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1,0 GENERAL INFORMATION

1.1 BACKGROUND

The technology of Transient Radiation Effects on Electronics (TREE)
covers a wide range of scientific and engineering disciplines. It is a spe-
cialized field and, not surprisingly, has developed a jargon of its own, bor-
rowing concepts and terms from solid-state physics, radiation and nuclear
physics, nuclear-weapon technology, electronic engineering, and systems
engineering. In the past, the TREE community comprised a relatively small
group of researchers and experimenters who could easily communicate and
exchange information. However, now that many systems must meet radiation
specifications, the community is expanding and reorienting itself toward more
systems applications. Hence, a primary goal of much of the experimental
work pertaining to TREE is gathering information needed to till the gap be-
tween state-of-the-art information already available and the requirements of
a specific system. Obviously, it is neither desirable nor efficient to unneces-
sarily duplicate experimentai work. On the other hand, it is usually not
econcmically possible to acquire experimentally all the data in a particular
region of interest that might be desirable from the viewpoint of a regular
scientific research study. The Defense Nuclear Agency (DNA) has
recognized the need to exert a unifying influence on the TREE community to
achieve a more efficient utilization of experimental and financial resources.

In pursuit of this task, DNA has undertaken a program to bring to the
attention of the electronic engineer, designer, and researcher those proce-
dures in testing and experimentation which experience has shown to he most
likely to yield useful results that can be correlated with other work in the
same area. To this end, this document is meant to provide persons conduct-
ing TREE experiments with recommended procedures that experience has
shown are efficient for determining transient-radiation effects on ele .tronic
parts.

1.2 PHILOSOPHY

The recemmendations in this docurnent are a consensus of current geood
practice. Many peopie in the TREE field, in electronics-system d.sign, and
in semiconductor-device manuvfacturing were contacted, Their opinivis and
rethods were evaluated and judiciously merged to form the basis for riis work,
The results presented are considered neither controversial nor "far out",
Many oi the procedires recommended here are already followed by various
competent groups involved with TREE., If one procedure ic obviously best, it

1-1




i
53
5,
¥
%
3
£
€3
i
k>

3

.
e

x
s

is recommended; if several procedures are equally acceptable, all are presented
for the user's choice, The object has been to formulate and recommend pro-
cedures by wiiich radiation-test data on electronic components and radiation en-
vironments may be obtained and reported,

In this connection it is important to realize what these preferred pro-
cedures are and what they are not. They are a formal recognition of good
practices and methods based on sound physical principies which can lead to
useful TREE data. They provide a means of communicating useful informa-
tion among workers in a large multidisciplined technology, so that people in
different subspecialties (e.g., dosimetry, circuit design, component testing,
system specification, or component fabrication) will be able to use one term
in place of various specialty terms to better understand one another.

These preferred procedures ace not necessarily simplifications. They
are not the formulation of recipes by which a person unfamiliar with TREE
can become an expert chef by "cooking" up new data, They are not a panacea
for hardened- systems designers, electronics engineers who do not want to
understand physics, or physicists who do not want to bother with applications.
Snund scientific judgment and a basic understanding of the problems still are
necessary attributes .or the TREE experimenter,

This docunent is prepared as an integral part of a series of documents
sponsored by DNA to assist and guide the TREE community, Other docu-
ments in this ser~ies are the TREE Handbook, TREE'Simulation Facilities,

EMP Handbook, Nuclear Environment Descriptions and a Management Guide
to TREE,

It is assumed that the users of this document will have access 1o the
TREE Handbook and the other documents in this series. The intelligent use
of these preferred procedures relies on the user being familiar with the in-
formation contained in the TREE Handbook. Therefore, a thorough review
of the pertinent subjects in the TREE Handbook is strongly recommended as
a first step in planning any TREE experiment.

1.3 USE OF THIS DOCUMENT

Who Should Use the Document?

Four principal types of users are expected to use this document:
(1) circuit and system designers who use component data; (2) system speci-
fiers - i,e,, those in government agencies or others who perform trade-
offs 10 formulate environment criteria, system performance specifications,
and system-failure criteria; (3) component manufacturers who can provide
basic physical and electrical data and have the fabrication techniques and
process control needed both for development of harder components and for

1-2
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< design assurance; and (4) the user to which this document is primarily di-

: < rected, experimenters in TREE who perform and define tests, including
A environment correlation, to obtain and report radiation-respcnse data on
I electronic components for use by designers, Although this document has

been prepared for use by anyone who performs an experiment in the TREE
area, Sections 2,0, Experimental Design, and 3,0, Experimental Docu-
mentation, should be of value to all experimenters and to those managers
responsible for TREE experimental programs, It will aid them in develop-
ing efficient plans,

“r

- User Responsibility

It should be realized that the material contained ‘n this document is
considered the best available at the present time; however, as the state of
the art advances, so will test and experimental procedures, As & result, this
document will evolve as improvements are realized and a broader need for
component-part testing is recognized. It is important that the experimenter
realize this and (1) use only the most recent edition of the Preferred Pro-
cedures and (2) take an active part in supplying new information to effect
improvements, Only in this way can this document grow in sophistication and
utility, The last sec*ion, entitled Miscellaneous, contains a form for sugges-
ting deletions, additions, or corrections to this publication,

The user should also realize that he bears the burden when simplifying
or deviating from the suggested procedures, That is, he must justify any
deviations from the suggested procedures and report his work in sufficient
detail to explain the deviations completely.

1,4 LIMITATIONS

Several areas of testing and test results are not included in this docu-
ment, The first area is radiation chemistry, For the present, the document
e will cover only those effects of radiation which pertain to electrical behavior

and not the chemical changes that may occur, Second, long-term ionization

effects are not included although they are recognized as « problem area to be

covered in future documents, It is felt at this time that sv‘ficient information
. is not available to provide an adequate discussion of this topic, For the same
x> reason, the third area, laser simulation, is not covered. Fourth, large scale

or high-volume testing was not considered in the descripticn of the test pro-

cedures, The principles preseunted in this document are applicable to

high-volume testing, However, instrumentation for this type of testing proba-

) bly will have to be specially designed, unless the radiation facility to be used

:; already has svch equipment and it is applicable to the test program,

1-3
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It should be understood that these component part measurement proce- Lot
dures were established to apply principally to design data acquisition and re-
porting and not to radiation-effects research or system tests, For some theo-
retical studies the experimenter may want to investigate new phenomena or
methods which would require use of different procedures or would study other
parameters than those discussed here. In any case, the detaiied experimental )
procedures actually used must be reported completely enough for another i
person to understand and repeat the experiment,

VI

AL CaNaaty

-~
b~y

L A Ll I T e A i

1-4




—.«“—%W- N\iﬁ};ﬁ;ﬂ?uj TR e

¥t

TR TR T SRR SRR T S TR R TR R

AR EC P T S S it

Ea e ]

LR AL S

TABLE OF CONTENTS

2,0 EXPERIMENTAL DESIGN

. .

2.1 INTRODUCTION

2.2 EXPERIMENTAL DESIGN PRINCIPLES.

Experimental Purpose,
Test Objectives .

. . .

Pretest Analysis Procedures

Experimental Data Requirements

Experimental Procedures
Posttest Data Analysis

2.3 ANALYSIS OF EXPERIMENTAL DATA

2.4 SAMPLE SIZE DETERMINATION,

2.5 EXPERIMENTAL HARDWARE CONSIDERATIONS/

TECHNIQUES

Introducticn

. . .

Characterizing the Test Device,
Transistors and Diodes

Microcircuits

.

.

.

Measuring the Response to adiation,

Noise Suppression ,

Noise Coupling Modes .

Noise Minimizing

Circuit Considerations

Practical Appreach

2-14

.

.

2-9

2-9
2-12
2-13
2-14
2-16
2-16
2-19
2-21
2-23




e o e e e TR RETTOTEY S RSRARTn TR S RIS TR g )

pL.;
SRR &E‘
Gaidaoute e LIRE s o) ST IR mmmmm%

PN T TR R ARG 0t

2.0 EXPERIMENTAL DESIGN

2,1 INTRODUCTION

For every development program, all available knowledge should be util-
ized and all supplemental informatior. necessary to meet program require -
ments should be gathered; this avoids waste of experimental and financial
resources and reduces the time required for system development, Implied
is careful organization of the test efforts in the program, a goal which can
be achieved by applying proven test and documentation procedures,

A well documented experimental design provides much of the input in-
formation needed for scheduling, financing, ar.d managing the total program
as well as the experimental work, It not only specifies the experimental work
to be accomplished and the results expected, but also provides a basis for
integrating experimental work into a development program in an efficient
and effective manner,

A good experimental design document will contain much of the informa-
tion needed for the final report that describes the experimental results.
Thus, the effort spent in preparing and documenrting the experimental design
prior to experimentation would be expended in any case prior to publication
of the experimental results. Insofar as possible, then, it is a good practice
to anticipate final report format in the test planning documentation.

In all branches of science and technology, principles and techniques
have evolved that are pertinent to this task of designing engineering experi-
ments. The basic principles and techniques applicable to designing experi-
ments for determination of transient-radiation effects on electronic parts are
compiled in the following paragraphs.

2.2 EXPERIMENTAL DESIGN PRINCIPLES

—

Since many books. and articles have been written about experimental
design, the subject will be discussed here only briefly, as it applies to TREE
tests. The cardinal principle to follow in designing an experiment is to pre-
pare a complete and detailed plan, in writ'ng, before beginning the experi-
ment. The problem generally encountered is not that experimenters do not
understand this principle but rather that some important planning may ke
neglected while meeting test schedules and balancing program budgets.

The development of an experimental design provides more or less
detailed answers to the following questions:

2-14
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(1) Experimental Purpose: What is the problem?

(2) Experimental Objectives: What information is needed
to solve the problem?

(3) Pretest Analysis Procedures: What analysis or pre-
diction methods can be used to produce this information? k.
How valid is the theory?

(4) Requirements for Experimental Data: What experi-
mental data are needed to solve the problem or some
aspect of it?

(5) Experimental Procedures: What must be done experi-
mentally to obtain these data?

(6) Posttest Analysis: How are the data best analyzed
in the required terms for this problem?

The documentation of an experimental design should contain answers to
these questions and may be divided into six parts corresponding to them,
In the final report, a section will contain the observed data and its analysis,
along with general and specific conclusions as pertinent,

Experimental Purpose

Defining the problem to be solved often leads to optimal approaches for
solution, Therefore, the statement of the problem - the purpose of the
experiment -~ is an important part of the test design, In very brief form,
the purpose of most TREE tests to which these preferred procedures are
applicable will be either to support some TREE-~-hardened system design or
the TREE assessment of a system, Svstem-design support might involve
determination of radiation responses of a group of devices for design appli-
cation data, or it might take the form of screening tests for acceptance,

The definition of the problem for a pretest document, then, would include

(1) the system design or assessment radiation criteria (or a reference to
them if they are classified and if the pretest plan must be unclassified);

(2) a statement as to how the system design or assessment has been divided
into subtasks; (3) a statement as to how a specific subtask involves the tests
about to be described and performed; (4) some statement concerning required
accuracy of the test data in order to support the subtasks or tasks,

Test Objectives

The specific objectives of the test are stated clearly to ensure that the
test data will support the system problem and that the test design will achieve

2-2
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w the necessary results, For example, the system design requirement may
be for photocurrent data on a group of high-frequency power transistors
along with a complete electrical modelling characterization, (Neutron
degradation data on these devices mnight be the subject of another test

.. plan,) Certain data-accuracy requirements, numbers of test devices, and

g gamma-ray rate ranges are consistent with the system design philosophy.
Certain data formats are required by the designers and, perhaps, by the
contractor developing the system, These test objectives and constraints
should be listed as completely as possible,

Pretest Analysis Procedures

In the design, it is important to build on existing technology. There-
fore, what is already known about the test objectives and techniques, as well
as expected results, should be referenced. This procedure demonstrates the
relevance of the particular test being designed,

Moest TREE experiments to which this document applies measure elec-
tronic device parameters before, during, and/or after radiation exposure.
Since these electrical parameters are related to aw application requirement
or a response model, some predictive analysis may be made as a basis upon
which test results may be judged, In the test design, pretest analysis
methods should be described in detail, and test results should be predicted
approximately, This will ease the measurement process and also dem-
onstrate applicability of the expected results to the system task at hand,

"This pretest analysis may lead to significant changes in the test design if
unexpected results are found, This is normal and proper, since experi-
mental design is inherently a dynamic process, subject to revision as new
data or understanding become available, These changes, of course, also
ought to be documented,

Analysis procedures for TREE phenomena are outlined in this volume
and detailed in the TREE Handbook, DNA H-~1420-1. Discussion of the valid-
ity of theory underlying the pretest analysis may be in order 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 ques-
tions should be addressed in pretest analysis and in its docurnentation.

Experimental Data Requirements

- This section is critical to test dzsign, since it defines specifically the
types and quantities of samples, accuracies, operating conditions, environ-
ments, and other parameters relating to the test. The test objectives and

2-3




existing information and the planned analysis methods should be considered in

establishing (1) the format, (2) the list of required parameters and their de-
pendencies, (3) the accuracies, (4) the numbers of test items, (5) environ--
mental ranges, and (6) any contractual requirements such as traceability

of calibration standards, Very likely, some compromises will need to be
made; for exampie the radiation environments m%y be mixed (or separated)
in particular ways at the available source facility, or the number of data
points will be limited for nontechnical reasons,

Statistical test design should be uced when suitable to provide controls,
proper numbers of test groups, and sample sizes to meet the system con-
fidence requirements, The assignment of test-sample sizes is not a
trivial problem, nor can statistical methods be blindly applied to the TREE
experimental design. One reason for this is that the distributions of
semiconductor~device parameters are likely not to be normal but, rather,
truncated by manufacturers' process controls and screening tests, Another
reason is that most of the tests envisioned will be designed to elicit device
parameters as functions of operating conditions and environments rather
than in terms of a "failure level' or 'go-no-go'' criteria; screening tests
are an obvious exception, These points will be taken up in detail in Section
2,4,

The other elements of the test data requirements (1-3 and 5 above) are
discussed in the succeeding chapters of this document,

Experimental Procedures

The test planning approach being outlined here includes the selection of
test procedures, Consideration of the data requirements and constraints,
based on system requirements and pretest analysis, may indicate some
particular test procedures, There may be such ''real-life' considerations
as availability of personnel, equipment, radiation facilities, or even of
test items, Ultimately, the test engineer should aprly the physical prin-
ciples of TREE technology within whatever other ccnstraints he may have,
This document contains specific recommended '"preferred' procedures for
many types of TREE data tests on transistors, diodes, integrated circuits,
and capacitors as aids to the test engineer,

The test procedures section of an experimental design should include
(1) specific means for eliminating or controlling sources of systematic
errors; (2) descriptions of the experimental subtasks and how these tasks
integrate into the whole test to produce the desired result; (3) required
measurement-equipmentjlists, along with their calibration and accuracy or
precision requirements; (4) specific procedures, such as those given in this
document, inciuding circuit diagrams, operating ranges, equipment dial

2=4
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A o settings (if applicable), and other details of the test; (5) radiation-source-
characterization details and means of obtaining desired exposures; and
X (6) specific plans for data analysis.
.« Posttest Data Analysis
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Typically, the raw TREE test data will be oscilloscope photographs,
punched cards from a semiconductor test set readout, or tabulated sets
. meter readings., Posttest data analysis involves three processes (1) inter-
“~s pretation of raw data in terms of appropr‘@ate electrical quantities and units,
including reading errors and equipment accuracies; (2) interpretation of
these electrical quantities in terms of test\objectives, required parameters,
device models, predicted responses, etc,, including the experimental un-
certainties inherent because of the procedures and sample sizes; and
(3) interpretation of unexpected data points in terms either of experimental
errors or some uncontrolled or unknown phenomenon.
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In the pretest documentation, the appropriate posttest analysis methods
should be specified in detail for the test.

2,3 ANALYSISOF EXPERIMENTAL DATA

The analysis procedures given in an experimental design description
specify the techniques to be used to translate the raw data into useful
information, For any type of experiment the objectives will require that
the analysis procedures produce an orderly arrangement (tabular and/or
graphic) of the experimental data 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
systematic experimental errer and the methods for combining these to
estimate the experimental 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,

The general rule for selecting analysis techniques for inclusion in the
analysis procedures section of the experimental design document is to select
the simplest technique that will fulfill the stated objectives and purpose of

the experiment, Actually, the only restrictions placed on the selection of
analytical techniques is that they must

“ * Data reductio: is used here to denote the derivation of more meaningful parameters by combining the values

@ of measured paramecers. For example, resistivity may be derived by combining measured voltage, current,

) and dimensional values; neutron fluence expressed as neutrons per cm2 (E > 1 MeV) may be derived com-
bining activation dosimetry values, reactor spectra information, and shielding data. Data reduction may
also mean the computation of descriptive statistics, the normalization of data by taking ratios, etc. Making
value judgments or predictions of any kind are not included in data reduction, 2-5
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(1) Satisfy the experimental objectives

(2) Determine the confidence associated with any conclusions
reached

(3) Estimate the experimental accuracy for all numerical results,

The selection and specification of analysis procedures for an experi-
mental design is primarily an engineering responsibility. The engineer
should consult appropriate references in the speciality with which the
experiment is concerned as well/as more general references concerned
with experimental design, data analydis, and statistics as appropriate, *

If at all possible, early consultation with specialists in data analysis,
statistics, and the design of experiments is recommended,

For the preferred measurement procedures given in this document, the
data reduction and analysis techniques usually are defined inherently by
the experiment, Thus, if transistor gain as a function of collector current
and neutron fluence is needed (the experimental purpose), the test proce-
dures outlines would result in sets, of raw data that can be reduced by
straightforward methods to obtain the desired gain data, In this process
of data reduction, itis 1mportant to track the sources of uncertainty and
error: mcasurement errors in currents, counting errors in dosimetry,
etc, Then the results and probable errors are quoted, This data reduct-
ion process is clear for the problem of determining response of one or a
few devices,

The quest might have been, however, not simply to determine the re-
sponse of one device, but rather to determine what is the expected radiatioa-
response distribution of a population of devices of which a sample was
selected for test? This question involves the entire test design to ensure
proper sampling of the population, proper measures to control errors,
etc,, as well as the analysis of the response data of the irradiated group(s)
of devices, In this case, some statistical interpretations will have to be
made, For example, for a given experimental fluence, the gains as functions
of collector current may be split out of the data and analyzed to find, for
several specific values of I¢, the mean observed gain and the observed
standard deviation of the gain for the sample, From this, assuming proper
randomizing of the sample and assuming fixed process controls, a statis-
tical inference may be made with specified confidence concerning the parts-
population mean gain and variance for this fluence at these collector cur-
rents. This process could be repeated for other fluence values, Alter-
natively, the gain versus fluence, or damage constant date, could be anal-
yzed 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 statis-
tical inference should assist in their use.

* See Bibliography.
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p% i “p An assumption normally made that may not be valid is that the parts
& A7 response distributions are gaussian, It may be one function o the test
oL to determine the actual population distribution with some degiee cf

certainty, This may lead to use of '"non parametic' statistical an..lysis
of data ~ again, an area for specialists.
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.;y One desired engineering result for TREE test data is often curves of
! gain or photocurrent or other quantity plotted as functicns of an electrical
or radiation parameter, This involves fitting a curve to the measured
b (and reduced) data, Itis convenient to exprcess the data in terms that
,g theoretically could be plotted linearly, e.g., reciprocal gain versus fluence
; X or peak photocurrent versus dose rate. Then, least squares and regression
% had analysis can be used to determine how well the data fit, what slopes and
V’ intercepts are given with confidence, etc, More simply, such curves can
; be ""eye-balled' if the statistical detail is not needed,
%3 When the curves are not linear and/or the functional relations are not
: analytic, the purpose of the experiment will usually determine what
g effort is worthwhile in performning more complex statistical analyses,
{ For "go-no-go'' tests, such as acceptance screening cf parts by testing
3 for a certain parameter (or a few such parameters), the statistical design
3 of the test is generally easier to establish, Here, the distribution of
? data is binomial and the techniques are well established, (The part
{é‘ g either passes or fails a test, depending on the radiation response, but
7 the parts-response distribution itself is not the entity in view; the data
; are the '"'pagses' or 'fails', a "go' or a 'no-go' for a given test item,
E or a fraction passing, p, and failing, q = l-p in the population, Based on
¥ the number of failures in a sample drawn from the parts lot being accepted
i and on the system requirements, determination cf the probability that the
population failure rate will be within specified limits, using binomial dis-
é tribution statistics, is straightforward. (See books by Lloyd and Lipow,
4 Bazousky and Roberts in the Bibliography.)
¢ .. For system assessment work, it is more likely that only a few parts
3 s can be found for tests, and the analysis technique must glean the most in-
¢ formation from the test., This calls for careful test design and, perhaps,
? the use of ""small-sample'' statistics and tolerance factors — an area for a
3" specialist.
3
! . As stated previously, the experimental design should include a detailed
wr specification of the methods to be used to evaluate measurement errors and
3 experimental accuracy. For further guidance in the development of this
3 section of the experimental design, the engineer is referred to the discus-
sions of the nature of error and sources of experimental error by J. W,
E L Richards in Interpretation of Technical Data,
P
3
.
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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,
c

P(x<c)= Z (i) * Nx

x=0
where P (x < c) is the probability that the number of passed items, x, is
no greater than the acceptance test level number, c, for the test sample
size, N, and p is the actual probability of a single item's passing the
test, with q = 1~p, Curves and nomographs of this distribution may be
used to decide on sample size, N, and acceptance test level, ¢, The
test engineer should consult statistical texts or specialists for details of
application to his problem, (See, also, MIL-STD- 19500 or 38510 for
sampling plans and acceptance criteria,)

For parametric design data on components and devices, the accuracy
with which the data must be known for the specific system design appli-
cations 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 manu-
facturing to provide reasonable uniformity of response and that the sam-
ple set selected for test must adequately rr resent the parts population
to be used in the system design,

To be much more specific than the last paragraph one must plunge into
a detailed discussion of statistical methods considering confidence (or
tolerance) limits for the system design data, allocation of parts for tests
depending on their design margins in the system, etc, These factors are
system dependent and complex, and we shall not pursue general mathe-
matical approaches here, However, as a rule of thumb and as a matter
of common practice, many test engineers have found between ten and
thirty samples adequate to define the parameters of principal interest
to system designers for neutron and gamma ray effects on semiconductor
parts, Mean damage constants or photocurrent slopes (in the linear range)
do not usuzally hecome appreciably better known by increasing test sample
size above thirty for those parts types which have been fabricated with the
sam?2 technologies and controls, * Normally, system designers invoke
enough margins so that the mean values of radiation-affected parameters
and their distrioutions (variance or higher moments) need not be known to
high accuracy. It therefore is recommended that, for parametric design
data on components and devices, a sample size between ten and thirty be

* For 90% confidence, 90% of a normal population will differ from the sample mean by no more than a
telerance factor, K, times the sample variance, with K decreacing only by about 25% (from 2.0 to 1,7)
as N goes from 10 to 30,
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used depending on the system design margins and requirements for confi-
dence in-the design hardness, In addition, for system hardness assurance
samples for irradiation tests are often picked from selected production lots
of a particular device type. Typically a sample size between ten and thirty
is considered adequate for radiation sampling tests of a particular produc-
tion lot. In some cases, such as the statistical evaluation of systems per-
formance, an analysis might show the need for more parts tests, or the
data spreads in the test itself might indicate such a need, Then, clearly,
this "rule of thumb!'' should not be taken as a firm guide.

2.5 EXPERIMENTAL HARDWARE CONSIDERATIONS/TECHNIQUES

Introduction

A sequence of general experimental hardware and technique considera-
tions will now be addressed,

In the normal process, the experimenter must first consider how to
characterize the semiconductor device to be tested, This characterization
may be repeated one or more times after the test, Secondly, he must select
the proper irradiation facility to meet the objectives of the test, This sub-
ject is discussed in Section 4,0, Then he must measur: the selected response
of the device under irradiation, In making this measure there are several
important points to be considered, These include choosiny the proper oper-
ating mode for the device while it is being exposed to ra‘diation, and making
choices between pre and post vs, in situ measurements, There are also
important considerations of suppram of the unwanted side effects of the
radiation or the radiation source, such as electricai~ and radiation-induced
noise and thermal effects, which cannot be ignored. Finally, the experi-
menter must choose the techniques that are needed to pruoperly characterize
the radiation to which the device was exposed., This subject is digcussed in
detail in Section 5,0,

Characterizing the Test Device

The measuremeats to be performed on the test device belore exposure
to radiation ar: generally of two types, Mandatory are thosz ineasurements
in which the important radiatiorn.-induced changes are expected to occur,

For example, the displacement effect of radiation on the h¢, of a transistor is
almost always a part of the reactoi test program. In addition to these mea-
surements, il is desirable to peiforiv other measurements by which the par-
ticular test device can be characterized. It is known that even within a par-
ticular device type number there oce large variations of individual device
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characteristics., These are usually within the parameter specification, but
occasionally one finds devices whose characteristics fall outside of the speci-
fications under which the devices were supposedly purchased. Since it is
desirable to be able to associate the radiation response with preirradiation
measurements, it is good practice to include in the parts characterizations,
those parameters which are likely to be correlated with the radiation re-
sponse, Example of such a measurement would be f; of a transistor, or any
other parameter dependent upcn the transistor base width,

When planning for a test at a radiation facility, several basic consid-
erations and test-design decisions, which are not related to the measurement
of a particular parameter, must be made. Some of these are outlined here
as an aid tc designing experiments and using this document,

The construction characteristics of commercially available semicon-
ductor devices may be a source of uncertainty in the results obtained when
these devices are irradiated, The coustruction characteristics of semicon-
ductor devices that have the same el :ctrical specifications (same device
number) may be substantially different if obtained from separate manufac-
turers or even from different production lots from one manufacturer. These
differences in production procedure may have a significant effect on the radi-
ation responses of the devices, The effect of processing details on radiation
response are particularly important when radiation-induced surface effects
are studied, For these reasons, the characterization of samples from various
production lots is advisable to obtain results that will be truly representative
of the radiation response of a particular device type,

Depending upon data requirements, it may be necessary to exercise
some control over the samples obtained from the device manufacturer,
Samples with identical construction but with tighter initial-parameter spreads
may be required to satisfy system specifications for the intended application
and to obtain greater internal consistency in the test results, If controlled
samples are used, it is important to identify them as accurately as possible
when reporting test results,

There are several ways in which permanent-damage tests can be con-
ducted, Tests in which parameter measurements are made only before and
after the samples are removed from their irradiation position are called
"pre/post tests", They serve to establish the damage incurred at a single
irradiation level, Since the samples are norrally not energized dusing irrad-
iation, these tests are the most convenient, least complex, and least expensive
tests to perform. Since measurements can be made in the laboratory (and
samples shipped to and from the radiation facility), it is possible to test a
statistically significant number of samples and measure them at several op-
erating points of interest., Such pre/post tests are useful as proof tests to
establish adequate device performance at a given radiation level, as long as
time dependence and bias dependence are not important, Usually the experi-
menter has to wait for the radioactivity induced in the test devices to decay
somewhat before returning them to a test laboratory,
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Data may be obtained at several irradiation levels by simply repeating
a pre/post test as many times as desired, or by exposing Fifferent groups of
samples to various radiation levels, The first procedure is more time-
consuming and, since it involves repeated physical orientation in the radiation
environment, may be subject to errors, Due to differences in the radiation
response of different experimental samples, certain parameter data obtained
by exposing different samples to increasing irradiation levels may exhibit a
lack of internal consistency (i, e.,, there may not be a smooth pattern of pa-~
rameter change with increasing irradiation exposure), Also it is commoniy
observed that when extended periods (typically greater than 8 hr) without
irradiation are present during a test, the sample parameter values sometimes
change (due to defect annealing) so that data taken before and after the cessa-
tion do not correlate well, Therefore, measurements should be niade at the
beginning and end of such periods, if possible,

Tests in which the experimental samples are instrumerted at the irrad-
iation facility so that parameter measurements can be made without removing
the samples from their irradiation position are called "in~place tests', They
serve to characterize the radiation response at various irradiation levels
and/or at specific time intervals during and after irradiation exposure. -The
requirement for test equipment and extensive cabling at the test facility makes
in-place testing more complicated and more expensive than pre/post tests,
The in-place experiment may require extensive instrumentation if a signifi-
cant number of samples are tested,

Normally, more than one parameter wiil be raeasured in a test, The
sequence of parameter and operating-point measurements should be carefully
considered since this affects the duration of the measurement period and the
device temperature, Also, because injzction 1~vel and power dissipation in~
fluence defect recovery, the sequence vi measurements after any irradiation
should be from low-current to high-current operating points so that no data
will be lost due to significant defect recovary -vhich might occur during high-
current testing,

While for permanent damage measurcments, the choice of pre/post vs,
in situ experiments is optionai, it is obvious that with transient effect data the
measurements have to be performed daring and immediately after the radia-
tion pulse, 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 of the response usually depends upon total dose and its
duration is a function of the device recovery time, For pulses long compared
to the device response time, the instantaneous response tends to follow the
dose rate, The test circuit can affect the observed response time by inten-
tional or even inadvertent capacitive loading of the terminals of semiconductor
devices which have high impedance circuits in series with this capacitance,

In establishing a transient effects test program, it is necessary to undersiand
the role played by the iantrinsic device response time, such as inherent con-
ductivity relaxation, and the response times influenced by external parameters,
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For this reason, it is'necessary always to report, accurately, the electrical
loading of the device under test including the resistance and capacitance con-
nected to its external terminals,

Transistors and Diodes

The basic methods of making parametric measurements on traniistors
and diodes are the steady-state method and the pulsed method. The moast
common and simplest technique is to apply steady-state sources (either Jc or
ac) to the test circuit and observe the desired response while varying one
more of the sources in discrete steps. Aside from its simplicity and low
cost, this method has the advantage of simulating steady-state behavicr quite
well, Unfortunately, as power dissipation increases, the junction tempera-
tures increase, altering many of the parameters of the device, If the ultimate
application of a particular device is in the pulsed mode, the data taken at the
higher power levels using the steady-state technique will yield inapplicable
results, The pulsed method of parameter 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 suffi-
cient duration to insure that responses have reached the electrical steady-
state (not thermal). The pulse repetition rate (duty cycle) should be kept
low to minimize device heating.

For matched-pair devices it is often 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 here,
the experimentalist can readily modify suggested measurement circuitry to
provide for differential measurements,

An example of a simple and relatively fast method of obtaining many (but
not all) parameters at many operating points is by using a curve tracer to
sweep cut a family of device characteristics and display them on an oscillo-
scope. Both steady-state and pulsed measurements can be made using this
method, The displayed characteristics should be photographed to provide a
permanent record that can be used for pretest and posttest comparisons, This
method typically yields data with ar uncertainty of at least 5 percent so it is
not recommended for critical design-duata purposes, It should be used only
when device parameter changes of more than 15 percent of preirradiation
valves are expected.

The choice of a particular measurement method must involve consider-
ation of the ultimate circuit application of the device (if known), accuracy re-
quirements, cost limitations, the number of measurements to ve made, and
methods of data reduction, Tf the application of a particular d=»rice is not
unique, it is wise to employ several of the above-mentioned techniques to
acquire several kinds of data. Regardless of the particular method(s) chosen,
conditions should be ide:tical for preirradiation and post-irradiation measure-
ments, as far as possible. In case a large number of measurements are
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planned, consideration should be given to automating the meas:rements 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,

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 pretest and posttest measurements in two ways. First,
at high currents, the voltage drops in the leads may be significantly different
in the two cases; this can be measured and a correction made. Second, chang-
ing 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 ecasily
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 oscilla-
tions of test circuits:

(1) Use shielded cable or coaxial cable to minimize coupling be-
tween the transistor elements,

(2) Locate an appreciable part of the collector-~circuit resistance
as close to the transistor as possible,

(3) Place ferrite beads on the leads of the transistor,

(4) Bypass with a capacitor the collector to the emitter and/or
the base to the emitter,

(5) Provide degenerative feedback through a pulse transformer,

Microcircuits

The choice of a particular measurement method for a microcircuit must
involve consideration of tne ultimate circuit application of the device, If the
application of a particular device is not unique, it is wise to employ several
techniques to acquire the kinds of data which are needed. Regardless of the
particular method(s) chosen, conditions should be identical for preirradiation
and postirradiation measurements, as far as possible, In case a large number
of measurements are planned, consideration should be given to automating the
measurements and the data-reduction procedure, Although sucn methods are
not described here the suggested measurement circuitry can be modified to

allow for automated measurement schemes and machine-oriented data
reduction,

A very critical step in the process of testi:g is determining what con-

stitutes significant response and failure of a devi.ce, The system requirements
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obviously must be used to define component failure. Usually these failure
criteria are much lower than would be normally expected because of circuit
tolerances which are used to establish a "worst-case' failure criterion. The
failure criteria for the components of a given system must be carefully deter-~
mined by considering all electrical parameters of a device in its system appli-
cation, Because logic circuits are usually not the limiting factor in the dis-
placemert effects radiation hardness of a system, the worst case failure cri-
teria can often be assumed for each logic circuit application evea ti ough this
specification is conservative in most cases, This eliminates the necessity of
developing failure criteria for each circuit application, and because logic cir-
cuits are relatively hard, the cost involved with this overspecification will
probably be reasonable.

Ca the other hand, linear circuits are almost always softer than logic
circuits, and it is often both advantageous and necessary to examine each appli-
cation in detail to determine failure criteria, The necessity of each specifi-
cation limit must be carefully considered, because if the required specifica~
tion is too strict, a heavy cost may result when circuits are selecteu which
are hard to the required level,

Measuring the Response to Radiation

One of the first choices that must be made is that of the operating of the
mode of the device during irradiation, Whether the measurements in a per-
manent damage experiment are to be made on a pre/post or in-situ basis, one
must choose the bias point for the devices during radiation exposure {one option
is unbiased and unconnected). In performing transient effects experiments it
is obviously necr-ssary to bias the devices in an interesting operating region,
Since transient measurements must usually be taken rapidly, only one bias
point can be checked per exposure, although a number of exposures at different
bias points can be given without changing the inherent characteristics of the
device, For the observation of maximum effect in some permanent damage
experiments, especially those associated with surface effects on semiconductor
devices, it is necessary to have the devices under bias during irradiation with
the bias maintained throughout the post-irradiation measurement, In these
cases, it is usually more convenient to perform all of the measurements in
situ,

The irradiation levels at which data are taken normally depend upon the
end purpose of the data, It is normally desirable for data analysis and pre-
sentation purposes to obtain data at approximately equal logarithmic intervals
of radiation exposure, such as lO(X), 3x IO(X), and lo\x + 1), or 2 x IO(X),
53 10(x), and 10(x *+ 1),

Regardless of the particular test technique chosen, adequate dosimetry
(includirg energy spectrum) for each group of samples if of prime importance,

It should be emphasized that adequate dosimetry during reactor irradiations
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includes gamma dose measurements, At pulsed reactors the n/y ratio can

be measured for a particular experimental configuration, At steady-state
reactors, provision should be made for a low-power ganima dosimetry run,
The value obtained can be scaled to the experimental power level. This run
can sometimes be performed several days in advance of the actual test, If

an attenuating shield is to be introduced during the test, spectral measure-
ments should be made with and without the shield, For experiments performed
at gamma radiation sources the gamma dose rate can be monitored and the
total dose determined from the total irradiation time or an integrating dos-
imeter can be used to measure the total dose,

The choice of dose rate(s) at which to irradiate semiconductor devices
for ionization effects is a prime consideration, Testing over a wide range of
dose rates is almost always required in order to fulfill the data requirements
of the designer, The choice of the number of dose rates at which to make the
measurements will be a function of the particular device (type and manufac-
turer) and its intended application, In the absence of detailed application in-
formation, measurements should be made at each decade of dose rate, vy, over
a dose rate range from 3 x 105 to 3 x 1010 rads (Si or Ge)/s. This extends
from a low range where the response is usually linear to a high value where
the device is saturated in most circuit applications, The justification for mea-
surements over such a wide range of dose rates is that some devices do rot
conform to a linear dependence of I, on ¥, and such a series of measure-
ments 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 vp large doses in the
sample. Above 104 rads (Si or Ge) some devices (particularly low-speed or
high-voltage units) may incur significant permanent damage., Such damage
is evidenced as an increase in junction leakage, When this threshold is ex-
ceeded, the sample dose should be reported, and a clear identification made
of the data that was obtained above the threshold, Justification should be
given for using such data.,

The photocurrent response of a device is, to some extent, dependent
upon the energy spectrum of the ionizing-radiation source, especially for
spectral 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 spec-

trum 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 independent of orientation in a homogeneous, high-energy
radiation beam. High-power devices, however, may have thick-walled cases
or mounting studs which in some orientations act to shield the active device
volume (semiconductor chip) from the radiation. If such orientations cannot
be avoided, the orientation used should be recorded and an effort made to de-
termine the actual dose received by the active volume,
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The radiation response evidenced by a sample, particularly at low
currents, is quite temperature dependent, Temperature rise may occur due
to power dissipation in the device, gamma-ray heating of the sample, or
simply a high ambient temperature, Temperature rise in a material due to
gamma-ray heating may be calculated from the specific heat capacity Cp (cal/
gm. C) and the dose D in rads as

AT =2.39 x 106 2. |
Cp

Since many device parameters vary with temperature, inplace measure-
ments should include provisions for monitoring the sample temperature and,
if necessary, controlling it, In general measurements should be made at
temperatures varying no more than 3 C from the basic reference temperature,
which usually is room temperature, unless a specific application requires
otherwise, However, if it is anticipated that device heating will be a problem

"during in-place measurements, it is suggested that a higher reference tem-

perature be chosen within the allowed device operating temperature range
(usually 35 C), This choice simplifies the temperature-control system,

Only a sensing element and a heater are required in this ¢é4se; natural cooling
is then adequate, which avoids complex cooling systems. In this case, for
proper correlation, all laboratory characterization should be made at the tem-
peraturc used for the measurements inade during t}x'é irradiation, It is recom-
mended that the temperature variations during irradiation be limited to 15 C
about the reference temperature, insofar as practicable, The device tempera-
ture should not be allowed to exceed 70 C for silicon devices since the rate of
anncaling increases rapidly beyond this temperature,

Noise Suppression

Noisc Coupling Modes

Conducting transient radiativn effects experiments presents some severe
problems to the experimenter, Generally, these experiments require {rans-
mitting 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 in questionable data, Therefore, it is mandatory that the experi-
menter maintain as high a signal-to-noise ratio as possible,

There are a number of ways in which noise can be injected into an ex-
periment, To the elecironic measuring system used in an experiment, the
pulsed radiation source is a large noise generator., Associated with the
radiation pulse is an electromagnetic field which can propagate through the
shielding and into the mcasuring circuit, The generator can also introduce
noise on the 60-Hz power line which, in turn, couples the noise into the ex-
periment through test equipment connected to the 60-Hz line, These noise
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¢ <n sources are in addition to the 60-Hz interference which must be avoided even
S T in steady-state experiments,
When multiple ground points are used, ground loops or common-mode
3 returns permit noise from the pulsed radiation source, or from any other
noise source, to get into the measuring system, Capacitive coupling can
i serve as ground connections at high frequencies,

' AV 4

¢
: ; Crosstalk between cables and mismatching between equipment and cable
- impedances can contribute significantly to the degradation of signal quality.
=y
< ot In the case of a pulsed source of ionizing radiation, such as a LINAC
P A or flash X-ray, another source of noise is the charge transferred between
' the source and the test box and the test circuitry, An illustration of charge

§ transfer is given in Figure 2,1 and shows that the charge is not only trans-
ferred from the main beam source but also between the sample and its sur-
rounding environment, The charge transfer is maximized in the electron-
beam mode, but is also significant in the bremsstrahlung mode due to the
production of energetic electrons by Compton and photoelectric interactions,
Typical charges transferred between surfaces are ~1 - 5 x 10~12 C/rad(Si)
per cmZ of surface area, Obviously measurement of currents in devices
having a response <1012 C/rad(Si) requires special care.

-
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Another example of charge transfer occurs in coax cables, The best
N solid dielectric cables exhibit a net charge of ~10-15 C/(rad: ¢m) of irradi-
ated cable, The worst (foam or semisolid insulator type) are up to a factor
of 1000 larger. These responses can also depend on irradiation and voltage
history. Neutrons produce responses varying from 10-25 to 10-21 (C.cm)/n.
The conductance may also be important at higher voltages, and ranges from
2 x 10717 t0 10715 mho. s/rad. cm, even in solid cables,
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Air ionization caused by the radiation sources can also introduce
spurious and misleading signals, Typical air-ionization leakages due to
short pulses yield a conductivity of ~10-14 ¥ (mhos/cm), where 7 is the
ionization dose rate in rads/s, This can be minimized by operating the
experiment in a vacuum, provided the pressure is maintained below one
micron, or by encapsulating the test sample in an insulator, However,
secondary electrons produced in the potting material can also introduce
erroneous signals, When an experiment 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 min-
<. imized, but not eliminated, by using thin low-Z window material. If this

proves insufficient, a magnet can be used to sweep the electrons away from
the test sample,
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an Another source of potential noise interference is the pulsed magnetic

» field produced by the electron currcnt associated with a photon beam, The
field is generally solenoidal about the direction of the photon beam, and can

: be estimated from the known equilibrium between photon and electron currents,
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The effect of this field can be eliminated by proper shielding and avoidance of
loops in cabling configurations.

Figure 2.2 depicts some of the ways described above in which noise can
be introduced into a system.

Noise Minimizing

Techniques used to minimize noise in electronic systems are fairly well
understood, although often disregarded. As few ground points as possible
should be used, preferably only one, High-frequency signals should be handled
in a coaxial configuration with the shield being continuous and, where possible,
differential measurement techniques should be used, If a high-frequency dif-
ferential measurement is to be made, coaxial cables for each side should be
used, The two cables should be the same length and tied together so that any
noise picked up in the cables will be of the same phase and magnitude and,
hence, cancel each other in the differential mode. At lower frequencies,
twinaxial cables or shielded-twisted pairs provide better common-mode signal
rejection, In extreme electromagnetic fields, experiments should be enclosed
in a cassette, with the interconnecting cables between the exposure and instru-
mentation rooms enclosed in a continuous shield such as "zip" tubing, again
grounded at only one point, Triaxial 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 prevent ground loops, Where it is neces-
sary to provide 60-Hz power to some portion of the experiment, the low side
of the 60-Hz power should not be connected to or used as the signal return
line, An improved experimental setup is shown ir Figure 2, 3,

In general, when selecting a grounding point, it is not advisable to use
the pulsed radiation source for this purpose since it is probably the largest
source of noise in the vicinity of the experiment, However, in the case where
charge transferred from the radiation source to the experiment is a noise
problem, a ground or connection between the experiment and the source may
become necessary to avoid persistent noise oscillations, LINACS or flash
X-ray machines used in the electron beam mode must have a ground return,
To be effective, 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,

Another example of a setup in which separate shield rooms enclose the
target and recording equipment is shown in Figure 2.4, The charge transfer
to the cassette is transferred back to the wall of the target shield room via
the outer shield of a triaxial cable, a zipper tube, or at best a solid shield
pipe. The test specimen is floated inside the cassette (but inevitably 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.
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Co ) Sometimes it is necessary to connect a number of pieces of equipment
! i together — e.g., bias supplies, checkout equipment, and number of record-
¥ "

ing devices. Generally, these items will be capacitively coupled to their
environment, even though they may be deliberately isolated from earth. The
prospects of multiple-capacitive ground loops is then serious. An effective
approach is to layout the instrumentation system along a ground plane, taking
care not to introduce loops between the plane and the equipment and cables,
L Low-inductance coupling of the units in the plane (e.g., bolting racks to-
gether) is important, In this case, the cabling system to the test unit is
; looked at as an extension to the ground plane, Allowing cables to take two
‘ different routes from the recording station to the test unit would be a viola-
tion of the ground plane principle.
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If noise is being injected into the system through the 60-Hz line, a well-
designed filter or an isolation transformer may be sufficient to suppress the
noise. In cases where these solutions fail, a motor-generator set with a low-
capacitance insulated mechanical coupling should be used,
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Cables used to periodically monitor conditions of the experiment in the
exposure room, but not part of the active measuring circuitry, should be dis-
connected prior 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, motors, etc.,

should be carefully filtered at the point where they penetrate the experimental
: ' enclosure,
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Circuit Considerations

Transmitting high-frequency signals over long coaxial cable runs be-
tween the exposure room and the instrumentation room requires that the
cables be properly terminated in their characteristic impedances, In many
cases, there is a mismatch between the experimental equipment and the
cable, Therefore, some impedance-matching method must be employed,
such as a cathode follower; or, if the signal is large encugh, a simple volt-
age divider network may suffice, Care must be taken in the design of
impedance-macching devices to insure that they faithfully reproduce the
A desired signal and that they are not susceptible to the radiation environment,
' contributing erroneous signals to the measuring circuits,

T Wb L e L AT

Simple resistive attenuators can be constructed which have input im-
« - pedances of approximately 10 times the impedance of the cable used to
transmit the signal, These are simple, have good frequency response, and
low capacitive loading., Higher attenuation is generally not used because of
increased sensitivity to replacement currents, Figure 2,5 shows a schematic
&L .. of a passive attenuator probe. Generally a coaxial cable or printed-circuit
. stripline is used between the two resistors in the attenuator (shaded region
in Figure 2.5). The replacement current which occurs in this shaded region
will develop a voltage across the attenuator output. Attenuators with high
resistances are more sensitive than low resistance attenuators.

R R g
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In measuring currents, the choice of series resistance is important,
For the highest frequencies, current probes can be used. They have low
insertion impedance, operate into terminated 50-ohm cables, but rather
low sensitivity (~1 V/amp) and do rot operate well at lower frequencies,
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 preamp (~20 pF) the rise time across a 1-kQ resistor is
20 ns, If the 1-k@ resistor is connected with 3 ft of coax cable to the pre-
amp, the rise time would be almost 100 ns.

In general, electronic circuits necessary for signal conditioning near
the radiation exposure area should utilize vacuum tubes rather than semi-
conductors, since vacuum tube circuits can be made to show less sensitivity
to the radiation, If semiconductors are to be used, extreme care must be
taken to insure that the circuits are well shielded from the radiation and that
any perturbations resulting from these circuits are at least an order of mag-
nitude below that expected from the test sample,

Coaxial cables must be used with care in a radi:tion 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. In some cases, where noise is repeatable from one radiation pulse
to the next, methods of subtracting out the noise can be used. However, with
coaxial cables, many types exhibit a radiation response which is dependent
on the voltage and radiation history of the cable. Air-dielectric coaxial
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cables are especially guilty of this type of response and therefore should be
avoided. Solid-dielectric types with low capacitance per foot are preferable.

The most effective way of eliminaling spurious currents due to the
cables is by careful collimation of the beam and by proper shielding to pre-
vent them from being irradiated, By these techniques, it is usually possible
to reduce cable currents to negligible values ‘n LINAC and flash X-ray tests,

Component cabling at a pulsed-reactor facility, however, must extend
up to the 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
reproducibility for subsequent pulses. Whether the cable response will
normally take a direction in accordance with the polarity of the applied signal
appears to be influenced by the type of coaxial cable used and the magnitude
of the applied voltage, There are no good recommendations for reducing or
eliminating cable effects except that, after a number of pulses (three or so),
the irradiated cable is. more predictable. Since there is no method known
at this time that will eliminate cable effects, the experimenter must conduct
background experiments to determine the extent of the cable effects in the
system he is using.

Another source which can affect the quality of the data is the response
time of the measuring equipment, If the response time of the test circuitry
is approximately the same as the radiation pulse width or the relaxation time
of the irradiated test specimen, the resulting signal is not a true representa-
tion of what the signal would have been if the measuring circuit had not been
connected, As a rule of thumb, the measuring system should have a response
time at least a factor of ten faster than the relaxation time of the test sample,
if the experimenter requires the signal to be reproduced with less than 1%
distortion, Another alternative is to integrate the signal, For this type of
measurement, the integrating circuit 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,

Practical Approach

In a particular experiment, the design must take into account the fore-
going noise sources and minimizing techniques, weighed with the require-
ments of the experiment, and select the best approach, If in doubt, the safer
approach from a noise standpoint is best, because the problem of noise-
hunting at a large radiation facility can become very serious, Experiments
have been performed at the largest flash X-ray facilities with noise levels of
only a few millivolts. On the other hand, observations of noise signals of
tens of volts have also been made. In between these bounds fall most experi-
mental needs, As a general rule, high-frequency measurements (21 MHz)
require much more care than low-frequency measurements (<10 kHz),
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The facility to be used to perform transient radiation effects experi-
ments will give an indication, as to the degree of difficulty an experimenter
can expect to encounter, Field tests are probably the most demanding, if
only because the experimeunier gets only one opportunity to obtain his data,
Therefore, to participate in field tests (assuming one is making active mea-
~urements), the most stringent attitude should be taken regarding all the
aforementioned methods of noise minimization, It may become apparent
after the test that a more liberal approach would have sufficed, but the extra
effort is cheay insurance compared to the loss of the total experiment if the
noise proves to be excessive and obscures the data.

Flash X-ray experiments fall in the same general category as field
tests, as far as noise problems are concerned. However, the experimentalist
does have the luxury of taking ''practice' shots to determine if his data is
acceptable. This is time-consuming and expensive, and should be avoided
if possible. Generally, flash X-ray facilities are provided with screen rooms
and with well isolated 60-Hz power scurces, A good practice is to apply the
same philcsophy in flash X-ray experiments as in field tests to obtain good
signal-to-noise ratics and to minimize experimental problems,

Linear accelerators do not pose as difficult a problem as the previous
two test facilities. The main noise problem at linear accelerators is due to
RF noise getting into the measuring system, Therefore, if the experiment
is contained in a good RF shield, this problem is usually minimized., Also,
since the RF noise is systematic, a background measurement can be made
and subtracted from the desired signal. However, good grounding and
shielding techniques should still be observed in conducting LINAC tests,
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3,0 DOCUMENTATION REQUIREMENTS

3.1 INTRODUCTION

The inherent, unstated objective of any report should be to make clear
to the reader the value and accuracy of the information contained in it, The
entire effort of an expertly conducted uxperiment can be nullified if time and
space is not taken to report the experiment in a manner that can be critically
evaluated - by ind’cating the way in which the experiment was planned and
performed, how the data were analyz..d, and establishing a basis for the con-
clusions reached,

This section covers the general information normally required in a
radiation-effects experimental 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 normally should be reported.

It is assumed that the experimentalist preparing the report is famil-
iar with technical writing and the typical structure of a technical report,
Excellent discussions of good practices for preparing such reports are given
in the bibliography. Occasionally the sponsoring agency will have a stan-
dard report format that must be followed, In all cases, however, the report
should contain clear statements of the experimental purpose(s) and experi-
mental objectives, a description of what wat. done and how it was done, and
a concise but complete presentation of the test results and conclusions,
Adequate information is particularly important in areas discussed below,

3.2 PLANS AND PROCEDURES

The objectives of the experiment and the planned method of obtaining
these objectives should be briefly but completely described, Items to be
included are:

(1) A brief statement — with references if necessary -~ of any
theory pertinent to the experimental design, including any
assumptions made and their justification

(2) A descriwmtion of the experimental technique and apparatus,
includirg circuits utilized in making measurements, special
equipment fabricated for the experiment, and the accuracy
and datz 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 precision
of measurements, including precautions taken to exclude or
limit extraneous variables

(4) A description and justification of any deviations from the
experimental design, the causes thereoi 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 to 2,3, a nroperly documented pre-test
plan or test design will include most of the elements of the final report,

3.3 EXPERIMENTAL SAMPLES

All basic types of samples should be described. A good technique to
follow is to prepare a distinct report section that, for the variou. types of
sarnples, presents the manufacturer, type or specification number, lot
numbar, origin (factory, distributor, etc.), the number of samples in each
category, and method cf selection and validation, If useful structural in-
formation {such as transistor emitter areas) is available, report it to facil-
itate data comparisons and to increase the general utility of the data, The
importance of this information cannot be overemphasized, Include as an
appendix any specification by which parts werc selected or have a reference
to where such data are available, In addition, any pertinent information
about the history of the sample before irradiating it, such as previous ex-
posure to radiation, must be noted, Sections 6, 7, and 8 include standard-
ized formats for reporting data on the samples,

3.4 SAMPLE CONDITIONS DURING
MEASUREMENTS OR IRRADIATION

The operational state of the samples and the nonradiation environ-
mental conditions that the samples were exposed to from the time the sam-
ples entered the program until the last measurement was made should be
defined in the report, Specifically, this includes such items as electrical
operating point; temperature during irradiation, annealing, and measure-
ment; mounting configuration and sample orientation with respect to the
incident radiation; dosimeter positions; a description of any potting used;
etc. Photographs of equipment setups, mounting fixtures, etc., are
recommended,
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3.5 RADIATION ENVIRONMENTAL DESCRIPTION

Documentation of TREE dosimetry should be clear enough so that an-
other experimenter (1) can repeat the measurements and perform the same
analysis, and (2) can apply the environmental 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 reported were obtained from the measured dosim-
etry data, and also any assumptions made in data processing, Section 5,7
treats documentation of the environment in more detail,

3.6 TEST RESULTS

General Requirements

The test results are the most important part of a report,
reason the experiment was performed, It is essential that they be reported
as clearly and explicitly as possible, To make the report more cormnpreh=zn-
sible the results are usually presented in a condensed tabular or graphical
form in the main part of the report. Even so, all of the basic (raw) data
should be documented either as an appendix to the main report or in a sepa-
rate report. Suggested formats for recording data are given in Sections 6, 7,
and 8, Use of these formats will assist the experimenter 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 normally very

helpful and desirable, but they should only supplement, not replace, basic data
tabulations,

They are the

In planning an experiment, a theoretical model is usually selected to
predict the effect to be cxpected. The reduced form of the data should then
be chosen on the basis of the theoretical model, to reflect the expected de-
pendence upon the relevant parameters, For example, first-order theory
says that 1/hpp of a transistor should increase linearly with fluence, inde-
pendent of the initial value of hFE for a given base width, Therefore, for a
given transistor one should plot reduced data of 1/hppg versus fluence, An
even further step would be to observe that for a variety of base widths, but
fixed base resistivity, a curve of Al/hpp versus &/f; should be universal,

Therefore, if one is trying to simplify the data presentation for a larger
class of devices, such a plot should be used,

A measurement set is defined as the data taken on a group of samples
of the same type (for example, the 2NZZZ transistor of Brand X) in a given
combination of test conditions, such as fluence, electrical operating point,
temperature, and radiation conditions. It is essential that, when the data
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for a measurement set are presented, all qualifying test conditions be given
specifically, If a reported quantity was not being measured directly, the
method of analysis or evaluation should be given,

Tables and Figures

Each individual sponsoring agency may have a standard format for
scientific and technical reporting including standard formats for tables and
figures, A few are listed in the bibliography. The fnllowing suggestions
are intended as a supplement to standard formats to aid in making more
effective presentations.

Each figure should be as simple and bold as possible, and yet be mean-
ingful without refereince to the text., The abscissa and ordinate labels and
the figure's title should clearly and concisely describe the figure in termi-
nology 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 tic marks are used to indicate
subdivisions, the meaning of the tic marks (value of the subdivisions) should
be clear, The tic marks 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 figures, If a figure is meant to represent a collection of
data, show enough data points to adequately represent the degree to which the
given curve fits the data, If error bars are used, state in the figure what
they represent, i,e., standard deviation, range, etc, All independent vari-
ables for the Jlata being described should be given with each figure or table,
Whenever possible, orient rigures 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 pre-
ferred, although other methods may be used if they are more suitable and
are unambiguous, When statistical characterizations are given, at least a
reference should be cited which explains the techniques involved,

In summary, a good experimental report is one which describes all
the essential features that must be known to duplicate the test, Again, a
majority of this information should be available from a good experimental
design, as described in Section 2,2,

3.4
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4.0 RADIATION FACILITIES

4.1 SCOPE

This section presents a brief survey of the radiation sources used in
TREE research and gives some general guidelines for source selection.
Several classes of radiation sources are omitted from consideration because
they fall outside the scope of the preferred procedures cf Sections 6, 7, and
8. The guidelines given are general and should be us.»d only in conjunction
with the needs outlined in Sections 6, 7, and 8, as appropriate.

Only general characteristics are described for the radiation sources

that are mentioned. Information on the specific characteristics of a partic-
ular machine and its associated facilities is best obtained firsthand from the
operator of the radiation facility being considered, or from DASA 2432,
TREE Sirnulation Facilities. The value of the latter document cannot be over-
emphasized. Time spent in examining the data given in it will greatly enhance
the novice's understanding of the capabilities of the different classes of radia-
tion sources most frequently used in TREE testing.

Recommendations for choosing certain machines from a given class of
radiation sources are not made. The final choice of the particular facility to
be employed rests with tl = experimentalist, who must make that chcice after
careful consideration of data requirements, cost, and convenience. Once an
experimenter has tentatively selected a source, it is important that he con-
tact the facility operator (preferably by a scheduled visit) early in the planning
stages of a test. Each facility has unique characteristics and restrictions; in
fact, these frequently determine the basic structure of a test plan. To intelli-
gently select a facility or plan a test, the experimenter musi understand the
basic phenomena with which he is dealing. The reader is referred to Section E

of the TREE Handbook and to basic nuclear physics texts on radiation inter-
actions.

4.2 GENERAL CHARACTERISTICS OF
RADIATION SOURCES

From a machine designer's viewpoint, radiation sources are consider-
ably different within each class, but from the operational viewpoint of the
experimenter, different sources within a class have many characteristics in
common. The common characteristics of several important classes of radia~
tion sources are discussed in the following text.
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Nuclear Reactors

For TREE testing considerations nuclear reactors may be divided into
two operational modes: the steady-state rmicde in which the 1:actor operates
at a relatively constant power level for relatively long periods of time and
the pulsed mode in which the reactor can be pulsed to a high power level for
times much less than 1 second.

The radiation parameters associated with pulsed and steady-state re-
actors 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 level and by the pulsed-reactor pulse width or by the time of irradia-
tion at a steady-state reactor. Very grossly, the gamma dose rate induces
photocurrents 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 well known for the normal sample positions in reactors.
However, some samples can create significant perturbations in the re-
actor spectra, thus inducing an error in the "known" spectra. In addition,
any changes in the core configuration or insertion of other materials in the
reactor, particularly the core, can alter the spectra. It is always wise to
consult with the facility's technical staff to determine the accuracy of the
dosimetry 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 reactcr's spectra.

Radiation-induced heating of the sample is of concern in some instances.
The heating rate is related to the rate of energy deposition from both neutrons
and gamma rays and can be calculated by personnel at the radiation facility,
As a rule of thumb, provision for cooling the sample may be require