrum sufficiently well-known so that the
dose rate in the active volume can be accurately de-

termined by standard methods

5. Spurious RF noise low enough to avoid confusion of ef-
fects.
These are ideal characteristics and are not to be found in any one pulsed
source.
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Many LINAC and flash X-ray machines closely approximate these criteria
if proper precautions are taken. The LINAC has the advantages of variable
and long pulse width, better-controlled beam diameter, position, intensity,
and shot-to-shot performance. The flash X-ray has the advantage of a
larger irradiation-vulume capability for tests on several devices simulta-

neously.

There are two other transient responses of devices that can be of con-
cern with some systems. The first response results from short-term anneal-
ing of bipolar transistor gain. Because transistor-gain degradation is
primarily caused by neutrons, a pulsed source of neutrons with sufficient
fluence (>10!2 n/cm?) and short duration (depending on response times
of interest) is needed. The appropriate pulse width for characterizing
this effect will depend upon the system specification to be applied to the

part being characterized.

Second, a transient response attributable to surface effects has been
observed in some devices. Sources of ionizing vradiation with pulse widths
that are short with respect to the response times of interest should be
used to evaluate the influence of this effect on device response.

4.3.3 Permanent Response Considerations

Permanent responses of devices are attributed to physical-property
changes that can persist for long periocds of time as compared to the mea-
surement circuit response time. Permanent responses can be grouped into
two categories: bulk and surface effects. The bulk effects are due to
lattice displacements in the bulk of the material induced by high-energy
radiation, primarily neutrons. Surface effects are primarily due to ioniz-
ing radiation causing changes in the surface conditions of the bulk mate-
rial. Therefore, for permanent-bulk-damage tests, a neutron source should

have:

1. Sufficient fluence of energetic particles at the test
setup position to produce the desired bulk damage

2. A spectrum sufficiently well-known to allow character-
ization of the spectrum in standard terms by standard
methods

3. A known neutron-to-gamma ratio that is high enough so
that any effects due to the gamma radiation are negli-
gible in comparison with neutron-induced effects.

Pulsed reactors, some steady-state reactors, and some accelerator-gen-
erated neutron sources meet these criteria. Accelerator-generated neutrons
may lhiave the energy distribution of a fission spectrum if they are gener-
ated in the photofission process, or they may be nearly monoenergetic if a
fusion reaction such as the H3(d,n)He reaction is used.

i
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For permanent-surface-effect types of experiments, a source of ionizing
radiation that produces a minimal amount of bulk damage is necessary. For
electrons in silicon, energies less than about 150 keV meet this require-
ment, However, if the total dose is less than about 106 rads (Si), bulk
damage is negligible and higher energy radiations may be utilized. Isotope
sources, ion accelerators, LINACs, and flash X-ray machines can all meet
these criteria.

4.3.4 QOpe . Lional Considerations

Oc<~ the test engineer has decided upon the type of radiation facility
required, the particular facility that will permit attainment of the test
objective with the available resources must be selected. The determining
factors in this decision are the operational considerations, i.e., those
factors that can only be determined by the test engineer. They depend upon
such factors as the funds available, expertise in TREE effects testing, the
physical dimensions of the test setup, and the accuracy and precision re-
gquired to obtain the test objectives. A review of Section 2.5, Test Hard-
ware Considerations and Techniques, may be helpful at this time.

One obvious consideration is the cost of using the facility, including
rental feec and transportation of personnel and equipment to the facility,
This may be related to the support capabilities available at the radiation
facility. Costs for using 8 facility can be obtained by contacting the fa-
cility and discussing your requirements with them. This is best left until
after the preliminary test design is completed. For a small low-budget
test, investigate the possibility of piggy-baclking it on another larger
test, This is possible when the test conditions of the two are compatible.

Other things to consider are:

1. I{ a test requires less than a whole day to complete,
will the test engineer be charged for a whole day's
use of the facility?

2. How flexible is the facility's staff if the test re-
quires work during other than routine business hours?

3. Does the facility have a staff experienced in TRFE
testing available for consultation?

4. How much assistance will the staff of the facility be
able to provide?

5. Will adequate test equipment be available at the fa-
cility or will thz test engineer have to provide it
himsel{?

6. What dosimetry services can the facility provide?

7. Can an outside vendor be used to provide supplemental
dosimetry services for redundancy?
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8. The problems of remote operation (inecluding long-cable
effects, the possible need for precision test-sample
positioning, or frequent setup change) must be
considered.

9. The physical size of the test article with respect to
the exposure area available must be considered. How
uniform is the dose and/or dose rate at the location
where the test will be performed, both across the
front surface and from the front to the back of the
test article? For tests close to a point source, it
is usually necessary to prepare a jig to hold the de-
vice and dosimeters to assure that they receive the
same dose, Trial calculations using the maximum posi-
tioning error of the test setup, assuming a 1/R2
dose dependence, will show the accuracy required in
positioning the components.

10. Are the energy spectrum and/or yield component ratio
(n/yY ratio in a reactor, etc.) satisfactory?

11. Can the radiation source be pulsed by a synchronized
signal from the test equipment or must this be done by
a signal from the facility's operator?

12. What will be the uncertainty in knowing exactly when
the pulse will occur?

13. What precautions will be necessary to protect the test
setup from unwanted noise at the facility under
consideration?

14, Will spurious signals, including charge scattering
from the test fixtures and zlectromagnetic RF noise
due to the radiation generator or the radiation it-
self, be more of a problem at one facility than at
another?

15. Is a screen room available? Is it large enough for
the planned test?

Most government-owned simulation facilities require justification as to
why that facility must be used before permission to use it 1is granted.
They also may require that the tests be rzlated to work on a government
contract, When such authorizations involve more than one governmental
agency, several weeks or even months of lead time may be necessary. 1If the
material used in a test becomes radioactive during irradiation, a license
must be obtained to receive the specific radiocisotopes that were generated.
A lead time of from a few days to a few months is usually necessary when
scheduling a test at a nongovernment-owned facility.
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At many facilities, a test plan must be submitted and approved before a | 3

firm scheduling commitment will be given. This should specify the limita- ]

: tions (accuracy) of what they can supply. It is the test engineer's re- ‘
: sponsibility to take these limitations into consideration in the test plan,
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CHAPTER 5
DOSIMETRY AND ENVIRONMENTAL CORRELATION

5.1 INTRODUCTION

Dosimetry is the process of measuring and providing a quantitative de-
scription of a radiation dose in terms relevant to the radiation effect be-
ing studied. 1In its most general form, the environment can be described by
stating the (possibly time-dependent) number of nuclear or atomic particles
of various types and energies (the spectrum) that cross a given surface.
It is not economically feasible to make such measurements and such complete
descriptions are rarely available or required. In mathematical terms, for
a radiation spectrum ¢(E)dE and a radiation effect with energy dependence
R(E) assumed to be time independent, the total effect produced by the spec-
trum is

R =JR(E) ¢ (E)dE. (5-1)

For example, if a particular radiation effect of interest has a response,
R(E), that is fairly insensitive to energy over the energy range of inter-
est (R(E) = constant), then the total effect is just

R = Constant_[¢(E)dE = Constant x &, (5-2)

The integral in Equation 5-2, denoted by ¢, is the total fluence and the
particular effect used as the example is one proportional only to the total
fluence. Since this effect is indevendent of spectral shape, the total ra-
diation fluence is the relevant quantity and is all that must be determined
when describing the environmenc. On the other hand, if aa effect such as
neutron displacement damage in silicon (which is quite dependent on neutron
energy) is being studied, the total effect is described by Equation 5-1, in
which case both the total fluence and its energy spectrum are relevant and
should be determined.

The measurement of a radiation environment also entails the determina-
tion of a radiation effect, In this case, a dosimeter with a known
response function D(E) which has been calibrated with respect to the radia-
tion field is used and a measurement

D = ID(E) & (E)dE (5-3)

is obtained. If the dosimeter response function, D(E), is approximately
proportional to R(E) for the energy range of importance to these integrals,
it is a fortuitously appropriate dosimeter. If it is not, other informa-
tion, such as an estimate of the shape of ¢$(E), will be needed to relate
the dosimeter reading, D, to the expected effect, R. One measure of the

5-1
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appropriateness of a detector is how closely its ‘response function is re-
lated to the response function for the radiation effect being studied for
the type of radiation considered. This same conclusion applies to the ap-
propriateness of dosimetiy units, such as the ones defined in Section

5.1.1.

For example, it has been established that the magnitnde of bulk ioniza-
tion effects in silicon is a function only of tbe ionization energy deposi-
tion. Therefore, the appropriate unit for describing ionizing radiation
when interested in ionization-induced currents in a silicon device is a
unit of energy deposition in silicon, e.g., rad (Si). Any dosimelers whose
readings can easily be converted to rad (Si) in a way that is not sensitive
to the detailed spectrum of the incident radiation are then useful. By way
of contrast, displacement effects ir silicon represent a totally different
response to the radiation spectrum, and the rad (Si) is an inappropriate
unit. In this case, the total fluence and spectrul shape or the equivalent
fluence of some energy or spectrum of neutrons that would produce the same
concentration of displaced atoms in silicon (neutrons/cm (1-MeV equiv-
alent) or neutrons/cm? (fission spectrum equivalent)) is frequently used.

Perhaps the most common error made in radiation effects testing is to
neglect the effect of the perturbation of the radiation spectrum created by
the presence of the test article. It is this perturbed spectrum and not
the free-field spectrum that should be used in the covrelation or in deter-
mining the total radiation fluence from a monitor dosimeter or foil used
for the tests. 1In many cases, it is the zeroth approximation of the true
spectrum, i.e., the free field spectrum, that is used.

Before proceeding with a definition of units and descriptions of dosim-
eters, it is appropriate to comment on two commonly used terms: correla-
tion and simulation. When applied to radiation effects, they are defined
as follows:

Simulation--the production of a particular radiation ef-
fect by any means

Correlation--the establishment of the relative intensities
of different radiation spectra or other types of stimula-
tion required to produce the same effect.

Simulation does not wnecessarily imply any need to reproduce a radiation
environment, only its effect, If the same effect can be produced by elec-
trical or optical means rather than nuclear radiation, these are valid sim-
ulation techniques for that effect. The correlation between radiations
must be established separately for each class of effect. For example, the
correlation between different energy neutrons is much different for dis-
placement effects than for ionization effects.

5-2

ey

NN NN

Lin. Al

£

L.’m‘...“. T T A

-l el AL Al b4 it

P e S




r 5.1.1 Definitions of Units .

‘ The Defense Nuclear Agency (DNA) has adopted as standard the defini-
‘ tions of radiation quantities and units in the reports of the International :
Commission of Radiological Units and Measurements (Reference 14)., Several :
of the more important units and definitions are abstracted in the following
paragraphs for convenience to the users of this document. Some units com~
monly used as a measure of various defined quantities are included.

l. Directly ionizing particles--charged particles (elec-
trons, protons, alpha-particles, etc.) having suf-
ficient kinetic energy to produce ionization by
collision.

2. Indirectly ionizing particles--uncharged particles
(neutrons, photons, etc.) that can liberate directly
ionizing particles or can initiate nuclear

transformations.

3. Ionizing radiation--any radiation consisting of di-
3 rectly or indirectly ionizing particles or a mixture
] of both.

4. Absorbed dose--the quotient of d€ by dm, where d€
is the mean energy imparted by ionizing radiation to
the matter in a volume element and dm is the mass of
the matter in that volume element,

D = a€ (rads).
dm

Rad is a unit of absorbed dose and will be used in
this document. One rad is the absorptioa of 100
ergs/g of material being irradiated. The Gray (Gy)
has been adopted as the official SI unit. One Gy =
100 rads.

e o o i A bt Al AL s it At i i+ anben o o e

PR A

5. Absorbed dose rate--the absorbed doese per unit time
interval. |

Absorbed dose rate = %% (rads/s).

6. Fluence--the quotient of dN by da, where dN 1is the
number of particles that enter a sphere of cross-sec-

tional area da.

TIIEET T

dN . 2
¢ = iz (particles/cm”).
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11.

Flux density (flux) or fluence rate--the quotient of
d® by dt, where d® is the measurement of particle
fluence in time interval dt.

¢ = g%-particles/cmz's.

Energy fluence-~the quotient of dEp by da. dEg is the
sum of the energies, exclusive of rest energies, of
all the psrticles that enter a sphere of cross-sec-
tional area da (dEp = kinetic energy per particle
times the number of particles with that energy).

dE 2 2
F= o (calories/cm“, MeV/em“).

Energy flux density--the quotient of dF by dt where dF
is the energy fluence in the time dt.

1= %E (calories/(cm2°s), MeV/(cmz-s)).

Exposure--the quotient of dQ by dm, where dQ is the
absolute value of the total charge of the ions of one
sign produced in air when all the electrons (negatrons
and positrons), liberated by photons in a volume ele-
ment of air of mass dm, are completely stopped in air.

. dQ
X = I (R).

Roentgen (R) is the unit of exposure.
1R =2.58 x 10~7 c/g.
(C is the abbreviation for coulomb.)

Exposure rate--the quotient of dX by dt, where dX 1is
the increment of exposure in time dt.

Exposure rate = %% (R/s).

12, Mass attenuation coefficient--the quotient of dN by

the product of p, N, and dl, where N is the number
of indirectly ionizing particles incident normally
upon a layer of thickness dl and density p, and dN
is the number of particles that experience interac~-
tions in this layer.

5-4
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13, Mass energy transfer coefficient-~the quotient of dE;,

by the pruduct of E, p, and dl, where E is the sum
of the energies of the indirectly ionizing particles
incident normally upon a layer of thickness dl and
density p, and dE;, is the sum of the kinetic energies
of all the charged particles liberated in this layer.

Mer 1 Per
o] Ep dl

(em?/g).

14, Mass energy-absorption coefficient--

-~

Yen _ (I -6)u.,

p P

where G 1is the proportion of the energy of secondary
charged particles that is lost to bremsstrahlung in
the material. When the material is air, Wen/p is pro-
portional to the quotient of exposure by fluence.
Uee/P  and  Wen/p  do  not  differ  appreciably
unless the kinetic enc:gies of the secondary particles
are comparable with or larger than their rest energy.

15. Mass stopping power--the quotient of dEg by the

product of d1 and p, where dEg is the average en-
ergy lost by a charged particls of specified energy in
traversing a path length dl, and p is the density of
the medium.

dE
S 2
FE (MeV em“/g).

=

1
p

Tl

16, Linear energy transfer--the quotient of dE;, by the

product of p and dl, where dF; is the average en-
ergy locally imparted to the medium of density p by
a charged particle of specified energy in traversing a
distance of dl,

dE

_ 1 9y 2
LET = = =7 (MeV cem“/g).

e ¥ ]

17. Differential energy spectrum--the distribution of en-~

ergies of particles described respectively as a flux
¢ (E) or fluence ®(E) of particles having energies in a

5-5
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range E to E + dE, per unit energy interval, dE
(particles/(cm2+Mev)).

Integral energy spectrum--the distribution of energies
of particles described as that flux or fluence having
energies greater than some specified value (e.g.,
n/emé (E > 3 MeV)).

Fission neutron spectrum--the energy spectrum of neu-
trons emerging from a fission reaction, usually in
thermal neutron-induced fission of U-235,

5.1.2 Weapon and Laboratory Radiation Environment

The radiation environments produced by a nuclear detonation of interest
in TREE testing are:

1.

3.

Gamma rays, with energies up to 2 few MeV, primarily
emitted as an intense short puise, but with some con-
tributions fater from neu .ron interactions

Neutrers with energies up to 14 MeV, also emitted as a
short pulse, but spread in arrival time at a target by
the dependence of their speed on energy

X-rays, with energies up to several hundred KeV, that
reach a target without significant scattering.

The radiation environments produced by laboratory sources for TREE ex-
periments include:

1.

2.

Bremsstrahlung X-ray spectra of peak energies of 0.15
MeV up to 10 MeV from flash X-ray machines

Bremsstrahlung X-ray spectra of peak energies of 3 MeV
up to 75 MeV from LINACs (lower intensities than
available from flash X-ray machines)

Energetic electrons of energies of up to 75 Mev {rom
LINACs and up to 10 MeV from flash X-rays (ionizacion
energy loss almost independent of energy above 1 MeV;
penetration proportional to energy)

4. Figssion gamma rays and neutrons from nuclear reactors

5. 14-MeV neutrons from acceleratcrs (pulsed or

steady

state) using (d,t) reactions

6. Gamma rays from isotope sources such as Co-60.

5.1.3 Types of Radiation Effects and Simulation
The types of radiation effects considered and the relevant parameters

describing

the radiation environment that most
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effects, i,e., what type of average over the spectrim best characterizes
the response, are:

1. Bulk ionization effects in semiconductors that depend
primarily on the pulse width and the ionizing dose in
the semiconductor from a short radiation pulse or on
the dose rate in a pulse long compared to the relaxa-
tion time,

?. Bulk ionization effects in insulators (conductivity)
that depend not only on the dose rate and/or dose for
radiation producing lightly ionizing primary or secon-
dary tracks (electrons, photons (i.e., gammas or
bremsstrahlung)), but also on linear energy transfer
for heavily ionized tracks (such as rscoil protons
from neutron collisions with hydrogen atoms).

3. Charge-transfer effects (e.g., emission of electrons
from surfaces) that depend on particle type and spec-
trum in a complicated, but calculable, way. (For ac-
curate work, specific theoretical or experimental
calibrations of the energy dependence of charge trans-
fer are required.)

4. Displacement effects that depend primarily on the con-
centration of defects in the target crystal and secon-
darily on the clustering of displaced atoms. They are
produced mostly by neutrons. The neutron-energy de-~
pendence of the displacement effectiveness in silicon
is shown in Figure 5.1-1 and can be used to calculate
the relative cffectiveness of different spectra. Neu-
tron damage also has a time dependence that is dis-
cussed in Section 6.1.3, Annealing.

In most cases, bremsstrahlung X-rays or electrons are used to simulate
the short-pulse ionization effects produced by weapon gamma rays. In some
cases, pulsed-reactor gamma rays are used to simulate the longer pulszs ion-
ization effects produced by the later arriving neutron-produced gamma rays.
Generally, reactor neutrons are used to simulate displacement effects from
weapon-spectrum neutrons. 14-MeV neutrons are used to a much lesser de-
gree, primarily to check the expected energy dependence as shown in Figure
5.1-1.

The pulse-width requirements for simulation are determined by the char-
acteristic relaxation time for the effect compared with the weapon produced
pulse. Usually, these can be stated as a requirement for the radiation
pulse to be either significantly shorter than, or significantly longer
than, a characteristic relaxation time.
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3 production (Reference 15). See also Reference 16 .
1 | 4
In the following secitions, the dosimetry techniques are separated into 5
three classes: i
l. Neutron measurements, which are primarily applicable !
to displacement effects studies ;
i

2. Photon and electron measurements, which are primarily :
in support of ionization effects studies 1

{

i

E]

3. Time-dependence monitoring.

5.2 NEUTRON MEASUREMENTS ;
5.2.1 General Principles

To perform the weighting of different neutron energies by the factors
shown in Figure 5.1-1, it is necessary to have the neutron energy spectrum 1
for energies above 10 keV. The contribution to displacement effects from
neutrons below 10 keV in weapon or reactor environments is usually taken to
be negligible., Many neutron-producing facilities can provide detailed
spectral information of the free~field neutron environment. In general,
these spectra are determined from data obtained from high-resolution spec- ;
trometers (recoil proton, Li6, He3, etc.), from low~resoluticn measurements ;
utilizing activation techniques, or from reactor physics calculations. In
general, 1if the test article is small, thi ‘e is a good chance the
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{ free-field spectrum will not be significantly perturbed and will be rele-
vant to the test being conducted. If additional spectroscopy measurements
are necessary, a decision must be made to determine the accuracies re~ .
quired. For high-resolution measurements, fairly expensive, time-consuming i
spectrometer measurement should be made. In most cases, however, lower :
resolution measurements will be acceptable and activation spectroscopy mea-
surements will suffice. The operating power level of a reactor is usually ;
used with known spectral information at usual test positions to determine a s
first estimate of the neutron fluence during a test. Inasmuch as the tech-
niques for spectrometer measurement are highly dependent upon the instru- 3
mentation involved and the calculation of the approximate spectrum is '
beyond the scope of this manual, no recommended procedures will be given in '
this document. However, general recommendations are given concerning foil-
s activation techniques, In addition, Reference 16 contains an excellent
E discussion of neutron damage measurement considerations. g
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5.2.2 Foil-Activation Measurements

Foil-activation techniques utilize neutron-induced reactions, for which
there is a threshold energy or for which an artificial threshold can be
produced by shielding. These neutron-induced reactions produce radioactive
isotopes whose emitted radiation can be measured and used to determine the i
neutron fluence above the threshold. The process is illustrated schemati-
cally in Figure 5.2-1. The top curve shows a typical neutron spectrum.
The middle curve shows an idealistic response function for a threshold |
foil. The product of these two functions is shown in the bottom curve. !
The area under this curve is the total foil response (which is proportional !
to the foil's radioactivity). It can be seen that the neutrons with energy ]
above E; contribute to the response, and the effective response coeffi- i
cient (cross section) is almost a constant, Ogff. Therefore, the foil .

‘ .
|

response is approximately proportional to ¢(E > E )0,ff (Method
E720 of Reference 3).

A method based on irradiating a number of foils with different thresh- ;
olds has proved to be useful, The limitations to the foregoing approximate '
analysis are obvious: o(E) is rot constant above Ey and E, itself is
a function of the spectral shape. The steeper spectra tend to push E;
downward, In an actual situation, where the cross section is not constant
but the spectral shape, ®(E), is known, a spectral averaged cross section
is obtained {rom the expression,

f o(E) $(E) dE
g = 0 (5-4)

) Li o(E) dE

With this average cross section and the measured foil activity, the neutron
fluence above the threshold energy, E¢, can be obtained. Since the
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Figure 5.2-1. Threshold foil method.

spectrum is known, the total neutron fluence can be determined. This pro-
cess 1s the most common measurement made in neutron effects testing., A
commonly used monitor foil material is S$~32 which has a threshold energy of
approximately 3 MeV. The NisB(n,p)Co58 reaction 1is also useful., If
this method 1is used, one must ensure that the test setup has not perturbed
the spectrum since large errors can unknowingly be introduced.

In situations where the spectral shape is not as well known, a series
of threshold foile should be used. By assuming a spectral shape (e.g., a
fission spectrum or '"best estimate' for the particular reactor), an average
cross section can be computed and the fluence above the various thresholds
determined, based upon the assumed cross section. A curve of the integral
fluence as a function of energy can be determined by this method. From
this curve, the ratio of total fluence to that above a monitor foil's
threshold (e.g., $-32) can be determined so that further exposures can be
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i made with the use of only the one monitor foil, Table 5.1-1 presents a .
: list of commonly used foils. If the integral curve obtained in the pre- o
: vious manner differs considerably fron an integral curve of the assumed !
] . . 0 {
spectrum, further data evaluation must be done, particularly in the range o
from 0.01 to 5.5 MeV,.
Table 6.1-1. 12.7-mm diameter activation foiis (Method E720
| of Reference 3).
Gamma/Reac- z:‘n‘&':‘d lsotopie
Reaction Ep, MeV Ey, keV tion, (Fission T,/2 Foil Mass Abun- Footnotes :
1 Yield, %)¥ *  dance, % |
—
- T Au(n, v)'™Au 0 412 0.96 2.696 days 0.056 100 Al
1 “Coln, y)*'Co 0 (§RA] 1.00 §.26 years 0.057 100 A
1333 1.00 :
*Mn(n. y)**Mn ] 847 0.99 258h 0.030 100 A 3
1811 0.27 [
U (n, N'*La 0(0.01) 1596 0.95 (6.29) 40.22 h 0.2%1 100 vew ¥
“¥Pu(n, f)'La 0(0.01) 1596 0.95 (5.24) 40.22 h 0.150 100 o j
““"Np(n. /)'*’La 0.5 1596 0.95 (5.69) 40.22 h 0.550 100 Vot | ]
“"Np(n, N Zr 0.5 743 0.94 (6.01) 17.0 h 0.580 100 v }
"Ingn, n')' ' n 1.0 336 0.50 43h 0.255 95.7 1
“AUn NH''La 1.45 1596 0.95 (6.02) 40.22 h 0.495 100 v }
HTh(n. /)'*"Ba 1.78 $37 0.20 (7.91) 12.8 days 1.066 100 A |
i D Thn, /)" Zr 1.75 743 0.94 (4.12) 17.0h 1.066 100 v !
“Fe(n. py"*Mn 220 835 1.00 312 days 0.142 5.82 ’
*Ni(n, py**Co 29 811 1.00 70.8 days 0.282 67.8 ‘
S(n. py"'P 29 betas 1.008 14.26 days 4.10 95.0 ! |
1710 ,
“Mg(n. p)**Na 6. 1369 1.00 15.02 h 0.030 79 4 3
*“Fe(n. py*"Mn 15 847 0.99 258h 0.142 917 A 5
1811 0.27 H
“Al(n. a)*'Na 8.7 1369 1.00 15.02h 0.257 1) . i
“i(n, 20yt 1o 388 0.33 13 02 days 0.657 100 5
666 0.29 i
Zr(n 2m™Zr 14 909 1.00 784 h 0.108 SIS

ACd covers 0.5 to 1-mm thickness.

Buse 5%Ca instead of 197 Au and 54 for very fong irradiations,

(‘4().23-h daughter of 12.80-day 140“". Wait § days for maximum Jdecay rate (see ASTM Method 12393))

Di o 0.01 MeV shielded with 1oy sphere. (Usc of 10y shield is important tor soft (Triga) spectra where ¢6(E-"0.01 MeV) i
wil! otherwise duminu‘:c]. ;

tyg i 10y ~phere is used t'&sr the 239y foil, then a 10y, sphere should also be used for the 237Np foil so that correction for
7Py impurity in the 2 7Np fuil can be made.

l"Usc K I‘uré(&w fluence (3x10“ to Ix1012 n/cmz). Use peak-shape analysis or measure twice, 7 days apart, to strip
off 740-keV 77 Mo gamma ray ('l‘,lz = 67 h).

(;Ef: ml} sirhere is used fug the 235y Yoil, then a 10y sphere should also be used tor the 238y, foil so that correction for
27U impurity in ihie 238y foiy can be made,

H
2324y, radioactivity interferes with 10, e,
'chuircs ditferent detector and calibration technigue.

JMuximum Ma impurity == 9.001%, Cd covered. Do not use 561.¢ fuil for long irradiations,

Kl"isslun vields are for bombardment with fission-spectrum neutrons (Reference 17), For thermal and 14 MeV, see
Reference 18,
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Computer codes such as SAND Il and SPECTRA have been developed to fur-
ther extract spectral information from the set of activation data. The
SAND 11 and SPECTRA codes compute both differential and integral spectra,
based upon iterative techniques, and utilize the response function differ-
ences of the various reactions over the entire sensitive energy regions and
other physical information available about the source to obtain these solu-
tions. However, the solutions thus obtained are always nonunique. If the
spectral shape is calculated by one of these codes for the particular ex-
perimental setup and if no changes in the setup are made, a single monitor
foil may be used for subsequent irradiations. It is wise to check to en-
sure that the spectrum has not changed unknowingly. The accuracy of the
neutron fluence measurements with foil activation techniques will be lim-
ited by the accuracy of the cross-section knowledge, the calibration of the
counting equipment, and the degree of sophistication exercised in reducing
the foil activities to fluence information (Method E721 of Reference 3).

The three codes may be obtained from the Radiation Shielding Informa-
tion Center at Oak Ridge Nationmal Laboratory. Evaluated energy-dependent
cross sections for neutron detector reactions are also available from the
center (SAND 1I cross-section library format).

Methods for interpreting measured neutron spectra and reporting in
terms of equivalent fluence units are given in Section 5.7,

5.3 PHOTON AND ELECTRON MEASUREMENTS
5.3.1 General Principles

For TREE applications, photon and electron measurements are primarily
in support of ionization effects testing. Therefore, the dose (or ioniza-
tion density) in the material of interest is most closely related to the
effect. For high-energy electrons and for the Compton effect of high-en-
ergy photons and low- or medium-Z material, an approximate rule of thumb
(45 percent) is that the dose is proportional to Z/A of the target mate-
rial, where A is the mass number. For higher accuracies, even a crude
spectral shape used with Equations 5-1 and 5-3 can .convert dose measured in
any dosimeter, D, to the dose in the material of interest, R, viz.,

jn(g) ¢(E) dE

R . (5-5)

=D
ID(E) 6(E) dE

For electron beam exposures in a known spectrum, dose may be converted from
one material to another by using Equation 5-5 and dE/dX values given in the
literature (Reference 19).

The use of high-energy electrons (0.5 MeV < E < 15 MeV) to produce ion-
ization effects is straightforward. Their rate of energy deposition is al-
most indepeudent of energy and material, Z < 40. The only cautions are
that the electron energy needs to be high enough to penetrate the target
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and radiative losses must be considered. In addition, thin plates can
scatter a small-diameter electron beam into a cone-shaped beam. Therefore,
objects in the beam ahead of the target, such as a chassis, must be in
place during dosimetry calibration.

The maximum range (depth of penetration) is approximately

(1.265 - 0.0954 log, E)

Re = 0.412 E for 0.0] Mev < E < 3 MeV
Re = 0.530 E - 0.106 for 2.5 MeV < E < 20 MeV

where
Re = PR in gn/cm?, and E is in MeV,

where p is the material density in g/cm3 and £ is thickness in cm.

Photons deposit energy in material primarily through secondary elec-
trons created in photon interactions with matter. Therefore, most of the
above discussion on electrons is pertinent to dose deposition by photons.

The response function relating dose deposition to the photon energy is
known as the mass absorption coefficient. Figure 5.3-1 shows the mass ab-
sorption coefficients for silicon, a typical low-Z material. The absorp-
tion coefficients of low-Z dosimetry materials such as calcium fluoride and
lithium fluoride are within a factor of 2 relative to silicon over the en-
ergy range 150 keV < E < 1 MeV. Based upon these characteristics, the
absorbed dose per unit energy fluence for bremsstrahlung distributions over
this energy range is fairly insensitive to the spectral shape, and dose
measured in a low-Z dosimeter can be converted quite easily to dose in a
low~to-med ium-Z material of interest.

Since photons (gamma or X-rays) are indirectly ionizing particles and
lose energy through the creation of high-energy electrons that subsequently
lose energy through further ionization, extra care must be taken in ac-
counting for lack of electron equilibrium., If a pure photon beam were in-
cident on a slab of material, the energy deposition as a function of depth
in the slab would be as shown schematically in Figure 5.3-2. Although the
amount of energy initially imparted to the material by photons decreases
with depth, the actual dose builds up to a maximum at a depth corresponding
to the maximum electron range, then decreases very slowly at the rate of
attenuation of the photon beam, This loss of dose to the material near the
surface results from the beam not having reached secondary electron equi-
librium. At a point corresponding to the maximum electron range and be-
yond, the beam is in electron equilibrium, meaning that for every secondary
electron leaving a small region of interest, another enters the region or,
equivalently, the ratio of electrons to photons remains constant. For high
photon energies (>200 keV) in low and medium atomic number materials (Z
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Figure 5.3-1. Mass absorption coefficients for gamma
rays in silicon.
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Figure 5.3-2. Energy deposition by photons.

< 40), the ratio of electrons to photons is almost independent of material.
At lower energy and higher Z, the ratio changes when the beam goes from one
material to another in a similar fashion to that shown in Figure 5.3-2. To
avoid complications from nonuniformity of dose and to provide accurate
dosimetry, exposures should be performed under conditions of electron equi-
librium. Unless electron equilibrium is established correctly in the radi-
ation source, a foil of approximdtely the correct Z and an electron range
thickness should be interposed in front of the target. The same rule ap-
plies tc the cases of dosimeters.
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Dosimeters for use in TREE testing should be calibrated in known spec-
tra to read rads (dosimetry material). Small dosimeters typically read
rads (wall material), although for a given spectrum, they may be calibrated
to read out in other kiuds of rads. This is true of active (say PIN) as
well as passive dosimeters, when the dosimeter is too small to establish
its own charged-particle~equilibrium in the photon flux, See Methods E666
and E668 of Reference 3 for calculating the absorbed dose.

If nonconducting dosimetry materials or test articles are exposed to
intense electron beams characteristic of flash X-ray machines, the effect
of the potential buildup in the sample must be evzluated in calculating the
actual dose., Method 665 of Reference 3 specifies the procedure for calcu-
lating the absorbed dose of materials exposed in a flash X-ray machine, and
Method E820 of Reference 3 specifies the procedure for determining absorbed
dose rates using electron beams.

5.3.2 Radio-Photoluminescent (RPL) Devices

In RPL devices, irradiation produces stable fluorescence centers that
may be stimulated by subsequent ultraviolet illumination to emit visible
light., The tctal light emisocion is a measure of the absorbed dose in the
RPL material (i{ in electron equilibrium) that was previously exposed.

An example of an RPL dosimeter is a silver metaphosphate glass rod or
plate system. These dosimeters can also be used with special energy
shields that sufficiently suppress the low-energy response of the high-2
silver by absorption so that the total response is essentially independent
of energy, yielding a reading proportional only to exposure (photon flu-
ence) for photon spectra of energy 100 keV < E < 5 MeV. By knowing the to-
tal fluence and the spectral shape, Equation 5-1 can be evaluated to
determine the dese to any other material. With a thinner shield matching
the average Z of the glass, it would measure dose in the glass.

Glass rods should be cleaned and read before irradiation for expected
dose <100 rads (glass). They should not be routinely reused. 1If abso-
lutely necessary, annealing is possible using procedures documented in the
literature. Extreme care should be taken to avoid glass-rod chipping.
Some fading of glass rods may occur, especially when the rods are subjected
to prolonged exposure to ultraviolet light. For accuracy in reading, the
system should be calibrated and used by reading rods 24 to 48 hours after
exposure,

For high-energy electron-beam dosimetry, the rods should be used di-
rectly on or in the test setup without shields; then, the local absorbed
dose is measured in rads (glass),
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5.3.3 Optical Density Devices

In optical density devices, radiation produces stable color centers
that absorb light. Measurements of the optical transmission, usually at a
fixed wavelength, can be related to the dose in the active material,

An example of an optical-transmissivity-zhange dosimeter is a cobalt-
glass-chip system. At doses greater than 106 rads, saturation 1is ap-
proached and the readings can become very inaccurate. Both an energy-com-
pensation shield and a thermal neutron shield are required when using
cobalt-glass chips in a nuclear reactor environment. A bismuth-lead-borate
glass also has been developed as & high-level gamma dosimeter for use in
mixed gamma-neutron environments,

Other materials used as colorimetric dosimeters include dyed plastics
such as blue cellophane, cinemoid films, etc. These should be used within
their accurate range (~10® rads) and corrections may be required at high
dose rates. Before using a particular dosimetry system, the rate and envi-
ronment effects that may be characteristic of the particular system should
be determined.

Table 5.3-1 presents the characteristics of some commonly used RPL and
optical density devices.

Table 5.3-1. Characteristics of some RPL and optical density
devices (Reference 20).

e -
Rate Fast-Neutron
Range Accuracy Dependence Response
Dosimeter (rads) (percent) (rads/s) (rads/n-cm?)
High Z, silver | 101 to 2 x 104 +10 None to 109 | <3 x 10-10
phosphate rods
Low Z, silver 101 to 2 x 104 ~+10 None to 109 { ~6 x 10-9
phosphate rods
Cobalt glass 104 to 4 x 106 +10 None to 109 | <3 x 10-10
Bismuth glass 106 to 1010 £10 Negative

5.3.4 Thermoluminescent Devices (TLDs)

TLD irradiation produces metastable centers that can be induced to emit
light by heating. The amount of light is related to the dose in the TLD
material. A TLD system consists of the TLDs, the equipment used for prepa-
ration of the TLDs, and the TLD reader. Method E668 of Reference 3 de-
scribes the procedures for the use of TLDs to determine absorbed ionizing

dose in a material.
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A commonly used TLD dosimetry system uses manganese doped calcium fluo-
ride (CaFpiMn) with a readout unit that heats the exposed material and
registers the area under the luminescent peak. The reading procedures are
described by Method E668., For low absorbed-dose measurements (<100 rad),
dry nitrogen should be flowed through the heating pan area of the reader
during readout, TLDs can be annealed and reused. Careful control of the
annealing cycle and handling of the TLDs is required to obtain the best
dose measurement response, Periodic retesting of the TLDs is necessary to
maintain accuracy of the dosimetry system.

Each batch of TLDs should be characterized by the user using the par-
ticular reader for the TLD system involved before use in a specific radia-
tion environmment. Factors to be considered include the uniformity of TLD
response within a batch; reproducibility of individual reusable dosimeter
response; and dependence of TLD response on absorbed-dose rate, energy, di-
rection of incident radiation, times between preparation and irradiation,
time between irradiation and readout, storage or irradiation temperature,
and humidity (see Method E668 of Reference 3).

The TLD reader should be checked regularly for proper operation of the
phototubes and heating units. A regular calibration should be made with a
Co-60 or other standard source and a log kept to show trends. TLD system
manufacturers' recommendations for care of the reader should be followed.
To check heating rates and to allow for examination of the entire glow
curve, the readout units should be provided with outputs for strip-chart
recording of temperature and light output.

The encapsulating material surrounding the TLD material should be thick
enough to establish electron equilibrium and should have radiation absorp-
tion properties similar to the material in which the absorbed dose is to be
determined. TLD materials can be obtained in several forms and chemical
compositions., Examples include powders, forms that are extruded, encapsu-
lations in Teflon, etc. Doped calcium fluoride TLDs are commonly available

in the form of reusable solid chips,

CaF,:Mn chips have some significant advantages over some other types
and forms of TLDs. The advantages include -adiation absorption character-
istics similar to silicon, & simple annealing procedure (compared to LiF),
ease of handling compared to powders, and a :elatively linear absorbed-dose
response. A disadvantage in using CaF:Mn TLDs is a moderate fading of the
TLD response after radiation.

5.3.5 Thin Calorimeters

A4 thin calorimeter determines the dose by measuring the temperature
rise in a small sample of known material. Converting the temperature rise
to energy deposition (dose) by the material's specific heat results in a
direct determination of the average dose in the sample. 1If the sample is
thin so *that it absorbs a negligible fraction of the incident radiation,
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and the incident beam is in electron equilibrium for the calorimeter mate-
rial, the temperature rise is independent of thickness.

The three important elements of a thin calorimeter are the absorber,
the temperature sensor, and the thermal isolation. The absorber can be any
material, preferably one that has approximately the correct atomic number
for the effect being studied and is also a good thermal conductor to assure
rapid thermal equilibrium. Metal foils (Be, Al, Fe, Cu, Ag, Pt, Au) have
been used successfully as well as thin semiconductor chips (Si, Ge).

The temperature sensor should represent a small perturbation on the ab-
sorber. A thermocouple satisfies this criterion well, particularly if it
almost matches the atomic number of the absorber., A small copper-con-
stantan thermocouple on a copper foil is a good example. A more sensitive
calorimeter results from using a small thermistor as both absorber and tem-
perature sensor, A chemical analysis of the thermistor can establish its
effective atomic number, and a calibration against a known material is re-
quired to establish the combination of specific heat and temperature coef-
ficient. Care must be taken in assembly to minimize the amount of solder
used in attaching leads because this may enhance the amount of higher Z ma-
terial, Resistance welding can be used to eliminate this problem. If the
thermistor is not thin to the radiation, the temperature measurement must
be performed for a long enough time to ensure that thermal equilibrium is
cstablished within the thermistor (0.1 to 1 second).

In order to accurately measure a small, sudden temperature rise, Some
degree of thermal isolation is required. The leads to the temperature sen-
sor should be small wire (~3 mils), For single pulse measurements, a block
of styrofoam provides good isplation, but the heat lost to the inside layer
of styrofoam requires a small correction, particularly for very thin calo-
rimeters. Use of the calorimeter in vacuum also provides excellent isola-
tion, For accurate measurements, especially on a short string of LINAC
pulses, the absorber can be suspended in a small evacuated can with water-
cooled constant-temperature walls and a thin window for beam entrance. The
detailed design depends on the radiation beam being measured and the accu-
racy requirements. The design may have to take into account scattering
from the walls of the chamber. Method F526 of Reference 3 specifies a cal-
orimetric measurement procedure for determining the dose in a single pulse
from a LINAC.

For single pulses typical of flash X-ray machines, a cooling curve
should be established and exponentially extrapolated to zero time to deter-
mine the temperature at the time of the burst,

The response of the calorimeter is calibrated by the specific heat of
the absorber and the temperature.calibration of the sensor. In electron-
beam measurements, if the calorimeter material is the same as the exper-
imental material being tested, the absorbed dose in the experimental
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material can be measured directly. 1If, however, the dose to the calorime~ |
ter must be converted to dose in another material of significantly differ- i
! ent atomic number, corrections must be made for differences in dE/dX, :
? backscattering, and bremsstrahlung losses.

5.3.6 PIN Detectors

A reverse-biased PIN diode (usually Si) collects charges produced by i
ionization in the intrinsic semiconductor region, Its calibration is based !
on .the known efficiency for producing electron-hole pairs (3.7 eV/pair in
Si) and the active volume of the junction region. The charge collection "
time is short (on the order of nanoseconds) and, therefore, a PIN diode can

be used to measure not only the dose in the semiconductor but also the

shape of the roadiation pulse (dose rate (81) versus time). The detec-

tor should only Le used at low enougn dose rates where the linearity is

established. At high dose rates (~109 rads (Si)/s), the internal

electric field is modified by the high currents and the output becomes non-

linear. For this and other reasons, a PIN detector is normally limited vu

dose rates of less than 1010 rads (Si)/s. A PIN detector will not cor-

rectly measure the dose unless electron equilibrium in the silicon active

volume has been established., Many standard commercial detectors can derive .
measurable portions of their signal from the high Z case or from their tan- b
talum plate contacts, It is possible to obtain degencrate silicon contacts

to which the leads are attached or detectors with very thin contacts so

that they may be placed in electron equilibrium through the introduction of 1
additional silicon (or aluminum toils). It must be determined if the addi- .
tion of inactive material to create electron equilibrium for the most ener- '
getic portion of a disturbed spectrum has attenuated the low-cunergy portion
of the spectrum and a suitable correction should be made to determine the
dose to a thin silicon sample.

PIN diodee, like other semiconductor devices, are subject to degrada-
tion due to displacement damage. The damage causes a decrease in the in-
trinsic silicon lifetime and resistivity resulting in an increase in
leakage current, Neutron fluences of >1012 n/em? (E > 10 keV, fission) are
sufficient to change the calibration of a silicon PIN diode. PIN devices
mzy also be damaged by high-energy gamma dose~induced displacement damage
at above 104 to 10° total rads of such doss. In general, as long as
the minority carrier lifetime is much longer (10x) than the collection
time, the device will operate satisfactorily,

f

!
. |
PIN diodes can also be domaged by high current for long pulses of elec- j
trons or photons or by repetitive pulses. Because of the possibility of !.
damage, they should be calibrated routinely and checked by a well-cali- '
brated passive system,
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5.3.7 Compton Diode and SEMIRAD

Compton diodes and SEMIRADS are based on the charge transfer of elec-
trons between materials under irradiaticn. The calibration depends on the
spectrum and is not uniquely related to dose in any material, except for a
limited range of spectra. The time resolution is excellent and such de-
vices are very useful as pulse-shape monitors at high dose rates. For very

high dose rates, Compton diodes are recommended since SEMIRADS will undergo
space charge saturation.

5.3.8 Secintillator-Photodiode Detectors

Various organic scintillators having both fast response and a large
linear range are available for measurements of ionizing dose rate versus
time. Examples are plastics such as Pilot B and NE102 and organic liquids
such as NE211 and NE226 which have 2~ to 3-nanosecond resolution, At high
dose rates, the emitted light is intense so that the photodiode needs to be
designed so as to avoid space charge limitation. An FW11l4 is frequently
used with adequate hias voltage tc avoid saturaticn., This combination mea-
sures energy deposition in the scintillator, i.e., rads (scintillator).
Organic scintillators have been shown to have nonlinear characteristics at
high rates (~101! rads/s) and should not be used at rates above this value.

5.3.9 Faraday Cup

A Faraday cup can be used for electron-fluence measurements., The mea-
surem2nts are convertible to rads (2) entrance-dose units in a material to
be inserted in the beam if the incident electron energy is known. Values
of electron energy loss rate, dE/dx, are given in Reference 21. When using
a Faraday cup to wmonitor an electron beam, a guard voltage should be ap-
plied and a reentrant cup used with a low-Z astopping material, backed up
with a higher Z shield material. The incident beam must be collimated and
accompanying secondary electrons must be swept out by a magnetic analyzer.
For accurate work, the whole cup should be placed in a vacuum. For fast
pulsed electron-beam work, if the pulse shape is to be determined, a coax-
ial cup design matched to the cable impedance may be desirable.

The accuracy of the Faraday cup technique is good enough to warrant its
use as a calibration tool. The much greater convenience of a simple, but

less accurate, low-Z stopping block current collector also makes this a
useful tool in LINAC dosimetry.

5.3.10 Spectrum Monitoring

For TREE facilities, the spectral information accuracy requirements
rarely justify detailed photon spectrum measurements. Simpler techniques
based on a knowledge of the general source characteristics and some absorp-

tion measurements, along with any spectral information provided by the fa-
cility operators, are usually adequate.
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A combina%ion of dosimeters having different atomic numbers and shield-
ing is reccr .ended for spectral monitoring of the TREE environmeats; for
example, high- and low-Z bare glass rods, or LiF and CaFy(Mn) in plastic
and aluminum container pairs, respectively, to read rads (low Z) and rads
(high Z). The dose ratio is a measure of the spectral quality, not of the
spectral details, If the ratio is appreciably different from 1.0, the
spectrum may contain either low-energy components (<200 keV--a very soft
spectrum) or very high energy components (>5 MeV). If there is some
doubt considering the source, this point should be checked by measuring the
broad-beam absorption curve or first and second half-value layers (HVL) in
Al or Cu and comparing it with that for Co~60 (first HVL = 17 g/cm? Al or
9 g/cm2 Cu).

Normally, detailed spectral information is not needed for routine TREE
work since the area of interest in gamma-ray effoct simulation is the
depth-dosc distribution and sometimes the linear energy transfer, the ab-
sorption coefficients for semiconductors and mor* insulator materials do
not vary much for photon energies in the range 200 keV to 10 MeV, and most
useful TREE sources have energies within this range. Gamma-ray simulation
facilities should have enough spectral information to be able to convert
doce measurements in the dosimetry materials used to absorbed dose in all
materials; that is, to approximately evaluate the equations given in Sec-
tion 5.1,

5.4 PULSE SHAPE MONITORING

1t is usually desirable to monitor the radiatica pulse sthape with a
sensor that monitors a quantity proportional to the radiation iateusity,
but tha*% must be calibrated in terms of the required dosimetry quautity at
the sample position. The p-imary requirements for such a ronitor are ade-
quate time resolution, linearity, and proportionability to an apprepriate

osimetry quantity. This last requirement can le met most easily 1f the
radiation spectrum is independent of time during the pulse.

Examples -of such monitoring measurements are:

1. Tube current measuced in flash X-rays (aot recommended
because the beam energy 7s time dependent)

2. Current cof LINAC electron beam measured with current
transformer or secondary emission foil (excellent if
beam is energy analyzed and collimated)

3., Peripheral radiation intensity measured with PIN,
Compton diode, scintiilator, or SENIRAD (measurement
may be sensitive c¢o time~dependent spectrum in flash
X-ray and calibration may be affected by scattering
from the target)

4. Reactor power pulse monitored with a neutron-sensitive
ion chamber (excellent for neutrons, but not good for
gammas because of delayed gamma tail)

5=21
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5. Reactor gamma pulse monitoring with a neutron-insensi-
tive ion chamber.

5.5 RECOMMENDED ENVIRONMENT MEASUREMENTS
AND PROCEDURES

It is a recommended practice to provide for routine monitoring of simu-
lation facility desimetry and environmental measurements whenever possible,
This is to ensure that the test data do not become worthless because of
failure or loss of the dosimetry services provided by the facility. The
monitoring should include at least some of the following procedures:

1. Expose passive dosimeters (or foils) from the simula-
tion facility in a local isotope (Co-60), or other
source, along with locally calibrated and read dosime-
ters (or foils). The facility should then read out
its own dosimeters (or foils), and a comparison should
be made between the local dose (or fluence) measure-
ments and those of the facility., This process should
be cxteunded to cover difterent types of dosimeters to
avoid systematic errors. The principle of this recom—
mendation applies to both gamma-ray doses and neutron
exposures,

2. Place passive dosimeters in and on the critical test
articles as a check on the facility dosimetry. These
dosimeters can be read out later when convenient, nre-
suming that facility dosimetry results are imnmediately
available. When reading dosimeters later, any neces-
sary corrections for fading should be inade.

3. Us2 a calibrated active dosimeter that can be read out

along with other signals. This step may be necessary
if the simulation facility does not provide immediate

dosimetry results,
4. Make an estimate of the perturbation of the free-field

spectrum caused by the presence of the test article
and the effect of this perturbation on the results of

the environment correlation.

It is the responsibility of the test engineer, not the facility opera-
tions staff, to determine the adequacy of the radiation measurements made
in support of his test. The test engineer should hire an outside dosimetry
service if he does not have such services available in-house.

5.5.1 Flash X-Ray Dosimetry

When irradiating circuits or subsystems at flash X~ray facilities, it
is recommended that every necessary dose point be monitored by passive
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dosimetry on every shot. This is because of the shot-to-shot variations in
exposure and in beam position.

It is recommended tanat high- and low-2 dosimetry pairs be exposed at
least occasionally to check beam quality., Also, dosimeters should be used i
on front, sides, and back of large experiments to check on exposure unifor- ;
mity and on beam structure and location. If dose to a component or mate- g
rial not in electron equilibrium is needed, the exact configuration should
be mocked up with dosimetry material in place of the component and measure-
ments should be made to determine the effect of the nonequilibrium.,

s o

3 For pulse shape and mactine diagnostics, active dosimetry should in-
clude at least one of the following three diodes:

; 1. A calibrated scintillator photodiode. A fast scintil-
lant should be used and a high enough voltage applied
to the diode so that at expected dose rates, all cur-
rent is collected to avoid space-charge limitationms. 3
‘ If this cannot be done by any other means, the active i
L dosimeter should be moved back from the target to re- :
duce the expected dose rate. ;;
|
]

2. A calibrated PIN diode. A high enough voltage should
be applied to assure that the PIN diode response is
linear, and the load circuit should be arranged so
that the detector voltage 1is not reduced during the
pulse to too low a value. Otherwise, the detector
should be moved to a lower dose rate position. A vpos-
sible high-dose circuit involves shorting the output
through a current transformer; another involves a low
valuz of load resistance,

3. A calibrated SEMIRAD or Compton diode. 1If operated
actively in the high-exposure rate part of the beam, a
gamma-ray SEMIRAD with adequate applied voltage to ]
preclude space~charge limitations or Compton diode may ;
be used.

PRI

Active measurements at any TREE facility must be well shielded against
RF noise. Cable effects on signal shapes must be evaluated and ground
loops must be eliminated (see Section 2.5). Eleciron-beam dosimetry should
be done with a calorimeter if possible. Extreme care must be exercised to
assure that samples, dosimeters, etc. are properly grouuded so that the po-
tential buildup in the sample does not affect the manner in which energy is

deposited.

PRI YN
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5.5.2 LINAC Dosimetry

For bremsstrahlung work, the precautions and dosimetry measurements at
a LINAC facility are similar to those at a high-energy flash X-ray facil-
ity, except that the pulse-to-pulse variability may be much less, and the
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spectrum is constant during the pulse if the beam is magnetically analyzed.
The coliimated electron beam should be monitored on each pulse, preferably
with a secondary emission detector or current transformer. This wnonitor
can be calibrated against dose at the sample position using passive dosime-
ters or a thin calorimeter. Monitoriang the beam with a PIN or scintillator
detector is not recommended because the direct beam is frequently not
available and the peripheral beam 1is affected by scattering from the
target.

For electron-beam work, dosimeters such as RPL glass rods, cobalt glass
chips, LiF, or CaFp may be calibrated and used without shields to measure
the absorbed dose in rads (dosimeter).

If the LINAC beam is not magnetically analyzed and collimated, its en-
ergy may change during the pulse, and the bremsstrahlung exposure pulse
shape will not be the same as the beam current pulse shape. Also, the
pulse observed behind the attenuating or scattering material may be differ-
ent from the beam current pulse.

5.5.3 Nuclear Reactor Dosimetry

The neutron flux and spectrum at a reactor facility (either bare criti-
cal assembly or thermal reactor) depend on the rate of fission in the re-
actor and the absorbing/scattering geometry. Therefore, the exposure
geometry, including absorbers, scatterers, fuel element locations, etc.,
should be controlled and calibrated. For each exposure geometry (with the
test setup in place), a set of threshold foils should be exposed to deter-
mine the spectrum shape. Then, for each irradiation, a single foil type
should be used to monitor the fluence and its uniformity over the irradi-
ated item. Foil sety should be selected from those listed in Methed E720
of Reference 3.

In addition to the neutron fluence measurements, gamma-ray dose deter-
minations should be made to check the n/y ratio to know what ionizing ex-
posures were given, Any of the passive detectors may be used and should be
corrected for neutron dose. A gamma-sensitive SEMIRAD may be used in a
fission (but not a fusion) neutron spectrum for an active gamma-ray (dose
rate) measurement. Also, for fission reactor work only, an active separa-
tion of neutrons and gamma rays is possible using neutron- and gamma-sensi-
tive scintillator photodiodes, if the n/y ratio is above 109 n/cm</y
rad. The neutron absorbed dose in a material can be calculated using
Method E763 of Reference 3; for the gamma absorbed dose, use Methnd E666.

5.5.4  Selective Shielding

A radiation spectrum may contain components that are undesirable for a
particular test. To induce changes in the radiation spectrum, the test ar-
ticle is usually protected by materials that selectively attenuate the un-
desirable radiation. Although such absorbers have a major effect on a
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particular component of the radiation spectrum, it must be remembered that
they do affect all components of the radiation, in some cases enhancing one
component while removing another,

5.5.4.1 Nuclear Reactor Radiations

Nuclear reactors produce three primary classifications of radiation of
concern to TREE--thermal neutrons, fast neutrons, and gamma rays. A reac-
tor does not always produce these radiations in the ratio that is most
desirable for a particular test. The alternative is to screen out undesir-
able portions of the radiation and enhance the desirable.

Thermal neutron shielding limits the formation of undesirable radioiso-
topes in the test materials. Such induced radioactivity increases the time
required for a test setup to cool down to the point where it can be safely
handled. In addition, protection of fast neutron foil detectors from ther-
mal neutrons is necessary to minimize competing activation reactions and
burnout of reaction products. Materials commonly used for this purpose are
boron-10 in the form of Boral (boron carbide and aluminum) oxr cadmium. The
most frequently used thermal neutron shield is cadmiur. foil, which is typi-
cally 0.040-inch thick. Cadmium has the disadvantage that the absorption
of thermal neutrons is accompanied by the emission of high-energy gamma
rays, adding to the gamma-ray flux.

Fast neutrons are removed from the radiation spectrum by slowing them
down to thermal energies, that is, by degrading their energy through multi-
ple collisions with other nuclei until their speeds are comparable to those
of the thermal motion of the nuclei of the material. The lower the atomic
number of the shielding material, the more efficient the material is in
slowing the speed of fast neutrons. Materials such as water, graphite,
paraffin, and polyethlene are used for this purpose. A rough rule of
thumb is that 1 foot of water reduces fast neutron flux by two orders of
magnitude.

The efficiency with which materials absorb gamma rays increases with
increasing atomic number and decreases with increasing energy of the gamma
ray. For this reason, materials such as lead are used to reduce the gamma-
ray flux. The attenuation of gamma rays is also an exporiential function of
the thickness of the absorbing material. Typically, 4 inches of lead is
required to obtain an order of magnitude decrease in the gamma-ray flux in
a reactor,

The measure of the quality of the radiation mixture usually used in
TREE work is the ratio of the fast neutron flux (in n/(cm?:s) (E > 10 keV))
to the gamma-ray dose rate (in rads (si)/s)--the n/Y ratio. In per-
manent radiation-damage studies, it is usually desirable to maximize the
value of this quantity and thus minimize ionization and surface effects.
The n/y ratio can be enhanced by shielding the experiment with lead or

w
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another high-atomic-number material. WNormally, alterations of the n/y
ratio are handled by operators of the reactor.

Placing any materials in or near a reactor can seriously affect the "]
per formance of the reactor. Check with the facility technical staff when :
planning a test to make sure that the materials and techniques to be used
are acceptable and to determine what selective shielding may be necessary
to produce the desired effects.

SUDFIRN

5.5.4.2 Spectral Filtering

Low-energy photons are attenuated in the case and packaging materials
of test samples and burst detectors. This means that the spectrum at the
exterior surface of a device may be somewhat different than that in the in-
terior where the active region of the device is located (and where the pho-
tocurrents of interest are generated). This alters the relation between
the dosimeter dose and the true test sample dose. Also, for a group of ;3
similar test samples exposed to the samc external (to the case) environ- '
ment, the differences in case thickness, material, orientation, potting,
etc. would lead to an additional measure of disparity in the devices' re-
sponses that would not be preseni in a "harder” (fewer low-energy photons)
spectrum such as that of a weapon. Further, the drastic increases in mass-
energy absorption coefficients at low energies make it all the more criti-
cal that the spectrum be known in the low-energy area, although such i
information is seldom available. N

a2 2 i 8 o, N

Y

The problem can be minimized if filters (thin metal sheets) are used to
substantially reduce the low-energy photon content of a source spectrum.
The problem is greatest at flash X-ray sources, the worst case being the

low-energy (300-kVp) machines.

; For 600-kVp and higher energy flash X-ray machines, it is recommended
[ that the spectra be cut off at the lower limit to about 60 keV by using a
low atomic number (Z) filter or a combination of high- and low-Z materials.
A cut-off energy of 30 to 40 keV is more practical for 300~ and 400-kVp ma-
chines since filtering is an attenuation process and to fiiter to energies
much above 40 keV would reduce the maximum dose rate available from the
low~energy machines to a practically unusable value, The filter should be
interposed between the source and the sample, preferably right next to the

3 source tube.

In reporting test results, the composition, thickness, and positional
sequence with respect to the source should be given for all filtering

materials.,

[

{ 5.6 CALIBRATION

Calibration procedures are not discussed in detail in this document,
However, the test engineer should adhere to at 1least the following

principles:

Oy ime
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. 1, Weutron foil calibrations can be based on known cross
; sections, masses of foils, and counting efficiencies
‘ calibrated with radioactive standards, or they can be
related to exposures of foils to calibrated radiation
sources, In either case, the calibration should be
related to an NBS standard.

—

2. Gamma dose calibrations can be related to a standard-
ized Co-60 source or to accurately known quantities
such as specific heat of a pure material and thermo- .
electric voltage of a calibrated thermocouple wire. H
Since TREE exposures are frequently at high dose l
rates, ithe linear range of the dosimeter must be dem-
onstrated up to the dose rates used or else known cor-
rections must be applied. Total dose calibrations !
based on Co-60 and/or calorimetry, together with lin- ;

e e ol L

ear pulse shape monitors, are recommended. The test 3
engineer is referred to NBS for greater detail in cal- L

ibration procedures, i}
]

5.7 REPORTING AND DOCUMENTATION OF RESULTS

E Documentation of TREE dosimetry should be suco that the measurements ]
can be repeated and the environmental description can be applied to another

] effect with possibly a different energy dependence to make a response pre-
diction. This implies that the reporting should specify both what was ac- f
tually measured and also any assumptions made in data processing. 1
f
l

A frequent omission in reporting is that of adequately describing the
characteristics of the radiation facilities used for the test. Lack of
this data prevents the reader from correlating the reported radiation ef-
fects with test results reported by others. All reported test results
should 1include as a minimum the following types of facility !
characteristics: i

1. 1Identify the facility and vhere it is located

2, Specify energy levels for the radiation source

3, Specify pulse widths used, when appropriate

4, Specify distances from énergy sources to irradiated
samples

5. Specify any special shields and reason for use,

S AT e S5 o,

5.7.1 Neutron Environments

A neutron environment causes both displacement damage and ionization
effects. Therefore, it is important to measure and repoert environmental
parameters such as fluence and spectrum rather than simply an effect param-
eter such d4s gain change in a transistor. It ig recommended that the field

e L L e T T T
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: parameters of integral fluence be reported with units of n/cm? having ener- ol
5 gies over the thresholds of the foils used, along with other pertinent data i
f concerning the source and the measurement. The reconmended basic reporting '
units are "n/em? (E > threshold energies for the foils used, source _
b spectrum)," or "n/cmzﬁ(E > 10 keV, foil used; foil/Pu ratio assumed, source P
' spectrum),"” or "n/ecm¢ (E > any energy, unfeld code and foils used)."
: Differential fluence should be reported as a function of energy with units,
n/(cm2-MeV) including specifications as to unfold technique and foils used.

Neutron fluence and spectral measurements are often made with foil ac-
tivation techniques. Also, the environment measurements obtained are often L
used to calculate an equivalent monoenergetic neutron fluence (Method E722
of Reference 3). The reported data should contain at least the following i
] information:

A DR, YRR

1. Semiconductor device performance parameter (for exam- !
ple, current gain) degradation being correlated to
silicon displacement kerma should be specified.

the tests (fast pulse or steady state).

PP L T
3]
.

3. Neutron energy-fluence spectrum and how it was deter-

Neutron source as to type and mode of operation during !
i
!
3 mined (Method E721 of Reference 3).

4. Monitor foil employed and the detector system used for

counting the foil, If an effective fission cross sec-
- tion for the monitor foil is used, its value should be
‘ stated (Method E720 of Reference 3).

k 5. The displacement portion of the kerma function for
' gilicon should be given or referenced (Method E722 of
Reference 3).

6. The wmethod used for determining the average value of ,
the displacement kerma factor (KpE,) at the speci- L
fied equivalent energy, E,, and the value of Ej
selected.

7. The method used for evaluating the integrals

max
f ¢(E) K {E) dE

E .
- _min
¢eq(Eo) N KD(E07

and
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max
| ™ s K, (E) dE

E .
min
beq (/0 = E
f max
KD(EO) ¢(E) dE
E .
min
where
o(E) = incident neutron energy-fluence spec-
tral distribution
Kp(E) = neutron displacement kerma factor
(displacement kerma per unit fluence)
as a function of energy
KD(EO) = displacement kerma factor at the spec-
ified equivalent energy E,
beq = the equivalent monoenergetic neutron
fluence
¢eq(Eo)/¢ = the neutron energy spectrum hardness

parameter.

The energy limits on the integral are determined by
the incident energy spectrum and by the material being
irradiated.

8. The values of ¢oq(Eq), $eq(Eq)/d, and beq(Ey) /My where
cbeq(Eo)/Mr = the equivalent monoenergetic neutron flu-
ence per unit monitor response, M.

Method 722 of Reference 3 gives details of the procedure.

The designer is responsible for validating the operation of his system,
so he must correlate the component response data, the test environment
data, and the specified threat environment information., He should use an
affects curve for the desired effect (displacement or iomization) to relate
the effect of measured data test environment to the effect of the specified
threat environment on the component or system.

The correlation of a measured environment, & (E), with a specified
(and possibly degraded by penetration of material) environment, ¢ (E),
for an effect with energy dependence o(E) follows:

Effect of test environment = jO(E)¢m(E)dE
Effect of specified envivonment = fc(E)¢s(E)dE.

Comparison of these effects gives the designer information he needs.
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5.7.2 Photon and Electron Environments

As discussed in Section 5.3.11, TREE tests in photon environments are
generally even less dependent than neutrons upon the need for high-resolu-
tion spectral data, but any spectrum information available about the source
should be reported. For ionization effects tests, units of rads (material)
or rads (material)/s should be used and the method used for obtaining these

numbers should be reported.

Reports of photon and electron radiation-hardness testing of electronic
devices should include full descriptions of the information illustrated by
the following list for TLD dosimetry:

1. The TLD system employed, including the type and physi-
cal form of the TLDs, the type of TLD reader, and the
annealing procedure used, if any.

2. The results of all performance tests carried out or
reference to relevant published studies of the TLD
system, As a minimum, such test results should in-
clude the sample size, the mean v lue of the sample
responses, the absorbed-dose level, and the standard
deviation of the sample response distribution.

3. A description of the procedure for calibrating the ab-
sorbed-dose response of the TLD system, including the
radiation source type, irradiating geometry, and con-
ditions (for example, absorbed-dose level, absovbed-
dose rate, and equilibrium material).

4., A description of the radiation-hardness-test irradia-
tions, including radiation source type, geometry, and
conditions (for example, absorbed-dose level, ab-
sorbed-dose rate, and equilibrium material), as well
as any useful supplemental data (for example, energy
spectra).

5. A description of the conversion of TLD response to ab-
sorbed dose in the material of interest, including
calibration factors, correction factors, and absorbed-
dose conversivn factors. The absorbed-dose conversion
factors would include information such as the radia-
tion absorption characteristics of the material of in-
terest and assumptions or data about the source energy
spectrum.

6. An estimate of the overall uncertainty of the results
as well as an error analysis of the factors contribut-
ing to the random and systematic uncertainties (for an
example, see Method E§68 of Reference 3).

For other types of dosimeters, the corresponding information should be
recorded (Methods E665, E666, anu E668 of Refereuce 3).
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CHAPTER 6

TEST PROCEDURES FOR DIODES AND TRANSISTORS ';

S b na

6.1 PERMANENT -DEGRADATION MEASUREMENTS
6.1.1 Scope

This section deals with test procedures for determining the permanent i
F degradation of specific parameters of conventional discrete bipolar tran- ]

sistors, MOS and junction field-effect transistors, semiconductor diodes,
and Zener diodes, The procedures outlined are iutended for use in mixed
neutron-gamma or gamma radiation environments. The recommended procedures
that follow have been found to be valid for neutron fluences up to 10
n/cm? (E > 10 keV, fission) and gamma doses up to 108 rads (Si).

6.1.2 Bulk and Surface Effects

Permanent effects of a mixed neutron-gamma field can be grouped into i
bulk and surface damage. Carrier-removal and lifetime damage caused by ra- :
diation-induced lattice displacements are important categories of bulk dam- i
age .nd cre important failure mechanisms in diodes, bipolar transistors, {
and junction field-effect devices. The buildup of surface charge and the
creation of new interface states are important surface effects and are the
primary failure mechanisms in MCS transistors. Surface effects also cause
device failures in diodes, bipolar trancistors, and junction field-effect
devices. For example, the low~current transistor gain degradation due to
surface effects can be a significant portion of the total gain degradation
in a mixed neutron-gamma environment. Damage to semiconductor devices ex-
posed to gamma radiation i1s primarily due to surface effects. High energy
ganma radiation also introduces bulk damage similar to neutron damage at
high doses (>108 rads (Si)). 1In any particular test, the effects of
both bulk and surface damage must be considered., For example, the total
current gain degradation of a transistor can be expressed as

el ()

Similar expressions can be written for the other parameter changes. Table ;
6.1-1 shows the relationship between the radiation effects and the impor- ﬁ

tant device parameters.

L . e, et B it s 2

h

+ (A 1 . (6-1)
FE

- el .

Bulk Surface ;

Total

In cases where both bulk and surface damage are expected to be impor- :
tant, tests should be conducted in both mixed neutron-gamma (high n/y) 4
and pure gamma environments and the effects of bulk and surface damage k
analytically separated. 1In cases where bulk damage is the predominant
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Table 6.1-1. Permanent effects of radiation on device parameters.
function
. . ASIGAY .
. . Junction Bipolar .. ey Fileld-t ffeet
Device A . ) Field Effect .
N Diodes I'ransistors » ; [1ar dstors
I'ransistors
Phenomenon
Reverse ~current g decrease at  [Reverse scurrent Reverse ~cutrent
ihcrease all current licrease increase
levels
Lifetime . .
Decrease in switch- Reverse -current
damage ing time .
& increase
lucrease in forward Decrease in
voltage {PIN diodes) | switching time
Bulk
effec(s TPOANE v aeer 3 N e VOP Y S
Inerease in forward Increase in Ipss, g deerease | Ipygs. gy, deerease
voltage VOeRrs ATy . . . .
) v(.l.(h.\ ] Change in pinch-off
. RE(SAT) voltage
Carrier Breakdown-voltage . )
N hI"F decrease i Iireshol d=voltage ) )
removal change (Zener) - Noise figure
: at high current change )
) ’ inerease
levels
Reverse ~curtant hl?l-‘ decrease at | Th-ueshold-voltage Reverse -ocurrent
incrrase low current change merease
. levels o
Breakdown-voltage Reverse ~eurrem Breakdown -voltage
Space chanyge Re verse =current inerease chanye
charge increase
b eakdown-=voltage
Breakdown - change
surface voltage change
effects -
Re verse -current hpp decrease at ) deerease e verse =eurre it
inerease low current increase
luterface levels Threshold=voltaye
states change Noise -fiyure
Reverse ~current | ierease
A Reverse =curient
increase )
increase
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effect, a neutron (high n/y) environment should be ured. In cases where

surface damage is the predominant effect, a pure gamma envivonment should
be used,

There are also analytical techniques for predicting radiation-induced
damage in semiconductor devices. These may be useful for:

JP T PR YR

1. Estimates of parameter degradation for test planning

2., Design data

{ 3. Developing additional data when testing must be
limited.

Analytical techniques for predicting radiation response of semiconduc-
tor devices are discussed in References 1, 22, and 23.

o it i

6.1.3 Anrealing

The radiation-induced parameter changes in semiconductor devices cx- i
hibit annealing that is a function of temperature, time, and operating con-
ditions during both irradiation and measurement. Both btulk and surface i
damage in semiconductor devices can be sigrificantly annealed by injecting

carriers during irradiation or measurement or by raising the temperature of
the device.

3
The prompt annealing process, as measured by device parameter changes ﬁ
as a function of time, is termed 'rapid" or '"transient" annealing. This
process is most dramatically evidenced by an initial reduction in transis- }
tor current gain followed by a partial recovery, all within a small frac- [
tion of a second. The initial reduction in gain can be equivalant to that
associated with a fluence many times as large as that actually measured. L
To measure rapid-annealing effects, it is necessary to irradiate the device
with a neutron pulse short compared with the earliest time of interest and !
to operate the device actively during and after irradiation. A pulsed re- '
actor can best be used for this type of test. Surface damage introduced by i
ionizing radiation can also undergo rapid anrealing. Semiconductor devices i
exhibit an additional recovery trend along a scale of hours or days follow-
ing irradiation. This 1s termed long-term annealing and is a definite i
function of temperature, whereas rapid annealing is usually considered com- i
plete within about 1,000 seconds after irradiation,

Since radiation damage is subject to annealing, it is important to keep
accurate records of time, temperature, and operating conditions during and !

after irradiation.,
6.1.4 Radiation-Source Considerations

Radiation sources normally used to determine the permanent radiaticn
damage of semiconductor devices include pulsed nuclear reactors, steady-
state nuclear reactors, and low-dose-rate gamma Ssources. Other sources of
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; neutrons such as fast-neutron generators, van de graaff machines, linear

accelerators (LINACs), and synchrotrons are sometimes used in radiation-
effects studies., Radiation-source considerations are discussed
ter 4; dosimetry techniques are discussed in Chapter 5.

in Chap-

| 6.1.5 Parameters to be Discussed i
The important device parameters discussed in this document are summa- ‘g
rized for bipolar transistors and diodes in Table 6,1-2 and for field-ef- i
fect devices in Table 6,1-3. Readily achievable measurement accuracies snd i
13 . . . H
the relative importance of each parameter for some device categories are i
also given (also see Reference 4). The degree of device characterization ]
will depend on the actual data requirements for a particular application., i
! Selection of parameters to be measured, the number of times a parameter is i
measured, and the accuracies required must be based upon the requirements
of the test and the specific circuit application of the device.
Table 6.1-2. Bipolar-transistor and diode parameter requirements--
permanent degradation. g?
- .
Foauto — O |
Important Parameters and Readily Achievable f
i Neasurciment Avenracy @) o ]%
3 ty "
: o hpe o Varsan lepo ts ¥
! Device Wy Vipesaty Inpo Vpp b Ve In tog \oy .I
Category ERY £RYY, +657,{b) 227 4y e A ILLUN B i !
3 ]
by
Power (H (2) (» (4 ! j?
fransaistors ‘ }
i
Switehing (h {2) (H (5) (3)
transisfors ;{;
Lincar (0 (2) (h h {
{ransistors ;\
B
Matched-pair (2) (4] {3 (H N
transistors ‘;;
b
Switching diodes {1 (29 (31 i}
and rectificres }3
i
Reference diodes (2) (1) !
gl

G Nwmbers fuparenthicses inateate relative pare s ter prinnty.

(b Luneton of the mapnitude of the curtents,

i et s v o 6
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Table 6.1-3. Field-effect-transistor parameter requirements--
permanent degradation.

Important Parameters and Readily Achievable
Measurement Accuracy(a)
. Ipss Igss
Device gm IDS(ON) VT Ips(orr) V DS(ON)
Category +5% £5% +50 £10%(b) £59,
JFET
Amplifier (1) (2) (33 (<) (3)
Analog switch (5) (1) (2) (4) (3)
MOSFET
Digital switch (5) (2) (1) (4) (3)
Analog (2) (3) (1 (4) {(5)

() Numbers in parentheses indicate relative parameter priority.
th) Function of the magnitude of the currents.

Transistor gain-bandwidth product, fr, or the delay time, t4, are
usually of interest in radiation-effects studies because these parameters
are useful in the prediction of gain degradation and quality-assurance ap-
plications. Several methods are available to measure these parameters, in-
cluding measurement of small signal gain or phase shift as a function of
frequency, bridge and delay time methods, the measurement of scattering pa-
rameters, etc. The particular method selected will depend on the ultimate
application of the data, the method of data interpretation, and the charac-
teristics of the device to be tested,

Tables 6.1-2 and 6.1-3 do not include some other device parameters usu-
ally found in electrical specifications because, for most devices, changes
in these parameters are seldom significant at radiation levels of interest
(~1014 n/cm2 (E > 10 kev, fission) and 106 rads (8i)). 1In addition, a num-
ber of ‘undamental parameters not discussed here are of interest for
obtaining accurate transistor models used in computer simulation of elec-
tronic-circuit hehavior. Procedures for making electrical measurements of
parameters not listed in Tables 6.1-2 and 6.1-3 can be found in Reference 4
and in numerous papers in the literature.

6.1.6 Specific Test Procedures

This section describes specific preferred test procedures for measuring
the parameters in Tables 6.1-2 ard 6.1-3. In addition, several basic test-
facility and test-design decisions not related to the measurement of a
particular parameter must be made when planning for a test. These are dis-
cussed in Sectiomn 2.5.
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Specific test procedures are given for pre- and post-exposure and in-
situ measurements. Generally, the selection of either method is optional
for permauent damage characterization of semiconductor devices. Transient

annealing measurements after a neutron pulse and surface effects measure-
ments require in-situ tests.

There are some data which should be taken that are common to all the
tests discussed in this section. These are:

l. Neutron fluence, neutron spectrum, and gamma dose (or
gamma dose rate) in the locale ..f each group of sam-
ples for each irradiation

2, The irradiation time period and the time period be~
tween irradiation and measurement

3. Ambient temperature during irradiation and measurement

4, The expected accuracy and precision of the
measurements

5. Complete description of the test circuitry and
equipment.

In-situ tests should also include:
1. Time history of the irradiation rates
2. Time history of irradiation-chamber temperature.

Additional inforwmation on the requirements for data reporting is given in
Section 6.3.

Parametric measurements can be made using the steady-state method or
the pulsed method. The simplest technique is to apply steady-state ac or
dc sources to the test circuit and observe the desired response while vary-
ing one or more of “he sources in discrete steps. As power dissipation in-
creases, the junction temperatures increase rather dramatically, altering
many of the parameteis of the device., The pulsed method of parameter mea-
surement minimizes changes in junction temperature and may also be used to
simulate actual operating conditions for a particular circuit design. A
simple and relatively fast method of obtaining many parameters is to use a
curve tracer to sweep out a family of device characteristics and display
them on an oscilloscope. Both steady-state and pulsed measurements can be
made by this method. This method typically yields data with an uncer-

tainty of at least 5 percent, so it 1is not recommended for critical design
data purposes.

The choice of a particular measurement method must involve considera-
tion of the ultimate circuit application of the device (if known), accuracy
requirements, cost limitations, the number of measurements to be made, and
methods of data reductic .. Regardless of the particular method chosen,
conditions should be identical for pre- and postirradiation measurements,
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as far as possible. Whea a large number of measurements are planned, con-
sideration should be given to automating the measurements and the data
reduction procedure. Although such methods are not described here, the
suggested measurement circuitry can be modified to aliow for automated mea-
surement schemes and machine-oriented data reduct on,.

The preferred techniques in the following section are based on the pro-
cedures given in References 3 and 4, The exact circuit configurations
shown are suggested setups; many variations are allowable without sacrific-
ing the ultimate worth of the data obtained. All circuit configurations
are givon for npn transistors and n~channel FETs. Changes chat must be
made ior application to pnp transistors and p-channel FETs should be

obvious.

Certain portions of the illustrated circuit configurations are assumed
to be isolated f_ om the radiation environment. Such isolation is either
indicated by cabling for ia-situ tests or is understood for preexposure/
postexposure tests. Care must be taken to assure the existence of that

isolation.

6.1.6.1 Transistor Current Gain, hFE

hpg is the common—emitter ™ d¢ “curremt gain cof a transistor. It is de-
fined as the ratio of the dc collector current (less the common emitter-
leakage current, Iggp) to the base current when the transistor is connected

in the common-emitter configuration.

£ CEO (6-2)

Usually the leakage current is negligible compared to the base and col-
lector currents and hpg = I¢/Ip. Measurement of hpgp requires an
accurate measurement of the base and collector currents at a given tempera-

ture and operating point.

hpg and the rate of degradation of hpg are cur.ent dependent.
Therefo:e, unless specific requirements dictate otherwise, it is suggested
that all hpp measurements be made with the emitter current or the collec-
tor current maintained constant., This is normally most convenient for de-
sign and instrumentation purposes. Also, to be meaningful, hgg should be
measured with the transistor operating in the normal active vegion. The
saturation-active-region boundary may be difficult to identify for high-
volthge transistors, especially after neutron irradiation. hpg also de-
pends on Vgg, especially at operating points near the saturation region and
at high current levels. 1If possible, for each of several values of Vg,
hpg data should be taken at as many bias levels as are sufficient to con-
struct hpg versus Ig or Ig curves over the full operating range of
the device. Since the saturation voltage increases with neutron fluence,
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it may not be possible to attain the pretest operating point after irradia-
tion, In addition, with Ig or Ig held constant, the Vgg for active
operation increases approximately exponentially with neutron fluence such
that hpp measurements may be made in active and partial saturation in the
same test, which greatly complicates the hpg degradation model,

The value of hyg after neutron irradiation will be lower than the
pretest value. Therefore, with Ig or Ig constant, the posttest base
current fo." a given operating point will be larger than the pretest base
current. If the posttest hpg is very low, care should be taken not to
exceed the base~emitter dissipation rating when attempting to achieve the
pretest operating point.

The preferred methods for making steady-state and pulsed hpg measure-
ments are described by Method F528 of Reference 3 and Methods 1C17, 1019,
and 3076 of Reference 4. Figure 6.1~1 shows the circuit schematirs for
various collector current ranges. Figure 6.1-la is used for steady-state
measurements for collector currents under 100 pA; Figure 6.1-1b uses a
pulsed voltage source for collector currents in the range of 100 pA to
100 ma; and Figure 6.1-1c is used for collector currents greater than 100

ma.

The basic procedure involves driving sufficient current, Ig, into the
base of a transistor to achieve the desired collector current. Ic, at the
required collector-emitter voltage, Vog. The magnitude of the base current
is measured and the gain calculated. The three test circuits in Figure
6.1-1 allow tests over a wide range of collector currents. Measurements
and calculations are repeated for all collector-current values of interest.
The test engineer must decide on the following for each test:

1. Collector currents, Ig, at which the measurements
are to be made

2. Collector-emitter voltage, Vgg, to be used when mak-
ing the measurements

3. Ambient temperature a: which the tests are to be made.

Figure 6.1-Z shows the minimum acceptable pulse width for making the
pulsed measurements using the circuits in Figures 6.1-1b and 6.1-1c.

The steady-state and pulse measurement methods are applicable to in-
situ measurements when modified to include the required cables between the
instrumentation and the test sample. Proper termination of all cables is a
requirement.
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Figure 6.1-1. Schematics of hpp measurement circuits (Method
F528 of Reference 3).
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Figure 6.1-2. Minimum pulse width, t,, for use in hpg test
measurements (Method 528 of Reference 3).

Figure 6.1-3 shows a data report form that can be used with the cir-
cuits shown in Figure 6.1-1 (Method F528 of Reference 3).

An arrangement for making rapid annealing measurements of hypg is
shown in Figure 6.1-4. A constant current source is used to maintain the
selected em’tter current during measurements. The trigger signal is used
te maintain the device in the cutoff or active region as determined by the
test requirements. The emitter current, Ig, and Vcc must be selected
so that the required transistor operating point is achieved. The voltage
Vg is monitored on an oscilloscope to provide an indication of the base
current. Direct measurement of the collector current is generally not re-
quired when a constant emitter current source is used. The bypass capaci-
tor is used to provide a stiff collector voltage and minimize oscillations
(the large value bypass capacitor should be shunted by a small value low-
inductance disc capacitor). The trigger signal also triggers the measuring
equipment. A useful reference for timing is the incidence of the neutron
pulse. A pre- end postburst sweep are required to establish initial and
final hpg values and reveal any scope drift problems t'at could compro-
mise calibration.

Transient-annealing measurements are complicated by variations of the
ambient temperature and by the photocurrents generated by the gamma radia-
tion accompanying a neutron pulse. For meaningful data analysis, the tem-
perature and the gamma dose rate must be monitored during a rapid-annealing
experiment., Note that from 1 to 10 percent of the maximum gamma dose rate
can persist for milliseconds after the neutron pulse. For this reasoa, ex-
treme care should be exercised in analyzing rapid-annealing data. Mea~
surements should be taken as specified in Method 1018 of Reference &4 to
properly record the annealing data.
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Figure 6.1-4. Rapid-annealing hpg measurement circuit,

6.1.6.2 Transistor Small-Signal Current Gain, hfe

hge is the small-signal, short-circuit, forward current gain of a tran-
sistor operating in the normal active region when ccnnected in the common-
emitter configuration. The value of hg, is determined by an accurate
measurement of the ratio of the a-c collector current, i,, to the base cur-
rent, ip, at a given temperature and operating point.

A steady-state technique for pre~ and posttest measurements using si-
nusoidal excitation is shown in Figure 6.1-5. This circuit shown is based
on Method F632 of Reference 3. Capacitors Cj, Cp, and C3 are se-
lected to be shorct circuits at the test frequency to effectively couple and
bypass the test signal., The inductor impedance at the test frequency
should be large compared with the small-signal input impedance, hjo, of
the transistor. The test engineer must specify the test frequencies and
the test voltages and currents at’ which the measurements are to be made.
Data to be recorded include the bias conditions, the test frequency, and
the values of i, and ip. Then

6-12

Y = i [ s e T T
‘ S PR BRI R & i k Y s
- e T s s e

TR Lo, P )




r: . ™= e
. - T T T w : — -
., = Lo bt T TS Y T T WU S R MR N T s i et ooy o | B

i

() OC VOLTAGE
SOURCE

10 AMPLITUDE
MIASURING
INSTRUMENT

CURRENI

-
TRANSFOHMERS +Yz

?___‘

(] Ry 1K} 15011 Vot
- sy A TRANSISTOR !
T‘ SOCKET ‘
i FREQUENCY SIGNAL — — R1 - — :
X COUNTTR | GENERATOR 150811 (9] - 0l
- Vin IC] : ¥

|

]
1l
]

i
CURRENT SOURCE ! i
OR SINK .

TO AMPLITUDE —d—
MEASURING —
INSTRUMENT

Figure 6.1-5, Steady-state measurement circuit.

, i
s’ I i
hee =T (6-1)

o

[

The circuit of Figure 6.1-5 is usable for frequencies up to approxi- j
mately 100 MHz if the following precautions are taken during constructicm i
(Method F632 of Reference 3): ‘

1. The generator and all «c¢ables must be properly
terminated

2, All lead lengths must be kept to a minimum

3. The components must have suitable characteristics at
the test frequency

4, The base and collector circuits must be shielded from
each other and from extraneous RF interference.

Pulsed hg, measurements are usually not required in vadiation-effects:
work and, thus, no specific recommendations are made.

In-situ measurements can be made using the circuit shown in Figurn
6.1-5 by inserting cables between the transistor socket in the irradiation g
chamber and the measuring equipment. ‘Three coaxial or shielded cables
should be used. All cables should possess a common-ground connection., The
frequency used for in-situ test should be limited by consideration of cable
effects at the higher frequencies,
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Figure 6.1-6. V(g (sAT) test circuits (Method F570 of Reference 3).

active region. The Vgg measu.ement is important for the case of matched-
pair devices operated in the normal active region as a differential ampli-~
fier. For this mode of operation, the curves of Ig versus Vgg are matched.

It is necessary to measure the Ig versus Vpg dependences of both
devices of a matched-pair at collector currents extending from low currents
(~10 pA) to currents somewhat larger than that at which hpg is a maxi-
mum. The number of current levels at which these measurements should be
made is a function of the useful current range of the particular device
type. The optimum technique for measurements on matched-pair devices is to
directly monitor the differential base-emitter voltage as a function of

neutron fluence.
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Figure 6.1-6. Vcg(SAT) test circuits (Method F570 of Reference 3).

active region. The Vgg measu.ement is important for the case of matched-
pair devices cperated in the normal active region as a differential ampli-
fier. For this mode of operation, the curves of Ic versus Vpg are matched.

Tt is necessary to measure the Ig versus Vgg dependences of both
devices of a matched-pair at collector currents extending from low currents
(~10 upA) to currents somewhat larger than that at which hpg is a maxi-
mum. The number of current levels at which these measurements should be
made 1s a function of the useful current range of the particular device
type. The optimum technique for measurements on matched-pair devices is to
directly monitor the differential base-emitter voltage as a function of

neutron fluence.
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Either steady-state or pulsed methods may be employed to measure these
characteristics. The circuits of Figure 6.1-6 can be used to measure Vpg.
These circuits can also be modified for differential Vpg measurements.

$ince the Ig-Vgg characteristic is quite temperature sensitive, it
is mandatory to keep the sample temperature constant during mcasurement.
This can be accomplished by using a heat sink and avoiding a high duty cy-
cle. Significant changes in these characteristics can result from simply
handling the sample.

In-situ measurements may be performed by simply modifying the circuit
configurations to include the required cables between the device and the
instrumentation.

6.1.6.5 Transistor Leakage Currents, ICBO and IEBO

Icgo is the reverse leakage current of a transistor collector-base
junction when the emitter is unconnected. Iggg is the reverse leakage
current of a transistor emitter-base junction when the collector is
unconnected,

Icgo and Igpp are determined by accurate measurements of leakage
currents as functions of reverse-bias voltages. Since both leakage cur-
rents sre functions of bias voltage, measurements at two or three operating
points are usually adequate (one measurement should be at a bias voltage
that is a large fraction of the junction breakdown voltage). The reverse
bias must be less than the junction breakdown voltage to prevent damage to
the transistor.

A steady-state measurement of Iggp is illustrated in Vigure 6.1-7,
Igpo is measured by interchanging the collector and emitter connectioms.
VR is sun adjustable dc voltage source (Vg < BVgpp) and M is an in-
strument capable of accurate current measurements down to picoamperes. Re-
corded data include VR and Iggg. The procedure is based on Method 3036
of Reference 4. (See also Method F769 of Reference 3.)

ICBO

Figure 6.1-7. Steady-state Iggp measurement circuit.
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The currents to be measured are normally extremely small; thkerefore,
extreme caution must be exercised when making these measurements, Problems
may be encountered due to stray leakage currents and fields., It is recom-
mended that the pre- and posttest measurements be made in a test fixture
having shielded wiring that is well insulated from ground. <Considerable
changes in Iggp &and Igpg, due to their temperature sensitivity, can re-

sult from simply handling the sample.

An extension of the steady-state technique of Figure 6.1-7 to in-situ
measurements is shown in Figure 6.1-8. 1Igpg is measured by interchanging
the collector and emitter connectiomns.

3 TN L
>

Ve

Figure 6.1-8. In-situ steady-state Iggp measurement circuit.

In addition to the recommendations given for pre- and postirradiation
measurements, the leakage current in the measuremert circuit should be de-
termined withcu! & sample attached. This curreut must be subtracted from
the currents recorded during Icgp and Igpp weasurements., The degree of

uncertainty of in-situ data can be reduced by assuring that the cables are

of the same type, from the same manufacturer, from the same lot if possi-
ble. and have the same radiation history.

6.1.6.6 Transistor Switching Times, tr’ ts, and tf

tys tgs and *f are the rise time, stordage time, and fall time,
respectively, of the collector-current pulse as measured when the transis-
tor is driven into saturation and returned to the cutoff mode., These three
switching times are precisely defined in the literature and are functions
of the test circuit elements as well as normal and inverted dc¢ current
gains and cutoff frequencies. Any specification of measurement technigue
involves specifying circuit component values as well as collectoer and
turnon and turnoff base currents. Becsuse of the wide range of device
types <uitable for switching applications, it is impractical to determine a
preferred procedure that would satisfy manufacturers as well as users. The
measurement procedure should be dictated by thie intended device application
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or the specific requirements of the test data (see Method 3251 of Refer-
ence 4). When making measurements of the switching characteristics of
transistors, the limitations and accuracy of the particular measurement
scheme and the specific test equipment used should be carefully reviewed.

6.1.6.7 Diode Forward Voltage, VF

Vg is the voltage across a diode under conditions of forward bias. The
information normally required is a curve of Vg versus Iy, the forward
current. Diode forward-voltage drop should be measured at several current
levels over the operating range of the device.

The measurement techniques and precautions that must be taken are very
similar to those for transistor base-emitter wvoltage, Vgg. The basic
configuration is shown in Figure 6.1-9,

R
A v
VR

+
oD Ve

Figure 6.1-9. Basic Vf measurement circuit.

Methcd 4011 of Reference 4 gives the procedure. The supply voltage,
Vpp, is adjusted to obtain the specified value of forward current through
the diode. R is a precision sampling resistor to measure the forward cur-
rent, Ip. A switch may be added in series for pulsed operation if junction
heating is a problem. Recorded data should include Vpp, R, Vg, Vg,
and pulse data if asplicable. This technique is applicable to both conven-
tional and Zener uiodes.

6.1.6.8 Diode Zener Voltage, VZ

Vz is the Zener breakdown voltage of a diode at a particular current
Iz, which is a function of the device application. The measurement of
Vz should be made at a constant curreut level and constant temperature at
the s»ecific operating points. 1In addition, measurements can also be made
at several temperatures to provide a measure of the effect of radiation on
the temperature coefficient. Some devices have rather large temperature
coefficients =f Zener voltage; hence, temperature control 1is usually
required.
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The considerations, procedures, and precautions of measurement of Ip

are identical to those for measurements of Iggg and Igpg given in Sec~
tion 6.1.6.5 (see Method 4016 of Reference 4 and HMethod F769 of Refer-

ence 3).

6.1.6,1C Diode Reverse-Recovery Time, top
t,r is the reverse-recovery time of a diode, as defined in Figure
601"'11-

1)

Figure 6.1-11., Dicde reverse-recovery characteristics.

The recovery time, tg, is usually limited by the s ries resistance
and capacitance in the circuit. Because of this, tg is the important
switching parameter to measure. However, to give designers an estimation
of the total raverse-recovery time for different circuits, it is recom-
mended that both tg and t¢ be recorded, along with the values of Iy
and Ig. The diode switchir characteristic may be measured using a stan-
dard circuit such as the on. i1n Figure 6.1-12 (M-thod 4031 of Reference 4).
Vpp is an adjustable dc voltage source used to forward bias the diode. The
diode is turned off by a negaiive pulse from the pulse generator. Advan-
tages of this measurement circuit are:

1. The pulse generator is always properly terminated.

2. The diode may be turned on for a time long compared
with the diode response times, thus eliminating ef-~
fects of pulse width on switching times. However,
Ip must be low enough to minimize heating effects.

3. Measurements may be easily made over a range of Ip/
Ig for a given value of Iy.

The rise times of the pulse generator and the oscilloscope must be small
compared with the diode response times.
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The considerations, procedures, and precautions of measurement of Iy

are identical to those for measuremeants of Igcpg and Iggoy given in Sec-
tion 6.1.6.5 (see Method 4016 of Reference 4 and HMethod F769 of Refer-

ence 3).

6.1.6.1C Diode Reverse-Recovery Time, ter
t,. 18 the reverse-recovery time of a diode, as defined in Figure
6-1—11-

I 4

Figure 6.1-11. Diecde reverse-recovery characteristics.

The recovery time, tg, is usually limited by the s:ries resistance
and capacitance in the circuit. Because of this, tg is the important
switching parameter to measure. However, io give designers an estimation
of the total raverse-recovery time for differemt circuits, it is recom-
mended that both tg and tf be recorded, along with the values of Iy
and Ig. The diode switchir characteristic may be measured using a stan-
dard circuit such as the onc in Figure 6.1-12 (Mothod 4031 of Reference 4).
Vpp is an adjustable dc voltage source used to forward bias the diode. The
diode is turned off by a negaiive pulse from the pulse generator. Advan-
tages of this measurement circuit are:

1. The pulse generator is always properly terminated.

2. The diode may be turned on for a time long compared
with the diode response times, thus eliminating ef-
fects of pulse width on switching times. However,
Ip must be low encugh to minimize heating effects.

3. Measurements may be easily made over a range of Ip/
Ig for a given value of Ig.

The rise times of the pulse generator and the oscilloscope must be small
compared with the diode response times.
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Figure 6.1-12. Basic tp, measurement circuit.

Since tg is related to 1Ip/IR, measurements should be made at val-
ues of Ip and Ig particularly applicable to the ultimate device application
or to the individual diode types as specified by the manufacturer. Re-
corded data should include Vpp, R, I, IR, *tg, and tg.

6.1.6.11 FET Drain Currents, IDSS and IDS(ON)

Ipgs is the zero-gate-voltage drain current measured in the pinchoff
ragion of a field-effect tramsistor. In JFETS, Ipgg is a measure of the
maximum drain current at which the device can operate. For MOSFET devices
that operate in both the enhancement and depletion modes, Ipg(gy) is de-
fined as the drain current in the pinchoff region when the gate is biased
for maximum channel conduction. Ipgg and Ipg{on) are determined by an
accurate measurement of the drain current at the specified operating point
and temperature. Ipgg is measured for devices operating in the depletion
mode only (JFET). 1Ipg(gy) is measured for devices that operate in the
enhancement and depletion modes (MOSFET).

Since Ipgg and Ipg(gn) depend on the drain-scurce voltage, Vpg,
data should be taken at operating points in the range between the pinchoff
voltage, Vps and the drain-source breakdown voltage, BVpg. Measure-
ments are usually made for values of Vpg near V,, BVpg, and BVpg/2
unless specific requirements dictate otherwise.

Figure 6.1-13 shows circuit schematics for making steady-state Ipgg and
Ipg(oN) Mmeasurements., Vpg and Vg are adjustable voltage sources
used to set the proper operating point. Vgg = 0 for Ipgg measurements
and is set for rated maximum conduction for Ipg(pn) measurements. Vpg must
be greater than the pinchoff voltage. Rp 1is chosen so that Vp <<
Vpg to monitor Ip. The circuit is based on Method 3413 of Reference 4.
Recorded data should include values for Vpg, Vgg, Rp, and Vp.

The circuits shown in Figure 6.1-13 can be adapted for pulsed operation
by replacing the Vpg +oltage source with a pulse generator and by
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Figure 6.1-13. Steady-state Ipss and IpS(ON) measurement circuit.

monitoring the voltage across Rp on a suitable oscilloscope. Pulsed mea-
surements are usually preferred since device heating is minimized. Pulsed
measurements are manditory when the required operating points cannot be ob-
tained in a steady-state measurement scheme without exceeding the dissiva-
tion ratings of the device.

The above procedures are applicable to in-situ measurements when modi-

fied to include the required cables between the instrumentation and the
test sample.

6.1.6.12 FET Threshoid Voltage, Vg

The threshold voltage, Vr, is Jefined as the gate-to-suvurce voltage
at which the drain current is reduced to the leakage current. The linear
threshold voltage is measured under very low sweep rate or dc conditions
when the FET is operating in the linear region with a typical drain volt-
age, Vp, of approximately 0.1 volt (Method F617 of Reference 3 and Method
1022 of Reference 2). The saturated threshold voltage is measured in a
similar manner but with the FET operating in the saturated region with a
typical drain voltage of approximately 10 volts (Method F618 of Refer-
ence 3).

The measurement method is applicable to both enhancement and depletion
mode MOSFETs and for both silicon on sapphire (s08) and bulk-silicon MOS-
FETs. It is for use primarily in evaluating the response of MOSFETs to
ionizing radiation and, for this reason, the test differs from conventional
methods for measuring threshold voltages.

The radiation-induced change in Vg is the most important radiation-
induced failure mode for MOSFETs. Changes in Vp in MOSFETs are caused pri-
marily by ionizing radiation. In addition, the changes in Vp of MOSFETs
is a strong function of gate bias applied during irradiation. To be mean-
ingful, MOSFETs should be irradiated with the particular bias condition ve-

quired by the applicavion. If no operating point is specified, MOS devices
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’ should be irradiated at several bias condit.ons (both positive and negative
j that include typical operating conditionms).

Changes in Vp for both JFEYT and MOSFET devices can be measured with the
circuit shown in Figure 6.1-14., MOSFETs can be operated in either the en-
L hancement or depletion mode, JFETS operate in the depletion mode. By 4
: changing the polarities of the supplies, p-channel devices can be tested g;
E

with the same arrangement.

MOSFET UNDER TEST

GATE [
| ot [
T \ / . 3
+ \ / -~ + |
N + S Lo v, 3
0s¢ SOURCE H pC |
VOLTAGE

SOURCE 1 SOURCE 2 :

{vs1) (vs2)
3

—t

Figure 6.1-14. V7 test circuit for n-channel MOSFETs. 1
13

The threshold value is determined by measuring the drain-source¢ current
of the device under test at several values of gate voltage for a fixed
drain-source voltage, V5. For linear threshold measurements, a linear plot
of the drain current as a function of gate voltage is made. The maximum
tangent tc the vesuitiug curve is extrapolated to the eate-voltage axis or
to the voltage independent line representing the draiun-leakage current.
This intercepc is the threshold voltage (see Figure 6.1-15). For saturated
threshold mcasurements, the square root of the difference of the drain cur-
rent and the leakage current is plotted on a linear scale as a function of
gate voltage. The maximum tangent intercept extrapolated to the gate volt-
age axis is the threshold value. Nata to be recorded include the measured
values of drain-leakage current, Ij, drain voltage, Vp, gate voltage,
Vgy threshold voltage, Vy, and a curve such as shown in Figure 6.1-15 ;
(References 2 and 3). §

s T i e SR S ST TR

RIS

Measurements can be performed in situ if suitable cables are ircluded
between the sample and the instrumentation. i
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Figure 6.1-15. Typical V1 data for an n-channel enhancement device.
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6.1.6.13 FET Forward Transconductance, 9

gn 1is the small-signal, forward transconductance of a field-effect
transistor defined ty gy = 3Ip/dVgg|Vpg. The magnitude of gy is determined
by an accurate measurement of a small change in drain current for a given
small change in gate voltage at a given temperature and operating point
(the slope of plots of Ip versus Vgg).

8n 1is an increasing function of drain current having its maximum
value at Ipgg or Ipg(ow). There is little deperdence on Vpg provided
the device is operated in the pinchoff region. For the selected values of
Vpss 8m data should be taken over th2 full operating range of the device to
construct g, versus Ip curves. Irradiation decreases Ipgg; thus, some pre-
test operating points may not be achieved after irradiation., Unless
specific requirements dictate otherwise, it is suggested that all g, mea-
surements be made with Vgg maintained constant.

A steady-state technique for g, measurement that employs sinusoidal
excitation is shown in Figure 6.1-16. Vgg and Vpg are used to set the
oyerating point. To hold Vpg nearly constant, V, should be as small as
can uccurately be measured. Iy is a meter used to establish the dc drain
current. Rp is a small resistor chosen to be much less than the FET
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Figure 6.1-16. FET small-signal gy measurement circuit.

dynamic output resistance. Data to be recorded should include Vgg,
Vpss Ipy Vins Ypsy @nd the test frequency.

Usually, g, measurements are made at 1 kHz. lowever, if the proper :
precautions are taken, the circuit in Figure 6.1-16 can be used up to 25 ]
MHz (see Section 6.1.6,2), In~situ measurements can be made if the proper x
cables are provided. The procedure is based on Method 3455 of Reference 4. 'i

6.1.6.14 FET Leakage Currents, IGSS and IDS(OFF)

Iggs is the gate leakage current of a field-effect tramsistor with
the drain shorted to the source. Ipg(opr) 1s the drain source current with i
the channel off. 1Iggg and Ipg(ppp) are determined in a manner similar .
to the leakage currents for transistors (Section 6.1.6.5), Measurement ar- !
rangements for determining Iggg are shown in Figure 6.1-17. 1Iggg is
normally measured for JFET devices while Ipg(opp) is measured for MOS de- &
vices. Vgg is used to set the required reverse bias voltage while the 1
leakage current is measured with an instrument capable of current measure- i
ment down to picoamperes. Measurements should be made with test fixtures J
having shielded wiring that is well insulated from ground. The ambient i
temperature of the samples should be held constant, Method F616 of Refer- :
ence 3 details the procedure for MOSFET devices. A test circuit for MOS- j
FETs is shown in Figure 6.1-18, i

6.1.6.15 FET Drain-Source Saturation Voltage, VDS(ON)

Vps(on) is the de voltage between the drain and source of a FET operat-
ing in a specified condition in the resistance region (Vpg < V,) that
describes the nonlinear voltage drop due to the resistance of the channel :
in series with the drain and source. This parameter is of primary impor-
tance for switching applications. Measurements should be made at the
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Figure 6.1-17. FET leakage current measurement circuit.
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Figure 6.1-18. Drain leakage current test circuit for n-channel
enhancement mode MOSFETs.

particular operating point of interest. It is desirable to measure Vpg(gN)
as a function of Vgs for various values of Ip. Steady-state and pulsed
measurements may be made using the same configuration as shown in Figure
6.1-13, except that the operating points are chosen in the resistance re-
gion and the drain source voltage is measured directly (see Method 3405 of
Reference 4).

Care must be taken during steady-state measurements to avoid excessive
temperature buildup and the associated change in device characteristics,

6.2 TRANSIENT RESPONSE MEASUREMENTS
6.2.1 Scope

This section deals with experimental procedures for determining the
time history of primary photocurrents, I,., generated within conventional
discrete bipolar transistors, M0S and junction field-effect transistors,
semiconductor diodes, and Zener diodes when they are exposed to sources of
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ionizing radiation., Extrapolation of the procedures set forth here for ap-
plication to other devices and/or other kinds of radiation should be per-
formed with great care. The procedures have been found to be valid for
ionizing-radiation dose rates as great as 1010 rads (Si or Ge)/s. The pro-
cedures may be used for measurements at dose. rates as great as 1012 rads
(Si or Ge)/s; however, extra care must be taken.

6.2.2 Analytical Techniques

This document is primarily concerned with techniques for radiation-ef-
fects testing. However, the designer should also be aware of theoretical
and erpirical techniques for predicting primary photocurrent in semiconduc-
tor devices. These analytical techniques may be applicable when an esti-
mate of Ipp, must be made in preparation for future testing, when less
accurate results will suffice for preliminary design data, or when testing
must be limited but more data are required. 1In these approaches, nonde-
structively measured electrical parameters are employed to calculate proba-
ble photocurrents and radiation storage times within specified confidence
limits (see Reference 1 for further information).

6.2.3 Radiation Source Considerations

The radiation sources used to obtain transient response data are LINACs
and flash X-ray machines. Additional details on these radiation sources
are discussed in Chapter 4 and Reference 13.

The LINAC is a very flexible machine and thus is an extremely useful
radiation source for characterization of the radiation response of semicon-
ductor devices. A wide range of pulse width can be obtained and dose rates
can be independently varied over a wide range without changing the sample
position or test configuration., For virtually all transistor and dicde
types, LINAC pulse widths of 0.0l ups result in nonequilibrium photocur-
rents, However, a 4~us pulse is several times the dominant minority-
carrier lifetime in most transistor and diode types. In such cases, the
photocurrent amplitude near the end of the LINAC pulse is a good approxima-
tion to the equilibrium (steady-state) value. At high dose rates (>109
rads (Si)/s), the LINAC beam diameter is generally too small (0.5 to 2 cm
at the beam exit window) to test more than one sample at a time, so tests
are normally structured as a sequence of individual measurements.

Flash X-ray machines are available in a variety of maximum voitage rat-
ings, energy delivery capabilities, a wide range of radiation intensities,
and beam spatial distributions., With larger machines, it is possible to
monitor several components simultaneously., Typically, four to eight sam-
ples are monitored, the limitatioa being primarily on the amount of instru-
mentation available, Comparative tests between samples exposed in the same
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burst are readily performed but should be supported by careful dosimetry of
each sample. Generally, it is advisable to structure a test to group ull
similar measurements so that a minimum of operational changes is required.
Since the pulse width of most flash X-ray machines is shorter than or com-
parable to device time constants, nonequilibrium photocurrents are gener-
ated in flash X-ray tests.

6.2.4 Parameters to be Discussed

The most valuable ionization-effects data for the designer are specifi-
cations of the primary photocurrents as functions of time at various condi-
tione of fixed-voltage bias in response to known ionizing-rediation
dose~rate profiles. 1In diodes, a single photocurrent, designated ipp, is
of interest. 1In transistors, two photocurrents are of interest. The col-
lector-base photocurrent is designated ippci the emitter-tase photocur-
rent is designated ij,e. In the majority of cases, ipp, is neglected
because its value is small relative to the value of iype. In some in-
stances, the secondary photocurrent, i, ,, in transistors and the radia-
tion storage time, tgp, in diodes and transistors may be of interest. In
field-effect transistors, the transient response includes the drain pn
junction primary photocurrent, ippd (since the FET device is symmetric, a
similar photocurrent ipps9 is generated at the source), the channel re-
sponse, and the influence of charge emission and ionization currents gen-
erated in the gate circuit on the d:ain current by gain action in the
field-effect transistor. The procedures described here are applicable to
the measurement of all these parameters.

The effect of ionizing radiation on semiconductor devices is illus-
trated by the generalized pn junction defined in Figure 6.2-1, The primary
photocurrent, ipp’ flows in the direction shown and is a function of ra-
diation dose rate, Y, and dose, Y, in the device material, the reverse-
bias voltage, Vg, and time, t. It is also a function of the type and
energy spectrum of the incident ionizing radiation. In many cases, several
of these dependencies will not be strong and may be neglected,

A typical primary-photocurrent response t> a rectangular pulse of ion-
izing radiation is shown in Figure 6.2-2., There exists a dose dependence
of ipp immediately after onset of the radiation. This dependence disap-
pears with increasing time and becomes a pure dose-rate dependence near the
end of the radiation pulse when the primary photocurrent dassumes a steady-
state value, I,,. The value of 1 for a particular dose rate and the
device relaxation time are valuable information as they aid in the extrapo-
lation to weapon-pulse response of a n»articular device, For short radia-
tion pulses, the steady-state photocurrent of a particular device may not
be achieved. Under short-pulse conditions, the primary photocharge, Qpp?
and the device relaxation time for a particular dose will be employed as
the generalized parameter of a particular pn junction. Note that Qp for
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When an operating transistor is exposed to transient ionizing radia-
tion, a current pulse is observed in the external circuit. This current
pulse, which may be orders of magnitude larger than that of a diode with
comparable dimensions, can reach a peak value at a time later than the ra-
uiation peak and can, in some cases, continue for times of the orler of
m:lliscconde. This characteristic behavior of transistors is the result of
the action of the transistor amplifying properties on the primery radia-
tion-induced photocurrents. The electrical action of the trausistor cre-~
ates a secondary photocurtrent, isp’ that is produced by the accumulation
of excess carriers in the base region as a result of the flow of primary
photocurrents across the pn junctions of the device. The steady-state
value of igp 1is approximately equal to hpgip,. Its magnitude can be
substantially modified by an external base impegance. The presence of the
internal base resistance limits the ultimate reduction of igp. The am-
plitude and response duration of isp also depend on the collector load
resistance and depletion capacitance.

Transistors tend to be driver into saturation by pulses of high-incen-
sity gamma racuiation, which results in minority-carrier storage., “ra
length of time a transistor remains in saturation is defined as the radia-
ticn~storage time, tgp, as illustrated in Figure 6.2-2. For most tran-
aigrore, tgp 1is a function of radiation dose rate and the external
basu-emitter impedance. 1ig, and tgg in transistor circuits can usually
be determined with reasonabge accuracy using circuit-analysis techniques
and a knowledge of device electrical parameters when the primary-photocur-
rent profiles are known. 1f measurement of isp and tgp is required,
the radiation response must be measured in the particular circuit applica-
tion of interest,

5.2.5 Test Considerations

This section discusses some considerations for transien. -response test-
ing that are independent of the particular rediation souvrce to be used,
Sec also Section 2.5 for a general discussion of test :onsiderations.

The effective dose to a semiconductor junction can be altered by chang-
ing the orientation of the test device with respect to the irradiating
beam. Most transistors and diodes can be considered '"'thin samplec’ and
their responses are independent of orientation., High power Javices ay
have thick-walled cases or mounting studs that cuan act to shield ftte se i=-
conductor chip, reduciug the dose received. Care must be taken in rhe
mounting of such devices.

The dose rate range over which measurements are to be made must be
specified for the particular device. Measurements should be made over a
wide range of dose rates because some devices exhibit a nonlinear photocur-
rent response due to saturation effects and injection level effects on
lifetimes. 1In the case of bipolar transistors, a component of secondary
photocurrent may be :ntroduced into the measurements, The nonlinearities
are usually observed at the highe. dose rates (Y > 106 rads (Si)/s).
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When an operating transistor is exposed to transient ionizing radia-
tion, a current pulse is observed in the external circuit., This current
pulse, which may be orders of magnitude larger than that of a diode with
comparable dimensions, can reach a peak value st a time later than the ra-
ulation peak and can, in some cases, continue for times of the otiler of
m:lliseconds. This characteristic behavior of transistors is the result of
the action of the transistor amplifying properties on the primsry radia- =
tion-induced photocurrents., The electrical action of the trausistor cre- ‘
ates a secondary photocurrent, isp’ that is produced by the accumulation
of excess carriers in the base region as a result of the flow of primary
photocurrents across the pn junctions of the device. The steady-state
value of igp is approximately equal to hpgip,. Its magnitude can be
substantially modified by an external base impegance. The presence of the
internal base resistance limits the ultimate reduct:on of igy,. The am-
plitude and response duration of igp also depend on the collector load
resistance and depletion capacitance.

e AL e s,

Transistors tend to be driver into saturation by pulses of high-incen-
sity gamma rauiation, which results in minority=-carrier storage. “va
length of time a transistor remains in saturation is defined as the radia-
ticn~storage time, tggp, as illustrated in Figure 6.2-2. For most tran- ¥
sisrores, tgp 1is a function of radiation dose rate and the external
bas.-emitter impedance. 1ig, and tggp in transistor circuits can usually
be determined with reasonable accuracy using circuit-analysis techniques |
and a knowledge of device electrical parameters when the primary-phctocur-
rent profiles are known. Tf measurement of igp and tgp is required,
the radiation response must be measured in the particular cirecuit applica-
tion of interest,
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5.2.5 Tast Considerations

This section discusses some considerations for transien. -response test-
ing that are independent of the particular radiation souvce to be used.
Sec also Section 2.5 for a general discussion of test :onsideratioms.

The effective dose to a semiconductor junction can be altered by chang-
‘ ing the orientation of the test device with respect to the irradiating
: beam. Most transistors and diodes can be considered 'thin samplec¢’ and
their responses are inderendent of orientation., High powey 22vices iay
b have thick~walled cases or mounting studs that cua act to shieid rhe se. i-
i conductor chip, reducing the dose received. Care must be taken in rhe _
mounting of such devices. !

, The dose rate range over which measurements are to be made must be r
: specified for the particular device. Measurements should be made over a '
wide range of dose rates because some devices exhibit a nonlinear photocur-
rent response due to saturation effects and injection level effects on
lifetimes. 1In the case of bipolar transistors, a component of secondary
photocurrent may be :ntroduced into the measurements, The nonlinearities
are usually observad ar the highe. dose rates (Y 2_106 rads (8i)/s).
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As the effective volume for the generation of photocurrent in semicon-
ductor devices includes the space-charge region, i p may be dependent on
applied voltage. At voltages ncar the breakdown voltage, increases
shavply because of avalanche multiplication in the junction. f?)the device
application is known, measurements of i p should be made at the specified
bias voltage. 1If the application is not kn>wn, the bias dependency shuuvld
be checked by first making measurements at one-half the rated breakdown
voltage, followed by measurements at a bias of 1 volt, If the results do
not agree within *20 percent, additional measurements should be made at a
bias voltage 0.8 times the rated breakdown voltage (Method F448 of Refer-
ence 3).

From an engincering standpoint, the error introduced into an ippc
measurement when the emitter lead is open is seldom significant, since
ippe << ippc for most geometries. 1In cases where a more accurate represen-
tation of transistor radiation response is desired, such as obtaining data
for computer-aided circuit analysis, the emitter-base junction photocur-
rent, ippe’ must also be measured. The relationships of the collector
and emitter photocurvent generators for transistor modeling are expressed
in terms of the measured primary photocurrents as foilows (Reference 24):

;= ppc " “W'ppe (6-4)
pC 1 - A0y

-
1 = _P_R____I_P_Pc (6-5)

pE 1 - QNa

where i,,. and i,,, are the measured primary photocurrents, and oy
and ay are the normal and inverse current gain. To reduce the magni-
tude of any error, measurements can be made with both junctions reverse
biased, thus prohibiting transistor action. If this is domne, the voltage-
bias conditions should be reported in test results.

In field~effect devices, a proper drain-photocurrent measurement,
ppd’ requires the source be shorted to the drain. If the source is
open—circuited¢, additional current flow in the drain circuit due to the
source photocurrent, ippg, is observed. Since ionizing radiation induces
photocurrents across goth rain and source junctions, ipps will flow
through the channel region and add to the observed photocurrent. At low
currents where i, is less than the maximum channel current, the ob-
served drain current is equal to the sum of i pd * 1pps' At high cur-
rents where i is greater than the channel can supply, the observed
current is lxmlgea to the sum of 1p0d and the maximum channel current.

6.2.6  Spurious Currents

The radiat?® 'a sources and fields used in TREE testing can act as g
source of spurious rurrents. The currents arising from air ionization,
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secondary emission, and cable currents are important in semiconductor de-
vice testing siuce these currents effectively place a lower limit on the
wagnitude of signal photocurrents that can be measured accurately, These
sources must be eliminated or accounted for in all device testing. A dis-
cussion of noise suppression is included in Section 2.5.

Typical spurious current levels indicate that devices whose steady-
state photocurrent is at least 10~!l A-s/rad (si) present no particular
difficulty from spurious currents. Devices whose steady-state photocur-
rents are less than 107!l A¢/rad (Si) require individually tailcred experi-
mental procedures to reduce the noise level in radiation tests so that
useful photocurrent measurements can be made.

The spurious current due to air ionization can be easily checked by
measuring the current while irradiating the test fixture in the absence of
a test device. Air ionization contributions to the observed signal are
proportional to the applied field. The effects of air ionization external
to the device may be minimized by coating exposed leads with a thick layer
of paraffin, silicone rubber, or nonconductive enamel. Measurements can
algo be made in a vacuum.

Spurious currents due to secondary emission are not proportional to the
applied field., These currents may be minimized by shielding of the sur-
rounding circuitry and irradiating the minimum area necessary to ensure
irradiation of the test device. Reasonable estimates of the current magni-
tude can be made based on the area of metallic target materials irradiated.
Values are generally less than 10712 A-s/cm?-rad.

6.2.7 Specific Test Procedures

Preferred test circuits are given here for the measurement of semicon-
ductor-junction primary photocurrent, ipp. Two basic techniques are il-
lustrated--the resistor-sampling methog and the current-probe method.
Either one- or two-lead measurements are applicable to these tasic tech-
niques. In addition, a resistor sampling circuit applicable for field-
effect devices is illustrated. Although the measurement techniques for
field~effect transistors are essentially the same as those for bipolar
transistors and diodes, some specific procedures and precautions are given
to complement the basic measurement techniques as they apply to field-

effect devices.

Adequate documentation of the methods and results of *-ansient-effects
tests is essential. The following data should be recordea for each device
tested (additional procedures outlining the rormat for data reporting are
given in Section 6.3):

1. Device identification
2. Date of test and operator

3. Identification of test facility and 211 test equipment
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4, Description of test circuit, including shielding and
grounding schemes

5. Type of ionizing radiation, 1including the energy
spectrum

6. Description of irradiation pulse shape monitor
7. Dosimetry technique

8. Radiation pulse shape and width

9. Dose rate in the sample, rads (material)/s

10. Accumulated dose in the sample, rads (material)
l11. Test circuit current with device removed

12, Test circuit response data

13, Sample orientation

14. Ambient temperature

15. Pictorial record of i_ (t)

PP
16, Values of Ipp

17, Device relaxation time, if calculated.

In the following test cireuits, the single-point grounding philosophy
is recommended whenever possible. If adjustment of the bias voltage from
the ianstrumentation is not required, the power-supply cables can be elimi-
nated by the use of batteries located in the exposure room. These batter-
ies should be well shielded from the radiation. 1In general, lead lengths
should be as short as possible to minimize inductance. Resistors and ca-
pacitors with suitable high-frequency characteristics should be used. 1In
addition, all wiring and components should be RF shielded and cables shouid
be bundled together.

6.2.7.1 Resistor-Sampling Met hods

The primary photocurrent may be measured by the circuits shown in Fig-
ure 6.2-3 (Method F448 of Reference 3). For most tests, the confipguration
of Figure 6.2.3a is appropriate. The resistors Ry serve as high-fre-
quency isolation and must be at least 200, The capacitor C supplies the
charge during the curreant transient. 1Its value must be large enough so
that the decrease in voltage during a current pulse is less than 10 per-
cent. Capacitor C should be paralleled by a small (0.0! uF) low-inductance
capacitor to ensure that possible inductive effects of the large capacitor
are offset. Resistor R, provides proper termination for the coaxial ca-
ble used for the signal lead. When photocurrents are large, the configura-
tion of Figure 6.2-3b is necessary. R) is a small-value resistor to keep
the signal small so as to maintain the bias across the junction within 10
percent of its nominal value during t2st. The response characteristics of
this circuit must be adequate to ensure that the current signal is accu-
rately displayed. The adequacy of the test circuit is evaluated by

6-33

S O i sawora*eEoew™= SrodgPyoe oo

e th e d




e om0

i

| " prr————

kj‘Sompm
1 :iBQ:fﬁEi.
PP RoR,
' :(Rg+-RJEE
PP, RR,

Figure 6.2-4. Two-lead resistor-sampling photocurrent measurement circuit.

6.2.7.2 Current-Probe Methods

The primary photucurrent may be measured directly by using a current
probe (Method F448 of Kelerence 3). This technique is used when minimum
deviation of the operating point is required. Figure 6.2-5 shows the cir-
cuit configuration, Ro and C have the same significance as in the re-
sistor-sampling circuit, but it may be required that the signal cable
monitoring the current transformer be matched to the characteristic imped-
ance of the probe, in which case R, would have this impedance, which is
specified by the current probe manufacturer., The current probe must have
sufficient bandwidth to ensure that the current signal is accurately dis-
played. Low-frequency response must be checked so that the droop is less
than 5 percent for the radiation pulse width used. Rise time must be less
than 10 percent of the radiation pulse width. When monitoring large photo-
currents, care must be taken that the ampere-microsecond saturation of the
current probe is not exceeded.

The measurement circuits illustrated in Figures 6.2-~3 through 6.2-5 can
be adapted for the measurement of secondary photocurrent and radiation
storage time by interchanging the emitter and base terminal of the transis-
tor. External base and collector resistors are added as specified by the
basic data requirements. Unless specific data requirements dictate other-
wise, it is suggested that the base terminal be connected to the emitter
through a high-resistance (minimum stray capacitance) circuit such that the
current flowing out of the base is a negligible portion of the total base
current (Rg ~ 107 ohms). 1In addition, measurements shnruld be made with
a minimum collector resistance required to obtain an accurate sample of the
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Figure 6.2-5. Current-probe photocurrent measurement circuit.
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collector current. Care should be exercised in the construction of the
secondary photocurrent test circuit to minimize the stray capacitance at
the base and collector terminals of the evice under test. 1In particular,
the capacitance associated with the external base resistance must be mini-
mized to reduce the time constant of the base circuit.

6.2.7.3 Measuring Nonequilibrium Transient Photocurrents

There is a widespread use of ionizing sources with radiation pulses
that are shorter than the time required for the device under test to
achieve equilibrium, These photocurrents are dependent upon the character-
istics of the excitation source as well as the characteristics of the de-
vice itself,

A standard measurement procedure described in Method F675 of Refer-
ence 3 provides a means of ensuring that all influencing factors enter the
measurement in the same manner. The procedures to be followed are similar
to those described in Sections 6.2.7.1 and 6.2.7.2. A series RC network is
added from each lead of the bias supply to ground in Figures 6.2-3 through
6.2-5. The resistors terminate cable reflections in the power supply line
and the capacitors are dc blocking capacito . Figure 6.2-6 shows the mod-
ified test circuit.

6.2.7.4 Measurement Method for FETs

In field-effect transistors, it is necessary to specify the response of
the channel and the influence of charge emission and ionization currents
generated in the gate circuit (package response) in addition to the primary
photocurrent. The package response influences the drain current by gain
action in the field-effect device. 1In general, the drazin photocurrent and
the channel response can be measured independently from the package re-
sponse by irradiating samples where seccadary-emission and air-ionization
currents are minimized. The package response can be independently
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Figure 6.2-5. Current-probe photocurrent measurement circuit.

collector current. Care should be exercised in the construction cof the
secondary photocurreat test circuit to minimize the stray capacitance at
the base and collector terminals of the evice under test. In particular,
the capacitance associated with the external base resistance must be mini-
mized to reduce the time constant of the base circuit.

6.2.7.3 Measuring Nonequilibrium Transient Photocurrents

There is a widespread use of ionizing sources with radiation pulses
that are shorter than the time required for the device under test to
achieve equilibrium. These photocurrents are dependent upon the character-
istics of the excitation source 2s well as the characteristics of the de-
vice itself,

A standard measurement procedure described in Method F675 of Refer-
ence 3 provides a means of ensuring that all influencing factors enter the
measurement in the same manner. The procedures to be followed are similar
to those described in Sections 6.2.7.1 and 6.2.7.2. A series RC network is
added from each lead of the bias supply to ground in Figures 6.2-3 through
6.2-5. The resistors terminate cable reflections in the power supply line
and the capacitors are dc blocking capacito . Figure 6.2-6 shows the mod-
ified test circuit.

6.2.7.4 Measurement Method for FETs

In field-effect transistors, it is necessary to specify the response of
the channel and the influence of charge emission and ionication currents
generated in the gate circuit (package response) in addition to the primary
photocurrent., The package response influences the drain current by gain
action in the field-effect device. In general, the drain photocurrent and
the channel response can be measured independently from the package re-
sponse by irradiating samples where seccadary-emission and air-ionization
currents are minimized. The package response can be independently
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Figure 6.2-6. Resistor sampling nonequilibrium photocurrent
measurement circuit.

determined by irradiating "dummy packages." These devices consist of FET
metallization pattern put down on an oxidized silicon chip and encapsulated
in identical packages as the active samples.

Figure 6.2-7 shows a circuit for measurement of the transient drain and
gate currents of field-effect devices. The circuit can be used for mea-
surements on JFET and MOSFET devices. Vp and Vg are the drain and gate
bias supplies, the transient currents are measured by sampling resistors Ry
and Rg, Ry is selected for high-frequency isolation, and C provides the
power supply bypass capacitance. Ej} and Ej; are photographed on a suit-
able oscilloscope.

The sampling resistor in the drain circuit should be kept as small as
possible to avoid causing circuit saturation of i at high dose rates
due to an effective reduction of the bias voltage across the junction. 1If
the voltage drop across Rp is more than 10 percent of the supply voltage,
the sampling resistor should be reduced or replaczd by a current probe. To
increase the sensitivity of the measurement circuit, Rp > Rp may be
required. In this case, a line driver should be used to match impedance
between the cable and the sampling resistor, The sampling resistor, Rg,
must also be selected as small as possible to prevent flow of secondary
photocurrent. In JFET devices, the transient gate current is approximately
twice tke drain current (since the source photocurrent also flows in the
gate lezad)., 1In MOSFET devices, the photocurrents are generated by the
drain- and source-subsirate junctions, and thus only the dielectric-
response, air-ionization, and secondary-emission currents flow in the gate
lead.
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Figure 6.2-7. Drain and gate transient response measurement
circuit for FET devices.

The major bias conditions of interest in field-effect devices are the
pincho. and cutoff regions. The drain photocurrent is measured in the
cutoff region (Vp = 0, Vg variable beyond the threshold voltage;. The
channel response is measured by biasing the FET device in the pinchoff re-
gion. The measured current in the drain lead is then the sum of drain
photocurrent and the channel response. Secondary photocurrents can be mea-
sured by varying the drain and gate resistance. Note that the source
terminal is connected to the drain when making drain-photocurrent measure-
ments. If the source is left floating, the magnitude of the drain current
will increase due to the source photocurrent.

6.3 DATA REPORTING
6.3.1 General

The general information required in mos:t reports of TREE tests is dis-
cussed in Chapter 3, Documentation Requirements. Information requirements
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covered in that section include reportiug of the experimental procedure, a
description of the facilities used, the documentation of the dosimetry, and
a complete description of the samples irradiated. Included in this section
are specific data requirements for tests involving transistors and diodes
and staudardized formats for reporting the data, Figure 6.3-1 shows a sam-
ple data format chat can he used to present the genera' information fov
each irradjation test,

Devicee Type(s):

Facility: Date of Test:

Dosimetry Method(s )

Irradiation Temperatures

Experimental Conviguration:

Elecirical Condition During Irradiation:

(Specify device bias condition and the circuit diagram, including all test
cquipment and grounding scheme used during in-site measurement, )

Additional Commments:

Figure 6.3-1. Sample format for general test information.

In addition to the irradiation procedure, basic types of samples should
be described. A good technique is to have a distinct data sheet that pre-
sents for the various device types the manufacturer, type or specification
nuuber, lot number, origin (factory, distributor, etc.), and method of se-
lection and validation. If useful electrical and structural information
(such as power rating and junction areas) is available, it should be
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reported to facilitate data comparisons and
A suggested parts tabulation

of the data.
6.3-2.
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to increase the general utility
sheet is illustrated in Figure

Comments

r

Figure 6.3-2. Sample format for tabulating parts data.

A statement should be given as to the constancy of any control samples
used. The estimated uncertainty in all important results should be quoted.
In specifying errors, the value of one standard deviation is the quantity
preferred, although other methods may be used if they are more suitable and
unambiguous. When statistical characterizations are given, at least a

reference should be cited that e.plains the techniques involved in their
calculation.

6.3.2 Permanent-Damage Data

Device parameter data should be tabulated for each measurement set,
giving the parameter measured, the irradiation level at which the measure-
ment was made, and the operating condition of the device during measure-
ment., Note that preirradiation parameter values musi be included., Usually
the preirradiation weasurements performed on the test device are of two
types: those in which important radiation~induced changes are expected :o
occur (see Tables 6.1-2 and 6.1-3) and other measurements that may help tc
characterize the device. 1In addition to these measurements, it is desir-
able to perform other measuvrements by which the particular device can be
characterized, Sample data formats for tabulating measured parameter val-
ues are given in Figure 6.3-3 for diodes, bipolar transistors, and field-
effect devices. As supplementary information tn parameter data, the
measurement procedure should be reported. Specifically, this includes the
measurement-circuit diagram, a list of the measurement equipment, a state-
ment regarding the accuracy and/cr precision of the data, etc.

Graphs showing the radiation-induced changes in the measured parameter
values are very desirable and complement ~he tabulated data. The method
employed for the graphical presentation of data depends on the method of
data analysis and the objectives of the experiments. As a general

6-40

o

<L il

Ul i .




<o

FUPY SR

Device Type:
Date:
f R T T I T LT LIS T T
| voai | [ Sewrron” [ ]
" at 11_‘ IR at v R’ VZ. 4.\’7’ at l? tevat Iy e Flucne e Dose [ernn
" . — e )
Uit 1 S R S W T e I
e si v A A v i , n/one
edig m “ | v V mA s mA maA (L-Noev g rad (S C
. o l TS TS ES i B
! |
a. Diodes
Deviee Uype:
Date: .
. - ratametens o Lest ot J
. ' B\ ey W . |
I,l.““, W | Versan | loso VEbo [ Nettton Fotal | oo
S e Viggsat [oso | Vee Lt b | b ] B ko | Wt ] e Ve |oVes| b | Dk b temp o Tluenee Dose | ot
I U Ao o L .- . - o
ooy
! na mV ] MH s s s \ wh [ mA L ma \ \ \ 1i. ¢ (AR NIRRT ERTHEN
!
b. Bipolar transistors
Device Type:
Date:
hav— - S S RS
Parameters Test Conditions
. 1 l;'(;s
1 . uring
Unit Ihge Imou
Dt‘:l" Dss GSS Fxpo- (Neuw'ron |[Gamma | Com-
B Ison) | VTR | Insorr | Vpsom]Yps [ Yas | Ip | Frea | T} sures [Fleence) Dose ments
N YIS -
(1-MeV
A \Y mA \' v V | mA Hs & \Y | X _]
- e ——
l
|
|

Figure 6.3-3.

c. Field-effect transistors

Sample formats for recording permamant-effects data.

[
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guideline, it is recommended that parameter measurements made at a speci-~
fied operating point should be plotted as a function of radiation exposure.
Parameters that are measured it several operating points at each fluence
level should be plotted as a function of the parameter varied to change the
operating point., The result will be a family of curves for the various ra-

diation exposures.

Figure 6.3~4 shows an example of hyg curves. hpg is plotted as a func-
tion of collector current prior to irradiation and at the two neutron flu-
ences at which measurements are made. To aid in interpolation, it would be
helpful to show intermediate fluenze levels between curves at one or more
current values such as the 10°2 n/cm? point at Ig = 10 wA. These
points can be determined by interpolating on a curve of hyg versus neu-
tron fluence at a selected current level.

120 "~ R -
Preirradiation
Mg, 2NXXXX
VCE = __.voits
00 Sample si1ize = ___

n/y =2x 10X n/emdAad(S1)

T
{ standard deviation

80
& =10 n/emtli-MeV Eq) *{

&= 14x10" nem?

40

d=3%10" psemt”

20 -

$:65x10*n/cm?

JlLLLlll L LJIIJLIJ A JLlL\L\l | dod oL LLL
! 10 100

0.0l 0.1

Collector Current, le mA

Figure 6.3-4. Format for reporting hgg permanent-damage data.

Similar methods can be used to report permanent-effects data on field-
effect devices and diodes. A curve sghowing the change in threshold volt-
age, AVy, &s a function of the gate bias at several gamma dose levels
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is recommended for radiation tests on MOSFET devices. Permanent-eflects
data on diodes could include a family of curves showing the forward voltage
versus forward current at various neutron fluences.

Consideration should also be given to calculating the constants for the
radiation-damage models that are presently being used (i.e,, the lifetire
damage constant or the carrier-removal damage constant).

6.3.3 lonization-Effects Data

The measured ionization response data of semiconductor devices should
be tabulated in a format similar to the one described for permanent-effects
data. Sample data formats are given in Figure 6.3-5 for diodes, bipolar
transistors, and field-effect devices. Electrical device characterization
data that are likely to be correlated with the radiation response, such as
the storage time of a transistor, should also be recorded,

The graphical presentation of ionization-effects data as a complement
to tabulated data is very desirable. A typical format for the graphical
presentation of steady-state primary photocurrent, Ipps 88 a function of
ionizing-radiation dose rate is shown in Figure 6.3-8. For each device
type on which ionizing-radiation data are reported, there should be an il-
lustration showing a typical response as a function of time and displaying
the leading and trailing edges of the pulse. Tha pulse shape should be
given in sufficient detail %o permit pulse-width scaling of peak photocur-
rent. The dose rate at which the response shape was taken should be indi-
cated on the I versus Y curve. In the event the shape of the I
response changes appreciably with dose rate, additional illustrations o?
response should be shown and areas of the Ip, curve to which they apply
should be indicated.

The graphical and pictorial data that should be developed for general
use include:

1. ipp as a function of time

2. Steady-state Ipp versus Y and device relaxation time
3. Qpp Versus y and device relaxation time

4. ipp Or Qpp versus voltage

5. Equilibrium Igp and tgR vevsus Y.
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c. Field-effect transistors
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CHAPTER 7
TEST PROCEDURES FOR CAPACITORS

7.1 SCOPE

This chapter discusses the procedures for determining the currents and
voltages in charged and uancharged capacitors exposed to a transient radia-
tion environment, While permanent changes such as degradation of the
dielectric or physical distortion of the capacitor are observed in some ca-
pacitor parameters, the most important effects are due to ionization within
the capacitor structure and are, therefore, transient. The mechanisms of
the capacitor response will not be described in this chapter. It is recom-

mended that the user familiarize himself with the appropriate sections of
Reference 1.

7.2 PARAMETERS T0O BE MEASURED
7.2.1 Conductivity

For the most common capacitance values, the predominant effect on a
charged capacitor exposed to radiation is the induced conductivity in the
capacitor dielectric, An exception to the dominance of the conductivity
has been observed in capacitors with very lew capacity (10 to 100 pF),
where the secondary-emission signal may be larger than the conductivity
signal (Section 7.3). The radiation-induced conductivity tends to cause a
discharge of the capacitor, producing a current in the capacitor-charging

circuit. Both the magnitude and the time dependence of this conductivity
are of interest.

Figure 7.2-1 shows currents in a typical charged capacitor resulting
from radiation photoconductivity response due to a square pulse of radia-
tion. The photoconductivity response is usually divided into prompt and
delayed components. The prompt component occurs simultaneously with the
radiation and disappears at the termination of the pulse. Delayed compo-
nents persist following the cessation of radiation, decaying with charac-
teristic relaxation times which may be a function of the dose deliver d by
the radiation pulse.

The conductivity in the dielectric is given by
0=00+0r,

where 0g = leakage conductivity of the dielectric and 0, = radia-

tion-induced conductivity. Normally, og is small enough 50 that it can
be neglected.
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The experimentally determined parameter is the current in the dielec-
tric as a function of time, i(t), which is related to the conductivity
0e(t) by

Ccv

. _ 0 _
i(t) = e—eo-or(t) s (7-1)

where C is the capacitance, € 1is the relative dielectric constant, and
€g 1s the permittivity of free space.

The radiation-induced conductivity can be written
= + . -2
% Op é:odl ’ (7-2)
where, for short-pulsed radiation,

o, = Fp(y)y , (7-3)

t
O4; = Fdi(a);L y(e')exp -(t - t‘)/Tdi]dt' , (7-4)

where
(7-5)

In these equations,

o = radiation-induced total conductivity

c = prompt portion of the conductivity
P .th .

Odi =1 delayed conductivity component

¥ (y) = prompt conductivity fitting parameter that may be
P a function of total dose

Y = instantaneous dose rate during the pulse

Fdi(a) = fitting parameter of the ith delayed component,
and a function of the dose rate times the pulse
width (Ytp = +vy) if the pulse width is
shorte~ than the ith decay constant, or the
dose rate times the decay time for pulse widths
longer than the decay constant

T4 = decay constant of the ith delayed component,
1 . .
which may vary during the decay.
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The parameters in Equation 7-9 can be related to those in Equations 7-3
and 7-4 through

™

€

A, -
0 11{1 1
Fo o =v— o | - 2o (7-10)
a1 Vg ¥ |, T RC
F = .E_.e_o 2 Fl_. - LT
d2 " Vg Y |RC T,
T =T T =T

dl 1’ d2 2!

where

t
P
Y =J Yde
0

VBI = built-in voltage.

Fp is determined as described in Section 7.7, Data Analysis.

7.2.3  Space-Charge Polarization--First Pulse Effects

The buildup and discharge of space charge in the dielectric during ra-
diation testing are very important phenomena that can greatly affect the
results of capacitor testing.

A "polarization effect" that is attributed to space-charge buildup
within the dielectric material due to nonuniform trapping has been observed
with most capacitors, particularly with Mylar paper, mica, polycarbonate,
and tantalum oxide devices. The effect is manifested in several ways. One
of these is an apparent decrease in the induced conductivity with sequen-
tial radiation pulsing. Charge transfer across the dielectric during a ra-
diation pulse builds up a space-charge field opposing the applied electric
field. If the applied electric fieid is then removed, subsequent radiation
pulses result in a current in the external circuit that is opposite in di-
rection to that observed with the field applied. This is caused by the
discharge of the space-charge field. Similarly, if the electric field is
reversed rather than removed after the space charge has been built up, the
space-charge field enhances the applied field and a larger current results
than would normelly be observed. Thus, the first pulse at a given polarity
of voltage produces the largest response.

Saturation of the polarization effect, where no further decrease in the
charge transfer is observed with subsequent radiation pulses, occurs after
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The parameters in Equation 7-9 can be related to those in Equations 7-3
and 7-4 through

€e. A,
s B[ k]

BI'Y ! J
F =.€_.€_oigrl_.—.l--~W
d2 VBI Y _RC T2_
Ta1 " T1r T = T

where
t
1%

Y = f vdt

0
VBI = built-in voltage.

Fp is determined as described in Section 7.7, Data Analysis.

7.2.3 Space-Charge Polarization--First Pulse Effects

The buildup and discharge of space charge in the dielectric during ra-
diation testing are very important phenomena that can greatly affect the
results of capacitor testing.

A '"polarization effect" that is attributed to space-charge buildup
within the dielectric material due to nonuniform trapping has been observed
with most capacitors, particularly with Mylar paper, mica, polycarbonate,
and tantalum oxide devices. The effect is manifested in several ways. Oune
of these is an apparent decrease in the induced conductivity with sequen-
tial radiation pulsing. Charge transfer across the dielectric during a ra-
diation pulse builds up a space-charge field opposing the applied electric
field. 1If the applied electric fieid is then removed, subsequent radiation
pulses result in a current in the external circuit that is opposite in di-
rection to that observed with the field applied. This is caused by the
discharge of the space-charge field. Similarly, if the electric field is
reversed rather than removed after the space charge has been built up, the
space-charge field enhances the applied field and a larger current results
than would normelly be observed. Thus, the first pulse at a given polarity
of voltage produces the largest response.

Saturation of the polarization effect, where no further decrease in the
charge transfer is observed with subsequent radiation pulses, occurs after
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one or more pulses, depending on the capacitor and on the dose delivered in
each yulse, Decreases of 50 to 70 percent for mica, 10 to 20 percent for
tantalum oxide, and 30 percent for Myiar have been observed due to this
gpace-charge buildup during radiation pulsing. Test results indicate that
the degree of polarization i3 dose dependent,

To examine the polarization «nd its effect on zero-applied-voltage sig-
nals, it is recommended that the magnitude of the polarization be deter-
mined as follows:

1. With an applied voltage, expose the capacitor to suc-
cessive radiation pulses until ssturation of the po-
larization is achieved. Note the dose for saturationm.

2. Discharge the space-charge field (depolarize) by puls-
ing the radiation at zero applied volts until the nor-
mal zero-volt signal is achieved.

3. Reapply the voltage and, with radiation pulses of 1/10
to 1/20 of saturation dose each, measure the signal as
a function of dose.

4, When saturation is reached, remove the voltage and
measure the zero-volt signal as a function of dose.

Conductivity data should be taken using the first pulse at a given
voltage. 1i-ch pulse with the voltage applied should be followed by a suf-
ficient »wmber of pulses (10 or more) at zero applied volts to restore the
devic~ .. .tz nor - conditiou before the next measurement is performed.

St....d charge effects that produce anomalous first-pulse responses are
sometimes seen in electrolytic' (e.g., tantalum) capacitors. Measurements
of response of these capacitors should always include repeat measurements
of the first level tested as a check for these effects.

7.3 GENERAL TEST CONSIDERATIONS
7.3.1 Test Specimens

The materials . :d cov  uction of commercially available capacitors may
be the primary zource ¢! uucertainty in the results when these devices are
irradiated. Capacitors whose measuvrable electrical characteristics are
very nearly equal will respond very differently to a radiation pulse. Ran-
dom sampling from various production lots is advisable to obtain represen-
tative results in the basi ~haracterization of a capacitor type.

The orientation of tl. capacitor specimen is critical in linear accel-
erator (LINAC) and flash X-ray studies since it can influence the unifor-
mity of dose depovition. It is generally advisable to orient the capacitor
so that the beam will penetrate the specimen perpendicular to the
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capacitor's major axis. 7The conductivity due to highly ionizing particles
may have a strong dependence on the orientation of the capacitor pletes and
diclectric to the inciwent flux,

The positioning of the test specimens for pulsed-reactor studies may
not be as critical as for other studies, except for cousistency, since neu-
tron and gamma radiations are very penetrating., It is recommended that the
capacitor be oriented with its major axis perpendicular to a straight line
extending through the center of the reactor core.

7.3.2 Temperature

The monitoring and recording of the temperature to obtain adequate data
for analysis is especially important for capacitors since the radiation-
induced effect may be temperature dependent. Special temperature studies
may even require the continuous monitoring of the temperature. Directly
attaching thermistors or thermocouples to the test capacitor is the recom-
mended method for measuring temperature. Possible degradation of the tem-
perature sensor must be a consideration when performing these tests since
it also is exposed to the radiation.

7.3.3 Voltage Dependence

The voltage dependence of the radiation-induced response should be mea-
sured at each exposure level of interest. Both polarities of voltage
should be applied, if possible, with the usual precauticans for depolariza-
tion between each data point. Unusual behavior in the voltage dependence
is a good diagnostic for '"maverick'" capacitors or improperly operating test
circuitry.

Since the induced current is voltage dependent, care must be taken to
ensure that an excessive change in the voltage operating point does not oc-
cur during the radiation transient. Test circuits using sampling resistors
are normally prone to this problem since a sizable radiation-induced cur-
rent can cause a significant voltage drop across the sampling resistor.
Even with low-impedance systems, such as current probes, problems can occur
at very high dose rates or with devices exhibiting a high level of re-
sponse. Voliage-stabilizing capacitors, to be used in parallel with the
voltage source, should be selected to maintain the source voltage to within
+5 percent during the radiation pulse.

7.3.4  Spurious Currents

Noise . suppression 1s discussed in Section 2.5. Of particular impor-
tance to capacitor testing are those currents arising from cable currents,
air ionization, and secondary emission. These sources must be eliminated
or accounted for in all capacitor testing.

-7

per v oy




7.4 RADIATION SOURCE CONSIDERATIONS

LINACs are the most useful single source for dielectric characteriza-
tion. Pulse widths within the nanosecond to microsecond range are obtai-
nable and the pulse height can be changed for each pulse width, allowing
dose and dose rate to be varied independently. Flash X-ray machines are
also used as electron-beam generators for testing dielectrics. An advan-
tage of the flash X-ray machine over the LINAC is the larger irradiation
volume capability that permits simultaneous tests on several devices,
Chapter 4 describes each of these machines and the selection criteria.

Pulsed reactors are also used to characterize the radiation response of
capacitors. In reactor testing, the capacitor response results from a
mixed neutron-gamma field due to the mixing of the effects of the isolated
electron pairs and the highly ionized particles from the (n,p) reactions.
The proton effects are especially irmportant in organic dielectrics. Lead
and polyethelyne shields can be placed between the radiation source and the
exposed component to help separate the neutron and gamma effects. The
pulsed reactor is useful for characterizing dielectrics with relatively
long time constants for the delayed component. Reactor selection criteria
are discussed in Chapter 4.

7.5 RECOMMENDED APPROACHES

The two recommended approaches for determining the response of charged
capacitors to transient radiation are a voltage- or charge-loss technique,
with the data interpretation in terms of AV/Vgp; and current-measurement
techniques, with the data being interpreted in terms of the photoconductiv-
ity-equation parameters.

The AV/Vp approach (charge loss) measures the amount of charge
transferred to the plates of the capacitor as a function of time. Although
the prompt current, Ip, is generally much larger than the delayed cur-
rent, I4, the prompt charge, ~I t , may be of the same order as the delayed
charge, ~IgqTq, if t is chosen to be much less than T4. Thus,
for short pulses, the charge-measurement technique requires less dynamic
range in the instrumentation than the current-measurement technique., The
charge method is well suited for delayed-conductivity-component measure-
ments and is recommended when the delayed charge transport is important.
Care must be taken in these measurements that the voltage across the capac-
itor does not change by more than about 10 percent. Since spurious signals
are difficult to ideutify by their time dependence in this technique, such
signals must be carefully eliminated.

When fast-time-resolution measurements are desired or when the prompt

current pulse is most significant, the current-measurement technique is
recommended. Spurious signals are also more readily identified with the
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fast time resolutions available with this technique. The instrumentation
for current measurements should have a wide dynamic range.

7.6 SPECITIC 7057 PROCEDURES

"First~pulse" effects should 2lways be kept in mind when testing capac-
itors. The unbiased response should be measured for the first few irradia-
tion pulses to check for stored charge release. Conductivity data should
be taken on thoroughly depolarized capacitors. Alter each exposure with
applied voltage, the capacitor should be pulsed with zero applied bias un-
til the zero-volt signal is constant from pulse to pulse.

7.6.1 Parameter Variations

A systematic variation of the important factors is required when per-
forming tests whose purpose is the basic characterization of a dielectric.
This is accomplished by holding relevant variables constant except the one
under study. For example, to determine a voltage dependence, all other
variables such as the incident dose rate, the pulse width, and temperature
are controlled to avoid confusing effects from variations occurring in one
or more of these parameters with the effect of voltage.

The single-parameter-variation tests that are the wmost important in ca-
pacitor testing are:

1. Dose-rate dependence. Each of several capacitors
should be exposed to a wide range (preferably at least
100:1) of dose rates while the dose is held constant.
This test is limited to a LINAC as the radiation
source; flash X-ray sources are not s:itable since the
pulse width is fixed.

2. Dose dependence. Each of several capacitors should be
exnosed to a series of pulse widths while the dose
rate is held constant. This test is limited to a
LINAC as the radiation source because of the avail-
ability of variable pulse widths.

3. Voltage dependence (to verify the dirvect proportional-
ity of response current to applied voltage). ‘This
test should be performed on at least one sample of a

given type.

4, Capacitance (to verify the direct proportionality of
response current to capacitance). Capacitors within a
specific type or family group, covering a range of ca-
pacitance values hut having the same working voltage,
can be tested. With careful test structuring, this
inforimation can be obtained from the analyses of other
tests,
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5. Temperature dependence. This test should be performed
on several samples of dielectric types known to be
temperature sensitive. i

o
-

Reproducibility. 7This test should be performed on a
few individual samples under random test conditions.
Some redundancy should also be ircluded; i.e., several
different samples should be measured under the same
test conditions to estimate the precision of measure- .
ment and the sampic-to-sample variations. f

It should not be inferred that all these tests have to be performed for a
complete test. Perform only those tests that will satisfy the test objec-
tives. Variation testing as described above requires a rather large matrix
or sequence of measurements. Therefore, multiple~channel testing is desir-
able when the radiation source &nd economics permit.

7.6.2 Basic Reguirements

The transient response of a capacitor due to photoconduciivity is de-
termined from measurement of capacitor voltage loss or the rvadiation-
induced current., Analysis of the data from either measurement wili produce
the required photoconductivity parameters. A supplementary measurement is

the replenished charge that is the integral of the radiation-induced .
current, I

Radiation-induced current transients are monitored by two methods: 1
measuring the voltage drop across a sampling resistor in series with the
| device and measuring the output of a current transformer (current probe)
used in the circuit. Capacitor-voltage-loss transients are monitored by
measuring the voltage across the test device.

Adequate data for interpretation of the test results is e¢ssential., The
basic requirements for data common to all tests are:

mtns i

1. 1Identification of all test equipment

] 2, Accuracy of all test equipment

3. Radiation pulse shape (LINAC and flash X-ray)
4, Neutron spectrum (pulsed reactors)

5. Instrument scal¢ factors

6. Capacitor orientation with respect to the beam or re-
actor core

7. Exact cirecuit configuration, including grounding
scheme

8. Ambient temperature measurement

9. Dosimetry.




7.6.3 Capacitor-Voltage-Loss Measurements

Figure 7.6-1 illustrates the recommended circuit for wmeasuring capaci-
tor voltage loss, AV, during exposure to transient radiation. Use of
this circuit and/or measurement should be limited to experiments involving
radiation-pulse widths and intensities (i.e., dose/pulse) such that the ca-
pacitor voltage loss does not introduce significant error in the analysis
(AV < 10 percent). The limiting factor in the analysis is the assump-
tion of a constaunt applied voltage. 1In Figure 7.6-1, Vg is the bias
joltage, R is the load resistance, Cy is the power supply bypass capaci-
tor, and Ry is for high-frequency isolation (Rp > 20Q). Gy must
be large enough to supply the transient current during radiation. The time
constant 2RoCs should be larger than any tim= constant of interest.,

Twisted pair

Oscilioscope

Figure 7.6-1. Voltage-measurement circuit.

The voltage-measurement circu’t is essentially an "open" circuit tech-
nique and requires that the capacitor recharge time constant be long
(R1Cy >> T14). This means that after one circuit time constant,
RiCy, the capacitor voltage change should still be greater than two
thirds of the peak response. If this is not the case, the rcsistance value
of Ry should be increased to meet this circuit requirement, Note that
since Ry is in the ground leg of the circuit, the oscilloscope system can
be dc coupled and R; can be made ar large as necessary.

Data to be recorded in addition to those listed in Section 7.6.2 in-
clude C, R}, Vg, and AV versus time.
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7.6.4 Sampling Resistor Technique for Short-Pulse Measurements 8

Figure 7.6-2 illustrates the recommended circuit for measuring radia- 3
tion-induced current by the resistor methed. This circuit is used when i
maximum sensitivity is required or when the time duration of the transient :
curreant exceeds the pulse-width capability of current probes. R, is the :
cable termination impedance, C, is the power supply bypass capacitor, and '
Ry} is the load resistance., R; is selected to satisfy ome of the fol- ;
lowing criteria: .

l. For best pulse response, Rj should equal R,. !

2. For maximum sensitivity, R) may be omitted.

3. When operating, point deviations must be held to a
minimum and sensitivity is not critical, R} may be
very small. Note that the conductivity current-in- )
duced voltage across the resistors R] equals the ‘:
change in voltage across the test capacitor and should I
be kept to 1 percent or less of the applied voltage.
T AT T T
L‘""ﬂ Radiation shield
1 L R, |
VoF ) Twisted par! - ;
i R, ¥ C2 : !
p | )
| | ! |
rv : '
| Lo
R | > R, | !
°2 | ;' Y == Sample ‘
[ l T
| ! 1
| | |
] 3 ;
b3 | SR, |
< | 1» |
A + | !
g Ot 7 —t :

irv = vadiation current in voltuge lead of sample
L6 ° radiation current in ground lead of sample

Figure 7.6-2. Current-measurement circuit using sampling resistor.

If a good radiation-insensitive amplifier system is available, its in- d
sertion in the signal-measuring cables near the sample allows the option of
increasing Ry for enhanced sensitivity or desired integration.

o .




—w—

g padaal T VN S T v v s T -

Data to be recorded in addition to those listed in Section 7.6.2 in-
clude C, Rys Ry, i, versus time, and Vy. This circuit eliminate
noise in the output cables and the spurious signal dve to the symmetri :
component of the charge emission. It does not eliminate any unsymmetric
component of the charge emission. In some installations, the low side of
tue capacitor can be grounded and the ground signal eliminated.

7.6.5 Current-Probe Sampling

The recommended circuit for measuring the radiation-induced current %y
the current-probe method is illustrated in Figure 7.6-3, This circuit is
used when minimum deviation of the operating point is required. Ry 1s
the cable termination impedance chosen to match the current probe, CT is a
current transformer with a suitable response characteristic, and Cp 1is
the power supply bypass capacitor., A series resistance may be regquired to
eliminate oscillations when performing some measurements. A compromise be-
tween desired high-speed response and the reduction of oscillation must be
sought with this circuit.

L

Sample

It
L

|
|
Ro |
!
|
i

L_Bodlohon shielded N

Figure 7.6-3. Current-measurement circuii using current transformers.

Data to be recorded in addition to those listed in Secticn 7.6.2 in-~
clude C, Ry ir versus time, Vos and the current transformer identi-~
fication., This circuit 1is usualiy not suited for longer term delayed

component measurements.

7-13

-

At s T A e

© bt

A S ‘
g T -m——mm—._mumd



7.6.6 Replenished-Charge Measurement

The most commonly used technique for determining replenishment charge
is the measurement of capacitor voltage loss in a long-time constant cir-
cuit (see Section 7.6.3). This technique covers a very large dynamic range
in current and time. Other methods of determining this pa.ameter, which is
the integral of the radiation-induced current, are by manually extracting
the information from a photograph of the current display or by electroni-
cally integrating the current signal as shown in Figure 7.6-4.

St bl s .

k. . :
R L L RV SR

Figure 7.6-4. Charge-integration measurement circuit.

4 The required period of integration can be determined experimentally by
f integrating a known current. The time constant of the integrator, deter-
mined by R; and C;, must be very long when compared with the period of é
integration in order to have a negligible loss of charge during the period |
Charge 1s deterinined from the following relation: i

of integration.

[vindt = Voue®icp) - (7-11)
7.6.7 Direct Measurement of 1r for Pulsed-Reactor Tlests

through the sampling resistor (Vg/
as a function of time. VFigure
R; and C;

Differentiation of the current
Rl) yields a direct indication of i,
7.6=5 1illustrates the recommended differentiation circuit,
are chosen so their product nearly equals the circuit time constant T, R
and C; are chosen so that RfCi is small encugh for accurate differen-

tiation, and C, is the power supply bypass capacitor.

Data to be recorded in addition to those listed in Section 7.6.2 in-
clude C, R;s C;, Ry, di/dt, and Vo

The operational amplifier is used as a differentiator on one oscillo- :
scope channel to measure di/dt, while another channel uses a conventional !
i
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Vo Twisted pair | 5 2 ic, I
I A
v <
! 2R T- R c
R' C| ] AvA'AT T 1 \
es
| -1 I sample
T I
Oscilloscope | — |
Operational R f Radwtion shiclded '
amphifier /'E, L ... tadahon shicdet .

Figure 7.6-5. Circuit for direct measurement of i,., long pulses.

preamplifier to record voltage. The induced current, i is then deter-

r’
mined from

i(6) = i (£) + R C a“c . (7-12)

A background test should be performed, prior to the testing of capaci-
tors to determine if the noise level that may be associated with the analog
differentiation of this circuit is excessive,

As an aid to accurate analysis of the transient effects data, a time-
mark generator should be used to accurately determine the time correlation
between the radiation burst and component behavior in this method of mea-
surement. Timing marks should be superimposed on all oscilloscope traces
taken during a particular reactor pulse. 1In addition, one timing mark
should be placed between two others near the center of the trace to act as
a master time mark. This mettod allows for the absolute determination of
simultaneity among the oscilloscope traces taken during a single reactor
pulse.

7.7 DATA ANALYSIS

A variety of analytical methods have beer used to determine critical
characterizing parameters from the measured response of common dielectric
capacitors to the transient radiation environment. The following analyti-
cal methods are relatively straightforward in concept and application.
They are basically applicable to all radiatinn sources, with the exception
that any analysis with cagacitor voltage loss data, AV/Vg, should be
limited to short radiation pulses (LINAC and flash X-ray). Although othe:
methods may be appropriate for data analyses, deviations from these pre-
ferred procedures must be justified.

7.7.1 Determination of Fp from Voltage-Loss Data

For a short square radiation pulse (tp << Td), F_. can be deter-
mined f-om capacitor voltage loss or radiation-induced current data through
the following relationship:
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Vo dt Fp Y 1r/CVO ! (7-13)
where

dv . .

3¢ = slope during pulse (see Figure 7.2-1)

V0 = applied voltage.

7.7.2 Determination of Fd from Voltage-Loss Data

Analysis involving more than one delayed component of conductivity re-
quires curve fitting for separation of the components in the observed com-
posite decay. However, it is estimated that for 95 perceat of circuit
analysis problems, a single exponential function describing the delayed
photoconductivity is adequate.

Therefore, assuming a single delayed component, ¢4, and short
pulses (t, << T4) of constant dose rate,

~t/T

. d
o4 ~Fq Y tp e t > tp (7-14)

For a short time following the pulse,

1 Av
F, = —5—o ’ (7‘15)
d V¥ t, At
where AV/At is the conscant slope of the observed curve immediately follow-
ing the pulse,

7.7.3 Determination of Decay-Time Constant from Voltage-Loss Data

The high resistance (Rl) in series with the battery in the capacitor
voltage-loss circuit (Figure 7 6~1) restricts the flow of recharging cur-
rent to the capacitor. Thus, current flow due to the delayed conductivity
immediately following the radiation pulse is essentially from the capacitor

storage:

. Av
= <t << . -
550 E St Ty (7-16)
At the time of maximum response, tg, the capacitor recharge and discharge
currents are equal and AV/At = 0 (Figure 7.2-1). The current, i(tp),
is obtained by dividing the maximum voltage at this instant in time by the
series resistance, Rj. The decay time constant, T4, 1i- determined

from these parameters through the following relationship:
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Td = - i. . (7_17)
fn (—i—)
i(t )
m

7.7.4 Parameter Determination from Radiation-Induced-Current Data

For a short square radiation pulse (tp << 144> Fp can be de-
termined from the radiation-induced current data:

i -(t-tp)/'rdi
i, = €e; C Vo |Fo ¥ +Z Fog Y e . (7-18)
where Yy is the dose in the pulse and t = 0 corresponds to the beginning
of the pulse., For t = tps
Fp = ir/EEO Ci1 Vo ’? . (7-19)

The prompt component can then be subtracted from the signal, and Fg4; and
Tgqi unfolded by standard graphical techniques.

7.7.5 Special Considerations for Electrolytic Capacitors

The built-in voltage, Vpy, modifies the response of electrolytic ca-
pacitors and some special considerations apply.

The value of Vgy can be determined by irradiating the capacitors at a
low dose rate (e.g., with a co®0 source) with one end %Founded and the
other end connected to a high-impedance voltmeter (~10 10 to ground).
The voltage across the capacitor will rise to a saturation value approxi-
mately equal to Vgy.

The recommended <¢ircuit is shown in Figure 7.6-2 where R;C >> ¢t

p*
The data can be rzadily fitted to Equation 7-9.
The parameter F, can be calculated from
1 dv .
—_——- .. = F "{ " (7-20)
V0 + VBI dt P

To determine the conductivity parameters for an applied voltage from
fitting Equation 7-9, simply replace Vgp in Equation 7-10 by Vg +
Vgy. Note that since Vgy is less than a few volts, it can be neglected
for large values of Vp.
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7.7.6 Special Considerations in the Analysis of Data froum Flash
X-Ray Studies

The burst shape at a flash X-ray cannot be described well in closed
form (mathematically). This means that the analysis must be based on ap-
proximate descriptions of the burst shape or computer-aided numerical
techniques.

The - s conmon technique is to assume that the flash X-ray pulse is
adaquately represented by a square wave that has a pulse width equal to the
flas! “‘-ray pulse width at half-maximum amplitude. The effective dose rate
for the square wave is determined from the dose delivered in the flash
X-ray pulse.

A more satisfactory technique is to use a computer and a curve-fitting
technique. A numerical description of the actual flash X-ray burst shape
is applied to Equation 7-16 using estimated values for the conductivity pa-
rameters. The resulting radiation-induced current as a function of time is
then applied to the measurement circuit equation, usually Equation 7-10, to
cbtaiu a prediction of the circuit current as a function of time. After
comparing the predicted and measured responses, vefinements can be made in
the estimated values of the conductivity parameters. Successive passes
with this procedure will lead to an accurate determination of the desired
parameters. This iterative technique is expensive and time consuming but
probably most accurate. It is important that the response measurements be
relatively free from spurious current effects.

7.7.7 Special Considerations in Analysis of Data from Pulsed
Reactor Studies

The general characteristics of the radiation-induced conductivity will
be discussed in terms of the induced current, i,.. During -the i.itial
rise of the radiation pulse, i, 1is proportional to the dose rate, Y,
modified by the dose dependence of F_,. If the F_ is a ccustant in this
time interval, a semilog plot of i, and y versus time will indicate the
same period for both quantities, provided they are actually proportional.
They would be proportional for this interval since the dose rate, Yy, is
rising exponentially. The function F_, can be determined from 1TNAC data
if it is not constant. For an exponentially rising burst shape, « semilog
plot of i, and Y versus time 1is shown in Figure 7.7-1, where Fp =
constant and indicates equal periods for the initial rise.

The induced current is not proportional to Yy at the later times in
the burst; it does not decrease as rapidly as the dose rate (Figure 7.7-1).
The magnitude of the current at the start of the decay is rnuch larger than
the current that can be induced by the residual radiation existing at this
time. It would be expected that the current would decay exponentially with
a time constant equivalent to the circuit time constant. However, it is
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Figure 7.7-1. Sample i, and y during a pulsed reactor burst.

evident from the figure that i, maintains a value that is disproportion-
ately large -ompared with that dur‘ag the major portion of the burst. This
is clearly indicative of a delayed component in i, . This delayed compo-
nent, T4, 1is then determined from the slope of this semilog plot over
the chosen measurement time interval.

7.8 DATA REPORTING

I1f the test was conducted as a simple proof test, the test circuit and
temperature during irradiation should be given along with the beam energy
and pulse width of the machine. A reproduction of the pulse shape is de-
sirable. Any procedure used to reduce spurious currents should be de-
scribed in detail. For each sample, the applied voltage, capacitance,
working voltage, dose rate, and dose (in rads (dosimeter)) are required
along with the maximum circuit current achieved. The bias history of the
capacitor should also be reported. It is recognized that proof-test data
are generally of little value to anyone other than the user, but by report-
ing the data in this way, their usefulness and validity can be better
assessd,

For basic dielectric-characterization tests, the method of analysis

should be described. 1In addition to the information given above, the fol-
lowing information is also required for each sample: the derived values of
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Rated T Measured Uinat
Serial [Capacitance, | Tolerance, [ Working |Case Capacitance Date ol Date ol | Designation
No, b + % Voltage [Size [Manufacturer Bl ke, W NManufacture | Purchase in Test
|
|
a. Parts tabulation
Date_
Pulse T Far ‘ Faa»
Unit v, Dose Rate,| Dose, Width, | T, Fp/tto, -em T, 2-em T,
Designation | % volts | rads (Si)/s | rads (Si) us C rad-! rad us rad ms Ete,

If measurements were made to determine the relative neutron ionization
effectiveness, the shield arrangements and the neutron-to-gamma ratios ob-
tained should be presented, along with any neutron-spectrum measurement re-
sults. For each sample, the neutron fluxes, the propurtionality constant,
F, and the ratio of the neutrou-induced current to the total current should

be given,

b. Capacitor ionization-effects data

Figure 7.8-2,
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Rated Measured Ut
Serial | Capacitance, | Tolerance, [ Working |Case Capacitance Date of Date of [ Designation
No, nk + % Voltage |Size | Manufacturer el ke, W [ Manufacture | Purchase in Test

a. Parts tabulation

; Date__

E

: Pulse ' Fap» I Faar

: Unit v, Dose Rate, Dose, Width, | T, Fp/( Con 2-cm T 2-cm Ty,

E- Designation | * volts | rads (Si)/s | rads (Si) us C rag-! rad us rad ms Etc,
i —_— — —_— —_—] — -

7‘ |

, b. Capacitor ionization-effects data

! Figure 7.8-2. Sample data formats.

T

I1f measurements were made to determine the relative neutron ionization
effectiveness, the shield arrangements and the neutron-to-gamma ratios ob-
tained should be presented, along with any neutron-spectrum measurement re-
sults., For each sample, the neutron fluxes, the propurtionality comnstant,
F, and the ratio of the neutrou-induced current to the total current should

i et

be given.
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CHAPTER 8
INTEGRATED CIRCUITS

8.1 SCOPE

This chapter discusses procedures for determining the response of inte-
grated circuits (ICs) to the nuclear-weapon environment., The integrated
circuits are grouped into two general classes~~digital and linear--although
some interface circuits do not fall clearly into either c¢lass. Within
these two classes, some additional distinctions are made as to the circuit
function, design, and construction, Each integrated circuit type is de-
signed tc perform a specific task. The tests for the integrated circuit
should be designed to evaluate its capability of performing this task.
This chapter cannot cover all possible combinations of integrated circuits
and parameters to be measured; it will present pertinent material from
which specific tests necessary to characterize a particular integrated cir-~
cuit type can be developed. 1In developing a test plan for these devices,
it is important that the reader utilize the guidelines presented in this
chapter and also utilize the information in Chapters 6, 7, and 8 of the De-
sign Handbook for TREE (Reference 1) to estimate the gross response of the
integrated circuit.

8.2 PERMANENT-DEGRADATION MEASUREMENTS
8.2.1 Neutron Damage in Integrated Circuits

Neutron interactions with silicon result in a reduction of the minority
carrier lifetime causing a decrease of bipolar transistor gain, an increase
in junction leakage currents, and a shift in junction voltages. A secon-
dary effect, important at large neutron fluences. is carrier removal, which
causes an increase in diode and transistor bulk resistances, a decrease in
transistor gain at high currents, an increase in transistor saturavion
voltage, and changes in the equilibrium carrier concentration in majority
carrier devices. The most significant of these changes 1s the degradation
of transistor gain. Typically, the observed degradation in integrated cir-
cuit performance such as loss of fanout capability, loss of circuit gain,
increased offset current, or changes in input biasing primarily reflects
the loss in gain of the circuit transistors. Furthermore, the integrated
circuit parameters just mentioned and the device's switching characteris-
tics are sensitive to the rapid annealing phenomena (Chapter 8 of Refer-
ence 1).

8.2.2 Total Ionizing Dose Damage in Integrated Circuits

Large doses of ionizing rediation cause a positive space charge to ac-
cumulate within the oxide passivation layer and can cause an increese in

8-1

T oeion it RpMER A D RO gl T




W.i BARREI S S SRR S i e L L i S = et * = O g P hiaon Enbhianb i S e

the density of interface states. These phenomena affect bipolar transistor !
gain, junction leakage current, junction breakdown voltages, and threshold
voltages for MOS devices. Total dose effects are sensitive to bias condi-
tious during irradiation. In addition, some annealing of total ionizing
dose damage does cccur.

il ondis 850

Total ionizing dose effects on MOS digital-circuits cause a shift of
the gate turn-on or threshold voltage of the transistors, The primary cir-
cuit response is a shift in the input threshold voltage and output levels.
The failure level for these circuits depends strongly on the circuit design
and the manufacturing process,

P

The effect of total ionizing dose on linear circuits results in changes
of input offset voltage, input impedance, and input bias current,

8.2.3 Annealing X

The annealing in integrated circuits may be quite different from that
exhibited by simpler discrete devices due to changing internal operating
I conditions. In bipolar integrated circuits, most of the rapid annealing is
g due to the rapid annealing of the bipolar transistors. In MOS devices, the
' radiation-induced space charge in the Si-Si0y interface is characterized :
by a rapid annealing phase following the radiation burst, Rapid annealing i
is seen in digital circuits as a change .in projagation delay, changes in ‘
. source and sink currents, and threshold voltage changes. For linear ampli- i
‘ fiers, rapid annealing affects the circuit gain and bias current, '

s ket K 2

In addition to rapid annealing, the radiation-induced parameter changes |
in integrated circuits exhibit some degree of long-term annealing as a re- i
sult of room-temperature storage and continued operation. This room-tem- ]
perature annealing is particularly important when characterizing surface
effects. It is important that a record be maintained of the time and the
bias conditions between irradiation and meesurement.

8.2.4 Temperature

The electrical performance of integrated circuits can be significantly !
affected by temperature., For example, in digital circuits the lower the
temperature, the smaller the gain margin and the less neutron degradation i
the circuit will be able to tolerate. Typically, integrated circuit tem-
perature responses are larger than the changes due to thermal annealing
and/or the difference due to the temperature dependence of the neutron dam-
age. Therefore, it is possible to irradiate integrated circuits at a fixed
temperature, such as room temperature, and to later measure their responses
over the specific temperature range of operation, However, in the case of
rapid annealing, the annealing factor is a strong function of irradiation
tem. ‘rature. Therefore, separate sets of data should be taken for rapid
annealing of circuit response at each ambient temperature of interest.

T T T I




Method 1017 of Reference 2 specifies exposure and storage temperatures for
neutron irradiation, and Method 1019 specifies temperatures for total dose

irradiation.

8.2.5 Parameters to be Measured
8.2.5.1 Digital Circuits

The output response of digital circuits is a nonlinear function of gain
degradation and threshold voltage shifts. Threshold voltage shifts are a
measure of the noise margin of a particular device. 'The electrical parame-
ters most indicative of gain and noise margins are the voltage and current
levels at the input and output terminals and the transfer characteristic
between input and output. The voltage and current characteristics are use-
ful since they tend to show circuit changes occurring before those changes
significantly affect specified circuit operation. Input and output voltage
and current levels should be measured for both logic states and should
cover all possible loading configurations for the particular application
under cousideration. The discrete points that are generally characterized
include high and low input current and voltage levels, output short circuit
current, unsaturated output sink current, and high and low output voltage
ievels.

The number of parameters measured and the operating conditions during
measurement and irradiation will be determined by the data requirements.
Table 8.2—~1 summarizes the operating configurations for the various digital
circuit "black-box" tests usually of inturest to the system designer for
the assessment of neutron and total dose effects on digital integrated cir-
cuits. The effects of neutrons on integrated circuit switching performance
and propagation delay are strongly dependent on the capacitance in the mea-
suring circuit. To obtain consistent test results, the circuit configura-
tions recommended by MIL-STD-883B should be used {or all measurements
(Reference 2).

8.2.5.2 Linear Circuits

Modern linear integrated circuit devices use two major types of tech-
nologies--bipolar with dielectric isolation, and MOS/SOS. Bipolar devices
are affected predominately by neutrons; the MOS technologies are more sen~
sitive to total dose effects. The most widely used linear/analog circuit
functions are operational amplifiers, A/D and D/A converters, voltage com-
parators, and voltage regulators.

The primary cause of linear circuit failure is transistor gain degrada-
tion. This degradation is characterized by radiation-induced changes in
the transfer characteristics, The more significant changes occur in the
current gain, input bias current, and the input offset voltage and current.
Parameters of interest are listed in Table 8.,2-2,
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JFET input stages are not subject to significant gain degradation, but
other parameters, such as offset voltage and leakage current, may change
significantly.

In general, a large variety of test configurations is available for
linear circuits. The configuration used should be dictated by the objec-
tive of the study being conducted. Repeatable circuit operating conditions
and biacing should be set for the pretest measurements., With linear cir-
cuits in particular, it may be difficult to maintain the same conditions
for measurement during and after exposurz because of the changing circuit
characteristics due to the radiation., A5 an example, general circuit gain
measurements on linear circuits should be made with an open-loop cenfigura-
tion where possible, 1If stable measurements in the open-loop configuration
are marginal, it may not be possible after exposure to repeat them. In
that case, closed-ioop configuration with a minimum feedback should be
used,

8.2.6 Test Considerations

This section discusses the general test considerations for permanent-
damage integrated circuit parameter measurements., Basic test-design deci-
sions and considerations, which are not specifically related tc the
measurement of a particular parameter, must be made when planning for any
radiation testing. These are discussed in Chapter 2. The user should re-
view that chapter prior to proceeding with specific integrated circuit
tests,

Neutron and gamma permanent-damage testing is normally performed in
steps. A series of pretest electrical parameter values should be measured
to form a data base. /futomated test equipment is best for these tests,
since a minimum of 10 samples of each device type should be tested so that
the results are statistically significant. It is common tc make 15 to 30
different measurements on each sample. For integrated circuits, the param-
eters specified in Tables 8.2-1 and 8.2-2 chould be considered. The tester
must always be aware that when measuring the permanent damage caused by
neutron or gamma irradiation, very precise measurements must be taken be-
cause it is the difference in pre— and posttest measurements that is sig-
nificant. In general, extreme care must be taken to obtain satisfactory
measurement precision. Control devices should always be used, and the mea-
surement precision should be reported along with the radiation cdata. Iwu-
portant variables that should be controlled include external temperature,
heat dissipation during test, oscillation, socket and lead resistance,
changes in instrumentation condition and accuracy, and the time and temper-
ature between irradiation and measurements.

After the pretest data have been recorded, the devices should be ex-
posed to a fluence that gives about 10 to 15 percent of the estimated gain
degradation. A few unirradiated control devices for each tyvpe of device
should also be tested to monitor nonradiation-induced changes. These
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JFET input ctages are not subject to significant gain degradation, but
other parameters, such as offset voltage and leakage current, may change
significantly.

In general, a large variety of test configurations is available for
linear circuits. The configuration used should be dictated by the objec-
| tive of the study being conducted. Repeatable circuit operating conditions
; and biasing should be set for the pretest measurements. With linear cir-
1 cuits in particular, it may be difficult to maintain the same conditions
for measurement during and after exposurs because of the changing circuit
characteristics due to the radiation. As an example, general circuit gaian
measurements on linear circuits should be made with an open-loop configura-
tion where possible. If stable measurements in the open-loop configuration
are marginal, it may not be possible after exposure to repeat them. In
that case, closed-ioop configuration with a wminimum feedback should be
used.

i i kil

8.2.6 Test Considerations

This section discusses the general test considerations for permanent-
damage inteyrated circuit parameter measurements., Basic test-design deci- ,
sions and considerations, which are not specifically related tc the
measurement of a particular parameter, must be made when planning for any !
radiation testing. These are discussed in Chapter 2. The user should re-
view that chapter prior to proceeding with specific integrated circuit
tests.,

Neutron and gamma permanent-damage testing is normally performed in
steps. A series of pretest electrical parameter values should be measured ,
to form a data base. futomated test equipment is best for these tests,
since a minimum of 10 samples of each device type should be tested so that
the results are statistically significant. It is common tc make 15 to 30
different measurements on each sample., For integrated circuits, the param-
eters specified in Tables 8.2-1 and 8.2-2 should be considered. The tester
must always be aware that when measuring the permanent damage caused by 8
neutron or gamma irradiation, very precise measurements must be taken be-
cause it is the difference in pre~ and posttest measurements that is sig- :
nificant. 1In general, extreme care must be taken to obtain satisfactory !
measurement precision., Control devices should always be used, and the mea-
surement precision should be reported along with the radiation data., Iw-
portant variables that should be controlled include external temperature,
heat dissipation during test, oscillation, socket and lead resistance,
changes in instriumentation condition and accuracy, and the time and temper-
ature between irradiation and measurements.
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After the pretest data have been recorded, the devices should be ex-
posed to a fluence that gives about 10 to 15 percent of the estimated gain
degradation. A few unirradiated control devices for each type of device
should also be tested to monitor nonradiation-induced changes. These
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control devices should be measured each time the test devices are measured ,i
and, from the observed changes in the controls, the uncertainty for each
§ parameter can be determined. Parameter measurements should be made between
each radiation exposure and the process should be repcated until degrada-
tion is about 90 to 95 percent in the parameter of interest., A new set of
dosimeters should be used for each exposure level, Since the effects are
cumulative, each additional exposure will have to be determined to give the
specified total accumulated fluence. In the case of neutron exposure, cor-
relation to a 1-MeV equivalent dose is required (Reference 2). Notice that
the testing should be performed until significant (minimum 50 percent) ox
near total degradation is achieved. This permits the calculation (interpo-
lation) of the device degradation over all applicable fluences. Using this
technique, the data, if stored and available to others, can be of consider-
1 able value, '

R R S Y

Data that shou” . be taken on all tests are listed below. This list
should be considered as a minimum requirement when planning a test. Spe-
cific test programs may require additional data. The data should include:

l. Part type number--including the serial number, manu- |
facturer, controlling specification, date code, and
other identifying numbers given by the manufacturer

a
2. Radiation test date 1
3. Quantities of each part type to be tested

4, Electrical test conditions from pretest through
posttest %

5. Electrical parameters to be measured during exposure ?Z
tests

6. Electrical parameters to be measured in pre- and
postexposure tests

parts

I

!

. . . . . i

7. Criteria for pass, fail, record actions on tested :
i

|

!

l

8. Criteria for anorilous behavior designation

!

9. Radiation exposure lev:zls—-neutron amna dosge (or .
’ 1

]

garma dose rate) {.r each irradiation

10. Radiation exposure timc period and time periods be- |
tween exposure u.ad measurements

11. Ambient temperature during exposure and measuremeut
12, Expected accuracy and precision of the mecsurements

13. Radiation dosimeiry raquirements

8-6




SecdhER Las SRS i kS 4 Sk R e Ak i i TR T i - R e T T rame—————— R

l4. Parameter measurement circuits for other than speci-
fied electrical test circuits

15. The test data

16. For in-situ tests--time history of the radiation rates
and the test chamber temperature

17. Test iastrument descriptious and settings.

[t

Test procedures for permanent-damage meacsurements have been developed
and are contained in Reference 2. Method 1017 specifies the test consider-
ations for measur.ng degradation of integrated circuits when exposed to the ;
neutron environment. Method 1019 specifies the procedures for evaluating 1
integrated circuit degradation from steady-state total dose effects in an |
ionizing radiation environment, ;

Dosimetry procedures for use in neutron aud total dose testing have -
been formulated. These are described in Reference 3. Methods E720, E721, ‘
E722, and E763 are applicable for neutron fluence determination, and Meth- ]
ods E665, E666, E668, and F526 are applicable to total dose measurements.
. These procedures, or their equivalents, should be used when testing inte-
] grated circuits.

: When exposing circuits in a biased state, it is desirab’e to operate
them in a manner typical of the intended application, taking into account
the expected operational pulse width as compared to the pulse width of the "y
simulation facility. Circuits whose operation is static during exposure i
may operate differently after irradiation than if they were operated con-
tinuously throughout the exposure. An example of such an effect would be i
a flip-flop left in a single state during irradiation. The possibility of ;
unsymmetric output characteristics should be taken into account by charac- i
terizing both states of all outputs of such circuits. N

8.2.7 Specific Digital Circuit Test Procedures
8.2.7.1 Static Terminal Measurements

A useful technique for determining the permanent degradation of digital
integrated circuits is the measurement of the current and voltage charac-
teristics of the input and output terminals. These measurements are read-
ily performed with automated integrated circuit testers such as the i
Fairchild 5000. Alternately, a curve tracer can also be used to make the ;
same measurements. :

Figures 8.2-1 through 8.2-6 illustrate the basic measurement configura- é
tions for measuring the terminal parameters listed in Table 8.2-1. The
methods are based on the appropriate procedures of Reference 2 and apply to
TTL, DTL, RTL, ECL, and #0S digital integrated circuits. The test condi-
tions must be specified for each type of device and each measurement.
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Figure 8.2-1. Low-level input current, Ip_.
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®
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YIN ]
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$

Figure 8.2-2. High-level input current, Ipy.

Vee
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Vig o—
+
VoL 'S InK

Figure 8.2-3. Low-level output voltage, Vg .
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: Figure 8.2-5. Output short circuit current, lgs. 3
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Figure 8.2-6. Power supply current, Icc.
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These may be derived from a procurement document, wmanufacturer's specifica-
tion sheets,; or specific application requirements, depending on the purpose
of the test. The specified parameters include test temperature, power sup-
ply voltage, and voltage and current levels of the untested terminals and
the terminals under test.

The test configurations shown are for +5V TTL logic gates. Appropriate
polarity changes must be made for other types of logic. Specified load
conditions at the terminals shall meet the requirements of Method 3002 of
Reference 2. For in-situ measurements, it is necessary to include shielded
cabling between the device under test and the measurement equipment. The
effects of the cabling must be measured and taken into account when evalu-
ating the data. See Section 2.5 for cabling considerations.

The high- and low-level input voltages can be determined by either
Method 3006 or 3007, depending on the type of circuit. Tor an inverting
gate, the configuration cf Figure 8.2-3 is used; for a noninverting gate,
the configuration shown in Figure 8.2-4 is used. Appropriate voltage mea-
suring equipment must be used to assure that the input voltage level that
results is the appropriate worst-case output voltage level (VOH(MIN) or
VoL(Max))+ Similarly, the low-level output current can be determined
by using Method 3011 (Figure 8.2-5) and forcing the output terminal to the
specified value of Vg -

A useful parameter for evaluating neutron-induced degradation of TTL
devices is the unsaturated sink current at the output terminals. This cur-
rent is closely related to the gain of the output transistor and changes
smoothly as the device degrades. 1t shows larger changes at moderate radi-
ation levels than the standard electrical parameters. The procedure for
measuring unsaturated sink curvent is similar to the method for measuring
the low-level output voltage (Figure 8.2-3 and Method 3007 of Reference 2).
A significant difference is that the output terminal being tested is sub-
jected to voltage pulses of sufficient magnitude to pull the output tran-
sictor out of saturation. The corresponding current pulses are then
measured., Method F676 of Reference 3 describes the entire procedure. Fig-
gure 8.2-7 shows the test circuit setup.

A typical output current-voltage characteristic of a TTL circuit in the
zero siate is showr in F.gure 8.2-8 along with an illustration of neutron-
induced degradation. While the offset voltage, Vggy and the saturation
resistance, Rgpars both increase, the major effect is the reduction in
output current, lgp. Similar curves can also be made for the output cur-
rent in the one state and at the input terminal. However, neither of these
curves is as useful in design as the zero state output curve,
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Figure 8.2-7. Test circuit for unsaturated sink current measurement. E
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If switching time measurements must be taken for a critical system applica-
tion, it is recommended that changes in switching time due to neuiron and
total dose degradation be reported along with the appropriate current-volt-
age measurements for the circuits. The reason for this is that switching
times are sensitive to load capacitance and, often, the data can be ex-
tended to other capacitive load conditions if the output current-voltage
data are available.

Figure 8.2-9 shows the recommended circuit for measuring propagation
delay. The test conditions must be specified for each type of device.
These include the limits of tpy;, and tpry, the driving signal parame-
ters (tpgye Trrpe high lev2l, low level, pulse width, repetition rate),
power supply voltages, and test temperatures. Switching times can be mea-
sured using substantially the same circuit, Figure 8.2-10 shows the output
transition time measurement parameters according to Method 3004 of Refer-
ence 2.

?¥ iy .__/{/F——_—-\r\-—‘_

:: t t

VCC' V|N, VOUT = WORST CASE

v
Figure 8.2-9. Propagation delays, tpyL and tp y.
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Figure 8.2-10. Transition time measurements, tyy_ and ty .
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If switching time measurements must be taken for a critical system applica-
tion, it is recommended that changes in switching time due to neuiron and
total dose degradation be reported along with the appropriate current-volt-
age measurements for the circuits. The reason for this is that switching
times are sensitive to load capacitance and, often, the data can be ex-
tended to other capacitive load conditions if the ocutput current-voltage
data are available.

Figure 8.2-9 shows the recommended circuit for measuring propagation
delay. The test conditions must be specified for each type of device.
These include the limits of tpyy and tppys the driving signal parame-
ters (tpunr TTLH® high level, {ow level, pulse width, repetition rate),
power supply voltages, and test temperatures. Switching times can be mea-
sured using substantially the same circuit., Figure 8.2-10 shows the output
transition time measurement parameters according to Method 3004 of Refer-
ence 2.

v
I

t t
UM O—E Your PHL PLI

Vee: VING Vourt = WORST CASE

Figure 8.2-9. Propagation delays, tpy_ and tp y.
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Figure 8.2-10. Transition time measurements, tyy_ and ty y.
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8.2.7.3 Rapid Annealing Measurement

There are two parameters and two possible bias conditions under which
one might wish to obtain an indication of rapid annealing in a digital cir-
cuit when testing in a neutron or t-%tal dose environment. The circuit
could be biased or unbiased during irradiation, The effects that result
from the two conditions should be different because, in one case, all in-
ternal devices are off and, in the other, only certain devices are exposed
while off. Parameters of primary interest are propagation delay and source
and sink currents. The measurement circuit to be used should be like those
previourly specified for characterization of these parameters with the ad-
dition of a mechanism for removal of power during exposure. When perform-
ing these tests, it must be understood that the transient annealing
measurements are complicated by the photocurrents generated by the gamma
raliation accompanying a neutron pulse., For meaningful data analysis, the
gamma dose rate must be monitored during a rapid annealing experiment.
Note that from 1 to 10 percent of the maximum gamma dose rate can persist
for milliseconds after the neutron pulse, For this reason, extreme care
should be exercised in analyzing rapid annealing data. Method 1019 of Ref-
erence 2 specifies test setup and site requirement considerations for an-
nealing measurements for steady-state total dose effects.

8.2.8 Specific Linz2ar Circuit Test Procedures
8.2.8.1 Terminal Measurements

The procedures for measuring linear circuit degradation due to neutron
or total dose exposure are essentially the same procedures followed for
normal usage characterization., For in-situ measurements, an important pre-
caution is to ensure that the devices will not oscillate when operated at
the end of long cables. It may be necessary to utilize line drivers to
avoid excessive loading of the device outputs (see Chapter 2). The test
methods outlined in Reference 2 with the necessary modifications are recom-
mended as the preferred procedures for permanent-damage evaluation. As
with digital circuits, it may be feasible to use autcmated test equipment
for some measurements.

Figures 8.2-11 through 8.2-13 illustrate the basic measurement configu-
rations for measuring the parameters listed in Table 8.2-2. The procedures
apply to both bipolar and MOS devices. Test conditions must be specified
for each type of circuit and each measurement. These are derived from a
procurement document, manufacturer's specification sheets, or specific ap-
plication requirements, depending on the purpose of the test. The speci-
fied parameters include test temperature, power supply voltages, maximum
and wminimum values of the input and output currents and voltages, the
value of the test circuit components, and other appropriate performance
specifications.
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Figure 8.2-11. Circuit for input offset voltase and current,
and input bias current.
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Figure 8.2-12. Common mode rejection ratio test circuit.
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Figure 8.2-13. Gain, dynamic range, and input impedance measuring circuit.
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Figure 8.2-11 shows a test configuration that can be used to measure
input offset voltage and current and input bias current. Ry is chosen to
be less than the nominal input impedance but large enough not to load the
amplifier; R3 is a convenient value less than the nominal input imped-
ancej and R2/R1 is the smaller of 100 or 10 percent of the open-loop
gain. The configuration is shown for a differential amplifierj by removing
one half of the input network, it is adaptable to single input circuits.
Input offset voltage is measured with switches §) and S, closed. The
value is:

l"_‘

T (EO - vqo) . (8-1)

For input offset curreant, Eg)] is measured with 8, and 5, closed;
Egp is measured with §; and S, open. Then:

01 02 (8-2)

The input bias current is determined by measuring Ep; with §; open
and S, closed, and Ejy with S; closed and §, open. Then:

E., - E
_ 1 0l 02 s
L= X, (8-3)

~

N

Figure 8.1-12 shows a test configuration for measuring thes common mode
rejection ratio of a linear amplifier. R; is a value less than the nominal
input impedance of the circuit under test and large enough not to load the
circuit. Ry =Ry, Cy = Cy, and 2mfR|C; > (10 x open-loop gain). The com—
mon mode voltage gain 1is Ag = VO/VI at the frequency of interest.
Then, the common mode rejection ratio is:

open-loop voltage gain (8-4)
comnion mode voltage gain

CMrr = 20 log

Figure 8.2-13 shows a test circuit for measuring the open-loop voltage
gain, the dynamic range (output voltage swing), and the input impedance.
It also provides the bandwidth and distortions, if desired. A differential
input configuration is shown, but single ended measurements can be made by
removing the circuitry om the positive input terminal. R, is equal to
the minimum specified input impedance., R; is chosen not to load the cir-
cuit under test. The open-loop gain is measured with switch S closed.
Vy is increased until V, is a specified wvalue. Then, the open-loop

gain, A4, is:

———d
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A R, + R
2 3 4
A & — — . (8"5)
d V1 RA

The dynamic raage is determined simultaneously., Distortiomn will increase
as the output voltsage exceeds the specified dynamic range. Input impedance
is determined by observing that the drop of V, is less than 6 dB when
switch § is opened at a given test frequency.

8.2.8.2 Rapid Annealinc Measurements

When performing rapid annealing tests in a neutron or total dose envi-
ronment, two considerations are necessary. The first is to dctermine
whether the circuit is to be biased or unbiased during exposure., If the
¢ircuic is to be continuously biased during irradiation, then the approori-
ate circuit as described in Section 8.2.8.1 will be suf{ficient. 1If, on the
other hand, the circuit is to be unbiased during exposure, the circuits de-
scribed above will have to be modified so that the circuit under test can
be turned on quickly. In addition, it is necessary to characterize the
circuit's response to turn-on both before irradiation and immediately after
the rapid anneal. A line driver may be needed to avoid excessive loading
of the device outputs. It must also be understood that transient annealing
measurements are complicated by the photocurrents generated by the gamma
radiation accompanying the neutron pulse.

8.3 TRANSIENT-RESPONSE MEASUREMENTS
8.3.1 Transient [ffects

Transient effects in integrated circuits are due to the generation of
excess charge carriers that cause changes in circuit currents and voltages.
The results of these changes can be temporary (transient) or permanent
(catastrophic). In both digital and linear c¢ircuits, the transient re-
sponses appear primarily as output voltage pulses, output voltage state
changes, or power siv ply current surges. The magnitude and duration of
these effects depend on the type of component ia the circuit, the type of
component isolation, the circuit configuration, and the loading of the cir-
cuit. Relative magnitudes of device response for use as testing guidelines
can be obtained from Chapter 8 of Reference 1.

8.3.1.1 Metalization and Junction Burnout

High current surges that are induced in integrated circouits by tran-
sient radiation may cause junction burnout or metalization failure because
of power dissipation in the device. Metalization burnout usually occurs at
locations where thinning of the metalization occurs, such as sharp bends or
when the metalization crosses over a step in the surface oxide. Detailed
discussion of the various IC failure modes is beyond the sccpe of this doc-
ument., Chapter 10 of Reference 1 gives some details and cites a number of
references.
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| Circuits containing diffused resistors are more susceptible to metali- @4

zation failure and junction burnout because the resistor value drops sig-
nificantly during a high-intensity transient pulse. Junction-isolated
circuits are also more prone to burnout problems because the substrate pho-
tocurrent is very large, and there will be large transient currents at high
radiation levels,

9 et ok e stiaihm

8.3.1.2 Integrated Circuit Latchup

Theve are two types of radiation-induced latchup: a hard latchup and
. an incipient latchup, A hard latchup results in a sustained functional

; failure., The erroneous operational condition can be corrected by cycling
the bias power supply if burnout has not occurred in the interim. Incipi-
ent latchup is characterized by a functional failure that is not sustained 3
but lasts longer than can be explained by normal circuit time constants. 3

ar e ———

Four latchup-type mechanisms have been ‘dentified in integrated cir-
é cuits. They are four-layer (pnpn) latchup, second breakdown, sustaining
: voltage breakdown, and circuit lockup. Similar failure characteristics are
exhibited by other circuit failures such as offset voltage shifts and long
capacitive discharge times (linear circuits). The mechanisms of integrated
circuit latchup are discussed in Chapter 8 of Reference 1. Four-layer

latchup is the one most commonly found in modern integrated circuits,

It has also been observed that, in some devices, latchup occurs over
only a restricted range of dose ratas. At dose rates above and below this
range, latchup does not occur. This phenomenon is termed a 'latchup win-
dcw" (Reference 25). The possibility of this phenomenon occurring for cer-
tain devices must be taken into consideration when testing for latchup.

ot e e 20

Identification of a latchup susceptible integrated circuit is accom-
plished by identifying erroneous operating states immediately after radia-
tion exposure by exercising the device with a functional test (Method 1020
of Reference 2).

et aeroaie - o Livit StPin 2 o3 0o o et

[

8.3.2 Parameters to Measure

The most important ionization-effects data for the system designer are
specifications of transient output response as a function of dose rate for
fixed bias conditions and known i¢!izing-radiation dose-rate profiles. In
addition, the power supply tra: sieut due to excessive current drain is a
parameter of interest to the designer. (ignificant power-supply transients
occurring in a system can cause changes in circuit bias conditions that
could lead to latchup or an unexpected system response.

T

A

The output and supply current transient responses can be characterized
by either a voltage or a current measurement method. A method for measur-
ing latchup response is also described in the following section.
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8.3.3 Test Considerations

General test considerations for transient response measurements are
discussed in Section 2.5. Some additional test considerations relating
specifically to integrated circuits are presented in this section as an aid
in designing transient response tests.

A minimal pretest check is always necessary to verify that the intended
sample is electrically and mechanically satisfactory. For samples used to
gcnerate basic design data for a system, it should be established that all
samples meet the g ' 3 or application specificaticns for that part num-
ber prior to testing. Device permanent damage can occur due to electrical
or radiation accidents or photocurrent strest2s., The risk is greater in
tests at high dose rates (greater than 109 rads (Si)/s). It is recommended
1 that tests ba made before and after irradiation to verify satisfactory
electrical response.

et

The response of integrated circuits depends upon the radiation pulse :
width. When measuring respcuses to a pulse of ionizing radiation, it is .
: helpful to know the time required to establish photocurrent equilibrium in b
1 the circuit during irradiation. Figure 8.3-1 illustrates the dependence of o
the circuit radiation response on the pulse width for a typical circuit. i
The circuit response is dose dependent when the pulse width is less than
the equilibrium time, and usually dose-rate dependent when the pulse width
is greater than the equilib.ium time. The circuit equilibrium time can be
1 determined from a set of data such as that shown in Figure 8.3-1, or from a !
measurement of the unsaturated response to a square pulse of uniform inten-
sity whose pulse width is greater than the equilibrium time. Such a re-

i

|
sponse will look similar to the plot in Figure 8.3-2 where the abscissa is %
time inscead of pulse width, '

It is important to recognize that the transient responses of a circuit
to radiation are seqsitive to electrical loading of both the input and out-
put. Many digital circuits are sensitive to excessive capacitive loading;
this problem is greater for circuits with high output resistance. For tluis
reason, many digital circuits are most sensitive to ionizing radiation at
low farouat; hence, they should be tested in this condition for worst-case
restlts. The transient radiation failure threshold can increase by a fac-
tor of two to three for higher fanout conditions.

e b it 1, et Tk i

Linear circuits also are influenced by electrical loading. Generally,
one cf the most sensitive portions of linear integrated circuits is the re-
sponse of the input stages, since any changes in cirecuit performance are
amplified by the gain of the amplifier stages. The photocurrent may de-
velop significant voltage drop if it must flow through a high impedance.
For differential amplifiers, the mismatch in the source impedances at the
inputs can greatly affect the transient response. Highly unbal-nced source
resistances make che circuit more senszitive to radiation. C.rcuits chat
typically have widely differing source impedances (such as operationai am-
plifiers) should be tested using the highest input impedance conditlon.

i et b s i At S
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The response of other components in the circuit application sometimes
can cause problems. For example, a tantalum capacitor placed at the input
of an op-amp and loaded with only a high dc resistance will have a long- i
term voltage buildup after radiation. This will also affect the amplifier
output. A measurement of the circuit impedance will help to determine if
the circuit response is sensitive to load:ing variations. When the response
is sensitive to loading, at least two values of load impedance should be
used to determine the output impedance during irradiation.

Table 8.3-1 summarizes general 1loading and operating configurations
that could be used for determining device response. The responses should
be measured at each terminal for devices with more than one input and out-
put. Digital circuit loads must meet the requirements of Method 3002, and
dynamic drive sources for digital circuits must be specified in accordance ;
with Method 300! of Reference 2. é

{ Table 8.3-1. loading and operating configurations for circuit %
response testing in pulsed ionizing environments. :
; Qutput 5
1 Circuit Response Operating ;
3 Type Measured at Loading Configuration
%
Digital Output Fanout 1 1 State 1§
0. State i
Input Low Impedance 0 State i
High Impedance 1 State ;
Othrer Access Nodes High [mpedance 1 State i
0 State }
Power Supply -- - }
Linear Qutput Low Impedance Open Loop? ;
High Impedance Open Loop?d
Low Impedance Closed Loop i
High Impedance Closed Loop j
Input Low Impedance - ]
High Impedance -- g
Dual Inputs Worst-Case Mismatch --
Other Acress Nodes High Impedance --
Power Supply -- - ;
dNot always possible.
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The response of other components in the circuit application sometimes
can cause problems. For example, a tantalum capacitor placed at the input
of an op-amp and loaded with only a high dc resistance will have a long-
term voltage buildup after radiation. This will also affect the amplifier
output., A measurement of the circuit impedance will help to determine if
the circuit response is csensitive to loading variations. When the response
is sensitive to loading, at least two values of load impedance should be
used to determine the output impedance during irradiation.

Table 8.3-1 summarizes general loading and operating configurations
that could be used for determining device response. The responses should
be measured at each terminal for devices with more than one input and out-
put. Digital circuit loads must meet the requirements of Method 3002, and
dynamic drive sources for digital circuits must be specified in accordance
with Method 3001 of Reference 2.

Table 8.3-1. loading and operating configurations for circuit

response testing in pulsed ionizing environments.

r Output
Circuit Response Operating
Type Measured at Loading Configuration
Digital Output Fanout 1 1 State
0- State
Input Low Impedance 0 State
High Impedance 1 State
Other Access Nodes High Impedance 1 State
0 State
Power Supply -- --
Linear Output Low Impedance Open Loop?
High Impedance Open Loop?
Low Impedance Closed Loop
High Impedance Closed Loop
Input Low Impedance -~
High Impedance --
Dual Inputs Worst-Case Mismatch --
Other Acress Nodes High Impedance --
Power Supply ~-- --
3Not always possible.
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For linear circuits, the test conditions depend on the type of device
and on the specific applications, Specific details must be included in the
test specifications.

When using repetitive pulsing, high dose rates, and/or long pulse
widths, 1ar§e total doses may build up in the devices being tested., A dose
of about 10% rads (Si) is the threshold beyond which some devices may incur
significant permanent damage. When this threshold is exceeded, the dose
should be reported and a clear identification made of the data obtained
above the threshold.

When testing to determine threshold values, it is suggested that a few
devices be checked to determine the relative location of the threshold.
The remaining devices can then be tested over a more limited dose or dose
rate range to establish specific threshcld values.

An additional problem arises when the operation of the circut under
test must be synchronized with the radiation pulse. It is not always pos-
sible to remotely pulse the radiation source to coordinate the desired ra-
diation with circuit operation. Some faciiities do provide an equipment
trigger signal; however, there is usually an inherent variation (jitter)
in the delay between the actual trigger signal received at the test equip-
ment and the radiation pulse, making syncnronization difficult. The facil-
ity operator should be consulted to determine whether the jitter time of
the trigger signal is acceptable for a particular test (Reference 13).

Adequate documentation of the test methods and the results of tran-
sient-effects testing is extremely important. The following data should be
recorded for each radiation test as a minimum:

1. Device 1dentification

2. Date of tust and operator

3. Description of test facility

4, Description of all test equipment

5. Description of test circuit including physical config-
uration, shielding, and grounding

6. Type of ionizing radiation

7. Energy spectrum of the incident radiation
8. Radiation-pulse shape

9. Radiation-pulse width

10. Dose rate in the device
11. Accumulated dose in the device

12. Ambient temperature

13. Test circuit current with device removed

8-22
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14, Test circuit response data

15. Voltage bias on the device

16. Device orientation

17. Case connections

18. Values of photocurrent for each data set
19, Pictorial presentation of device response

20. Relaxation time, if calculated.

8.3.4 Specific Test Procedures for Diaital and Linear Circuits

The voltage and current measurement techniques discussed in this sec-
tion are basically the same as those described in Section 6.2 for discrete
semiconductor devices. Note that very often several measurements are made
simultaneously when testing integrated circuits., For example, output volt-
age, input current, and power supply current may need to be observed at the
same time.

The material presented here outlines basic testing principles. It is
the responsibility of the user to correctly adapt the appropriate material
to his unique requirements to assure that all data are taken in accordance
with established Military and ASTM radiation testing standards.

8.3.4.1 Voltage Measurements of Device Response

A block diagram of a typical circuit for voltage measurement during
ionization testing is shown in Figure 8.3~3., The cable between the circuit
under test and the line driver should be kept short to minimize capacitive
loading and replacement currents. The power supply capacitor. C must be
large enough to supply the transient current and remain a stiff voltage
source during the radiation transient. The time constant R,C must be large
compared to the period of the noise signal induced in the long cable., A
convenient method of checking this is to drive the circuit input using a
pulser. Cabling and active instrumentation in the exposure area must be
shielded. If a digital circuit is to be checked at both output levels, a
relay or solid-state switch should be incorporated in the measurement cir-
cuitry to change the input bias level.

Active line drivers are frequently employed in these measurements as
illustrated in Figure 8.3-3. These must be carefully designed so that the
linearity, input impedance, dynamic range, capacitive loading, transient
response, radiation response, and other characteristics do not affect the
accuracy of the test, These problems are discussed in Section 2.5. Often
the signal must be reduced to a value that can be handled by the measuring
equipment. 1In this case, attenuators are needed.
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Figure 8.3-3. Typical test configuration for tiransient ionization
testing of digital integrated circuits.

Figure 8.3-4 shows a linear circuit test configuration using the same
measurement circuit principles shown in Figure 8.3-3. Dose rate response
measurement procedures are given in Method 1023 of Reference 2 and Method
F773 of Reference 2.

Differential measurements can be used in radiation testing; however,
careful selection of suitable test equipment capable of recording responses
to narrow fast-rise-time radiation pulses is necessary., Cable lengths must
be closely matched. The physical cable location and the voltage applied to
the common conductor must be chosen to minimize replacement current ef-
fects. The effects of the source impedance of the device being tested on
the spurious voltage due to a replacement current must also be taken into
account.

8.3.4.2 Current Measurement of Device Response

The two basic preferred test circuits for the measurement of device
current photoresponses-—-the resistor-sampling method and the current-probe
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Figure 8.3-4, Example of a test circuit for transient icnization
testing of a linear circuit.
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method--are discussed in Section 6.2. The circuits shown in Figures 6.2-3
and 6,2-4 can be adapted for use with integrated circuits as shown in Fig-
ure 8.3-5. Resistors Ry, Ry, and Rq are selectad for high-frequency isola-
tion but are small enough to permit proper dc currunt in the test device; ;
capacitors Cj;, Cp, and C; are for bias-supply bypass; Ry 1is equal ‘
to the characteristic cable impedance; and V is the bias voltage source.
Ipp is measured by the current probe, CT, and recorded on an oscilloscope.

The current-probe technique is used when minimum deviation of the oper-
ating point is required. Although this method of .ieasuring current is less
sensitive than the resistor sampling technique, it is capable of measuring
larger currents. The upper limit of the measurement is dependent upon the

e o A T o T
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Figure 8.3-5. One-lead, current-probe measurement circuit.

saturation limit of the curreut probe; low-frequency response of such
probes must be checked when using wide pulse widths. Insertion impedance
of the probe should be considered. The probe should always be positioned
between the bypass capacitor and the circuit under test.

The system power supply voltage may drop during the ionizing radiation
exposure due to an excessive transient current drain. It may also be im-
portant to record the power supply current of the circuit under test. This
measurement 1is particularly important for junction-isolated integrated
circuits,

Figure 8.3-4 illustraces the use of a current probe to measure power
supply current of a linear circuit. The procedure detailed in Method F448
of Reference 3 should be followed in all cases.

8.3.4.3 Dose Rate Threshold for Upset of Digital Integrated Circuits

The 'dose rate threshold for a digital integrated circuit is that dose
rate that causes either an instantaneous change in the output voltage
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beyond some specification limit or a change of state of any stored data.
The test circuit for determining the upset threshold dose rate is substan-
tially the same as the one shown in Figure 8.3-3. Method 1021 of Refer-
ence 2 and Method F744 of Reference 3 give the exact procedure to follow
when making this measurement.

The procedure for determined integrated circuits (circuits whose out-
puts are unique functions of the input) is to first bias the device with
the outputs in the HIGH state. It is then exposed to stepped increases of
decse rate exposure in accordance with a specified test plan until the low-
est dose rate is determined which causes the specified voltage transient
for any of the monitored outputs. Power supply peak transient current is
also monitored. The test is repeated with the outputs biased in the LOW
state.

For nondetermined integrated circuits (circuits whose output 1is not a
unique function of the inputs), specified patterns of ones and zeros are
monitored for changes as well as the specified voltage transients for any
of the outputs.

The items to be specified for testing include the device type, test
circuit parameters, upset voltage level definitions, bias conditions, total
dose restrictions, radiation pulse, and applicable failure criteria. For
nondetermined devices, the patterns of ones and zeros to be stored must
also be specified.

8.3.4.4 Radiation-Induced Latchup Testing

Two procedures have been developed to evaluate transient radiation-
induced integrated circuit latchup. The first is an analytical technique
valid for both bipolar junction-isolated and dielectrically-isclated inte-
grated circuits (Method F774 of Reference 3). The procedure involves ex-
amining the integrated circuit device itself, composite drawings of the
device, electrical schematics, and chip photographs to identify the four-
layer paths in the device. If there are no four-layer paths in the cir-
cuit, or no four-layer paths properly bissed to sustain latchup, then it
can be concluded with a high level of confidence that the integrated cir-
cuit is free from latchup. If neither ¢f these conclusions can be reached,
then the circuit must be radiation tested to determine if it is free from
latchup, Finally, in some cases, a direct conclusion can be reached that
the circuit is susceptible to latchup. 1In all cases, a radiation verifica-
tion test should be used in conjunction with the analysis to verify the re-
sults of the analysis when latchup is not indicated.

The second procedure specifies actual gamma dose rate testing to deter-

mine integrated circuit latchup. Method 1020 of Reference 2 describes the
detailed requirements for these tests. The tests are nondestructive and
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devices that pass the test may be used as production hardware. A block di-
agram of the recommended test setup is shown in Figure 8.3-6.

SYSTEM CLOCK

INPUT
i
MASTER | | woRD
CLOCK GENERATOR
FXR DEVICE GENERATOR

TRIGGER LOGIC DEVICE
SIMULATOR INPUT
CURRENT
SENSOR h

[—. r
— |
DEVICE ’ 1
=t DEVICE
POWER INTERFACE | UNDER
|
!

DATA
SUMMARY YOLTAGE . . BOARD TEST |
: COMPARATOR |
NETWORK —————
DEVICE |
OUTPUT L
PROGRAMMABLE PIN EXTERNAL AREAFX{Z;ED
ERROR DIODE MONITOR T0 KADIATION
LIMITS (DOsE) (OPT)

DEVICE
IDENTIFICATION

Figure 8.3-6. Recommended latchup test system.

There are two groups of digital integrated circuit devices to be con-
sidered when testing for latchup. These are determined devices whose out-
put is a unique function of the input and changes when the input changes
(e.g., NAND gates), and nondetermined devices whose output is not a func-—
tion of the input (e.g., a J-K flip-flop that changes output state only
with the clock signal). Failed determined devices are those whose output
is not in a proper logic state or that fails to respond properly to a
change in irput after radiation. Nondetermined devices that fail the
latchup test are those that do not respond properly to the second change in
input after radiation. The second change is used since the first change in
input may not change the output if it has already changed due to radiation.
However, the second change of input must change the output.

For linear circuits, there are two preferred methods for verifying
involves a visual examination

proper device operation., The first method

of oscilloscope photograpls of the circuit output responses before and
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after radiation exposure to determine the failure status. The second
method uses preset comparators to evaluate the device output. At least two
different input levels are applied to the test device. The corresponding
output levels are fed into the preset comparators for failure evaluation.

Medium~ and large-scale integrated circuits normally have more output
states than can be practically monitored. An evaluation must be made of
the actual device application requirements to identify the input/output
functions pertinent to the latchup test.

Test requirements to be specified include the device types, parameters
to be measured, device operating conditions during test, time intervals be-
tween exposure and functional tests, radiation dose and limits, and temper-—
ature. Data reporting shall include at least an identification of parts by
serial number and the pass/fail status data. Careful data recording is
essential,

8.4 DATA REPORTING
8.4.1 (General

The general information required in most reports of TREE tests is given
in Chapter 3. Information requirements covered in that section include
reporting of the test procedures, description of the facilities used, docu-
mentation of the dosimetry, and a complete description of the samples irra-
diated. 1Included here are specific data requirements for tests involving
integrated circuits and standardized formats for reporting the data. Fig-
ure 8.4-1 shows a typical data format that can be used to present the gen-
eral information for each irradiation test.

In addition to the irradiation procedure, basic types of samples should
be descrited. A good technique to employ is to provide a separate data
sheet that presents the manufacturer, type of specification number, lot
number, origin (factory, distributor, etc.), and method of selection and
validation for the various device types. If useful electrical and struc-
tural information (such as power rating and junction areas) is available,
it should be reported to facilitate data comparisons and to increase the
general uvility of the data. A typical parts tabulation sheet is illus-
trated in Figure 8.4-2,

A statement should be given as to the consistency of any control sam-
ples used. The estimated uncertainty in all important results should be
quoted., 1In specifying errors, the value of one standard deviation is the
quantity prefeired, although other methods may be used if they are more
suitable ard are unambiguous. When statistical characterizations are
given, the techniques involved in their calculation should be explained--
at least by a reference.

Due to the large variety of integrated circuits and the number of tests
that can be performed on them, specific test couditions cannot be defined
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Facility:

Device Type(s):

Date of Test:

Dosimetry Method(s):

e e

Irradiation Temperature:

Experimental Configuration:

Additional Commen*s:

Electrical Condition During Irradiation:

(Specify device bias condition and the circuit diagram, including all test
equipment and grounding scheme used during in situ measurement,)

Figure 8.4-1,

Sample format for general test information.

Informatior to be Included Useful Information
Date of Device
Unit manufac- Batch
Designa ture and/ and Maximum | Maximum | Device
Serial | tion in | Manufac- or Pur- Lot Curvent | Voltage | Applica-
Number Test turer chase Number | Rating Rating tion Comments
Figure 8.4-2. Sample feormat for tabulating parts data.
8-30
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on the data sheet itself. Therefore, a separate record is recommended for
documenting the measurement conditions by device pin number for each inte-
grated circuit test. Figure 8.4-3 is a suggested format for recording mea-
surement conditions. The test designation is necessary to identify each
individual test on the data sheets. Either a standard test designation or
a number may be used.

In addition to recording the test conditions, a test diagram with bias
conditions specified shouvld be included,

8.4.2 Permanent-Damage Data

It is recommended that device parameter data be tabulated for each set
of measurements giving the parameters measured, the irradiation level at
which the measurements were made, the operating condition of the device
during measurement, and any additional test conditions. Note that preir-
radiation parameter values must be included. A sample data format for
tabulating measured parameter values is given in Figure 8.4-4. As supple-
mentary information to parameter data, the measurement procedure should be
reported. Specifically, this includes the measurement-circuit diagram, a
list of the measurement equipment and a statement regarding the accuracy
and/or precision of the data.

Type:
Date:

Test Operating Conditions On Pin

Desig 1 2 3 415 617 [8 ]9 10 11 12 13 14 15 16 Comments

Figure 8.4-3. Sampie format for recording integrated circuit
measurement conditions.

Type: .

Date:

PR —— — - -
Neutron Mcasure- Measure- Measuve- Measure~4]
Gamma Fluenge ment and ment and ment and ment anld
dnit Test Yose n/eme Test Con- Test Con- Test (on- Test Coa |

Desig | Desig | rads (Si) | {1-MeV Eq) diticens Yalue ditions Value ditions Value ditiors Value

Figure 8.4-4. Sample format for recording permanent-effects data.
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Graphs showing the vradiation-induced changes in the measured parameter
values are very desirable and complement the tabulated data. The method
employed for the graphical presentation of data depends on the method of "
data analysis and the objectives of the experiments. As a general guide- |
line, it is recommended that parameter measurements mad2 at only one op- )
erating poinc should be plotted as a function of radiation exposure. i
Parameters that are measured at several operating points at each fluence

; level should be plotted as a function of the parameter varied to change the x
! operating point., The result will be a family of curves for the various ra- j
‘ diation exposures. Figure 8.4-5 shows an example of TTL output voltage i

§

4 changes due to neutron exposure. Similar curves can be developed for de-
- vices sensitive to total dose exposure,
L
\ KEY :
¢ O STANDARD O EXPLRINENTAL 1
:A i r X LOW POWER SCHOTTKY @ LOW POWER :
8 HIGH SPEED O SCHOTTRY
‘ Yo
—_— T
| e —
3 I F ——
(YOLTS)
3 2 I~
X O/
1 -
] Yo / / /
0 | | | 1 1 Vo |
0 .28 6.9 14 46 1 120 200
f ;
L (x10'3 NEnTRONS ‘cmd) :
!
Figure 8.4-5. TTL output voltage versus neutron fluence (Reference 26).
8.4.3 Transient Radiation Exposure Data i
i
The measurzd ionization response of integrated circuits should be tabu-
lated in a fashion similar to the format described for permanent-effects
data. A sample data format for tabulating ionizing nate is given in Figure
8.4-6, Consideration should also be given to .ceporting complementary !
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~lectrical-characterization data measured before radiation exposure that
are likely to be correlated with the radiation response.

Type:
Date: i j
—_—e : i
* Rad(S1) 8 Rad(S1)/s (mA. (V)
Unit | Test |Thres, Dosce [ Nom, Dose ol AL AlgNp|cY LY AV [AY
Desig |Desig | Def. Pulse | Rate |[PIN__|PIN_|PIN_ |PIN_|PIN_[PIN_ |PIN_|PIN i

Width

Figure 8.4-6. Integrated circuit ionization-effects data.

The graphical presentation of ionization-effects data as a complement
to tabulated data is very desirable. A typical format for the graphical
presentation of the transient response as a function of dose rate is shown
in Figure 8.4-7. For each device type on which radiation data are re-

' ported, an illustration or oscilloscope photograph should show a typical

f response as a function of time and display the leading and trailing edges ‘
‘ of the pulse. The dose rate at which the illustration was taken should be
; indicated. If the shape of the response changes appreciably with dose
i rate, additional illustrations of response should be shown and the areas of
the response curve to which they apply should be indicated.

A ) i

7 Similar graphical data can be developed for other circuit parameters
1 for both digital and linear integrated circuits., Figure 8.4-8 shows the
variation of the important recovery time parameter of a linear amplifier
after radiation exposure.

S o e o S L iatininns

{ 8.5 TESTING CONSIDERATIONS FOR MSI AND LSI DEVICES

The principles of testing to determine the radiation response of inte- 5
grated circuit devices discussed in the preceeding sections are applicable E
to devices of much greater complexity thar simple gate circuits or basic ;
o,2rational amplifiers. These devices are generally referred to as medium-
scale integrated (MSI), large-scale integrated (LSI), and very large-scale
integrated (VLSI) circuits. Such devices normally contain many more output ;
states than can be practically monitored during test. Many of these de- ]
vices can only be evaluated on a pass/fail basis and most require unique ’
test setups; however, the appropriate test standards referred to in this
chapter must be a part of any such test setup and must be adhered to in all
cases (References 2 and 3).

! 8-33

E&- » =
N TR S, .'«L, N . e AUA N v lree o e .. s
e ..—er..J

i B




(YOLTS)

7 -

1

0 i i L . 1 1 1
0 1.8 3.6 1.2 14 32

DOSE RATE (rad(Si)/s X 108)

Figure 8.4-7. Transient radiation response of a TTL NAND gate
(insert shows a typical output response waveform)
(Reference 26).
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Figure 8.4-8. Amplifier recovery time as a function of jonizing
dose rate for three radiation pulse widths
(Reference 27).

Automated LSI test systems are usually rather large and immobile. They
are readily adaptable to permanent-damage measurements where devices can be
tested, exposed to a given quantity of radiation, and then tested again.
They are not well suited for in-situ testing for transient error detection
or for pulsed radiation exposure measurements. A useful approach that has
been developed for memories and microprocessors is based on comparing a de-
vice under test to a reference device pin for pin. This approach uses pro-
cedures defined to systematically test a device and idencify malfunctions
in a comprehensive, but not exhaustive, way. For example, if two registers
on the same chip can be separately loaded into the accumulator, and if data
from one register can be properly added to the contents of the accumulator,
then it is not necessary to test the proper addition of data from the sec-
ond register. The following paragraph describes an instrumentation setup
that has been developed for testing microprocessors.

Microprocessors may contain thousands of transistors and thousands of
interconnections with only 40 connections available for measurements. The
perfect test for such devices would be to manipulate the instructions and
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available control pins to put the internal devices into all possible state
combinations. Such a 100-percent test would consume far more time than is
acceptable. An evaluation of the device application must be made to help
identify the input/output functions to be monitored; compromises must be
made to use a test program that directs the device under test to execute a
representative number of different types of functions.

A block diagram of an instrumentation setup that has been developed to
evaluate microprocessor response to radiation exposure is shown in Figure
8.5-1 (Refurence 28). The prucedure is to compare the functioning of two
identical microcomputer systems driven by a common system clock and execut-
ing identical instruction set listings. One microcomputer is a reference
system and the other is the support system for the microprocessor being ex-
posed to the radiation. A comparator circuit detects any differences in
the outputs of the microprocessor under test and the reference microproces-
sor. The measurements monitor only the functioning of the device under
test on a pass/fail basis, not the device parameter variations. The test
techniques and instrimentation are quickly adaptable to a variety of micro-
processors. A more complete description of the procedures and the instru-
mentation is given in Reference 28.

Similar test setups can be developed for testing other types of LSI de-
vices. It is the responsibility of the user t. thoroughly consider the
requirements of his system when devising specific test procedures in ac-
cordance with the established standards.

Pb
SHIELD
RESET |
OSCILLOSCOPE OSCILLOSCOPE GENERATOR |
LONG SHORT
RADIATION
TIME TIME SOURCE
uP
|
 / UNOER
TEST
A HOR2Z. rlm "
I Vo ADDRESS LINE
|\ COMPARE o — N\
A Py S COMPARATOR
DATALINE
COMPARE L
. 25.40 Jn
FEET .
EVENT fEF.
- MARK P =
CHART
RECOADER (I 1
TIME MARK
- POWER
GENERATOR fomen |

Figure 8.5-1. Block diagram of instrumentation setup
(Reference 28).
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ATTN: B, Blake

ATIN: 1. Garfunkel

ATIN: G, Gilley

Aerospace Industries Assoc of Ameriva, Inc

ATTN: S, Siegel
Anpex corp
ATTN: D, Ynutsan

ATTN: 0, Smith

Analytic Sves, Inc

ATTN: P, Szywmanski
ATTN: J. 0'Sullivan
ATTN: A, Shostak

Applied Systems Engrg Dir
ATTN:  J. Retzler, Nuc §/V Mang
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AVCO Systems Div
ATTN: 0. Fann
ATTN: €. Davis
ATTN: W. Broding
ATTN: D, Shrader

Battelle Memorial Institute

ATTN: R. Thatcher
DM Corp

ATIN: S, NMeth

ATTN:  C. Stickley

bhOM Corp

ATTN: R. Antinone

ATTN: D, Wunsch

ATTN: Marketing
Beers Assoc, Inc

ATUN: S, lves

ATIN: B, Beers

Bell Labs
ATTN:
ATTN:

R. Mcpartland
D. Yaney

gendix Corp

ATiN: Dot Con
Bendix Corp
TTN: M. Frank
Bendix Corp
ATTN: E. Mecder

Boeing Aerospace Co

ATTN: MS-81-36, W. Doherty
ATTN: Q. Mulkey
ATTN: MS-’R-00, C. Rosenberg
ATTN: MS-2R-00. A, Johnston
ATTN: €. Dixoen
ATTN:  MS-JR-00, . Arimura
ATTN; MS-81.36, P, Blakely
ATTN: MS-2R-00, t. Smith
Boeing Co
ATTN: D, Lgelkrout
ATTN: H. Wicklein
ATTN: 8k-38
ATTN: R, Caldwell
Bovs, Allen and Hamilton, Inc
ATTN: R. Chrisner

Burr-Brown Rsch
ATTN: M.

Corp
Smith

Burroughs Corp

ATTN: Product Evaluation tab
Cincinnati Electronics Corp

ATTN: L. Hammond

ATTN: C. Stump
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DEPARTMENT OF DEFENSE CONTRACTORS (Continued)

California Institute of Technology
ATTN: D, Nichols, T-1180

ATTN: R, Covey
ATTN: P, Rohinsen
ATTN:  J. Bryden
ATTN: F. Grunthaner
ATIN: A, Shumka
ATTN: W. Price
ATTR: K. Martin
ATTIN: M. Scott
Charles Stark Oraper Lab, Inc
ATTN: P, Greiff
ATTN: A, Schutz
ATTN: J. Boyle
ATTN: R, Bedingfiela
ATTN: R. Ledger
ATTN: A, Freeman
ATIN: D, Gold

ATTN:  Tech Library
ATTN: R. Haltmaier
ATTN: W. Callender
ATTN: N. Tibbetts

Clarkson College of Technology
ATTN:  P. McNulty

Computer Sciences Cocp
ATTN: A, Schiff

Control Deta Corp
ATIN: T, Frey
ATTN: D. Newberry, BRR 142

University of Denver
ATTN: Sec Officer for F. Venditti

Develco, Inc
ATTN: G, Hoffman

Dikewood
ATTN: Tech Library for L. lavis

E~Systems, Inc
ATTN: K. Reis

E-Systems, Inc
ATTN: Div wcibrary

taton Corporation
ATTN: A, Anthony
ATTN: R. Bryant

flectronic Industries Assoc
ATTN: J. Kinn

Exp & Math Physics Consultants
ATTN: T. Jordan

University of riorida
ATTN: H. Sisler

FMC Corporation
ATTH: M. Pollock

Ford Aerospace & Communications Corp
ATTN: K. Attinger
ATTN: J. Davison
ATTN: Tech Info Svcs
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DEPARTMENT OF DEFENSE CONTRACTORS (Coutinued)

Ford Aerospace & Communications Corp
ATTN: D, Newell
ATTN: D, Cadle
ATTN: E. Hahn

Franklin Institute
ATTN: R. Thompson

Garrett Corp
ATTN: H. Weil

General vynamics Corp
ATTN: 0. Wood
ATTN: R, Fields, MZ283¢

General Ele.tric Co
ATTN: Tech Info Ctr for L. Chasen
ATTN: J. Peden
ATTN: J. Andrews
ATTN: R. Casey
ATTN: R. Benedict
ATIN: Tech Library
ATTN: J. Palchefsky, Jv
ATTN: W. Patterson
ATTN: D, Tasca

General Electric Ce
ATTN: L. Hauge
ATTN: B. Flaherty
ATTN: J. Reidl
ATIN: G, Bender

General Electric Co
ATTN: G. Gati, MD-F184

General Electric Co
ATTN: C. Hewison
ATTN: J. Gibson
ATTN: D. Cole

General flectric Co
ATIN: D. Pepin

General Research Corp
ATTN: A, Hunt
ATTN: E. Steele
ATTN: R. Hitd
ATTN: Tech Info Ofc

George Washington University
ATTN: A, Friedman

Georgia Institute of Technology
ATTN: Res & Sec Coord for H. Denny

Goodyear Aerospace Corp
ATTN: Sec Con Station

Grumman Aerospace Corp
ATTN: J. Rogers

GTE Microcircuits
ATTN: F, Kech

Harris Corp
ATTN: C. Davis
ATTN: W, Abare
ATTN: E. Yost
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DEPARTMENT OF DEFENSE CONTRACTORS (Continued)

Harris Corp

ATTN: C. Anderson
ATTN: J. Schroeder
ATTN: B. Gingerich, MS-51-120
ATTN: D. Williams, MS-51-75
ATTN: Mgr Linear Engrg
ATTN: J. Cornell
ATTN: T. Sanders, MS-51-121
ATTN: Mgr Bipolar Digital Eng
Hazeltine Corp
ATTN: C. Meinen
ATTN: J. Okrent
Honeywell, Inc
ATTN: F. Hamptun
ATTN: D. Neilsen, MN 14.3015
ATTN: J. Moylan
ATTN: R. Gumm
Honeywell, Inc
ATTN: J. Zawacki
ATTN: C. Cerulli
ATTN: R. Reinecke
ATTN: J. Schafer
ATTa:  MS 725-5
AiTN: H. Noble
Honeywell, Inc
ATTN: Tech Library
Honeywell, Inc
ATTN: L. Lavoie
Honeywell, Inc
ATTN: D. Herold, MS-MN 17-2334
ATTN: D Lamb, MS-MN 17-2334
ATTN: R, Belt, MS-MN 17-2334
Hughes Aircraft Co
ATTN: CTDC 6/E110
ATTN: D, Birder
ATTN: K. Walker
ATTN: R, McGowar
Hughes Aircraft Co
ATTN: E. Smith, MS V347
ATTN: E. Kibo
ATTN: W. Scott, S32/C332
ATTN: A. Narevsky, $32/C332
ATTM: D. Shumake
Hughes Aircraft Co
ATTN: R. Henderson
Hughes Aircraft co
ATTN: P. Coppen
ATTN: MS5-A2408, J. Hall
1BM Corp
ATTN: Electromagnetic Compatability
ATTN: T. Martin
ATTN: Mono Memory Systems
ATTN: H. Mathers
IBM Corp
ATTN: J. Ziegler
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DEPARTMENT OF DEFENSE CONTRACTORS (Continued)

IBM Corp

ATTH: 0. Spencer

ATTN: L. Rockett, MS 110-020
ATTN; A. Ederfeld

ATTN: MS 110-036, F., Tietze
ATTN: W. Doughten

ATTN: N. Haddad

ATTN: W, Hanley

ATTN: H, Korecha

ATTN: S, Saretto

11T Research Institute
ATTN: 1. Minael
“TIN: R, Sutkowski

I1linois Computer Rsch, Inc
ATTN. E. Davidson

Institute for Defense Analyses
ATTN: Tech Info Svcs

Intel Corp
AVTN: 7. May

International Tel & Telegraph Corp
ATIN: A. Richardson
ATTN: Dept 608

IRY Corp
ATTN: J. Harrity
ATTN: R, Judge
ATTN: M. Ros:
ATTN: N. Rudie
ATTN: Physics Div
ATIN: MDC
ATTN: Systems Effects Jiv
ATIN: K. Mertz

JAYCOR
ATTN: R, Stah)
ATTN: J. Azarewicz
ATTN: M. Treadway
ATITN, L. Scott
ATTN: T. Flanagan
ATTN: R. Reraer
JAYCOR
ATTN: E. Alcaraz
ATTN: R. Sullivan
JAYCOR

ATTN: R, PoN

Johns Hopkins University
ATTN: R. Maurer
ATTN: P. Partridge

Johns Hopkins University
ATTN: G. M-~sson, Dept of Elec Etngr

Kaman Sciences Corp
ATTN: Dir Science & Technology Div
ATTN: J. Erskine

ATTN: W. Rich
ATT®,; C. Baker
ATTN: N. Beauchamp
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Kaman Tempo
ATTN:. DASIAC
ATTN: W. McNamara
ATTN: R. Rutherford
4 cy ATTN: M, Espig

haman Tempo
ATTN: W. Alfonte

Kinon, John M
ATIN: J. Kinon

Livton Systems, Inc
ATTN: G. Maddox
ATTN: F. Motter
ATTN: J. Retzler

tockheed Missiles & Space Co, Inc
ATTN: Reports Library
ATIN: J. Crowley
ATTN: F. Junga, S2/54-202
ATTN: J. Smith

Lockheed Missiles & Space Co, Inc

ATTN: D. Wolfhard

ATTN: K. Greenough

ATTN: B. Kimura

ATTN: L. Rossi

ATTN: S, Taimuty, Dept 81-74/154
ATTN: G. Lum

ATTN: Or G. Lum, Dept 81-63
ATTN: J. Cayot, Dept 81-63

AYTN: P, Bene

ATTN: J. Lee

ATTN: E. Hessee

ATTN: A, Borofsky, Dept 66-60, B/577N

M.1.T. Lincoln Lab
ATTN: P. McKenzie

Magnavox Advanced Products & Sys Co
ATTN: W. Hagemeier

Magnavox Govt & Indus Electronics Co
ATTN: W. Richeson

Martin Marietta Corp
ATTN: H. Cates
ATTN: J. Tanke
ATTN: W. Janocko
ATTN: TIC/MP-30
ATTN: W. Brockett
ATTN: R. Yokomoto
ATTN: J. Ward
ATTN: R. Gaynor
ATTN- MP-163, W. Bruce
ATTN: S. Bennett
ATTN: P. Fender
ATTN: MP-163, . Redmond

McOonnell Douglas Corp
ATTN: Library

ATTN: R. Kloster, Dept E45]
ATTN: M. Stitch, Dept EOO3
ATTN: D. Dohm
ATTN: T1. Ender, 33/6/618
ATTN: A. Munie
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DEPARTMENT OF DFFENSE CONTRACTORS (Continued)
Martin Marietta Denver Aerospace

ATTN: D-6074, G. Freyer

AiTN:  Goodwin

ATTN: M. Shumaker

ATTN: E. Carter

ATTN: Rsch Library

ATTN: P, Kase

ATTN: MS-D6074, M. Pclzella

University of Maryland

ATTN: H. Lin
McDonnell Douglas Corp
ATTN: J. Holmgrem
ATTN: R. Lothringer
ATTN: J. Imai
ATTN: D. Fitzgerald
ATTN: P. Bretch
ATTN: M. Onoda
ATTN: M. Ralsten
ATTN: P. Albrecht

McDonnell Douglas Corp
ATTN: Tech Library

Messenger, George C
AtTN: G. Messenger

Mission Research Corp
ATT™: M. van Blaricum
ATTN: C. Longmire

Mission Research Corp
AT(N: D. Alexander
MTN: D. Merewether
ATTN: R. Pease
ATTN: R Turfler

Mission Research Corp
ATTN: B. Passenheim
ATTN: J. Raymond

Mission Research Corp
ATTN: J. Lubell
ATTN: R. Cuiv s
ATTN: W. Ware

Mitre Corp
ATTN: M. Fitzgerald

Mostek
ATTN: MS 640, M. Campbel]

Motorola, Inc
ATTN: A. Christensen

Motorola, Inc
ATIN: C. Lund
ATTN: L. Clark
ATTN: 0. Edwards

National Academy of Sciences
ATTN: National Materials Adviscry Board

University of New Mexico
ATTN: H. Southward
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DEPARTMENT OF DEFENSE CONTRACTORS (Continued)

National Semiconductor Corp

Jones
Martin
London

Inc
Divis

Inc
Longo

ATiN: Tech Library

ATTN: F.
ATTIN: 1.
ATTN: A.
New Technclogy,
ATTN: D.
Norder. Systems,
ATTN: OD.
Northrop Corp
ATTN: J.
ATTN: 2.
ATTN: P.
ATTN: A.
ATTN: 5.
ATTN: A,
Northrop Corp
ATIN: P,
ATTN: L.
ATIN: D.
ATTN: o,
ATTN: T,
ATTN: £
ATTN: S,

Pacific-Sierra
ATTN. H.

Palisades Inst

Srour
Shanfield
Eisenberg
Kalma
Othmer
Bahraman

Gardner
Apodaca
Strobel
Besser
Jackson
King, C4323/WC
Stewart

Research Corp
Brode, Chairman 3AGE

for Rsch Svcs, Inc

ATTN: Secretary

Physics International Co
ATTN: Div 6000
ATTN: J. Huntington
ATTN: J. Shea
Power Conversion Technology, Inc
ATTN: V. Fargo
R & D Associates
ATTN: C. Rogers
ATTN: W. Karzas
Rand Corp
ATTN:. C. Crain
Raytheon Co
ATTN: G. Joshi
ATTN: T. Wein
ATTN: J. Ciccio
Raytheon Co
ATTN: A. Van Doren
ATTN: H. Flescher
RCA Corp
ATTN: V. Mancino
RCA Corp
ATTN: R. Killion

DEPARTMENT OF DEFENSE CONTRACTORS_(Continued)

RCA Corp
ATTN: . Napoli
ATTN: D. 0'Connor
ATTN: Office N103

ATTN: G. Hughes
ATTN: R. Smeltzer
ATTN: L. Minich
RCA Corp
ATTN: E, Schmitt
ATTN: L. Debacker
ATTN: W. Allen
RCA Corp
ATTN: W. Heagerty
ATTN: E. Van Keuren
ATTN: J. Saultz
ATTN: R. Magyarics

Rensselaer ..ytechnic Institute
ATTN: R. Gutmann
ATTN: R. Ryan

Research Triangle Institute
ATTN: M. Simons

Rockwell International Co

ATTN: V. Michel

ATTN. V. De Martino

ATTN: V. Strahan

ATTN: A. Rove'l’

ATTN: J. Pickel, C.7e 031-BBOL
ATTN: R. Pancho!l

ATTN: C. Kle® | r

RTIN: GA50, iL/L, G. Green
ATTN: J. Blandford

ATTN: K. Hull

ATTN: J. Bell

Rockwell International Corp
ATTN: TIC D/41-092, AJO1
ATTN: D. Stevens

Rockwell International Corp
ATTN: A, langenfeld
ATTN: TIC 106-216

Rockwell International Corp
ATTN: T. Yates
ATTN: TIC BADS

Sanders Assoc, Inc
ATTN: L. Brodeur
ATTN: M. Aijtel

Science Applications, Inc

ATTN: D. Millward
ATTN: J. Spratt
ATTN: L. Scott
ATTN: V. Verbinski
ATTN: V. Orphan
ATTN; R. Fitzwilson
ATTN: D. Strobel
ATTN: D. Long

ATTN: J. Naber
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OEPARTMENT OF DEFENSE CONIRACTORS (Continued)

Science Apnlications, Inc
AlTh:  J. Swirc2ynski
ATTH,  N. Byen
ATTh: C. Cheek

Science Applications, Inc
ATTN: J, Wallace
ATTN: W, Chadsey

Science Applications, Inc
ATTN: D, Stribling

Scientific Research Assoc, Inc
ATTN: H. Grubin

Signetics Corp
ATTN: J. Lambert

Singer Co
ATTN: Tech Info Ctr
ATTR: J. Brinkman
ATTN: J. Laduca
ATIN: R, Spiegel

Sperry Corp
ATTN:  [Engrg Lab

Sperry Corp
ATTN: J. Inda

Sperry Flight Systems
ATTN: D. Schow

Sperry Rand “orp
R. veola
ATTN: €. iaiy
ATTN:  F. Scarvavaglione
ATTN: P, daraftino

SRI International
ATTN: A, Whitson

Sundstrand Corp
ATTN: Research Dept

Sylvania Systems Group
ATTN: L. Pauplis
ATTN: C. Thornhill
ATTN: L. Blaisde!)
ATTN:  W. Dunnet

Sylvania Systems Group
ATTN:  H. Yllman
ATTN: P, Fredrickson
ATTN: H & Vv Group
ATTN: C. Ramsbottom

Strategic Systems Div
ATIN: J. Waldron

Systron-Donner Corp
ATTN: J. Indelicato

Teledyne Brown Engrg
ATTN: D, Guice
ATTN: T. Henderson
ATTN: J. McSwain

Teledvne Systems Co
ATTN: R. Suhrke

Texas Instruments, Inc
ATTN: R. Stehlin
ATTIN: R. Carroll, MS 3143

ATTN: R, McGrath

ATTN: T. Cheek, MS 3143
ATTN: E. Jeffrey, MS 961
ATTN: F. Poblenz, NS 3143
ATTN: D, Manus

TRW Llectronics & Defense Sector
ATTN: W. Willis

ATIN: F. Friedt

ATTN: P, Gardner

ATTN: A. Witteles, MS R1/2144
ATix: D. Clement

AITN: P, Guilfoyle

ATTN: Vulnerability & Pardness Lab

ATTN: P. Reid, MS R6/2%41
ATTN: 4, Holloway
ATTN: M. Ach
ATTN: W. Rowan
ATTN: ¢ Hennecke
ATTN: . =11
ATTN: R. Kingsland
ATTN:  H. Volmerange, R1/1126
ATTN: Tech Info Ctr
2 ¢y ATTN: R, Plebuch
2 vy ATIN: 0. Adams

TRW Electronics & Defense Sector
ATIN: C. 8lasnek

ATTN: f. Fay
ATTN:  J. Gorman
ATIN: R. Kitter

TRW Sy.tems and . ‘ray
ATTN: R, Malhews
AVTN: B, Gililland
ATIN: G, Spehar

Vought Corp
ATTN:  Tech Data Ctr
ATTN: Library
ATTN: R. Tomme

Westinghouse Electric Corp
ATTN: €. vitek, MS 3200
ATTN: MS 3330
ATTN: J. Cricchi
ATTN: L. McPherson
ATTN: N, Bluzer
ATTN: MS 330, D. Grimes
ATTN: H. Kalapaca

Westinghouse dlectric Corp
ATTN:  S. Wood
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