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I. INTRODUCTION 

Military systems have traditionally been designed to operate over a wide range 
of environmental conditions; recently, the environment in the vicinity of a nuclear 
explosion has been added. Several aspects of the radiation hardening problem are 
relatively unique, such as the liigh cost and extreme engineering difficulties encountered 
in subsystem or system level proof tests. Another specific characteristic of nuclear 
environments is the multiplicity of kill mechanisms. Neutrons produce degradation in 
device characteristics; photon pulses produce both current transients and catastrophic 
failures; and the ionizing dose deposited by the total radiation environment produces 
device surface degradation modes. 

Many systems, such as communication satellites, must also operate in the space 
radiation environment. Here, the total ionizing dose accumulated over long mission 
times may be the dominant \'Talnerabilitj' to internal electronics. Most satellite 
electronic systems are powered by solar cells which must be exposed to external 
radiation with very limited shielding. Tliis makes hardening of solar cells a verj' 
important problem for space systems. This presentation will not fully discuss the 
special problem of space environment, but will emphasize the hardening problems 
associated with nuclear weapons. 

A tractable engineering appi'oach to system hardening necessarily involves a 
substantial degree of overdesign. This has the net effect of reducing the large number 
of potential failure modes to a miich smaller numlser of significant failure modes. 
Furthermore, system level testing can be success oriented, and survival of the system 
to radiation levels substantially in excess of the required level can be reinter reted in 
terms of high survival confidence at the required level. This is analogous to the use 
of overstress techniques in reliability engineering. 

The degree of overdesign which is appropriate depends on specification level 
and system complexity. For example, at 10^2 n/cm^, an overdesign factor of 20 
is reasonable, and at 10l3 n/cm^, an overdesign factor of 5 is reasonable; whereas, 
at 5 X 10-'̂ ^ n/cm^, it is difficult to obtain any overdesign factor for safety margin. 
Generally speaking, the desired overdesign factor increases with system complexity. 
Fortunately, systems requiring tolerance to very high radiation levels often contain 
relatively few parts, and hardening design can be accomplished with relatively small 
overdesign factors. 

Radiation specification levels can be qualitatively scoped by a careful survey of 
the unclassified literature. ^ Scoping radiation levels in terms of neutrons/cm", the 
lower end of the range of interest is about lOH n/cm-^ where some of the most sen
sitive semiconductor components Ijegin to show radiation effects. The upper end of 
the range is about 10^^ n/cm2 which is currently a jiractical limit for semiconductor 
electronics. 

*Neutron flucnce in this report is n/cm" (K > 10 Kcv, 1 MICV Equivalent Damage (Si)) 
and is approximately equal to n/cm" (E > 10 Kcv, TRIGA), 
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Many systems are manned, and the dose required to kill a man is in the 300 to 
500 Rad range. For these systems the radiation specification will be toward the lower 
end of the range. Furthermore, mechanical, operational, and structural character
istics of many systems dictate radiation specification at the lower end of the range. 
This is readily deduced by comparing the range-overpressure and range-neutron 
curves in Glasstone. ^ 

One can certainly conceive of special applications, such as operation of 
electronic instrumentation near the core of a reactor for extended time periods, 
which would require radiation specifications near the upper limit of our range of 
Interest. 

This discussion will concentrate on the lower end of the range of interest 
which contains the majority of system requirements. This eliminates the require
ment for special new hardened devices or circuits, and concentrates the discussion 
on proper application of current teclinologj' to fulfill hardened systems requirements. 

The nuclear radiation environment consists of a pulse of photons, X-rays, and 
yrays, followed by a pulse of neutrons. System hardening must accommodate the 
individual radiation effects, plus any synergistic effects. A set of compatible 
radiation levels, not necessarily balanced, are defined in the radiation specification. 
A simple statement of radiation levels defines a design goal; the addition of minimum 
system failure probabilities and associated confidence levels quantify the required 
degree of hardening. A preliminary failure budget. Table 1, is then allocated, based 
on a preliminary system evaluation, and functional specifications are derived for 
subsystems. This logically continues to the delineation of circuit and, finally, com
ponent level radiation specifications. 

The preliminary failure budget is best approached by reviewing the electronic 
circuits and semiconductor devices against the specification requirements using the 
data in a concise summary document such as the TREE Handbook. ̂  

Table 1. Typical Preliminary System Failure Budget for Nuclear Radiation 

Specific Radiation Failure Mode 

Neutron Failure Probability 

Photon Failure Probability (Dose Rate) 

Noncatastrophic 

Catastrophic 

Total Dose Failure Probability (Neutron -̂  Photon) 

Maximum System Failure Probai)ility 

Maximum Failure 
Probability 

0.04 

0.02 

0.06 

0.08 

0.20 
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The main elements of a hardening device approach are: 

1. Shielding at the system or black box level to limit radiation levels in 
the electronic circuits. 

2. Special circuit design techniques to minimize circuit functional response 
characteristics to radiation effects. 

3. Use of hardened semiconductor components. 

Shielding can be effectively used to reduce X-ray flux, but because of severe 
weight and size penalties, shielding is usually ruled out as a means of reducing y or 
neutron flux; ground installations are an exception and can be effectively shielded 
against y and neutron flux. 

Discussions of circuit design tecliniques and component hardening tecliniques 
can be found in the TREE Handbook and will not be discussed further here. The 
sj'stem aspects of component hardness will be treated in Sections II, III, and IV, and 
the system aspects of circuit hardness will be discussed in Section V. 

Electronic systems can be effectively hardened following this approach. It 
will probably be necessary to revise the failure budget several times as anticipated 
problems fail to materialize with expected severity and as unanticipated problems 
become identified by analysis, testing at simulation facilities, or by system level 
proof tests. 

Hardened components are the solid foundation for a sui-vivable system. Recent 
advances in semiconductor device teclmologj* have produced high gain bandwidth, 
dielectrically isolated, integrated circuits with thin-film passive components optimal 
for use in radiation environments. Computer-aided design and analj^sis has been 
made possible by the development of codes like SCEPTRE, CIRCUS, NET, PREDICT, 
and TRAC, which utilize large signal radiation equivalent circuits for semiconductor 
components. The disciplines of reliability engineering and quality control have 
evolved new tecliniques for minimizing weali bonds, think overlaj^ patterns, and 
other structural defects that might limit radiation performance. 

• 
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I I . NEUTRON CONSIDERATIONS 

Establishment of a failure budget will determine some maximum failure 
probability due to neutron effects that will se rve as a basis for neutron hardening 
design decisions. The most important failure mechanism due to neutrons is the 
degradation of semiconductor device operating cha rac t e r i s t i c s . The core of this 
problem is /3 degradation. 

Expansion of the expression for 1//3 has been accomplished "̂ j to explain this 
failure mode, with the resul t that each of the radiation dependent t e r m s is proportional 
to base width o r base width squared. At low current levels , recombination in the 
emi t t e r -base field region dominates; "̂  at high cur ren t levels , recombination in the 
base, including its expansion into the collector junction, " dominates. Therefore , 
control of base width is mandatory to control degradation in the neutron environment. 
Usually, it is more convenient to directly control gain bandwidth product, ft, (ft oi l /W^) , 
and thereby indirectly control base width. Under high cur ren t level operation 
conditions, 

/ I N A I 0-16 

Selection of an ft value which ensures the la rges t overdesign factor consistent with 
cur ren t s ta te-of- the-ai i ; and marke t availability is now made for small signal devices . 
This might be 200 MHz, for example, which ensures a maximum A l / p of 0.08 at IQl-^ 
n / c m 2 . Problem devices, such as power t r a n s i s t o r s , a re next. The highest oract ical 
value of ft should be obtained; although, this might be as low as 25 AIHz. Ovc/design 
must now be enhanced by circui t design techniques that minimize the dependence of 
circuit functional p a r a m e t e r s on the gain of the power t r an s i s t o r . 

Devices such as SCR's and unijunction t r a n s i s t o r s should not be used unless a 
verified source of hardened devices has been establ ished. Microci rcui ts , including 
PNP t r a n s i s t o r s , should be avoided if possible due to the difficulty of controlling base 
width in such s t ruc tu r e s . 

Finally, c r i t ica l c i rcu i t s , as identified by w o r s t - c a s e analysis in the normal 
environment, should be carefully reviewed from the neutron damage stand-point. 
Obviously, these c i rcu i t s will have the smal les t per formance margin in the neutron 
environment. 

At this point, identification of the most important neutron vulnerabi l i t ies can be 
summar ized . They will consist of c i rcui ts that were required to accommodate low 
gain l)and\vidth product t r a n s i s t o r s and c i rcui ts that a r c marginal in the nomia l 
environment. A rough es t imate of system failure proljability as a function of neutron 
fliiencc can now be made by computer-aided analysis of tlicse c i rcui ts (TRAC), and a 
computer-aided analysis (SECURE)-^'^ can 1)C made of tlie effects of radiation 
di'gradation in these c i rcui t s on system performance. This failure probability will 
ho|)cfully be within the failure budget, and sonic reallocation of failure budget may i)c 
possible and des i rab le . If this failure probability is unacccptal)le, the major con-
tn l iu tors will be obvious fi'om the analysis , imd a redesign i)rograni can be 
effectively planned to produce the required ha rdness . 
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The entire system should now be exposed in a simulation facility (e .g . , TRIGA 
Reactor) and exposed in steps until failure occurs. A well-designed test program will 
enable identification of most of the important failure modes by continuing the test past 
first failure and subsequently determining degradation in the critical circuits by 
electrical tests. 

The analytical predictions and the experimental results will be different; there
fore, any substantial or significant differences must be resolved by an engineering 
program specifically designed to force congruence. 



I I I . PHOTON CONSIDERATIONS 

Current transients resulting from photons create noise pulses, change of state 
in digital circuits, and other transient phenomena that do not involve catastrophic 
failure of components but which can produce system failure. In addition, large mag
nitude current pulses can produce catastrophic device failure. Both of these failure 
modes must be assigned maximum allowed probabilities in the preliminary failure 
budget. 

Intrinsic hardening of devices is impractical for dealing with current transients 
and, therefore, the system must be designed to tolerate the transient currents. A 
transient current pulse in linear or analog circuitry is almost never limiting in an 
overall system sense; most systems must be able to tolerate such pulses since they 
can also arise from signal channel switching, power supply transients, lightning dis
charges, and maiiy other normal occurrences. Even for digital circuitrj^, such 
current transients are usually just an annoyance that can be corrected by activating 
a reset button or closing a circuit breaker. In the few cases where such an inter
ruption is intolerable, a circumvention subsystem can be used that senses the radiation 
pulse, shuts the system down for a very brief period, and automatically restarts the 
system electronics. The probability of proper functioning of reset or circumvention 
circuitry can be statistically analyzed using appropriate circuit models and a system 
analysis computer code. This source of system failure should be a very small part 
of the e r ror budget in a well designed system. 

Catastrophic failure, burnout, can also result from photocurrents. One 
important failure mode arises when junction photocurrents short circuit a pow r 
supply to ground, or a positive power supply to a negative power supply. Thib pit
fall can usually be avoided by addition of appropriate current limiting resistors . 
Another important failure mode is latchup in junction-isolated microcircuitry. This 
can be avoided by using DIIC's; it is less desirable but possible to use specially 
hardened JIIC's. 

A subtle failure mode occurs primarily in integrated circuits. The thin over
lay pattern, usually aluminum or gold, which is used to interconnect the integrated 
circuit elements, has a relatively low current-handling capacitj'. Further, defects 
such as scratches or thin regions above oxide steps can seriously reduce surge 
current capabilities. For short pulses of radiation, typical of LINAC's and FXR's, 
the burnout depends primarily on the energy' (~l2 Rt) dissipated in a portion of the 
overlay pattern. Usually a well-designed overlay pattern will support the expected 
photocurrent surges with substantial design margin. The problem then reduces to 
a very difficult quality control problem, maldng sure that the probability of finding 
a defect anyyvhere in the overlay patterns in any of the devices in the system is within 
the assigned failure budget. Tliis problem is much easier to manage in DIIC's than 
in JIIC's because the photocurrents are much lower. The system engineer must 
allocate a generous portion of the radiation failure l)udget to this failure mode imd 
demand a very thorough set of process and quality controls from the device 
manufacturer. 

;j- i 
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IV. TOTAL DOSE EFFECTS 

Both neutrons and photons contribute to total dose in the weapon environment. 
Surface properties of semiconductor devices are substantially changed by ionizing 
dose. Silicon devices with good oxide passivation on the surface suffer ;m increase 
in positive charge density near the oxide silicon interface, resulting in a change in 
surface potential, surface conductance, and surface recombination velocity. ° These 
changes are relatively large; however, they tend to saturate with increasing dose. 
Furthermore, the operating parameters of most transistors and microcircuits are 
relatively independent of changes in surface properties. The net result of these con
siderations is that most modem diodes, transistors, and microcircuits can be used 
up to total dose levels of 10^ Rads (Si) with toleral)le changes in operating parameters. 

The surface of the oxide can also accumulate charged ions (Telstar effect).^ 
In a well-passivated device, this will have a negligible effect on device operation, but 
this accumulation can cause catastrophic changes such as formation of surface 
channels in unpassivated devices or in passivated devices with defective passivation. 

Surface field effect transistors, e .g . , MOSFET's, suffer large changes in 
turn-on voltage due to total dose effects and have thresholds as low as 5, 000 Rads 
(Si)^^. They should, therefore, be avoided in radiation hardened systems. Research 
is currently in progress at several laboratories to develop a hardened surface field 
effect transistor; and this represents one of the most fruitful contnbutions device 
development engineers could currently make to the system hardness problem. 

Some degree of control over this failure mechanism can be achieved by imposing 
stringent control specification limits on junction leakage currents, since defective 
passivation in most cases also leads to increased saturation currents. This failure 
mode is generic to some device lyjjes, •'•-'• so that a literahire check of experimental 
data is useful for eliminating some failure-prone device types. 

Again, the system engineer must be generous in allocating a substantial portion 
of the failure budget to surface dose effects, and demand a high degree of process 
and quality control from the device manufacturer. 
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V. CIRCUITANALYSIS CONSIDERATIONS 

Analysis and design of electronics in the radiation environment requires the 
ability to quantitatively describe the electrical effects of radiation on semi-conductor 
devices. There are a number of models available, but the Ebers and Moll Model is 
probably the simplest large signal model that can be readily modified to include 
radiation effects. The first step is to characterize all of the devices which are used 
in the system and malce a prediction, nominal and worst case, of the device response 
in the neutron and photon environment. Then the devices must be measured in 
radiation simulation facilities. The predicted and measured responses should then 
be compared and any significant differences resolved; most probably, congruence will 
be effected by second-order corrections to the basic device model, A typical example 
of comparison of measured and predicted response for a general-purpose amplifier 
microcircuit is shown in Figure 1. Prediction and experimentation must cover all of 
the current and voltage regions that the devices encounter in the system. This is more 
difficult for transistors than microcircuits, because microcircuits are usually used at 
the same specific voltages and currents throughout the system; whereas, transistors 
are used at various operating biases. In no case should circuit analysis be attempted 
until satisfactory device models ai-e defined. 

Next analysis of circuits can be accomplished, and it is probably cost effective 
in most cases to use computer codes. One should not overlook the possibility of 
using simplified hand analysis where it is appropriate and sufficient. Again, nominal 
and worst-case predictions should be made, some comparison experiments should be 
conducted and congruence should be effected between predicted and measured results; 
a typical example of analysis and prediction is shovm for a regulated power s pply in 
Figure 2. After suitable circuit models have evolved, subsystem or system analysis 
can be started using a computer program such as SECURE 13, xo avoid computer 
overloading, SECURE allows the analyst to represent the relatively insensitive c i r 
cuits by functional blocks and to represent the radiation sensitive circuits by detailed 
equivalent circuits as was done at the circuit level. Results of the circuit runs allow 
the analyst to decide which circuits show sufficient sensitivity to require detailed 
modeling. 

The results of the SECURE runs allow system operating parameters to be p re 
dicted as a function of radiation exposure. Proof tests on the system at radiation 
simulation facilities can now be made and compared with the SECURE prediction. 
Agreement between predicted and measured results will provide confidence in the 
hardened design, and will result in much reduced requirement for statistical testing 
to reach a specified confidence level. 

Figure 3 is a flow chart for computer-aided analysis showing the buildup in 
complexity from parts to system level, including the important cogruence steps to 
assure one-to-one correspondence between analysis and test results. 
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VI. BUILDUP SCREENING 

Electronic pa r t s in the finished sj'Stem must have a failure probability in the 
range 10~°< P f<10-5 , depending on system coniplexity and requ i rements . What failure 
probability should be demanded from the piece part manufac ture r? If the system is 
blindly assembled without any test ing or sei coning or rework cycle by the system 
manufacturer , the device manufacturer must bear the ent i re burden and supply pa r t s 
in the 10"*^ to 10~° failure probability range. However, if the system manufacturer 
inserts a pract ica l number of t e s t s , s c r eens , and rework cycles , discrepant devices 
will be weeded out as the system p rog re s se s through var ious s tages of assembly. A 
hypothetical case shows this p rocess through var ious s tages of assembly in Table 2. 

It i s possible to demand a failure probability in the 10"*^ to 10"'* range from the 
device manufacturer and to improve this by about two o rde r s of magnitude using 
suitable i n -p rocess test ing and screening during system asseml)ly. This leads to a 
system failure probability between 10""^ and 10"^. This division of failure probabili ty 
responsibil i ty between device and system nianufacturers leads to a pract ica l and cost 
effective system design. Device manufacturers can and a r e real iz ing failure p r o 
babili t ies in the 10-3 and 10"^ range, and system manufacturers can and a r e upgrading 
this to the 10-5 to 10-8 range by suitable manufacturing p r o c e s s e s . Table 3 documents 
this parti t ion of failure responsibi l i t ies . 

Table 2. Buildup Screening — Typical System 

Manufacturing Level 

Board Mounting Complete Electrical 

System Electrical Confidence 

Vibration 5 Gs 3 Axes 
5- 3000 cps 

Complete Functional Test 

Bum In 

Temp Cycle 
(-40 to isO F) 

Electrical Stress 
Voltage Steps 

i Current Steps 
Power Steps 

Field Returns on p e r annum basis 

All Fa i lu res 
(Percent) 

1.0 

0.1 

0.05 

0.001 

0.02 

0.002 

0.01 

Catasu.-ophics 
(Percent) 

0.1 

0.01 

0. 002 

— 

0. 001 

— 

0.004 
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Table 3. Partition of Failure Responsibility 

Device Manufacturer 

System Manufacturer 

Resulting System Failure Probability 

Range 

10-^ - 10"^ 

10-^ - 10"^ 
10-4 _ ^Q-6 

Target 

10-4 

10-4 

10-8 

Requires absolute elimination of device "cancer" by process controls. 

The hard and fast requirement for making the buildup screening work is that 
the devices must not contain any "cancer." This is best illustrated by recalling the 
gold-aluminum intermetallics problem (purple plague) that semiconductor manufacturers 
struggled with and finally conquered. Any condition, such as an incomplete chemical 
reaction, formation of intermetallic components, impurities sealed in the can, etc. , 
could lead to progressive device deterioration. 

Qi well-controlled, high-reliability lines, several device manufacturers have 
proven themselves capable of producing high quality devices free of any "cancer" 
condition. Strict and continuing process control by the device manufacturer is 
required, of course, to obtain these high quality devices. 

These concepts were established by engineers solving the problem of fabricat
ing high reliability systems containing tens of thousands of parts. These same con
cepts can be very profitably applied to the design of hardened systems. The c^rrj^over 
is quite direct, since radiation introduces stresses similar to those introduce . by the 
various environments the reliability engineer has previously mastered. Further, it 
is the discrepant device that produces the problem in the radiation environment just 
as in other stress environments. Specifically, a scratched overlay pattern on an IC 
will be quite likely to fail due to electrical s tress produced by starting the system 
or by an overvoltage transient in the power supply, and it is also quite likely to fail 
due to the current overstress produced by a radiation pulse. 

The catastrophic failure modes, such as l^Rt burnout, can be controlled by 
electrical s tress tests used bj' the device manufacturer, and the resulting failure 
probability reduced manyfold by further electrical stress tests at various levels of 
system assembly. The surface degradation mode due to ionizing dose can be con
trolled by temperature and bum-in screens by the device manufacturer, and the 
resultant failure probability reduced by suitable bum-in and temperature stress at 
various levels of system assembly. 



VI I . STATISTICAL CONSIDERATIONS 

Table 1 shows a typical system failure budget for tlie radiation environment 
designed to reduce system failure probabilities below 20 percent. 

For neutron degradation, sufficient statistical data is available in the literature 
to make overstress testing feasible. Devices can be tested to failui'c in incremental 
steps and a plot of percent failure versus neutron fluence constructed. This can then 
be extrapolated dowTi in fluence, based on a normal distribution to the specified fluc^nce 
level. On this basis, one or two device types, and one of two critical circuits will 
determine the system failure probability due to neutron displacement effects. 

The noncatastrophic photocurrent problems can be assessed by testing the 
several reset or circumvention circuits in a simulation facility. The total number of 
tests must be consistent with the failure budget and confidence requirements placed on 
the system. 

The catastrophic photocurrent problems and the total dose problems require 
brute force testing programs in simulation facilities. Practically speaking, over-
s t ress testing can be used to increase confidence, but present state of the art does 
not support quantitative extrapolations. 

It is imperative that the system engineer accumulate and document all radiation 
test data taken on the system, including part characterization data, part sampling 
data, circuit level data, subsystem level data, and system proof test data. All go 
no-go type data should be accumulated and documented. An experienced stat' itician 
can utilize all of these data sources to increase confidence in the ability of the system 
to meet radiation specifications. 

Worst-case analysis involves setting device or circuit parameters at a worst-
case level and determining the effect on some higher level sj'stem or subsystem 
function. What is worst case? Is it one chance in ten ? Or one chance in a hundred? 
Or perhaps one chance in a thousand? This depends on the complexity level. W îen 
describing the system in terms of perhaps three to ten subsystems, worst case is 
something like one chance in ten, and one should work at roughly l a levels. The 
system, however, contains several hundred circuits, a fraction of which (maybe one-
third) have important radiation responses. Now worst case should be like one chance 
in a hundred, and one should work at roughly a 2a level. There are usually several 
thousand devices and, therefore, one should work at roughly the 3a level for worst-
case device analysis. The important point is to be sure that the worst-case definition 
used for the analysis bears a reasonable mathematical relationship to the required 
system failure probability. Tliis is illustrated in Table 4. 

7-1 



Table 4. Determination of Statistical Significance Levels for 
Functional Specifications imd Analyses From System 

Specifications Analysis Levels 

Statistical Significance Levels 

System Level Statist ics 

Subsystem 

Cri t ica l Circuit 
' Statist ics 

Component Level Statist ics 

~1CT 

~ 2 a 

~3CT 

~84% 

- 9 8 % 

- 9 9 . 9 % 

Circuit analysis codes are available that enable the system engineer to 
determine functional specifications for subsystems, circuits, and components from 
an overall system specification. Heavy emphasis on process and quality control is 
required of the device manufacturer, because radiation excites some failure modes 
that are not important in other environments and other failure modes that are not 
easily correlated with electrical measurements. 
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V I I I . CONCLUSION 

Electronic sys tems can be effectively hardened against nuclear radiation 
environments . A combination of shielding, special circuit design techniques, and 
use of hardened components is required. The difficulty and cost involved in proof 
testing i s reduced by using a suljstantial degree of overdesign, allowing the proof 
tests to be success oriented. Overs t r e s s techniques can IJC used to es t imate system 
failure probability; this is very effective for neutron degradation failure modes aiid 
very useful, although not completely rel iable, for surface dose and photocurrent 
catastrophic failure modes . 
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ABSTRACT 

An exact express ion for the neutron damage constant, K, has been derived in 
t e r m s of the ra te of degradation of current gain with neutron fluence in bipolar 
t r a n s i s t o r s . It is shown that this expression reduces to the s imple form, 

for the entire range of damage where the damaged t r ans i s t o r is s t i l l a useful dev ice . 
The effect of neutron i rradiat ion on minority c a r r i e r distribution and also on t r ans i t 
t ime in the base of a bipolar t r ans i s to r is d i scussed . It is shown that the gain-
bandwidth product remains constant under neutron i r radiat ion unless the t r a n s i s t o r 
is damaged beyond its useful l imit . An empir ica l function for the depender 'e of damage 
constant on emi t te r cur ren t is obtained from exper imental r e s u l t s . 

INTRODUCTION 

Neutron radiation causes reduction in the minori ty c a r r i e r lifetime by crea t ing 
defects in the crysta l l a t t i ce . In a bipolar t r ans i s to r , minority c a r r i e r flow ac ross 
the base region is the dominant "gain determining" mechan i sm. Consequently, the 
cur ren t gain of a bipolar t r an s i s t o r is reduced under neutron i r radia t ion due to d i sp lace 
ment damage in the base region. The degradation of lifetime under neutron 
i r radiat ion of fluence, cp, is given by 

T -T^i (1) 

where K is the damage constant, TJ is the initial (preirradiated) value of l ifetime, and 
T is the pos t - i r rad ia ted value of l i fe t ime. This expression giving a l inear relat ionship 
between reciprocal lifetime and neutron fluence has been verified to be valid over a 
wide range of neutron fluences: therefore , the damage constant, K, is a useful 
pa rame te r to predict the reduction in cur ren t gain for any neutron fluence. In this 
paper , we report a general solution to tlie continuity equation in the base of a bipolar 
t r ans i s to r , and from this derive an expression for common emi t t e r cur ren t gain in 
t e r m s of the ratio (k ^ LhAy) of the minority c a r r i e r diffusion length to the width of 
the base and the drift field pa ramete r , ^. Using the relat ionship between diffusion 
length and lifetime of minority c a r r i e r s , an express ion for damage constant, K, is 
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derived in t e r m s of the p re i r rad ia ted gain bandwidth product, f-p, the slope of rec iproca l 
cu r ren t gain, p , with respect to neutron fluence, (b, and n. This expression is shown 
to be reducible to a s imple r form s imi l a r to an e a r l i e r one^-'̂ ) over the range of neutron 
fluence at which the t r an s i s t o r is s t i l l a useful device . 

The effect of neutron radiation on the distribution of minority c a r r i e r s in the 
base region, as well as on the base t rans i t t ime, is d iscussed in this paper . P r e l i m i 
nary resu l t s of the effect of neutron radiation on gain bandwidth product a re also 
d i scussed . Finally, the functional dependence of measured damage constant on emi t t e r 
cur ren t is given and is shown to agree with experimental va lues . 

NEUTRON DAMAGE CONSTANT, K 

The continuity equation for the base region of a t r an s i s t o r is given by 

dx" " " " ^ h 

9AP _ p. 9 AP ri n 3AP AP ,ov 
"at ^ h ^ 2 - w ^ h ax " T^ ' ^^' 

where we have assumed a one-dimensional p -n -p t r a n s i s t o r with a drift field 
p a r a m e t e r , r[, and 

where 

D, = diffusion constant for the holes in the base 
n 

w = width of the base 

T, = lifetime of holes in the base 
n 

/i^ = excess hole density in the b a s e , 
ft 

The steady state solution to Equation (2) gives the equilibrium hole distr ibution in the 
base region and is equal to 

AP ^ 1 

^ P Q " w V--
1 - e 

( 2w "^2 V / • 

._i j^"2^)' (3) 
1 - e - ^ ^ 
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Q 

^s 

where APQ = excess hole density at the boundary of emitter-base junction, 
i . e . , at X = 0 

^ ^ • ^ / : w h h * w L, 

and L^ = diffusion length of holes in the base. From this we can calculate the 
conductance matrix elements o--^i and o"2i, and they are 

11 kT 

and 

e^A 
""21 kT ^h^Pol {^^^^^ ^^°^(fvr~))' 

where A is the area of cross section of the base region. 

The base transport factor, b, is given by 

b = o-gi/o-^i 

The current gain, P, in the common emitter mode, neglecting all other 
mechanisms except the base transport process, is then 

p b 0-21 • 

Therefore, 

p- = W ^ ^ ^ ^ " M 2 ' ^ ; ^ ^ c o s h ( ^ ^ j - 1 . 

If we define k as the ratio of diffusion length, L^, to base width we can rewrite 
Equation (7) as 

1 ^ - 7 2 . ^ . / n ^ ^ 1 ^ - V 2 ^ . / n ^ ^ 1 
7 = 2 L2 J ^ ^ ^ " ^ V T ^ ^ ^ ^ c o s h ^ l + ^ 



The expression for |3 in Equation (7) shows the functional dependence of p on TĴ  since 

/~=\/5^-
The degradation of TĴ  under neutron irradiation is given by Equation (1) as discussed 
ear l ier . Under the assumption that D-^ is essentially unchanged under neutron irradia
tion, the change in P under neutron irradiation is brought about only by the degradation 
in lifetime. 

Therefore, 

1_. 9p 4 
d<P . 1 9<^ ' 

From Equation (1), we know that 

(9) 

d<t> K 
(10) 

We can evaluate 9(l/P)/84) from Equation (7), and substituting this expression as well 
as Equation (10) in Equation (9), we obtain 

l£-_ wii_ 
d<t> \ ^ 

4e V2 

2e 
n/2 (11) 
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9 The term w^/Dh is related to the preirradiated gain bandwidth product f-p as 

9 

1 

T 

where 

T 

Therefore, 

ai 
90 

2 -Tl 
w e ' + 1 1 - 1 
^ h r,2 ' 

2-nfrj,. 

^ 1 riv\ 
2Trf^ K ^<'l) 

0 . 1 6 
- t ^ K G(n). (12) 

where 

G(Ti) = 
(e~'"l+Ti_i) 

, s i n h ^ ^ ^ ^ 

• 4 e V2 
III _!_ 

3/2 

coshi 

4e V2 
I3_ + J_ 
^ k^' 

2e n/2 

sinh^-^^ + ^ 

.hi , 1 
(13) 



The function, G{r\), is dependent on r; and k, where rj = In N D E / N Q Q and where Npg 
and NQJJ are the donor concentrations in the base region near the emitter and collector 
junctions, respectively. 

In Figures lA and IB, we have plotted G(TI) as a function of n for both positive 
and negative values of r^ and for various values of the parameter, k. If G(q) does not 
change with k, over a certain range of k 's , then over that range 

9^ /30 

will be a constant, i . e . , 1/p will increase linearly with 0, as can be seen from 
Equation (12). From Figure lA, it can be seen that at high value of T, G(ri) is 
essentially close to unity for value of k ^ 1. However in homogeneous transistors, 
(11= 0), G(Ti) varies appreciably with k for values of k less than 2. Over the range 
of neutron fluence where the experimentally-measured value of 1/p varies linearly 
with (p, we can therefore take G(ri) essentially as constant and equal to unity. Then, 
from this linear slope 

9 p / 9 0 , 

we can determine the damage constant, K, as equal to 

K = ^ ^ . ,14, 

T 90 

We have plotted in Figure 2 the value of P from Equation (8) as a function of k 
with r] as the parameter. From this figure it can be seen that in drift transistors with 
^ = 8. P goes to a value less than 2 for values of k less than 0.5 while in homogeneous 
transistors p becomes less than 2 for values of k less-than 1. Since, in any circuit 
operation, the circuit will almost certainly fail for values of p as low as 2, we can 
therefore assume that if a transistor is so badly damaged that k =0 .5 , there is 
complete failure. The range of neutron fluence, over which k never deteriorates to 
less than 0.5, is seen from Figure lA to be the range over which G{r\) is essentially 
unity. 

If we consider the function, G(ri), it is seen that for values of k s 1, G(ri) is 
essentially constant withT]. However, in a badly damaged transistor, G(ri) varies 
with r) and for example for the case, k =0 .5 , G(n) reaches a maximum value of 
1.9 at T̂  s - 3 . In Figures lA and IB, the corresponding p values are marked in 
different regions of the curve for ease of reference. 

In Figure 3, we give the experimentally-measured value of 1/p, plotted as a 
function of 0, for a typical t ransistor . It can be seen that this plot is essentially 
linear with a slope of dl /d(t> equal to 1.83 x lO"!-"^ per n/cm'^. From the linearity, 
it can be deduced that in this region of neutron fluence, G(n) is essentially unity. We 
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^ ^ 
can verify this as follows. For this t r ans i s to r , n was measured by the methods 
decribed la ter to be =8 ie ( N D E / N D B ~ 3000). From Figure 3, we find the 
lowest measured p to be 5, and using Figure 2, we find this corresponds to k = 2 . 5 . 
In Figure lA, G(ri) for k = 2 . 5 and N Q J T / N D B = 3000, is very close to unity. Therefore , 
the use of Equation (14) is justified in this c a s e . Intrinsic f j was measured for this 
t r an s i s t o r to be =85 M c / s . Using this value in Equation (14), we obtain the damage 
constant. 

K = 1,03 x 10 
6 n - sec 

cm 

BASE-TRANSIT TIME, T 
B 

The base t rans i t t ime, TO, which is defined as the average t ime taken by a 
minori ty c a r r i e r to t r a v e r s e the base region, is given by the following integral: 

•̂ B = 

w w 

^ dx 
^h 

(15) 

x=0 x=0 

where A is the a rea of c ro s s section of the base region. Equation (15) can be 
t ransformed into 

T „ = 
J_ 
D,. 

w 

•J A n 

dx 
dAp ^ n_ 

Ap dx w 

(16) 

by writ t ing Ij^ explicitly as the sum of diffusion and drift components . Substituting for 
Ap from Equation (3) in equation (16) and integrating, we obtain 

T „ = 
B 

(17) 

where 

w 
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It can be seen that when we consider the limit, k » 1 ( i . e . , L^ » w). Equation (17) 
reduces to the familiar form. 

BL 
_w 
D 

T}--+e -n 

h 

which is the base transit time when there is no recombination in the base region (the 
subscript, » , in Tg^ is used to denote that Lh » w). Dividing Equation (17) by Tg^ , 
we obtain 

'B 

Boo ri-l+e -11 + 

+ ln (18) 

Since neutron irradiation reduces the value of k, the change in xg under neutro' 
irradiation is brought about by its dependence on k as given in Equation (18). In 
Figure (4), Tg/fg^ is plotted as a function of k for '1=8 (forward mode in a drift 
t ransistor) , n = 0 (homogeneous transistor), and for q = -8 (inverse mode in a drift 
t ransistor) . It can be seen that in a drift transistor, little change takes place in Tg 
until k is reduced to less than 0.5 (useful operating limit from the point of view of 
gain) in the forward mode. However, in a homogeneous transistor and to a larger 
extent in a drift transistor in the inverse mode, the base transit time is reduced 
appreciably even when k is as large as 5. 

MINORITY CARRIER DISTRIBUTION 

The expression for excess minority carr ier density in Equation (3) can be 
rewritten as 

^ P . " 
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Values of A P / A P Q are plotted as a function of x/w for k = 10, 1, and 0.1 for a drift 
transistor with ii= 8 in Figure 5A and for a homogeneous transistor in Figure 5B. It 
can be seen that unless k is reduced to less than 1, the minority carr ier distribution 
is essentially the same as the unirradiated ease. This agrees with our earlier 
discussion on p degradation with k. 

DETERMINATION OF 1̂ 

Our discussion so far has shown that the value of ii is required to predict the 
degradation of transistor performance under neutron irradiation. We describe below 
three methods by which ri was determined for a particular transistor and it was found 
that all three methods yield r; values close to each other within 10 percent. 
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In the first method, diffusion profiles of impurity distribution were obtained 
from the device manufacturer and approximating this distribution by an exponential as 
discussed by Lindmayer and Wrigley(2), n was determined to be 8.5. 

If the fringe field effects in the base region arising due to differences in emitter 
and collector junction areas are neglected, then the ratio, iT-^/^T\' ^^ given by 

T ^ 

T -n 
^i e ' +n - 1 

where fx^ and fxi are the gain bandwidth product in the normal and inverse modes, 
respectively. This expression is plotted in Figure 6 as a function of r\. if fxM/fxi i^ 
known, P can be determined from this plot. For the transistor referred to in the 
previous paragraph, f-pxr and fxy were measured and an average value of r\ was 
obtained as 8.4. 

It is also possible to obtain gain bandwidth product from small signal transient 
measurements. The time constant for the small signal transient response is PQ Tg, 
where Tg is base transit time and PQ is the d .c . beta. Therefore, the ratio ''"BI/'^BN 
can be obtained by performing small signal transient measurements in the forward 
and inverse mode, and since 

Figure (6) can be used to obtain TJ from the ratio, ^ B J / ^ B N ' ^^^ ^^^ reference 
transistor an average value of 8.1 for n was obtained. 

Thus, we see that the average values obtained for T̂  by all three methods are 
close to each other. It must be mentioned that individual values varied by larger 
amounts and the maximum deviation, i . e . , the difference between the highest and 
lowest value, occurred in the transient method and this was of the order of 10 percent. 

f.p VARIATION WITH NEUTRON IRRADIATION 

If we assume in Equation (2) that the injected excess carr ier density consists of a 
DC component and a superimposed small signal AC component at an angular velocity 
of w, we can write the high frequency p as 

p = 2 ^ ~W2 '̂"̂  ^"'''^ ^ ~ W """̂^ ^""^^ ~ ^' <^^) 

where 

# 
"•w = \ / V + - ^ (1 + iwT^) 
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From Equation (21), complex p can be evaluated. A digital computer was used to 
calculate p and in Figure 7A, | p l/p^^ was plotted as a function of M = ^̂  "̂ h ^°^ k = 5, 
k = 1 and k = 0.5 for a homogeneous t r ans i s to r where PQ is the DC Beta . It is seen 
that the 6 db-per-octave approximation is valid for k > 1. In Figure 7B, we plotted 
| P | / P Q as a function of M = u TĴ  for k = 1 and k = 0 . 5 and k = 0.1 for a drift 
t r a n s i s t o r with n = 8. It can be seen in this case that for k > 0 .5 , the 6 db-per -oc tave 
approximation is valid for the fall off in | p | . 

We notice in Figures 7A and 7B that in the region where we have 6 db/octave 
fall off. 

M l P l 

Po 

However, 

- M | p | 

1.0. 

Ui 
T -h 

Po \ ^h 

where w,j, = 2Tr x gain bandwidth product 

But 

T. T. K K . ^'^^^ 
a 1 

In the region where 

1 

-r— = constant, 
a<p 

P 0 = constant . 

Therefore , w-p should essential ly remain constant in the usable range of the 
transistor. When a t r an s i s t o r is very badly damaged, the gain bandwidth product 
will change. In fact, from Figures 7A and 7B, we can see it is not meaningful to talk 
of ^*''j' s ince we do not obtain a G db/octave roll-off in a badly damaged t r a n s i s t o r . 
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Exper imenta l ly-measured values of wp for various t r ans i s to r s in the normal 
mode for neutron fluences up to lOl'^ n / cm2 do not show any significant variat ion from 
the p re i r rad ia ted value . 

CURRENT DEPENDENCE OF DAMAGE CONSTANT 

The measured damage constant, K, is strongly dependent upon the emi t t e r 
current density flowing in the t r an s i s t o r during measu remen t . This dependence a r i s e s 
s ince the lifetime of a minority c a r r i e r depends upon the injection level . The lifetime 
deter iora t ion under neutron i r radiat ion a r i s e s because of the increase in recombination 
cen te rs due to displacement damage . Shockley and Read("^) derived an expression for 
the lifetime in the presence of one recombination cen te r . However, it is known(4) 
that s evera l recombination centers a re produced typically under neutron i r rad ia t ion . 
Messenger(5) proposed a two-level model in which all the recombination centers in the 
upper half of the band gap a re lumped into one recombination level and all the cen te rs 
in the lower half a re lumped into a second level . Assuming the two levels to be acting 
independently, the rec iproca l lifetime due to both centers can be added to yield a 
rec iproca l of damage constant, K, as 

1 
K 

n + p + Ap 
0 * ^ 0 ^ 

( P Q + P ^ + A P ) ( n ^ + n ^ + A p ) 

r R, ' r R, 
°1 1 • \ ^ . 

n ^ + p ^ + Ap 

(P0 + P 2 + A P ) ( n ^ + n ^ + A p ) 

r Ro ' r R-
^2 2 V2 2 

(25) 

where Rj and R2 a re the recombination centers produced per unit neutron fluence at 
levels 1 and 2, respect ively, r^ and ry vvith appropriate subscr ip ts a re the recombina
tion ra te constants , Ap is the excess c a r r i e r density, nQ and PQ are the c a r r i e r densit ies 
in the rmal equilibrium and n]̂  and p-L and n2 and P2 a re the concentrations of e lectrons 
and holes if the Fermi level were to be at levels 1 and 2 respect ive ly . The expression 
for K can be rea r ranged as 

, C, AP +C„ AP +C„ 
1 ^ _ J 2 3 ^26) 

'^ C4 Ap^+Cg A p + C g 

These coefficients, Cj through CQ, a r e related to the various p a r a m e t e r s of 
Equation (25). For example, 

C, = - ^ . - 1 - . - ^ ^ . 1 
1 •^c2^^2 ^2^^2 " c l " l ^C2^^2 
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The express ions for the constants. 
the facts that the base region is er : : 
level, and level 2 is below the ir.:r.: 
Equation (2G), we see that 1/K is a : 
low level injection. 

-:^'z CA. can be simplified appreciably if 
I 1Z.Z : i2t level 1 is above the intr insic Fe rmi 
Tirr.. level are considered. From 
:.:- : : : -e injected c a r r i e r density, Ap. Under 

I, W 
Ap = - A — 

^o eA D,. 

for a homogeneous t r ans i s to r , wher-
boimdary of emi t te r junction) at lo-
where 5 = w/eA Dj^. Under high ir.;-:-
longer equal to 5 
valid: 

.r . = excess c a r r i e r density at x = 0 (at the 
ii ' .ion. For brevity, let us wri te APQ = 6 Ih. 
'.z. the"excess c a r r i e r density at x = 0 is no 

Ij^, but an empirical relation of the following form is approximately 

Ap Eo 

where 

N. 
DE 

^ P E O 

1 + e 
^ p . 

N 
- Ap . 

DE 

1 + 28 
AP. 

(27) 

N, DE 

6 = constant approximately equal to 0.3 for homogeneous t rans stor 

donor density in the base region, and 

= excess c a r r i e r density at x = 0 for, any level of injection. 

Equation (27) can be written in t e r m s of I^ as 

aVa 
APr 

EC 26lj^e 
(28) 

N 
+1 

DE 

Although Equation (28) gives the relationship between the excess c a r r i e r density at 
X = 0 and the emi t te r current , it is reasonable to assume that the excess c a r r i e r 
density to be used in Equation (2G) can be approximated by a s imi l a r functional 
re la t ionship as 

Ap = 
M3 J j , . 1 

(29) 
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where J E is the emi t te r cur ren t density in a m p s / c m 2 . Substituting Equation (29) in 
Equation (26), multiplying both numera tor and denominator by ( M S J E + I ) ^ and 
rear ranging t e r m s , we obtain 

A J „ ^ + B J „ ^ + C J „ ^ + DJ„ + H, 
K =—I ^ \ 5 L . (30) 

J E ^ ^^E ^ F J E ^ G J E ^ " 2 

The constants in Equation (30) can be obtained by fitting the experimentally-obtained 
plot of K vs J g . For this purpose, the curve given in Larin(6) for the measured 
composite damage constant, 1/K, for 20 n-p-n t r ans i s to r s as a function of emi t te r 
cur ren t density was taken and plotted in Figure 8. The rat io of the constants , H1/H2, 
was obtained by plotting K vs Jj? on a l inear graph and extrapolating the l inear value 
for J E = 0 to obtain H1/H2 = 0 . 1 5 . Then II2 was set equal to 1 and H]̂  = 0 . 1 5 . Seven 
points were chosen on the measured curve and seven simultaneous equations were set 
u p . The seven constants , A through G, were then obtained by solving these s imu l 
taneous equations. The values of the constants a r e : 

A = 1.68 

B = 332 

C = 2850 

D = 420 

E = 313 

F = 6280 

G = 3410 

Using these constants , values of K were calculated for o ther points on the curve 
and it was found that the e r r o r was less than 3 percen t . It may be questioned why the 
coefficient of J E ' ^ was set equal to unity while H2 also was set equal to unity in the 
denominator in Equation (30). The co r rec t procedure would have been to introduce 
one more constant but it should be noticed in the range of J g plotted in Figure 8, K is 
not very sensi t ive to H1/H2 and as such to reduce labor, H2 was taken as unity. As a 
matter of fact, Hi and H2 each can be even set equal to zero and the result ing 
expression for K will be a cubic in IE divided by a cubic in I E . as given below 

AJ„^ + B J „ ^ + C J „ + D 
K = f 1 . (31), 

j / ^ E J ^ - . F J ^ + G 

This expression also gives a good agreement with the experimental cu rve . 
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CONCLUSION 

In the above d iscuss ions , an exact expression has been derived for the damage 
constant and it is approximated by a s imple r expression over the range of neutron 
fluence where the t r ans i s to r is s t i l l a useful device . Effect of neutron i rradiat ion on 
base t r ans i t t ime, minori ty c a r r i e r distribution, and gain-bandwidth product a re 
discussed. 

The base t rans i t t ime in a drift t r ans i s to r is shown to be the same as the 
pre-irradiated value, over the range of neutron fluence where the t r ans i s to r is still 
a useful dev ice . However, in homogeneous t r a n s i s t o r s and in the inverse mode 
operation of drift t r a n s i s t o r s , the base t rans i t t ime is reduced even over the useful 
range of the device . The gain bandwidth product is shown to be essentially constant 
unless the device is damaged beyond its useful r ange . Finally, the emi t te r cur ren t 
dependence of the damage constant is obtained by fitting an empir ical relat ionship to 
an experimental cu rve . 
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RADIATION EFFECTS ON SEMICONDUCTOR DEVICES 

INTRODUCTION 

Numerous t rans is tor applications involve actual or potential exposure to a fast 
neutron environment. The use of t rans is tors in reactor control circui ts - especially 
in the space program - involves continuous exposure to a low flux ra te of fast neutrons; 
over an extended mission, the neutron fluence will degrade t rans is tor performance. 
Modern military systems designers must consider the neutron pulse from a nuclear 
weapon, and specifications defining t rans is tor vulnerability to neutron fluence must 
also be considered. Solar cell applications in space systems also involve exposure to 
damaging electron and proton radiation. Fur thermore , if the vehicle skin is very thin, 
t rans is tors within the system are also exposed to proton and electron radiation. 

Lifetime degradation is the dominant failure mechanism found in almost every 
design problem. It causes a decrease in power output in solar ce l ls ; in t r ans i s to r s , 
it decreases the common emitter current gain. Other effects, such as decreased 
storage time or output impedance, can usually be expressed in t e r m s of decreased 
current gain or related directly to lifetime degradation. 

There a re several secondary radiation effects which may cause device changes. 
These include increases in surface charge density resulting from ionizing radiation, 
changes in majority c a r r i e r density, and decreases in c a r r i e r mobility. Radiation 
effects on semiconductor devices are best explained by obtaining general admittance 
matrix equations containing all of the basic semiconductor proper t ies which undergo 
changes in the radiation environment. The functional dependence of the semi-conductor 
propert ies on radiation is then added, resulting in a radiation-dependant matr ix equa
tion. The admittance matr ix is derived under ordinary operating conditi' iS. When 
required, however, modifications may be introduced to compensate for extraordinary 
conditions such as very high or very low operating current levels. 

It is necessary to obtain the functional dependence of basic semiconductor 
propert ies on radiation fluence. Neutron effects a re very different from both proton 
and electron effects due to the uncharged nature of the neutron compared to the charged 
nature of protons and electrons. Neutrons undergo hard sphere scat tering, whereas 
charged par t ic les undergo Rutherford scattering. Electron and proton effects also 
differ greatly due to the difference in mass . Radiation effects a re also dependent upon 
the energy of the incident radiation. 

Fas t neutrons c rea te cluster defects in semiconductor mater ia l . The defects 
thus produced in t rans is tor bases act as recombination cen te rs , by reducing minority 
c a r r i e r lifetime (in the base region), and, consequently, by reducing t rans is tor current 
gain. The cluster defect is a small volume of semiconductor mater ia l containing 
several hundred atoms which have been displaced from their proper lattice s i tes as a 
result of the collision process . Following the collision process , the cluster rapidly 
assumes a quasi-equilibrium state. Short term annealing is associated with this p r o 
cess , which lasts less than a second. However, further annealing of t r ans i s to r s may 
be effected by storing them at elevated temperatures . 
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The amount of damage produced above the damage threshold increases with the 
nergy of the incident neutrons, linearly at low incident neutron energies, then shows 

a saturating character is t ic at incident neutron energies aL)ove 1 MeV. The environ
ment usually encountered is a moderated fission spectrum. For purposes of standardi
zation, the data in this lecture have been normalized to a reactor spectrum of average 
energy of 1. 6 MeV; only neutrons with energy grea te r than 10 keV a re counted. 

The effectiveness of recombination centers associated with cluster defects 
depends upon the position of the Fe rmi level. This behavior may be quantitatively 
described by using Hall-Schockley Read s ta t is t ics , resulting in dependence of t ransis tor 
cur ren t gain degradation on base resist ivi ty, injection level, and temperature . 

BASIC SEMICONDUCTOR EFFECTS 

The dependence of basic semiconductor proper t ies upon radiation fluence is a 
necessary building block for understanding device behavior in radiation environments. 
The most important property is minority c a r r i e r lifetime, followed by majority ca r r i e r 
density, majority c a r r i e r mobility, and three interrelated surface propert ies ; 
(a) surface charge density, (b) surface potential and, (c) surface recombination velocity. 

The basic factor for relating minority c a r r i e r lifetime, T , to radiation fluence, 
* . is :( l ) 

A. JL $ 
T - ^i + K(p , E ) <̂> 

Where K i s the lifetime damage constant which has the proper t ies of a radiation 
lifetime, * K is a function of the energy and type of radiation, the base res is tance and 
injection level of the semiconductor, and, to some extent, the impuri t ies in the semi 
conductor. This relationship has been found to apply accurately from lO^n/cm^ to 
10l6n/cm2, 

Majority c a r r i e r density is related to radiation fluence as foUows^^); 

n = n^ ± * ^ (2) 
o d$ 

Values for dn/d<I> depend upon base res is tance and type and energy of incident 
radiation. 

Fo r si l icon, both n- and p-types tend toward intrinsic resist ivity with increasing 
fluence; germanium tends toward low-resist ivi ty p-type. 

C a r r i e r mobility dec reases with the introduction of defects in that they act as 
scat ter ing cen te r s . Cluster defects remove a volume of semiconductors, which contain 
the cores of the c luster and the surrounding field region from the conduction path, ^ 
thereby causing an effective decrease in mobility. Mobility can be character ized by^"': 

y. = ^l -$dfj/d<J> (3) 

0 ^Some exper imenters use 1/T = l / j ^ o * and speak of c as a damage constant, 
2 



All forms of radiation contribute to ionization p rocesses . One effect of ionization 
i s an increase in surface charge density(3). This is a non-linear effect which sa tura tes 
at values of fluence substantially lower than those which cause bulk effects. The resu l t 
ing change in surface potential causes either an increase or decrease in surface 
recombination velocity(4). 

CHARACTERIZATION OJ- TRANSISTORS IN A NEUTRON ENVIRONMENT 

Transis tor operation is described in t e rms of an admittance matr ix , including all 
semiconductor proper t ies subject to change in the neutron environment in admittance 
matr ix elements. A number of basic semiconductor propert ies such as c a r r i e r densi 
t ies , ca r r i e r mobilities, and ca r r i e r lifetime a re changed by neutron irradiat ion. How
ever, minority c a r r i e r lifetime degradation in the base region is the dominant mechani-
ism, and this degradation is principally determined by cluster defects in the bulk base 
material ; changes in surface recombination velocity a re relatively unimportant. 
Another factor which sometimes becomes noticeable in very high frequency t r ans i s to r s 
i s a decrease in emitter efficiency due to minority c a r r i e r degradation in the emit ter 
region. 

The small signal, low frequency admittance matrix will be accurately developed 
for the intrinsic transistor<^). Various extensions, including very low and very high 
injection levels, will then be developed. Precautions necessary in using cur ren t gain 
cut-off frequency to determine the ratio of diffusion constant to the square of the base 
width will also be discussed. 

At low frequencies the intrinsic t rans is tor is described by: 

(4) 
' E ' ^11 "̂ E " ^12 ""c 

where 

'C =-^21 ^ E " ^ 2 2 ^ C 

E , C 

Ijr c s r e emitter and collector cur ren ts , Vĵ  p a re emit ter and collector voltages, and 
the a 's a re admittance matr ix pa ramete r s . The matr ix pa rame te r s a r e shown in 
Table 1. 

In Table 1, 

a = '/̂  V (w) ^ (i.;) • ̂  ^ 

n = In k, L = / D T . 

^DE 

^DC 
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9 W is t rans i s tor base width, N Q E 's donor density in the base near the emit ter , N D C 
is donor density in the base near the collector, Lp is hole diffusion length in the 
base . Dp is hole diffusion constant in the base, and T is lifetime in the base. 

Current gain a = = ^ • Using the expressions in Table 1, an expression for 
^11 1 +P 

1/p can be obtained, 

p "-^p 

This expression applies for homogeneous base t rans is tors (k = I, n = 0) and graded 
base t r ans i s to r s (k » 10, n = 2. 3). 

Fo r a t rans is tor whose base lifetime has been substantially degraded by 
displacement damage, T = K/$ , where K is lifetime damage constant and ^ is 
radiation fluence. Now, 

p-1 . p-1 

« ~ = (i^j^k " «̂ ) ^̂^ 
Usually, w2/2Dp is calculated using a measured value of current gain cut-off 
frequency, fa. An expression^'^' applicable to both homogeneous and graded base 
t r ans i s to r s is : 

2Dp " t a 

TTierefore, for both homogeneous and graded base t r ans i s to r s , lifetime damage 
constant is given by: 

K = 
oAr^^M'^iW 

fa(p-'-Pr')' fa(p--Pr') 

0.2 F(n)$ 
(8) 

The fimction, F(n), is unity for homogeneous base t r ans i s to r s , as expected. 
The variation of F(n) with K is shown in Figure 1. Notice that F{n) is approximatelv 
unity for values of k up to 10 and has only dropped to 0. 72 for k = 100, 
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Table 1. Functions of the Conductance Matrix Elements Applicable to 
Both Homogeneous Base and Graded Base Transistors 

Matrix 
Element 
Function 

an 

A D p q p ^ 

a i2 

ADp, Pi 

^21 
ADpq P^ 

322 

ADj^qP^^ 

Exact Form 

crcoth<rW + gTTT 

(Tcsch 0- W 

N/k 

\ ^ (TcschcrW 

crcoth (TW 2\V 

Approximate Form 
, W2 n n2 

2Lp2 2 8 

W 

1 (. , VV2 , n2 \ 
wx'k I ' 6Lp2 24 ; 

^(-•5^^) 
, W2 n n^ 

w 

F(n) 

1.1 
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Figure 1. F(n) £5 a Function of k 



The dei)endence of t rans i s to r pa ramete r s upon radiation flux has been 
quantitatively expressed in t e r m s of a damage constant, K, by replacing base lifetime 
by K/^ in the pa ramete r s of the admittance matr ix . The dependence of K upon neutron 
energy spectrum, base resist ivi ty, injection level, and temperature will be developed. 
First , however, several extensions of the admittance matr ix should be discussed. 

SURFACE RECOMBINATION VELOCITY 

It is possible for a smal l percentage of minority c a r r i e r s . Injected into the base, 
to return to the surface around the emit ter periphery. This surface recombination 
current is proportional to surface recombination velocity and provides a contribution 
to 1/p approximated by the following expression: 

t / SWAs 
l / P s = 2DpAe (1 + n) <9) 

In the radiation environment, smal l but measurable changes may take place in 
surface recombination velocity at lower values of flux than those required to cause 
the onset of current gain reduction due to bulk p rocesses . Such changes have been 
observed in both directions and cause both anomalous increases and decreases of 
cur ren t gain preceding the normal degradation in current gain('^). Most t rans is tors 
do not exhibit this effect. Even in susceptible t rans i s to rs , tlie effect is usually 
small in the neutron environment. The resulting effect is much more important in the 
space environment.where the radiation environment is protons and electrons . This 
effect is caused by an increase in surface change density resulting from ionizing 
radiation and is not a displacement effect. 

RECOMBINATION IN THE BASE EMITTER FIELD REGION 

At very low values of emit ter cur rent , recombination centers in the base 
emi t te r field region a re very effective, resulting in a contribution to 1/p; however, 
this correct ion 1/pRp, is inversely proportional to the square root of emit ter 
current and, therefore, decreases rapidly in importance as the emit ter bias current 
is increased. The level of emit ter cur ren t at which this effect ceases to be of impor
tance var ies greatly from t rans is tor to t rans is tor . It is an effect exclusively 
associated with silicon and is nearly always present in the microampere range while 
almost never present in the mil l iampere range. I h e r e is relatively little known about 
the effect of radiation on this recombination process , 

EMITTER EFFICIENCY 

For some t rans is tor s t ruc tu res , the majority c a r r i e r current In the base 
depends upon minority c a r r i e r lifetime in the emit ter . A reduction of emit ter region 
minority c a r r i e r lifetime will cause increased majority c a r r i e r current flow across 
the base emi t te r junction which is equivalent to a reduction in emit ter efficiency. This 
effect is probably limited to very high frequency germanium t rans i s to rs in which it 
causes some additional current gain degradation(^). 
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HIGH INJECTION LEVELS 

At very high values of emit ter current , base conductivity increases In order 
to maintain charge neutrality. This condition causes a proportional reduction in 
emit ter efficiency. In graded base t rans i s to rs , conductivity modulation reduces the 
effectiveness of the built-in field. 

Fur ther , a t ransverse field, due to the base current , usually appears in the 
base region, and is accompanied by non-uniform current density through the emit ter . 
A general modification to include these effects in the admittance matr ix has not been 
accomplished, although several good approximations have been made. It will be show 
later that high-injection levels minimize radiation-induced current gain degradation; 
.however, this effect sa tura tes with increasing injection level, and most of the benefit 
is obtained if the t rans is tor is operated at injection ratios from one to th ree . 

CURRENT GAIN CUT-OFF FREQUENCY 

In Equation 4, w2/2Dp of the intrinsic t rans is tor was expressed as a function 
of the current gain cut-off frequency of the intrinsic t rans is tor . In a pract ical 
measurement technique, the cut-off frequency of the t rans is tor , including input and 
output time constant, is measured. Fur thermore , it is common pract ice to measu re 
the current gain bandwidth product, ft. Therefore, the required process is one which 
measures the intrinsic ft by correcting for the effect of the input and output t ime 
constants. Next, with the intrinsic ft known, a relationship is necessary to obtain 
the intrinsic fa. Gain bandwidth product is first measured as a function of emi t te r 
bias current(G), then the plot of l /f t vs l / l g is constructed, resulting in a s t raight 
line; the extrapolation to infinite current yields the intrinsic value of l/*"t, as shown 
in Figure 2. 

The relationship between ft and fa is ra ther complex, but it Is a slowly varying 
function of the field in the base region. 

ft = aoKgfa ' (10) 

Ke varies from 0.6 for steeply graded t rans i s tors to 0. 87 for homogeneous 
base t rans is tors and up to 0. 95 for some t rans i s to rs containing a retarding field. 

DISPLACEMENT DAMAGE PROCESS 

The defect s t ructure in a lattice disordered by high energy radiation may be 
very complex(^). The initiating collision between the incident radiation and the 
lattice atom resul ts in Frenkel defects. Subsequently, diffusion of inters t l t ia ls and 
vacancies occurs to form defects which a re stable at room tempera ture . The 
resulting defect scheme will depend upon many factors, including (a) the type of 
incident radiation and its energy spectrum, (b) the charac ter i s t ics of the semicon
ductor latt ice, including dopants, dislocations, and t race impuri t ies , and (c) the 
temperature at which the irradiation takes place. 
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Figure 2. A Plot of l / ft vs the Inverse of the Emit ter Current 
Results in a Straight Line at Low Currents (^Extrapolation to Infinite Current 

Yields Reciprocal of Intrinsic Current Gain Bandwidth Product) 

Electrons and protons undergo Rutherford scattering in semiconductors. 
This process is character ized by a relatively small average energy imparted to 
the a toms in the latt ice. Thus, the first stage of the damage process is a uniform 
distribution of simple Frenkel defects. Subsequent vacancy diffusion resul ts in 
formation of recombination centers which has been well documented in silicon by 
electron paramagnetic resonance studies(l^) and had been extended to germanium, 
partly by analogy, and partly by other experiments! 1*̂ ). When the vacancy interacts 
with an oxgyen impurity atom in silicon, the A center is formed. It lies 0. 18 eV below 
the conduction band and is a very effective recombination center . The vacancy niay 
also interact with a donor atom, such as arsenic or phosphorous, thus producing the 
E center. This interaction has been observed 0,40 cV below the conduction band 
in oxygen-free silicon, and is also an effective recombination center . Vacancies 
may pair up, forming divacancies, which produces a recombination level 0,30 eV 
above the valence band. 

Neutrons undergo hard sphere scattering in semiconductors resulting 
ina re la t ive ly large value of average energy imparted to the pr imary atom, 
Ep = Epmax/2 . This atom then collides with neighboring atoms in a cascade process 
until all of the atoms involved a re reduced to energies below the displacement 
threshold. The mean free path of the high energy lattice atoms is small so that all 
of this energy Is released In a small volume of the crystal lattice. Since several 
hundred atoms a r e usually involved, a damage cluster is created. The cluster 
contains a large number of vacancies In its core and is initially surrounded by a 
large number of in ters t l t ia ls . Some annealing of the initial damage occurs almost 
immediately at room temperature and the cluster assumes a stable form. Some of 
the vacancies diffuse away from the c luster and form point defects of the variety 
produced by electrons and protons. 

Experimental evidence indicates that the c lus ters act as recombination centers 
and dominate the recombination process at room temperature . Annealing at higher 
t empera tu res increases the importance of the point defects peripheral to the cluster 
at the expense of the c luster . 
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The cluster contains many levels in the forbidden band, some of which should 
act as effective recombination centers . The effect of the cluster, acting as a r ecom
bination center, can be approximated by two "average" recombination levels , one in 
the upper and the other in the lower half of the band. 

In addition to introducing recombination centers , neutron radiation also 
introduces trapping centers . These centers remove majority c a r r i e r s so that the 
resist ivi ty of both n - and p-type silicon increases toward intr insic, with increasing 
neutron fluence. The effect on res is tance is quite different in germanium; both n -
and p-type germanium tends toward low-resist ivity p-type as neutron fluence increases . 

DEPENDENCE ON INCIDENT NEUTRON ENERGY 

At very low incident neutron energies , the energy t ransferred to a lattice atom 
is insufficient to cause displacement. Above -200 eV, -30 eV can be imparted to 
the silicon atom and a displacement will resul t . As the incident neutron energy 
increases from about 200 eV to 1 MeV, the amount of displacement damage increases 
l inearly. For incident neutron energies above 1 MeV, the initial displaced atom has 
so much energy that a rapidly increasing amount is dissipated in producing ionization 
ra ther than atomic displacements. The amount of displacement damage, reflected 
by recombination measurements , increases by a factor of ~3 as incident neutron 
energy from ~1 MeV to 14 MeV, 

Figure 3 shows the energy going into atomic p rocesses , which resu l t s in 
lifetime degradation as a function of incident neutron energy for silicon. The 
i r regula r curve accurately reflects various neutron resonances; the smoothed curve 
follows the relationship. 

—A/E 
<r = aEji(l - e '^) a = 1.02/MeV 

A = 3.1/MeV (11) 

and is more suitable for analytical work with various neutron spectra . Here, En 
is incident neutron energy and cr = K"-'̂  is the reciprocal of lifetime damage constant. 
The damage constant, K, can be determined for any spectrum in the normal range 
of interest , 0 <En < 15 MeV, by an integration p rocess , 

^ - 1 . 0- . / o " o i MeV-<^)^(^)^^ ^,2^ 

/ o ? 0 1 MevN^^)'^^ 

Damage constant is normally reported for a standard reactor spectrum of average 
energy, - 1 . 6 MeV, counting all neutrons with energy g rea te r than 10 keV (fast 
neutrons). Equation (9) mav be used to accurately a s se s s the relative damage of 
different neutron spectra on silicon. Experimental resul ts for germanium, based on 
c a r r i e r removal, suggest that displacement damage increases linearly with neutron 
energy up t o - 0 , 5 MeV, and then begins to sa tura te . For germanium, 14-MeV 
neutrons a re - 1 , 5 t imes more effective than 1-MeV neutronsC-^), 
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Figure 3. Energy Going into Atomic Processes and Normalized Reciprocal 
Lifetime Damage Constant as a Function of Incident Neutron Energy 

Protons are charged particles having approximately the same mass as neutrons. 
They undergo Rutherford scattering in the silicon lattice, resulting in a relatively 
small average energy imparted to the target atom. Ep = Ed In Epmax/Ed. The 
resulting defects are substantially all point defects, although on rare occasions, 
some cluster-type defects may be found. The lower energy ranges (<1 MeV) are 
screened out by the device package; the higher energy ranges become relatively 
unimportant due to the l/E dependence of the differential cross section. Furthermore, 
In the space environment, the number of protons/MeV decreases rapidly with 
increasing energy. This combination of factors makes the one-to-ten-MeV range of 
maximum practical importance for semiconductor devices. 

Electrons are extremely light, charged particles and must attain relatlvistic 
velocities in order to produce displacement damage. Consequently, the differential 
cross section becomes relatively constant at high energies. Again, package shield
ing, combined with the decreasing number of electrons/MeV at high energies encoun
tered in the space environment, combine to focus attention in the 5-MeV range. 

Gamma radiation produces displacements indirectly, usually by generating 
Compton electrons; therefore, gamma radiation effects may be treated by utilizing 
the discussion presented for electrons and combining this with the statistics 
relevant to the Compton scattering process. 

Table 2 allows a displacement damage equivalence comparison between various 
commonly encountered radiations, usually on the basis of change in reciprocal 
grounded emitter current gain(^2)_ 
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Table 2. Particle-Type Displacement Equivalences, A(h^_~ ) 

Part ic le Type 
and 

E n e r g y 

Alpha P a r t i c l e 
(5 MeV) 

P r o t o n 
(1 MeV) 

Neut ron 
(Reac tor ) 

E l e c t r o n 
(1 MeV) 

G a m m a Ray 
(Co60) 

Alpha 
P a r t i c l e 
(5 MeV) 

1 

2 . 9 x 1 0 ' ^ 

7 , 1 x 10"^ 

*1 .4 X l o " * 

6 .7 X 10"^ 

P r o t o n 
(1 MeV) 

3 . 5 

1 

2 . 5 X 10"^ 

*5 X 10"^ 

2 . 3 X 10"^ 

Neut ron 
(Reac to r S p e c t r u m ) 

l , 4 x 10^ 

4 X 10^ 

1 

* 2 . 0 x 10"^ 

9 , 1 X lO"'* 

E l e c t r o n 
( IMeV) 

*7 X 10^ 

*2 X 10^ 

• 5 X 10^ 

1 

* 4 . 5 x l 0 " ^ 

G a m m a 
Ray 

(Co60) 

1.5 X 10^ 

4 . 3 x 10** 

1.1 X 10"^ 

* 2 . 2 X 10^ 

1 

•Transistor caps of 0.17 gm cm" 

DEPENDENCE OF DAMAGE CONSTANT ON RESISTIVITY AND INJECTION LEVEL 

Recombination processes in semiconductor increase linearly with neutron fluence 
over a very wide range in semiconductors; therefore, the following basic relationship 
is generally ai)plicable to transistors. 

i 
T Ti K 

(13) 

For a substantially-damaged sample, T = K/*. The lifetime damage constant, K, 
lias the properties of semiconductor lifetime. When the density of recombination 
centers is small compared to majority carr ier concentration, the following 
Hall-Schockley-Read statistics api)ly: 

T = T, 
/"o ' "l ^ ^ \ Z ^ o J l V ^ ^ 

' o K ^ P o ^ V * W o ^ ^ o ^ ^ n y 
(14) 

The properties of the recombination center are implicit in Tp the low level hole 
lifetime, T^Q, the low level electron lifetime, and ni and I ' l , the electron and hole 
density resulting when the Fermi level coincideswith the energy level of the recombi
nation center. The elfect of semiconductor resistivity is implicit to no and PQ, the 
equilibrium electron and hole concentration. The effects of injection level are included 
by 6n (- 6 ). the injected carr ier density. 
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SILICON 

The variation of low-level lifetime damage constant with resist ivity for both 
p - and n-type silicon has been carefully measured. There Is no dependence upon 
doping mater ia l o r oxygen concentration supporting the belief that defect c lus ters 
dominate the recombination p rocess . For p-type mater ia l , a good fit to the low-level 
data Is obtained by using a level 0.19 eV below the conductance band with 
X / T = 4 5 a n d R C = 1 . 8 x 1 0 - ^ . 

n p p 
o *̂ o *̂ o 

Here , RC is the product of the Introduction rate and capture ra te of the 0.19 eV 
level. Tne explanation of these data in t e rms of one level is at variance with damage 
constant vs injection level taken on t r ans i s to r s . The low-level data for n-type silicon 
cannot be adequately explained by a single level. 

If one assumes that two levels a r e operating simultaneously in an independent 
fashion, so that reciprocal lifetimes a r e additive, one obtains 

1 _ 1 

K J /n^ + n, + 6 / o 1 °n \ ^ 1 (^o + '̂  1 + "n) 
"C W. \ n + p + 6 ' C R, (n + p + A ) p . 1 o *̂ o °n n 1 o *̂ o °n' 

(15) 

n . + n„ + 6„ , 1 P o + P 2 + 6n f " 2 -n\ ^ 
\n + p + 6 ' C R„ \ n + p + 6 ' "C R„ n + p + 6 

p 2 o *̂ o n n_ 2 o ^o "n 

All of the experimental data can now be fit (within a factor of about two) us ing the 
following constants: 

n- = 2 . 0 x 10 '̂  cm*^, RjC = 0 . 3 7 x 1 0 " (nvt-sec)~ , 
1 

R ,C„ = 0 . 4 0 X lO"^ (nvt-sec)"^, P„ = 1.3 x 10 c m " , 

R„C = 0.76 X 10"^ (nvt-sec)"^, R„C^ = 0. 68 x lO"^ 
2 "2 ^2 

(nvt-sec) 

This implies a level of 0.31 eV below the conductance band and a level 0.35 eV above 
the valence band. 
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The complicated nature of the equation precludes easy visualization of the 
functional dependences. Therefore, a computer run was made varying the paraiiu<iorH 
over the range of interest for t rans i s tors and the resul ts then put in graphical loi n,. 
Appendix 1, Figure 4, (1-4), shows the variation of K with resist ivity and inject it.ii 
level for both p - and n-type silicon. Figure 4 shows the variation of K with teiii|i<Mu -
ture for several values of resist ivi ty. Several experimental observations a r e rcndHy 
understood from this model. P-type silicon has been found to be more radiation 
resis tant than n-type silicon. The low resis t ivi ty, low injection level form of 
Equation 12 shows 

K 1 
P - C R, + C R , <•") 

n j 1 ng 2 
(Low reslst ivliy 

. low injection level 
K = approximation). 

n C R, + C R„ 
Pj 1 n^ 2 

Thus, the electron capture c ross sections determine the damage constant in p-type 
material and the hole capture c ross sections in n-type mater ia l . Although the liilioi-. 
ence between n- and p-type material becomes smal ler as injection level increa.s<';i, 
most experimenters have found some differences in favor of p-type mater ia l , even at 
high injection levels . Experimenters determining damage constant from measure 
ments on bulk mater ia l have consistently reported much lower values than expeilmou^ 
t e r s working with t r ans i s to r s . Bulk measurements have been made at very low 
injection ratios whereas t rans is tor measurements have been made at injection 
rat ios = 1. Figure 1-4 shows that damage constant measurements mac at an 
injection ratio of one should be about five t imes grea te r than those maoc; at an 
injection ratio approaching a ze ro . 

GERMANIUM 

Most experimenters agree that the recombination center about 0.18 eV below 
the conduction band dominates recombination processes in neutron-ir radiated 
germanium. Thus, the low level damage constant relationships become 

1 n 
\ = <1 + - ^ (17) 

" C R n 
PQ ° ° 

K = ^ ( "1 +l!!o.) P c R, ^"PT T 
P« 1 O Pf •^O ' 'O 

Experimental data (13) verifying this general behaviour have been reported and a t e 
shown in Figure 5. For t rans is tors having an injection ratio of = 1, assuming Figure 

1 'i 
nj s 4 x lO '^ , 

K = 3 . 3 x 1 0 ^ (1 + 2 . 3 p ) , and K = 3 . 3 x 1 0 ^ (1 + l . l p ) . 
n P 
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lOOO/T K 

Figure 4. Silicon Lifetime Damage Constants K and K as a Function of Reciprocal 
8n 

Temperatures for Various Values of Resistivity and Injection Level, x = — 
"o 
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Figure 5. Lifetime Damage Constant as a Function of Base Resist ivity 
for Germanium pnp Trans i s to rs 

It has also been shown that a mid-band level is important at very low injection 
levels on the l)asis of injection level measurements on n-type material^^'*'. Equa
tion 17, therefore, will not extend to variations with injection level. A model 
encompassing all of the data can be formulated on a two-level bas i s . The appropriate 
constants a re : 

n - 5.0 X lO^'*, P„ = 5.0 X 10^^ 
1 2 

C ,R , = 4. X 10"^, C ,R , = 35 X lO"^ 
pi 1 ' nl 1 

^ 2 ^ 2 9 2 X 10 
•8 

Cn2«2 0.92 X 10 

These constants mav be substituted directly into Equation 15 and the variation of K 
with resist ivi ty, injection level, and temperature then resu l t s . 

It is instructive to review some experimental data to appreciate the pract ical 
implication of the previous discussions. The Motorola MC 201 Gate has been 
thoroughlv evaluated in a fast neutron environment. Grounded emit ter current gain 
degradation is the dominant elfect; character ized l)y a damage constant of approximately 

1 . 4 x 1 0 n sec / cm and a grounded emit ter cur ren t gain cut-off frequency of 



B approximately 7 megahertz . Appendix 2, Figure 4, (2-4) shows the equivalent circui t . 
Figure 2-5 the reduction in cur ren t gain, Figure 2-0 the resulting reduction in fan out 
capability. Figure 2-7 the t ransfer function. Figure 2-8 the threshold and saturation 
voltages, and Figure 2-9 the leakage cu r r en t s . 

The SE 124 Flip Flop, Appendix 2, Figure 10 (2-10) has also been studied in the 
past neutron environment. Figure 2-11 shows the saturation voltage, off voltage, and 
minimum voltage required to switch. 

THe MC 1525 is a differential amplifier character is t ic of linear c i rcu i t s . 
Appendix 2, Figure 12 (2-12) shpws the schematic, Figure 2-13 the transfer function, 
and Figure 2-14 the ci^rrent gain degradation. 

Gregory has measured solar cel ls in the past neutron environment. Figure 0 
shows his resul ts and calculated values using Equation 15. 
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Introduction and Summary 

The model ing of semiconduc to r dev ices for use with 
c i r cu i t a n a l j s i s compute r codes is a very impor tan t 
endeavor . The accu racy of the model ul t imatels will 
d e t e r m i n e the accuracy of the a n a l y s i s and i ts re la t ion 
to actual c i rcu i t opera t ion . The t r a n s i s t o r model used 
In the Autonetics T rans i en t Radiat ion Analysis b> Com
pu te r (TRAC) code is d i s c u s s e d . P a r t i c u l a r emphas i s 
i s placed on the s imula t ion of rad ia t ion- induced photo-
c u r r e n t m the p -n junc t ions . The pho tocur ren t g e n e r a 
t o r i s f i r s t der ived for a s ingle junct ion. The r e su l t is 
then extended to the t r a n s i s t o r model by appropr ia te ly 
combining two junctions which in t e rac t The i n t e r a c 
tion IS accompl i shed bj including a c u r r e n t tr . insDort 
fac tor a t each junction, a s in the E b e r s and Moin^^ 
formula t ion . The pho tocur ren t s a r e then examined in 
t e r m s of defining equat ions which lead to the c r i t e r i o n 
for m e a s u r i n g the pho tocur ren t p a r a m e t e r s which, in 
tu rn , a r e re la ted to the conventionally defined p r i m a r y 
pho tocu r r en t s in the d e v i c e s . 

A s t a t i s t i ca l ana lys i s for t r ea t ing the change in c u r 
r e n t gam factor with neu t rons is a l so p r e sen t ed . H i s t 
o g r a m s of actual device m e a s u r e m e n t s a r e shown to 
p e r m i t the de te rmina t ion of the damage cons t an t s . The 
r e su l t i ng damage constant for s i l icon dev ices is given 
for neutron rad ia t ion . The p r i m a r y pho tocur ren t gen 
e r a t o r model IS a l so evaluated in t e r m s of s t a t i s t i ca l 
m e a s u r e m e n t s on s i l icon d e v i c e s . 

Pho tocu r r en t Genera t ion in a Single Junct ion 

Radiat ion incident upon a s emiconduc to r m a t e r i a l 
g e n e r a t e s photocur ren t in p-n junct ions p r e s e n t The 
r e su l t i ng c u r r e n t a c r o s s a p-n junction in the p r e s e n c e 
of rad ia t ion can be de r ived from the ba s i c continuity 
equat ion. Consider a p-n junction located at x = 0 in a 
s emiconduc to r where holes a r e the p r i m e injected 
c h a r g e c a r r i e r s contr ibut ing to the c u r r e n t The equa
tion desc r ib ing the injected hole densi ty , (p), is 

3p 
d '^-"•f^-

(P Pn) 
+ G (1) 

w h e r e (T) is the hole l i fe t ime, (D) the diffusion conbLnnt, 
and (Pn) the equi l ibr ium hole densi ty c o n c e n t n t i o n with 

no injecting b i a s . Radiat ion incident upon the s e m i c o n 
duc tor now gene ra t e s ho l e - e l ec t ron p a i r s Tt a n t e , (G), 
pe r unit vo lume . We will now evalua te the resul t ing 
hole densi ty under equi l ib i iuni condi t ions . 

Thus , a s s u m e (ap/3t 
length a s (L), 

L ^ = D T 

0] and defining the diffusion 

we s e e the above equation b e c o m e s . 

2 
L^ i - £ - (P - P ) + GT - 0 

(2) 

(3) 

Assuming that the boundary condit ions of a s e m i -
infinite s a m p l e a r e p = PQ at x = 0 and that p(x) r ema ins 
finite a s we go to l a rge d i s t ances away from the j unc 
tion, we obtain the solution for hole density v e r s u s 
posi t ion, (x), away from the junction a s the following. 

P(x) p + ( p . 
*̂ n **̂ o 

p - G T ) e " * ' ' ' = Gr (4) 

The resu l t ing c u r r e n t due to holes diffusing a c r o s s an 
a r e a , (A), is given by 

I(x) - . D A | £ 

-x /L 
(5) 

and at the junction, (x = 0), the resu l t ing c u r r e n t is 

I = ^ ( P „ - P - G T ) (6) 
L o n 

Recal l t h i t the injected hole densi ty at the junction, 
(p ), IS re la ted exponential ly to the .npplicd b i a s vo l t 
age (V), then 

q V / k T V/MO 
p = p e^ = p e ' 
' o "̂ n ' n (7) 

where 0 k T / q and M 1 for a perfect ly well behaved 
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l u a ^ n n. Then, the current/voltage relation of a ]unc-
ler radiation conditions is given by: 

'•"^k" V/MO 1 ) - G 1̂ 
. aDA p ( ^ V / M 9 . i , qGAL (8) 

= 'D- 'P 

where: 

I =qGAL = qGA^yDT" (9) 

Thus, it develops that the presence of the radiation-
generated carr iers adds a component of current, (Ip), 
in addition to the nonnal diode current, (I_). Further
more, it is in the same direction as the diode reverse 
saturation current and, in essence, adds to it. The 
photocurrent is expressed in terms of the generation 
rate, (G), and the "effective volume" occupied by the 
injected ca r r i e r s . 

The equivalent circuit model of this p-n junction can 
then be given as shown in Figure 1. 

Transistor Model Including Photocurrent Generator 

The model of the transistor behavior in a radiation 
environment is now formulated by combining two single 
junction models, plus interaction terms. The t ransis
tor model is shown schematically in Figure 2 in which 
two additional current generator terms are added to 
account for the additional current term at one junction 
due to the presence of the adjacent junction. The addi
tional currents are expressed in terms of the current 
transport factors, ajq and o j . The Eiders and 
Molr formulation of the current/voltage relations for 
a transistor follows immediately from this model with 
the additional feature of current terms arising from 
radiation effects. Thus, the total emitter current, ( IE ) 
and collector current, (Ic). can be written: 

I . 'ED - " I 'CD pE 

» I <il -n I Jl - I 
ES ^EB " l CS XB pE 

' c ' ' cD " " N ' E D • 'pC 

' cS *CB " N E S E B pC 

where we have defined: 

(lOa) 

(10b) 

'ED ='ES HVEB/"E«> -1 = ( r ^ ) EB 

(Ua) 

•CD - 'CS ( " P < ^ C B / " ( 
I^T. = I^„ lexp(V„„/Mj^O) - 1 

^ ^ 

CB 

(Ub) 

with 

+ E B = « P | < V E B / " E ° > - ' | 

*CB exp \{V^^/M^G) 

and VEB and VCB being the emitter and collector bias 
voltages, respectively;! CQ and I^-Q are the conven
tional junction saturation currents of the transistor. 

The radiation current generators are modeled in 
this form in the Autonetics TRAC code. It should be 
noted that the radiation current generators described 
her'*, (IpE and IpC). '"'e ""t the primary photocurrents 
as usually defined. The relation between these i'riAC.' 
radiation current generators and the primary photo
currents will be established later. 

Using this transistor model, the radiation current 
generator for the emitter, (IpE), or collector, (IpC). 
can be measured by setting zero bias on both emitter 
and collector and recording the value of the pertinent 
current when the transistor is irradiated. Thus, 
under this condition: 

VEB = VCB=° 

"^EB '''CB ^ 

= -I pE 

=-I pC 
(12) 

More realistically, the junctions would be reverse 
biased in order to eliminate effects due to internal 
resistances, but since 

ES 'pE ^"'^ ' c S <3C I pC 

the variation from a valid measure of the radiation 
current generator will be insignificant. 

Primary Photocurrent for Transistor 

The traditional definition of prim.nry photocurrent 
In a transistor junction^due to radiation is to reverse 
bias the pertinent junction and leave the other junction 
floating, that is, carrying zero current. Thus, the 
primary collector photocurrent, (Ippc). is defined as 
the collector current obtained when VCQ <S< 0 and 
I E = 0 in Equ.ition (ID): 

' E = ° = ' E S ' ^ E B * « I ' c S - ' p E 

'c" 'ppc" ' ' c s " "N 'ES "̂ EB " Vc (13) 

Eliminating Ijrg ^fin 'cads to the following where we 
also recognize that !_(-. » IQ^ 

1 ~ Of., ppc N 'pE * 'pC (14) 

Similarly, the priniHry emitter photocurrent, Cnoe'' 
Is defined as the observed emitter current in a 
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radiation cnvlnMm.ont when the emitter Is reverse 
biased and tho . o l l r . l o r is floating; then V E B « 0 and 
IC - 0. f r o m ^niinljon (10) we then write: 

•E = 
'I:H - "i ' c s +CB PPO 'm ' "I ' c S "̂ CB " 'pE 

'C = ° = V S ^ ' . : „ - - N ' E S - V (15) 

Eliminating (l^,^ ,|,, ) t^en leads to the following where 
we again rccogm, , , ,l,„t i„p>>i j ,g : 'pE^ 

PPe I VC ',,E (16) 

By combining I .|„;,iions (14) and (16) we may write 
the radiation <u. ,.,.,( Kcnerators of the transistor 
model of l i g u i o :• ,„ i.-rms of the primary photocur
rents . This ri-hili.innhip i s : 

I 
'pE 

I - = IjlilV . N 'ppe 
PC - r - . ,^ . ,^— 

(17a) 

(17b) 

Using the prmi.nv photocurrent expressions as 
current genei:.l>., N « „ may reformulate the Ebers -
Moll model dcscni , . , , ! ,„ Equ.ition (10) by substituting 
Equation (17) will, ,|,„ following result: 

Ir, = 
<'EO S;U (I 

o't't' 

CO ̂ CB ppc) 

•N'^l 

I ) 
ppc' 

_ a 
<̂ EO "̂ EB ppe 

(18a) 

) 

• N " I "N' ' ! (18b) 

The conclusion I.. i „ w n i s that care must be e x e r 
cised in using null,,!Inn current generators in the 
mathematici l in.ul..ir, when computer analyses are 
performed Tlw M.,.,l..|ing takes a different form when 
primary |)h.)l..,ur. ..„t„ .,re used than when a straight 

" ^ " o n'.!""'"*"' •̂ '•"••''̂ "'"'- is introduced, as in Fig
ure 2. The f»niuil.,ii„n_ using the primary photocur
rents, in ef fc . l . r.uupK :.dds a term onto the reverse 
saturation .ur i rn i .,, , |„, appropriate junction. How
ever, thep:irMll,-l I.., i.uilation expressed mathemat
ically by l-.(|u;.lhM,.., ( , ,„ ...nd shown in Figure 2 makes 
the implenienlMli,,,, .,( Uu; actu.al model in a computer 
program BiinpUr i., ,M„ploy. 

The followint; 'i>..l.Mi,i| descr ibes changes in the 
f."'"'"'''"!./'""" ' " '"'" <"N. o,) . due to neutron irradia
tion. IhoKc I.K l.,i . . n i o r the modeling equations as 
defined in i:(|iiali.,„ , , , n , however, the more useful 
current g;un l ,„i , , , . , , , , . ,he common emitter current 
gain factor, (jl 
base facl<irn ii'tt l..ri,,„n 

•̂ N 1 - < 

N' ''i*. -'mi are related to the common 

N 

1 - " . 

(laa) 

(19b) 

The neutron effects are described in terms of the 
P factors. 

Neutron Damage Constant Statist ics 

The most important neutron effect Is the decrease 
of current gain with fluence. This is included in the 
Ebers and Moll model by making tx)th the forward 
current gain,Of^, and the inverse current gain, ""j, 
functions of fluence. Current gain is a function of 
operating conditions so that the most accurate s ta t i s 
tical description is obtained by specifying the operating 
conditions and measuring the damage constant, Kp, for 
a statistically-significant sample of a particular 
device type. This leads to a KQ distribution function 
closely reflecting the (a distribution function of the 
sample. The factor, K, for a typical group of 15 
2N1613 devices under bias conditions of VQ£=5 volts 
and I E = 30 ma had an average value of 0. 91 x 
106 n s e c / c m 2 . (3) The appropriate device equation 
i8:<4) 

H-'-ve^'v (20) 

Here, * is the neutron fluence greater than 10 Kev, K 
is the lifetime damage constant, fa is the intrinsic 
current gain cutoff frequency, and F(n) is a function of 
the e lectr ic field in a graded base device; it is 
assumed equal to one for the devices studied here. 
Note that ia depends on col lector bias voltage and 
emitter current; K is a function of the si l icon res i s t iv 
ity, the neutron energy, and the emitter current. 
Kj-j is the P damage constant fof- a specific device 
type. 

A large system will typically contain many different 
device types and a significant testing economy can be 
realized if Equation (20) can be used to define a univer
sal damage constant so that test data from each device 

•type can be statistically combined for analytical and 
control purposes. This has been done with cons ider
able s u c c e s s , although it is obvious from the distribu
tions to be presented that the spread in damage con
stant i s considerably greater than that which is obtain
able for a single device. Neutron energy has been 
normalized to a reactor spectrum which produces 
1 Mev equivalent Si damage. The variation with 
resist ivity has been neglected since the totality of base 
res i s t iv i t ies encountered is below 5 n cm; Curtis(5) 
has shown that lifetime 'iamage constant is independ
ent of resistivity in thia region. V̂ ^ has been set at 
6 .0 volts . This is typical of usage, i . e . , high enough 
to prevent substantial col lector region recombination 
and low enough to prevent col lector multiplication. 
Ij> has been se t at approximately the current level 
where ^ , as a function of Ij., maximizes; this occurs 
at a current density of approximately 100 A/cm^ for 
most dev ices . K is then measured as a function of 
I E from approximately 10 A/cm'^ to 100 A/cm"^. K ,̂ 
i s obtained by extrapolation from K - K^ + ^ / ' K - '̂ OJ 
is approximately 20 percent larger than K measured 
at the value of I E where li peaks. 

Data were supplied from several cooperating labo
ratories to provide a larger data base and to assure 
that the diHtrit)ution rellcctcd dosimetry differences, 
e t c . , representative of several good laboratories. 
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Dllta supplied by the Air Force Weapons Laboratory 
£ | | ^ L ) used the Intrinsic value of (a, appropriate 
^Hrec t lons for the input time constant having been 
made. The data from Northrop, TRW, and Autonetics 
utilized uncorrected ^measurements , rhe use of 
uncorrected la data ia expected to result In skewing 
the dlstritxitlon on the high K side of the distribution. 
This is acceptable for control purposes and generally 
the cost of measuring fa intrinsic for values less than 
300 Mc Is not justified. Further, fj was usually meas
ured and fa was assumed equal to ff. * 

Damage constants for both forward and Inverse 
current gain were available from the Autonetics data, 
and 11 was determined that Equation (20) accurately 
described the damage process in the inverse direction. 
There Is usually a much greater correction required to 
obtain Intrinsic fa from measured f̂ . because the 
collector time constant, rather than the emitter lime 
constant, must be removed. 

Figure 3 shows a Kn, hlstrogram which Is com
prised of 344 data points. The subset of AFWL data Is 
shown heavily shaded to illustrate how the correction 
to fa intrinsic tends to remove the skewness toward 
the high K end of the distribution. The small block of 
values around K = 5. 0 came from inverse damage con
stants on a group of power transistors, again using 
uncorrected frequency data. 

The histogram is Important from a parts control 
standpoint. Neutron testing is partially destructive 
and can thus be used only on a lot sampling basis. • • • 
A non-destructive electrical 100 percent test Is desired 
to control performance in a neutron environment. If 
Equation (20) is usetl, and fo (or f() is used as a con
trol test. Figure 3 shows that there is one chance in 
344 of Kg, being less than l. 0 x 10** nsec/cm'^ and 0 

. chance in 344 of Km being less than 0.8 x 10^ nsec/ 
cm2. If a value of 100 MHz is set as a 100 percent 
control minimum, then the maximum value (1 chance 
In 344) of A(l/(3) will be 0. 2 at 10l4 n/cm^, O. 02 at 
10l3 n/cm2, and 0.002 at 10^2 n/cm2. Obviously, 
control of gain bandwidth product will prove useful for 
many applications. 

The possibility of a maverick, I . e . , a transistor 
which does not follow Equation (20), must be faced. 
This possibility can be reduced by accumulating more 
data, hopefully to the point where maverick probability 
t>ecomes extremely small. Surface and emitter field 
region recombination effects are not directly and 
totally controllable by using fa measurements. In 
this sense, fg control is necessary tmt. perhaps, not 
sufficient. For the 147 units in the Autonetics test, 
the values of M E and Mr. were monitored as a function 

• 
Actually, fa = f t /ka^ where koo varies from about 

0.7 In an ordinary field to 0. 85 with zero field to 1. 0 
in a retarding field. The e r ror introduced by assuming 
't " for is approximately equal and opposite to the er ror 
lntro<lucc<l by neglecting the correction for input time 
constant. 
•• 

There have been some suggestions of a scheme 
Involving 100 percent test at the slice level followed by 
annealing. This scheme in not very attractive from 

^ ^ \ t and other quality control aspects. 

of fluence. When these values " t rack ," or change in 
the same direction, the. base recombination dominates 
as described by Equation (20); when M R Increases 
with fluence more rapidly tJian MQ, then surface and 
emitter field region recombination Is dominant. For 
all devices, surface and emitter region recomolnation 
decrease In importance relative to base region recom
bination as the emitter current Increases. For the 
devices tested In the Autonetics program this t ransi
tion occurred at approximately 100 ^amps. It there
fore seems proper to use f,̂  control for application 
above lOO^amps; but to require supplementary con
trols for applications below lOO^amps. 

TTie value of K ,̂ Is not used directly in analytical 
programs. A value of K applicable to the particular 
current level of interest is obtained from a normal
ized curve of K vs Ig. Ĉ ) 

Photocurrent Statistics 

The most important parameters for Including 
ionizing effects in the Ebers and Moll model a re the 
primary photocurrents. These have been measured 
over a wide range of ionizing dose rate for both long 
and short pulses. The p-n junction photocurrent 
rescwnse to a rectangular pulse of length (tp) Is given 

IPPJ qGAjyD7-[er f ( - i )2 . erf ( ^ ^ j H (21) 

where G = gY. and g = 4.0x10*"' car r ies /cm per Rad 
and Y Is the radiation rate in Rads/sec. Two special 
cases are Important for tho maximum photocurrent, 
Ippm, the short pulse response, Ippm -qGAjVTjt , 
and the long pulse response, Ippm qGAj\/DT. ^ 
Short pulse values were obtained using 25 ns and 
50 nsec flash X-ray pulses; long pulse values were 
obtained using a 4.5jisec LINAC pulse. Three histo
grams for collector primary photocurrent density a re 
shown in Figure 4. The 25-nsec and 50-nsec pulse 
widths are in the short pulse regions where Ippm 
increases with the square root of pulse width. The 
4,5-j»sec pulse width histogram displays the equilibrium 
photocurrent density There is evidence of super-
linear behavior in some of the device3(8), but the onset 
as a function of photocurrent is gradual rather than 
sharp. The emitter primary photocurrents show a 
much greater incidence of super-linear behavior than 
the collector primary photocurrents. Some of the 
spread in the distribution functions is due to this effect. 

There is a definite trend In the data for the pr i 
mary photocurrent density to decrease with Increasing 
area. This suggests a perimeter effect. Possibly 
there Is a narrow region around the periphery which 
contributes to the photocurrent. This would result In 
a substantial underestlm.ite of the effective area for 
the small area devices and would be negligible for the 
large area device. Assuming that the actual radius 
of the collector is equal to the measured radius plus 
a small increment 6 wtiich is independent of radius, 
the spreads In histogram of Figure 4 can be reduced 
by approximately a factor of two for an optimum 
6 = 5x10"* cm. 

The value of Jppm/Y should be 4. 0 x 10"^ A/cm^ 
per R/aec for a 2G-nsec pulse (D 16 cm^/aecland 
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5 . 6 X 109 A/cm^ per R/soc for a 50-nnoc pulse. In 
both c a s e s the hlstof;ran> spreads out on tho hl^h slilo 
of these numbers, as expected, tiius iodlcallng some 
underestimate of the goometrical parameter. In tho 
4 . 5 ^ e c wide pulse envlroument, the value of Jppm/Y 
Is expected to be 25 x 10 A/cm^ per l l / s e c based on 
• 5 (xsec col lector l ifetime, which is typical of the 
devices measured. ITils value checks well with the 
average value observed. 

Conclusions 

The mathematical model of the transistor for use 
in the TRAC simulation of radiation effects i s d i s 
cussed . It Is shown to be consistent wnen using a 
modified Ebers and Moll approach with either parallel 
radiation current generator or conventional primary 
(Aotocurrent generators . However, the form of the . 
current/voltage relations and the mathematical formu
lation depends on the particular method used for 
photocurrent measurement. 

In addition, statistical distributions in the form of 
histograms of damage constant and primary photo
current are presented for transis tors . These data 
yield the multiplying constants which will be used in 
simulating the transistor transient response in 
computer-aided analys is . The results show sat is fac
tory correlation with the presently formulated theoret
ical models . 
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Figure 1. Diode Model with Radiation Induced 
Current Generator Included 
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Figure 2. Transistor Model with Two biteracting 
Junctions and Radiation Current 
Generators (P-N-P Transistor) 
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Figure 3 . Histogram of Measured Values of K a 
for 344 Transistors 

Figure 4, Collector Primary Photocurrent 
Density Histograms 

# 

I-G 



A TWO LEVEL MODEL FOR LIFETIME REDUCTION PROCESSES 
IN NEUTRON IRRADIATED SILICON AND GERMANIUM 

by 
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Abatract 

A two level model for recombination 
processes in neutron irradiated silicon 
and germanium is proposed. Tnls model 
successfully explains published experl-
mental data for lifetime and lifetime 
damage constant as a function of resis
tivity, injection level and temperature. 

Sum-nary 

A two level model for reco.mbination 
processes in neutron irradiated bulk 
germanium and silicon and germanium and 
silicon devices is proposed. This model 
explains the large body of published 
experimental data much better than the 
previously used single level models. 

Tne fact that the resistivity of 
neutron irradiation silicon tends toward 
intrinsic shows that donor and acceptor 
levels are both beln^ introduced simul
taneously. Konopleval has indicated 
that a number of donor and acceptor 
levels are actually being simultaneously 
introduced. Swanson^ has shown that 
both donors and acceptors are introduced 
into neutron Irradiated germanium. 
Curtls3 and Swanson have both used two 
level models to explain various facets 
of neutron irradiation on germanium. 

Recently, Curtis'* reported exten
sive measurements of lifetime damage 
constant as a function of silicon 
resistifity, dopants and oxygen concen
tration. He concluded that recombina
tion was dominated by centers within 
defect clusters, and that there was no 
dependence on oxygen concentration or 
type of defect in n-type m.aterial. A 
very small dependence on dopant was 
noted in highly doped p-type material. 
This contrasts with the results report
ed for silicon and gerinanlum irradiated 
with electrons or gammas where dopant 
and oxyt'en concentration have been 
Shown to substantially affect the rate 
of introduction of recombination 
centers.5>ti,7 Curtis further concluded 
that it was impossible to reconcile 

all of his experimental data with a 
single level recombination model. Spe
cifically, the dependence of lifetime 
damage constant on resistivity for n-typa 
material cannot be explained by a one 
level model. He suggested a number of 
effects which might be responsible for 
the failure of the single level model, 
(l) dependence of capture probabilities 
on Fermi level through modulation of the 
potential wells surrounding primary 
defect clusters", (2) occurrence of two 
or more recombination levels operating 
simultaneously, (3) creation of impu
rity-defect complexes (low resistivity 
p-type materials only), {H) complication 
of a multi-level recombination center;', 
(5) broadening of energy levels doe to 
defect interaction with the primary 
defect cluster, (6) Fermi level depen
dence of stability of recombination 
centerslO, (?) impurity-defect inter
actions which are indepî  ident of size 
of dopant atoms. 

Tnls paper *iill show that a two 
level model adequately explains Curtis' 
experimental data on silicon material as 
well as the transistor data previously 
Veported by Msssenger^l. Tne dependence 
of lifetim.e damage constant on resis
tivity for n-type silicon, which could 
not be explained by a one level Tjdel is 
readily explained by the tv.'o level coael. 
Some of the other alternative exi-laiia-
tlons mentioned by Curtis, especially 
items 1, 3 and 5. cannot be ruled out. 
Items 4 and 6 relate more directly to 
point defects and their extei-islon to 
the cluster defect is unlikely. 

For germanium, the data on llfetiro 
damage constant as a function of resis
tivity is not as extensive as for 
silicon. However, adeq̂ iaie data has 
been presented by A. E. V/altei'ŝ ^ cover-
in,3 both n and p type genranlum at lo-j 
injection levels. Messen^erlS has 
reported lifetime damaj;e concta'-.t as a 
function of resistivity at moderate 
injection levels. A two level rsdol 
will be developed v/hlch adequately 
explains this data. 
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It la assumed that the lattice «age is primarily vacancy clusters, 
h cluster has two associated "average" 
omblnatlon centers which can be char

acterized by discrete energy levels, 
one In the upper half and the other in 
th^ lower half of the forbidden energy 
band. The recombination centers are 
"associated" with the clusters. They 
may be contained within the clusters, or 
they may be near the cluster as a result 
of migration of some vacancies from the 
cluster^. In addition, it is possible 
that the two energy levels associated 
with the recombination centers are not 
truly discrete, but ar'e average energies 
which adequately represent the net 
effect of a distribution of energy levels 
associated with the cluster. Previous 
experimenters have identified energy 
levels and cross sections derived from 
experimental data with discrete defect 
levels in the forbidden band. Tnls 
analysis may identify a discrete level 
If the level is truly dominant; other
wise it identifies an average level 
representative of a number of discrete 
levels. Further, this discussion is 
restricted to unannealed damage present 
at room temperature after neutron Irra
diation. Any substantial higher tem
perature annealing will change the 
characteristic of the recombination 
centers. Tne energy levels, capture 
cross sections and Introduction rates of 
these recombination centers are assumed 
to be independent of silicon resistivity, 
dopant type, and oxygen concentration. 
The two recombination centers are furtha:* 
assumed to act independently so that 
their reciprocal lifetimes are additive. 

Further, the capture cross sections 
of the recombination centers are assumed 
to be Independent of temperature. Both 
Van Lint^^ and Galkln^^ have reported 
temperature dependence of electron 
capture cross sections for electron 
Irradiated silicon. Galkln finds hole 
capture cross sections independent of 
temperature. However, (l) it is not 
obvious that these arguments can be 
extended to clusters, (2) preliminary 
analyses indicate that their data could 
alternatively be explained by a two. 
level model with temperature Independent 
capture cross sections. For silicon 
the energy level E-^ « O.31 ev is sub
stantially different from the values 
of El w 0.18 ev deduced from a one 
level model analysis by both Curtis^ 
and Messenger-'-̂ . It should probably 
be Interpreted as an "average" level. 
The level Ep ;,, O.35 ev Ip close to pre
viously reported valucŝ '-̂ '-'-"; it 
therefore may approximate a dominant 
ecombination level. 

6 

For germanium, the donor level at 
0.26 ev below the conduction band is 
deeper than the level usually determined 
from a one level model^^. However, the 
acceptor level O.30 ev above the value 
band agrees with previously identified 
levels. As for silicon, the donor level 
is pi*obably an average effect from 
several levels in the upper half of the 
band, whereas the acceptor level is 
probably a dominant level. 

Using the above assumptions, expres
sions are developed for the variation 
of lifetime and lifetime damage constant 
with resistivity. Injection level and 
temperature. Previously published exper
imental data on bulk silicon, bulk 
germanium and silicon and germanium 
transistors is used to verify the appli
cability of the two level models and 
determine the constants which character
ize each level. 

Development "of Two Level Model 

The lifetime damage constant K is 
defined by the post-irradiation life 
time T at a neutron fluence i^', 
assuming that T is much smaller than the 
prelrradiated lifetime. The lifetime 
T is assumed to result from the indepen
dent action of two recombination centers 
characterized by lifetime ri and xg. 

1 
T K ^1 2̂ 

vl) 

A straight forward application of 
Shockley-Readl° leads to a general 
formulation of the damage constant^9. 

1 1 (^) 
K I ^hg+nj^+an^ ^ Tp^+pT+finT 

J, ^n^+n^+Sn^ ^ (PQ+Pg+Sn) 

^^^n'+fj+fiirr C;;^ Xn^+p^+tn) 

Here, n„ and p„ are the equilibrium 
electron and hole densities in the 
silicon and 6n = 6p is the excess car
rier density. Cp^, 0^^, Cpg, and Cn2 
are the electron and hole capture rates 
for the two recombination centers and 
Rl and Rp are the introduction rates of 
the centers. Notice that the combined 
effects of injection level, resistivity 
and temperature are implicitly contained 
in this expression. 

At lov/ values of injection level, 
Eq. (1) becomes 
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1_ = ̂ £l!l + ̂ £ 2 ^ 
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1 

1+ 
'H) 

^nl^ 
(J 

1 + 
nl ^ 

^ P o 

^n2 "O 

^°n2«2 

+ 1 + _2 
Po 

(2a) 

(2b) 

At high values of injection level, Eq. 
(l) becomes 

^ 

,.̂  

'nl' 

^nl . T 
•X + 1 
^pl 

'^P2^ 

^n2 

(3) 

Curtis' experimental data for low level 
damage constant vs resistivity was 
fitted using Eq. (2) with one level in 
each half of the forbidden band20. A 
least squares fit. Fig. 1 and 2, was 
obtained using a computer program. The 
fit is excellent, and Eq.(2), using the 
characteristics of the recombination 
centers shown in Table la may be used 
to determine K, for any value of resis
tivity within the experimental error 
inherent in the basic experimental data. 

The values for capture cross 
sections can be deduced by using the 
values of carrier removal rate which 
were also measured on the samples used 
in Fig. 1 and 2. This assumes that the 
carrier removal rate and the Introducticn 
rate of recombination centers are 
approximately equal. The results are 
given in Table II for comparison with 
the results of other experiments. The 
level in the upper half of the band is 
behaving as a donor and the level in 
the lower half of the band as an 
acceptor. Table III shows the room 
temperature defect level scheme deter
mined by Konopleva^ and the two level 
approximation for comparison. 

Walters^^ data for low level damage 
constant vs resistivity was fitted using 
Eq. (2) with one level In each half of 
the forbidden band. The resulting fit 
Is shown in Fig. 3. and the constants 
used are shown in Table lb. This data 
Is too sparse to justify a least squares 
curve fitting procedure; consequently 
the germanium values in Table lb are not 
as well determined as the silicon values 
in Table la. 

Damage Constant as a 
Punotlon of Reeistlvlty 

Tne variation of silicon damage 
constant with resistivity for various 
values of injection ratio is shown in 
Fig. ^. Values for C .R,, C ,R,, C gRp, 
and ni and Pg are taken from the 
least squares fit to Curtis' low level 
data (Table la). Several aspects of 
Fig. 4 warrant comment. 

K always increases monotonlcally 
with resistivity. The variation in K 
is greatest for the low injection level 
case; at very high injection levels K is 
Independent of resistivity. At lov; 
injection levels, K approaches the 
following asymptotes for very low resis
tivities. 

4P = "^nl^ •" ° n 2 ^ 

= C-.Ri + C^gRg Pl' 'P2' 

(̂ a) 

(4b). 

This behavior is qualitatively similar to 
the one level m.odel. 

GeriTianium damage constant as a 
function of resistivity for various velues 
of injection ratio is shown in Figs. 5 
and 6. In germanium, devices are made 
with base resistivities nuch closer to 
intrinsic resistivity, elatlvely speak
ing, than is the case for silicon. Con
sequently, It is expected that device 
verification of a flat or decreasing 
lifetime damage constant with Increasing 
Injection level can be found. The 2N13(S 
'data, to be discussed subsequently, beaiB 
this out. 

Damage Constant as a 
Function of Injection Level 

Fig. 7 shows the variation of 
silicon K with injection level for 
various values of resistivity. For 
resistivities below 50 oh-Ti-cm^l, K will 
increase with Increasing Injection level 
For the recombination center constants 
in Table I, K always increase monoto
nlcally with injection level; Kfj 
usually Increases monotonlcally with 
Injection level but for some values of 
resistivity (e.g., a: 100 ohm-cm) Kĵ  goes 
through a maximum as injection level is 
Increased. Tais behavior has [ireviously 
been reported for germanium-2. 

Figs. 8 and 9 show the variation 
of germanium K with injection level for 
various values of resistivity. Notice 
that a maximum is expected for n type 
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pea: Ulatlvltiea in the range of one to 
iteen ohm cm. 

A one level model can never result 
In a maximum In the % vs Injection 
level curve. 

Dama/̂ e Constant as a 
F\inctlon of Temperature 

Tne temperature dependence of K Is 
explicitly Introduced Into Ea (l) 
through ni and pg: ni = A'r3/2exp-(Ec-E ) 
/IcT, P2 = BT3/^ exp-(E2-Ey.)/kT, no and"̂  
PO are assumed independent of tempera
ture, thus limiting this discussion to 
the temperature range over which the 
material la extrinsic and the doping 
centers are fully ionized. The capture 
cix)3S sections are assumed independent 
of temperature. The constants A and B 
are eliminated by normalizing the 
temperature dependence to '?1.(IJTC- = 
38.6 at Ti = 300OK) 
becomes. 

Eq. (1) 

Injection level increases the value the 
K at low temperature Increases and the 
value of K at high temperature decreases. 
Tne apparent slope decreases as a 
function of increasing injection level. 
Therefore, in experln^nts where the slope 
of this line is used to deduce an acti
vation energy, one must be sure to 
consider the effect of injection level. 

Substantially different values of 
energy levels result when experimental 
curves are fit to a two level model 
rather than a one level model even after 
injection level effects are properly 
considered. 

Previously, data showing relatively 
constant values of lifetime below room 
temperature had been attributed to 
trapping effects. Eq. (5a) and (5b) 
show that both a finite injection level 
and a second recombination center can 
cause this effect. . It is instructive to 
examine the low level asymptote for 

ic^ 
'pi"i 

p c 3/2 
(5a) 

^ ^ ^^-T^ ^ ^P^)(iJ)T,(f^) -PC3B.6(1 - ̂ )AE,] 

'̂ n2«2 

n2/_6n Po ^,P2, ,T -3/2 
V ^ ^ ^ " ' ̂  ^•^^'^^%\ V ""P^33-6(1 - ̂ )AE2] 

^ 

'pl"l 

n^ n. 3/2 ' 
(5b) 

IJ^^H^^) ̂  1 ̂  ^•E^)^^\ (T^) exp[38.6(l - ̂ ).E,] 

n̂2̂ i 

C„o .„ n^ Po 01 3/2 T, 

e g ^ T^fUR ^ ( H 7 ^ ) ( I ^ ) T , % ) exp[38.6(l - ^).E,] 

These equations are relatively compli
cated. Therefore, a computer run was . 
niade at a number of different resis
tivities varying both temperature and 
Injection level. A typical set of 
cui^es is shown in Pig. 10 and 11 for 
one ohm cm silicon material, where K̂ ,, 
Kp Is plotted against iU^\ for 
various values of ^y^'^l injection 
level. Pig. 12 shows K(j for gemianium 
of various resistivities at an Injection 
ratio of unity. 

Several Important characteristics 
evident in these curves. As the 

2? several approximations -*. 

^-ih 
TT-rr - c", 
" JEl ( 6n X 

C~7 n^ + 6n' 

(6a) 

'nl 

'n2^ 

C 
'n2 

P2 

(no approximations) 
«n 

n^ + 6n 
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1 
K-mr 
!l 

^ 

^ri"i"^p2^ (ii = 0) (6b) 

1 + ^.'K 
«n 

(one level 
model) (6c) 

+ 6n' 

n 

(one level model and 

in = O) ^̂ ^̂  
"O 

Extension to Electron, 
Proton and Gamma Radiation 

The preceding analysis has been 
developed for the neturon case. It 
should have a logical extension to the 
point defects present in semiconductor 
materials damaged by other radiations 
such as electrons, protons or gammas, 
v/hen the defect does not Involve a 
donor atom which would not be present 
in p-type material , or when the" 
characteristics of the defect do not 
depend on Fermi Level position. Tnus, 
dlvacancies, A centers, etc., should 
be expected to contribute to lifetime 
degradation for both n- and p-type 
material. 

Experimental Results 

Lifetime vs temperature measurements 
were also taken by Curtis. Pis- 13 
shows an example of experimental life
time vs 1000/T data. The solid line 
represents the fit using Eq. (5b) with 
the experimental values from Table I. 
There is excellent agreement. A number 
of similar data sets have been checked 
at various resistivity values for both 
p- and n-type samples. The agreement 
between the data and Eq. (5a) is usually 
very good. 

A small discrepancy at low temper
atures in Fig. 13 is real and appears 
In most of the data checked. It is 
probably due to annealing. The con
stants in Table I used in Eq. (5a) 
were determined from unannealed data. 
Tne data in Fin. 13 were taken after 
1/2 hour anneal at each tem.perature 
before taking the data at that partic
ular temperature. 

Messenger has published data on 
the variation of current gain with 
temperature for neutron irradiated 
silicon translators. Fig. Ih shows 
data for a 2N335 transistor. Current 
gain is related to lifetime damage 
constant by. 

P ° 0.2t F'(Z) (7) 

Using the measured characteristics of 
the transistor, fj-/0.2} =4.2 x 10"^, 
and using K from Eq. (5a) with tlie 
experimental constants of Table I, the 
theoretical curve (solid llni) for 6 vs 
1^2° is obtained. The qualitative fit 

is very good. Tne qualtitativo 
discrepancy is v;ell within the expected 
experimental error and can possibly be 
attributed to two factors. The data 
used in objpaining Table I was taker. 
between lolO ^̂ ^̂  loH n/cm^; the oata 
of Fig. 8 was taken at 8.6 x 10^3 n/cm2. 
Thus, it is possible that a Qosim.etry 
correction factor is required. The 
factor ft/0.2 in Eq. (j) contains 
several approximations and may not be 
quantitatively correct. 

Fig. l4 is representative of a 
number of analyses v/nlch have been run. 
Tne experimental data consistently 
increase at a slightly greater rate 
than the calculated curve at very hlch 
temperatures. The systematic error is 
probably due to annealing and advice 
overheating. The shape of the curve is 
also affected by the value of injection 
ratio calculated from the device 
equations. For example tne shape of 
the experimental cur/e ^a Fif. 8 is 
even moî e closely approximated by isin̂ -
an injection ratio of 0.2 in Eq. (5a). 
The determination of Injection ratio 
on the devices is probably only jood to 
within a factor of t.;o. 

The variation of current jaln 'v,'lth 
injection level for Irradiated trar, 
sisters provides another cneck fo.̂  
two level model. Fig. 15 shows exr 
mental data for a 2M1655 silicon tr 
slstor^^. The solid curve is calcu 
from Eq. (l) with tlie constants of 
Table I. The relationship betveer. j 
and K calculated froi.. tlie device e:iua-
tion Is B = 2.9 x IQ-OK^. 

Fig. 16 cliows the varlatlor. of 
lifetime damage constant with lajectic!i 
level for a 2N1308 transistor. Ajaln, 
the agreement Is excellent bet..oeii tne 
calculated and experimental rec.lcs. 
Notice the characteristic Is alr.ost 
flat, the resistivity of 6.3 ohn. cm 
is close to the value for /nicli '.he 
theoretical curve is flat, tr.e factor 
of 1.5 Increase observea at loi; 
Injection levels is di'e to the li creace 
of the diffusion comtant In the base 
of the translator as injection level is 
increased. The fall off at lil; h cui'i'e:it 

the 
eri-
an-
laced 
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evels Is attributed to base conductivity 
odulation. 

Tne data is representative of a 
number of transistors both p and n base. 
Tne agreement between Eq. (l) and the 
data at low injection levels was frankly 
not expected. Rather, it was expected 
that the recombination process in the 
base emitter field region which has been 
discussed by Sah et al,"̂ -̂  would cause 
the experimental curve of I/9 to 
Increase more rapidly with decreasing 
injection level, at least in the case of 
silicon. Evidently, lifetime variation 
with injection level contained in Eq.(l) 
is sufficient to explain the transistor 
data, for both silicon and germanium 
above injection ratios of about 0.01. 

Concluding Discussion 

An attempt has been made to see how 
successful a two level model could be 
in resolving the contradictions inherent 
in fitting experimental data for neutron 
Irradiated silicon and germanium to the 
one level models previously used. 

As a mathematical formalism the two 
level model is very successful in pre
dicting the variation of lifetime damage 
constant with resistivity, temperature, 
and injection levels. 

As a physical reality, the two 
level model has two substantial defi
ciencies. First, it is an approximation 
to a very complicated defect structure 
which is known to contain many levels24. 
Second, there are several other plau
sible alternative extensions or modifi
cations to the one level model which 
might resolve its contradictions with 
experimental data. 

Several Important conclusions can 
be deduced from the two level models. 
Tne damage constants reported for 
experiments on semiconductor materials 
have always been much lower than those 
reported for experiments using tran
sistors. The variation of lifetime 
with temperature reported on silicon 
material has been larger than the 
variation of current gain with temper
ature measured on devices. This is 
because the material measurements have 
been made at very low injection ratios, 
and the device measurements at inter
mediate to high values of injection 
ratio. It is characteristic of both 
the one level and two level models that 
damage constant will increse substan
tially with injection level, and that 
k temperature dependence will decrease 
llth Increasing injection level. 

The tendency of lifetime to 
asymptote at low temperatures can be 
caused by a finite injection ratio or 
the presence of a second recombination 
center. These effects have probably 
been at least as Important as the 
trapping effects which have previously 
been mentioned. 

The two level model approximates a 
very complex physical picture by 
representing a spectrum of donor levels 
in the upper half of the forbidden band 
by a single donor level of appropriate 
average activation energy and capture 
cross sections; and by representing a 
spectrum of acceptor levels in the lower 
half of the band by a single acceptor 
level of appropriate average activation 
energy and capture cross sections. The 
clusters are in a quasi-equillbrium 
condition at room temperature; 
annealing at higher temperatures will 
result in a reduction of the effect of 
the clusters at the expense of intro
ducing point defects. Tnerefore, the 
characteristics of the two level model 
are applicable only at room.temperature 
and will change with further annealing. 

1. 

2. 

3. 
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Table la. Parameters for the recomination 
centers determined by a least square fit to 
Curtis' low level lifetime damage constant 
data. 

Rĵ C , = 0.37 X 10"^(sec-n/cm^)"-'-

^^nl " °*^° ^ lO'^Csec-n/cm^)"-"-

RgC 2 = 0.68 X 10"5(sec-n/cm^)~-'-
R^C„^ = 0.76 X 10"^(sec-n/cm^)"-'-

n, = 2.0 X 10"^^ cm ^ '1 
P2 

= 1.3 X 10^3 cm"^ 

= [1.4 4-8.6-10-% 4- 1.2.10-3^^1^ ̂ Q 5 
'̂̂  L 1 + 3.8-10-2 p J 

= [2.1 H-Q.lSp 4- 9.0.10-^2 1 ^ ^o5 
.^^ L 1 + 1 . 4 • 10-2p J 

Table lb. Parameters for the recombination 
centers determined by fitting Equation (2) 
to Walters-^2 experimental data. 

R j ^ C ^ = 4.4 X 10"^ (sec-n/cm^)'^ 
R|,C^ = 3.5 X 10-^ (sec-n/cm^)--'-
R2C 2 = 92 X 10-^(sec-n/cm2)--'-

RoC„o = 0.9 X 10"^ (sec-n/cm-)--"-
iXĵ  = 5.0 X 10-̂ Vcm'̂  
P2 = 0.5 X IQ-'-Vcm^ 
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Q Table II. Parameters for the recombJnation 
centers determined by a least square fit 
to Curtis' low level lifetime damage 
constant data 

-l4 2 
A^, = 1.2 X 10 -̂^ cm^ 

Ko = 2.3 X 10 -"̂  cm'' 

A, = 1.0 X 10 -̂-̂  cm'' 

A ^ = 1.9 X 10 -̂^ cmT 
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Table III. A comparison of the silicon room temperature 
defect level scheme due to Konopleva^ with the two-level 
approximation 

p-Si 

-E^ - 0.21 

-E^ - 0.31 

-E^ - 0.38 

-E - 0.48 c 

-E^ - 0.50 

-E^ - 0.53 

-E - 0.31 'Average' Level 

-E^ + 0.58 

-E^ + 0.55 

-E^ + 0.53 

-E^ + 0.48 

-Ey + 0.31 

Konopleva Room 

Temperature Model 

-E +0.35 'Dominant' Level 

Two-Level Approximation 
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Figure 1. Damage constant vs resistivity for n-type silicon. Curtis' 
experimental data are given, showing least squares fit to Eq. (la). 
Constants determined by the least squares fit are shown in Table la. 
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Figure 2. Damage constant vs resistivity for p-type silicon Curtis' 
data are given, showing least- squares fit to Eq, (lb). Condtants 
determined by the least squares fit are shown in Table la 
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for Qermanium. A two level fit is shown for Waltersl2 data. Constants 
are shown in Table lb. 
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Figure 5. Germanium lifetime damage constant vs equilibrium electron 
density for various values of injection ratio. 
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Fi;:ure 6. Germanium lifetime damage constant vs equilibrium hole density 
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Figure 8. Germanium KL a" a function of injection ratio for 
various values of resistivity. 
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Figure 9. Germanium Kp as a function of injection ratio for 
various values of equilibrium hole density. 
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Figure 10. Kp vs 10vT°K for Pp " 1 ohm-cm for various injection ratios, 

X = -r̂  . Equation (5a) is plotted with constants from Table I. 
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Figure 11. Kŷ  vs 10VT°K for Pn = 1 ohm-cm for various Injection ratios. 

X = 
6n . Equation (5b) is plotted with constants from Table I 
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RADIATION JSYECTS ON MICROCIRCUITS 

George C. Messenger 
Nortronlcs,a Division of Northrop Corporation 

Applied Reseaxch Depairtment 
Hevbury Park, California 

I Introduction and Suamary 

Mlcroclrcult response to nuclear radiations 
has become an Increasingly important concern over 
the past year. This dlBcusslon vlll consider 
transient radiation effects (TRE)j a companion 
discussion vlll cover space radiation effects^. 
The interesting effects occur In two areasi dis
placement effects resulting frcsn fast neutron 
Irradiation, ejad ionizing effects caused by prompt 
pulses composed of x-rays and y-raya. Fast neu
tron degradation of mlcroclrcult performance Is 
dominated by translEtor current gain reduction. 
Current gain degradation In mlcroclrcult tran
sistor elements follows the same laws as current 
gain reduction In discrete transistors of similar 
base region design and geometry. 

Ionization effects In monolltlc p-n Junction 
isolated mlcroclrcults are usually about an order 
of magnitude larger than in comparable discrete 
element circuits. The dominant additional source 
of photoresponse Is the large area substrate Junc
tion which gives rise to a very large photocurrent. 
Ttie substrate Junction In combination with the 
mlcroclrcult p-n Junctions close above it gives 
rise to parasitic diode and transistor elements. 
Primary and secondary photocurrents in these para
sitica tend to dominate the overall response of 
the mlcroclrcult. 

These parasitica and their photocurrents are 
essentially eliminated by use of dielectric Iso
lation. The problem of minimizing mlcroclrcult 
transient responses has been considered. Pulse 
compenBation techniques Involve balancing photo
currents vlthln the mlcroclrcult, especially 
vlthln the base region of transistor elements. 
The use of memory elements to return flip-flops to 
their pre-pulse condition is suggested. Addi
tional elements in the mlcroclrcults may be 
effectively used to desensitize critical sub-
circuits . 

II Experimental Program 

Test specimens were selected to determine 
radiation effects on modem microelectronic 
circuits and Included three basic circuit types 
representing five different fabrication tech
niques. Circuit types Included digital logic 
gates, flip-flops, and differential or digital 
•ense amplifiers. Fabrication techniques Included 
monolithic p-n Junction Isolated, monolithic 
dielectric Isolated, multiple chip, thin film 
compatible, and thin film hybrid. The experi
mental matrix is shown In Table I. 

•Rie devices were tested at the Northrop TRIGA 
Reactor, at the General Atonic LINAC, at the 
Rtyalcs International Super Flash X-ray and at 
the Northrop Flaah X-ray test facilities. 

Experiments designed to determine the dis
placement damage effects In a reactor environment 
were generally performed on a "before" and "after" 
baalB. Dynamic tests were performed on selected 
circuits, however, in an attempt to Isolate the 
effects of the mixed neutron-ganma environment. 
The results Indicated neutrons produce the pre
dominant damaging effect, with only very minor 
variations due to a reduction in neutron-to-gamma 
ratio from I.9 to 0.1. Sulfur-actlvlatlon powders 
were used to determine the Integrated fast neu
trons with energies greater than 2.9 MeV. The 
ratio of neutrons with energy greater than 10 keV 
(Plutonium threshold) to neutrons with energy 
greater than 2.9 MeV (sulfur threshold) has been 
carefully determined for the Northrop reactor. 
This factor, 7>65, was used In order to report all 
data in terms of fast neutrons with the standard 
10 keV threshold. 

Measurement of the circuit transient response 
In the Ionizing radiation environments required 
wlde-bandpaas Instrumentation, of moderate gain, 
vlth effective x-ray and rf shleldirig. Several 
dosimetry techniques were used. The total dose 
was determined with the use of thermolumlnescence 
powders and eolbalt-glass chips. The radiation 
dose rate was determined from ti" waveform of a 
vacuum tube photodlode or a sll ;on diode and the 
measurement of total dose. The accuracy of the 
dosimetry was further checked by means of a 
correlation experiment with the Boeing Company 
involving the trade of test speclmena and dosi
metry. 

Ill Displacement Damage 

Fast neutrons degrade mlcroclrcults by pro
ducing the same damaging effects which have been 
extensively studied In discrete devices. How
ever, there are two differences worth comment. 
Mlcroclrcults esdilblt smaller "surface" effects 
than discrete devices, perhaps due to the care
fully controlled protective oxide used on the 
surface throu^out the fabrication process. Tlie 
/3 degradation characteristic frcsn mlcroclrcult 
transistor elements la more uniform from device 
to device than In similar discrete translstora, 
reflecting another facet of the carefully con
trolled mlcroclrcult processing technology. 

There has been substantial progress In under
standing the degradation produced In semiconduc
tors by fast neutrons. Ihe dependence of damage 
on incident neutron energy has been satisfactorily 
explained by Llndhard2, and an experimental veri
fication of the theory relating to ionization 
effects In silicon has recently been publinhedJ, 
This Is directly applicable to displacement ejii. 
Ionization processes produced by fast neutrons In 
silicon mlcroclrcults. 

3-1 



112 TFIT. "nViNSACnONS ON NUCLEAR SCIENCE Deoenber 

B Tbe current gain reduction In mlcroc l rcul t 
t ranf l i s to r elei&ents can be discussed exact ly as 
fo r regular t r a n s i s t o r s ^ , 

I 1 , 0 ^ f ^ _ ^ , i . l n ( z ) * ^ , (la) 

(u.) 

iihere 

- - — + ^ ( I c ) 

Here ^ is small signal current gain, 3i Initial 
gSLln, ft Is gain bandwidth product, <p la neutron 
fluence, r la ti-anslstor base lifetime, r ĵ  ini
tial lifetime, p^, Is transistor base resistl-
Tlty, Ejj la neutron energy, h(Z) la a function of 
Injection level, dl^g/dlj la a term accounting 
for reconblnatlon In the base emitter field 
region, and K is the damage constant. 

Damage Constant aa a Function of Incident Neutron 
EInergy 

Equation lb is the approximation usually 
Talld at the operating biases recoraaended for 
•Icroclrcult operation. As Indicated K Is a 
function of neutron energy. Several authors have 
discussed the depepdence,of displacement damage 
on neutron energy ^' ^> °. Recently Llndhard'^ 
has used an approach baaed on energetics which 
divides the Integrated results of neutron Inter
actions Into two classes, viz., atomic processes 
and electronic processes. The total energy E 
6btalned from the Incident neutron Is assumed to 
divide between the two processes so that 

n(E) * v(Z) M E, (2) 

9 

i&ere_n la the energy lost to electronic proceaaea 
and *" la the energy lost to atomic processes. A 
calculation of n(E)/E and W(E)/E as a function of 
incident neutron energy waa then performed. 
Sattler3 has obtained experimental verification 
of the theoretical function n(E)/S aa a function 
Of incident neutron energy for silicon. Smlts' 
haa established a ratio of 3 for the lifetime 
reduction prodxiced by lU-Me/ neutrons compared to 
the llfetlrae reduction produced by a Godlva 
fiaalon spectrum, aalth^ has taken the various 
energy-dependent neutron cross sections for the 
Important neutron Interactions with silicon, 
multiplied them by the appropriate functlona 
n(E) E and v(E) E9, svrmed both the electronic 
processes and the atomic processes, and hag 
obtained curves of the enerpy p;olng into atomic 
processes as a function of incident neutron 
energy (Figure 1) and a curve of the energy going 
Into electronic proceasea as a function of Inci
dent neutron energy (Figure 17). If one fiBsumcslO 
that the nixsber of recoirblnatlon centers produced 
In silicon la proportional to the energy going 
into atomic processes, Smith's curve can be used 

to determine normalized damage constant aa a func
tion of Incident neutron energy. Further, the 
damage prtxiuced by vorloua neutron spectra can be 
compared using an Integration technique. Sknlth'a" 
curve con be transposed to a curve of a vs Inci
dent neutron energy by dividing the ordinate by 
9l» MeV-mb (l MeV mb - 3.1+ x lo"'-3 rads-cm2/neutron), 
Then the value of a ( a • K-1) for monoenergetic 
neutrons normalized to 1 MeV con be read directly 
from the curve. The effective value of K for a 
particular neutron spectrum Is obtained by an 
integration process 

K ' O S 1 
0.01 Mev 

• (E)N(E)( I ' ^ 

'0.01 Mev 
N(E)dE 

where N ( E ) la the d i f f e r e n t i a l fluence of the 
Incident neutrons. Tlie lower l imit of in tegra t ion 
la taken aa 0.01 MeV consis tent with the accepted 
def in i t ion of fas t neutrons; I t Is Important to 
standardize on such a lower l imit when comparing 
d i f fe ren t spec t ra . The upper l imi t of integra
t ion can eaal ly be made 15 MeV in p rac t i ce . 

Messenger's curve for a vs Ejj Is reproduced 
for comparison. I t was obtained by f i t t i n g Smlts '^ 
experimental data to the function 

' . aE (1 e-A/^n). 

Here a •» 1.02/MeV and A = 3-6 MeV. A comparison 
of Smith's curve with Messenger's earlier estimate 
shows that Messenger's averaging procedure i-
Bcured a substantial amount of fine structuie in 
the curve. 

Dependence of Lifetime Damage Constant on Resis
tivity 

Curtls^^ has recently measured the dependence 
of lifetime damage constant on silicon resistlylty 
at low Injection levels. The experimental reaultn 
are shown In Figures 2 and 3> 

This behavior is expected for relatively 
shallow reconibtnatlon centers near either band 
edge. Consider a recombination center below the 
conduction band. At low resistivities the Fermi 
level will be between the recombination center 
and the conduction band; consequently the re-
caablnatlon centers will be heavily populated with 
electrons and very efficient at capturing holes. 
At h l ^ resistivities the Fermi level will be 
below the recombination center; consequently the 
recombination centers will be lightly populated 
with electrons and mjch leas efficient for cap
turing holes. Thus, one expects the damage 
constant to increiae with reslBtlvityL2. 
p-type semiconductor material In the resiativity 
range 0.1 to 2.0 ohn-cm Is normally used in 
mlcroclrcult transistor bases; Figure 3 shpwa that 
K is relatively constant over this range of resis
tivity so that on average value may be used with 
confidence. The variation of K with resistivity 
shown in Figure 3 applies directly to translators 
and mlcroclrcults; however, the absolute mognituile 
will reiulre correctlonl3. A good average value 

3-2 



1966 MESSENGER: RADIATION EFFECTS ON MICROCIRCUITS 1U3 

of K for mlcroclrcult transistor elements Is 
1.5 x 10° nvt-sec. A direct comparison with un
published electron degradation data obtained by 
Batelle on similar mlcroclrcults showed that the 
damage produced by approximately 30 electrons per 
square centimeter of energy (3 MeV) is equivalent 
to the damage produced by one fast neutron. 

Figures 1, 2, and 3 are the best presently 
available eatlmatea for the variation of lifetime 
damage constant with Incident neutron energy and 
transistor base resistivity. Since nearly all 
Blcroclxcult tranflistor elements have a p-type 
base. Figures 1 and 3 will normally suffice for 
mlcroclrcult application. 

Gates 

A number of gates (Table I) were evaluated to 
determine degradation In a fast neutron environ
ment. The MC201G (Figure h) Is typical of the 
results obtained. Figure 5 shows the normalized 
small signal common emitter current gain as a 
function of fast neutron fluence. The uniformity 
In characteristic response from device to device 
la typical of microclrcult translator elements 
and Is several times better than that observed In 
comparable discrete transistors. Analyzing these 
results according to (lb) shows that f« K = 
9.8 X IOI2 ± 2.0 X I0I2 n/cm2 vlth f^ (= f /^ ) 
a: 7 X 106/sec and K s: l.l x IQO nvt-sec. 

The current gain decrease degrades gate per
formance by reducing fanout capability; finally 
the gain drops below 2.1, the minimum gain re
quired to drive another similar gate (fanout of 
1). This is shown In Figure 6. There are several 
other Interesting gate degradation characteristics: 
transfer function is shown In Figure 7, threshold 
and saturation voltages are shown In Figure 8, and 
leakage currents are shown in Figure 9- Consider
ation of Figures 6, "J, 8, and 9 indicates transis
tor current gain Is the predominant cause of per
formance degradation In mlcroclrcult gates. 

Flip-flops 

A group of flip-flops compatible with the 
gates discussed above were evaluated for neutron 
degradation. The SEI2UK, Figure 10, is typical. 
Analysis of flip-flops waa partially frustrated 
by Inability to measure characteristics of indi
vidual mlcroclrcult elements due to lack of 
terminals. One expects the transistors to degrade 
like those measured for Figure 5- When the 
closed loop gain In the flip-flop drops below 
unity, the circuit will not operate. The degra
dation of "off" voltage, saturation voltage, and 
minimum pulse amplitude required to switch are 
Shown In Figure 11 for the Q output. 

Ampllflei^ 

T^e amplifiers studied Included differential 
amplifiers, digital buffer amplifiers, and gated 
• ense amplifiers. Trt nalstor current gain de
crease waa the predomlrLont cause of circuit 
degradation and failure. The MCI525 (Figure 12) 
Is typical; pre- and jost- irradiation trajiafer 

characteristics are shown In Figure 13. Current 
gain degradation Is shown aa a function of flux 
In Figure ih. Again note the uniformity from 
device to device. Mlcroclrcult differential 
amplifiers maintain their balance during degra
dation significantly better than differential 
amplifiers made from discrete devices. This is 
probably due to the increased uniformity result
ing from fabrication of both sides of the ampli
fier close together on the same chip. 

Another typical circuit is the gated sense 
amplifier (Figure I5) whose transfer character
istics are shown aa a function of neutron fluence 
in Figure 16. 

Significant Conclusions 

Fast neutron induced microclrcult performance 
degradation results directly from current gain 
decrease In the transistor elements. Other 
changes such as Increased leakage currents are 
not large enough to significantly contribute to 
circuit malfunctions, 

Degradation in mlcroclrcult performance from 
device to device is more uniform than with simi
lar discrete component circuits. 

No significant differences In neutron degra
dation exist between the five fabrication tech
niques tested. 

IV Ionization Effects in Mlcroclrcults 

Experiments to measure Ionising radiation 
effects necessarily involve shOj. ,-duration pulses 
which are Inevitably accompanied by rf Inter
ference or noise of electromagnetic nature. 
Therefore, extensive shielding waa felt to be 
mandatory auid measures were taken In designing 
appropriate Instrumentation to minimize these 
effects. 

To minimize the rf interference, only the 
teat specimens and their loading circuits were 
exposed to the radiation beam. The operating 
controls were enclosed in an aluminum box, with 
fixtxirea for additional lead shielding of the 
cathode follower vacuum tubes, which were the 
only vulnerable components of the system. To 
further eliminate rf noise, storage batteries 
were employed for dc bias supplies and all remote 
control cabling waa decoupled at the entrance of 
the box. 

To minimize charge-scattering and air-ioni-
zation effects durlr.g irradiation, the test 
specimens and logic loads were completely enclosed 
in potting compound (Sylgard), exposing only the 
pickup connections. The applied biases and out
put-monitoring pickups were coepletely shielded 
from the radiation beam. 

Despite these precautions there waa evidence 
of charge scattering effects in the transient 
response of the teat circuits, especially at 
circuit nodes where the Impedance to ground waa 
high. 
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Baalc Effects Isolation Junction and Parasitic Elements 

High energy radiation produces hole-electron 
pairs In silicon. These changes move under the 
influence of concentration gradients and electric 
fields producing photocurrents. After the radia
tion pulse, the Induced charges recomblne at a 
rate determined by the minority carrier lifetime. 
Usually, however, mlcroclrcult bias currents 
remove the radiation-induced charge in a time much 
ahorter than the minority caxrler lifetime. In a 
continuous radiation envlroa-sent, an equilibrium 
1B established between the carrier generation 
process, and carrier removal processes which 
include recombination and bias currents. 

The carrier generation rate depends only on 
the rate of energy absorption throu^ electronic 
processes and not on the type or spectrum of 
incident rodiatlon^'*. 

g . ky m k X 10^3 y (3) 

Here g la the generation rate-electron hole pairs 
per cmS/sec, y Is the energy absorption rate in 
rads/sec, and k is U x 10l3 electix)n hole pairs 
per cm3/per rad for silicon. The short circuit 
photocurrent In a p-n Junction resulting from a 
radiation pulse has been derived by Wirthl5. 

qgA ^ S C * ^ erfi (I) -(^)1 w 
Here g is electronic charge, A is Junction area, 
Wsc is width of p-n Junction field region, t is 
time, r is minority cairler lifetime, L is 
minority carrier diffusion length and tp is the 
pulse width. 

Energy absorbed in silicon from x-raya, 
Y -rays, electrons and protons goes almost en
tirely into electronic processes; for transient 
response calculation, y In rads/sec is required 
from dosimetry measurements. Absorbed erergy 
from neutrons divides between electronic and 
atomic processes as previously discussed. Figure 
17 shows rad3/g(Si) per n/cn^ as a function of 
Incident neutron energy which goes into electronic 
processes". In a reactor experiment, the neutrons 
arrive with negligible time of flight foi- ill 
neutron energies. Assuming a square pulue, 

y -
J» p(E)N(E)dE 

(5) 

A neutron spectrum produced at a substantial dis
tance frcm the test specimen requires a further 
correction due to the deppndence of time of flight 
on neutron energy. If neutron capture processes 
are Important, ionization can also be produced by 
the resulting nuclear reactions. 

For all types of radiation, very shoi pulses 
should be characterized by f^^ ydt in i ads (31) 
since charges ore created In a t.me short rompared 
to characteristic time for minority carrier re
combination or response time of the circuit. 

Monolithic mlcroclrcults differ from their 
discrete element counterparts because of the 
built-in isola*-lon between circuit elements and 
between circuit elements and substrate. The 
monolithic and compatible mlcroclrcults (columns 
1 and 3 of Table I) use p-n Junction isolation; 
the monolithic circuits (colum.a k, Table I) use 
a silicon dioxide dielectric region for Isolation; 
multiple chip and hybrid mlcroclrcults (columns 2 
and 5, Table I) are actually a miniaturized pack
aging of discrete elements tuid do not contain 
Isolation regions. 

The p-n Junction Isolation results in very 
large photocurrents between circuit elements and 
substrate. The silicon dioxide isolation, how
ever, is almost as good as the isolation between 
discrete devices. The distributed nature of the 
devices, Interconnects, and parasitic elements in 
p-n Junction isolated mlcroclrcults makes It 
difficult to devise simple and accurate equiva
lent circuits. Fortunately, the use of lumped 
elements is sufficiently accurate for most ana
lysis in the radiation environment. It is now 
necessary to discuss individual mlcroclrcult 
elements together with their porasitics. 

The most troublesome element is the transis
tor. Figure l8 shows the transistor element along 
with the transistor parasitic element. If the 
gain of the parasitic pnp trsuislstor is suffi
ciently low, its effect can be represented by a 
parasitic diode between collector and grc i. 
The holes created in the n-type collector region 
may flou either into the transistor base region 
or the substrate region; the amount of cunrent 
flowing Into the transistor base is a function of 
the current gain of the parasitic transistor. 
Raymondlo has-analyzed this quantitatively using 
a Linvlll "lumped" model equivalent circuit. His 
treatment provides analytical expressions for 
secondary photocurrent in the complex frequency 
domain. The photocurrent in a microclrcult 
transistor element is compared with the photo
current from an equivalent discrete transistor 
in Figure 19- The substrate is grounded and the 
comparison Is made for the limiting cases of base 
resistance R Q - * 0 and BQ -• oo. At low irra
diation levels, Ipp is proportional to y and the 
difference between the mlcroclrcult transistor 
and the discrete transistor la due to the sub
strate photocurrent. For the condition RQ -* • 
(RQ = 10 kllohma is sufficient) and at higher 
levels of y in the microclrcult transistor, the 
parasitic transistor dralaa sone of the hole cur
rent orlglratlng in the transistor collector 
region to grourd, preventing It from reaching the 
translator base. This effectively reduces the 
secondary photocurrent In the mlcroclrcult trans
istor. For the condition RQ -» oo , the mlcno-
clrcult transistor photocurrent la larger than 
the discrete transistor photocurrent at low y 
levels, but la substantially lower at hl.-̂ er y 
levels. The ability of the substrate photo
current to reduce secondary photocurrent In 
mlcroclrcult tronsl'sfor elements Is ver> Impor
tant; a lenlpn util h c iref Hy Lalaj--ei •>»• 
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photocurrent into the tremsistor base against 
photocurrents out of the transistor base and into 
the Bubstrate, prevents secondary photocurrent 
and is very useful for hardening microcircuits. 

Figure 20 shows equivalent circuits for 
diodes canmonly used In monolithic mlcroclrcults. 
Again, the parasitic transistors can often be 
replaced by parasitic diodes. Figure 21 Is a 
capacitor equivalent circuit and Figure 22 shows 
two resistor types with the appropriate equivalent 
circuits. It should be noted that a substantial 
photocurrent will arise in resistor elements even 
though dielectric isolation is used since a p-n 
Junction diode la used to Isolate the resistor 
from the underlying semiconductor region. This 
underlying semiconductor region gives rise to 
photocurrents vrtilch tend to short circuit the 
resistor even though It is Isolated from the rest 
of the substrate by the silicon dioxide. 

The thin film passive elements did not show 
sufficient photo-respor-se in any of the test 
circuits to contribute substantially to the 
obseirved microclrcult responses. 

Fhotocurrents in Microclrcult Gates 

Riotocurrents produced in microclrcult gates 
must be emalyzed using the complete equivalent 
circuit including parasitica; complete equivalent 
circuits vary in complexity from the MC201 to the 
A7WA. The MC201 is shown In Figure 23; the A7WA . 
has the same equivalent circuit as shown for the 
MC201 in Figure k. A typical set of response 
curves for the MC201 is shown in Figure 24. With 
the gate originally off, a turn-on transient 
appears at the output; this la a net result of 
photocurrents flowing into the base of the output 
tramsistor from its collector and emitter regions 
and photocurrents flowing out of the base through 
the pull-down resistor, the offset diodes, and the 
substrate Jvmctlon. There is no evidence of 
secondary photocurrent. With the gate originally 
on, a turn-off transient appears. The photo
currents flowing out of the base region are larger 
than the photocurrents flowing into the base and 
the net effect is a transient reduction In output 
current. The transient vulnerability is seen to 
be different in the on state than It Is in the 
off state. The transient at the input is nega
tive. This cannot be understood by considering 
microclrcult photocurrents alone. Photocurrents 
from the offset diodes, input diodes, and bias 
resistor are into node ei and the substrate photo
currents are out of node ê .̂ The net effect 
should be a positive transient. A possible ex
planation for the negative transient is scattering 
of electrons into node ei during the pulse. This 
explanation is supported by experimental evidence 
using a dummy TO-5 can with an open-circuited 
transistor Inside; here a similar negative pulse 
was observed. Examination of other gates has 
frequently shown the expected positive transient 
at ej_. The preferred explanation is that the net 
effect of photocurrentr; and electron scattering 
at this node are nearly balanced and that small 
changes In experimental variables may lead either 
to a positive or negative pulse. This Illustrates 

the difficulty previously discussed of separating 
the expected mlcroclrcult photocurrent and secon
dary electron scattering effects. 

In general, p-n Junction isolated micro-
circuits showed the greatest transient response, 
with the other microclrcult fabrication tech
niques producing transient responses approximately 
equal to those expected from similar discrete 
element circuits. This is Illustrated by Figure 
25. The MC201 shows nearly an order-of-magnitude 
more response at low radiation levels and reaches 
saturation nearly an order of magnitude lower In 
radiation levels than the XC201. This Illustrates 
the reduction in photocurrents resulting from the 
use of dielectric isolation Instead of p-n Junc
tion isolation. 

Flip-flops 

Flip-flops are relatively complex mlcro-
clrcultsj however, the major concern in a radia
tion environment is whether a chemge of state 
occurs. 

Experimentally, the changes of state thres
hold la about 5 rods for a short pulse. Sometimes 
flip-flops reset In a symmetrical manner. That 
la, they come out of saturation into either of 
the two possible states with equal probability 
Independent of the original state. Occasionally, 
a flip-flop is found which always comes out of 
saturation in the same state. Independent of the 
original state. Such flip-flops have a built-in 
assymmetry resulting in a "preferred state'.'" 
Figure 26 summarizes the experl~ental results for 
the SE I2U flip-flop driving or. 3E115G gate. This 
is typical of the flip-flops which responded in a 
symmetrical manner and contains some waveforms 
which show change of state and other waveforms 
which show a return to the original state. The 
duration of saturation is about O.5 (jsec. Table 
II'summarizes the experiments performed with 
various loads at various radiation levels. 

The monolithic p-n Junction Isolated flip-
flops showed larger photocurrent responses and 
greater change-of-state vulnerability than the 
dielectric-Isolated, multiple-chip, and hybrid 
units by almost an order of magnitude. This was 
very similar to the microclrcult gates. 

Amplifiers 

Amplifiers exhibit 'a transient response 
dominated by secondary photocurrent from the 
transistor elements. These circuits therefore 
spend an increasing amount of time in saturation 
as the radiation dose is Increased. The PC-12 
(Figure 25) illustrates this effect. 

At dose rates of less than 5 x 10° rada (Sl)/ 
sec the output response of the PC-12 was negli
gible when the output was In the low voltage 
state. Above this level beta multiplication of 
first stage translator primary photocurrent re
sulted In a large turn-off response at the output. 

The output response with the output In the 
high voltage state was negative and a function of 
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photocurrent into the translator base against 
photocurrents out of the transistor base and into 
the substrate, prevents secondary photocurrent 
and is very useful for hardening mlcroclrcults. 

Figure 20 shows equivalent circuits for 
diodes comnonly used in monolithic mlcroclrcults. 
Again, the parasitic transistors can often be 
replaced by parasitic diodes. Figure 21 is a 
capacitor equivalent circuit and Figure 22 shows 
two resistor types with the appropriate equivalent 
circuits. It should be noted that a substantial 
photocurrent will arise in resistor elements even 
though dielectric isolation is used since a p-n 
Junction diode la used to Isolate the resistor 
from the underlying semiconductor region. This 
underlying semiconductor region gives rise to 
photocurrents which tend to short circuit the 
resistor even though it is Isolated from the rest 
Of the substrate by the silicon dioxide. 

The thin film passive elements did not show 
sufficient photo-response In any of the test 
circuits to contribute substantially to the 
obseirved microclrcult responses. 

Riotocurrents in Mlcroclrcult Gates 

Riotocurrents produced in microclrcult gates 
must be analyzed using the complete equivalent 
circuit including parasitica; complete equivalent 
circuits vary In complexity from the MC201 to the 
A7WA. The MC201 is shown In Figure 23; the A7WA 
has the ssme equivalent circuit as shown for the 
MC201 in Figure k. A typical set of response 
curves for the MC201 is shown In Flgui-e 2U. With 
the gate originally off, a turn-on transient 
appears at the output; this is a net result of 
photocurrents flowing into the base of the output 
transistor from its collector and emitter regions 
and photocurrents flowing out of the base through 
the pull-down resistor, the offset diodes, and the 
substrate Junction. There is no evidence of 
secondary photocurrent. With the gate originally 
on, a turn-off transient appears. The photo
currents flowing out of the base region are larger 
than the photocurrents flowing into the base and 
the net effect is a transient reduction in output 
current. The transient vulnerability Is seen to 
be different in the on state than it is in the 
off state. The transient at the input is nega
tive. This cannot be understood by considering 
microclrcult photocurrents alone. Photocurrents 
from the offset diodes, input diodes, and bias 
resistor are into node e-]_ and the substrate photo
currents are out of node e-̂ . The net effect 
should be a positive transient. A possible ex
planation for the negative transient is scattering 
of electrons into node ei during the pulse. This 
explanation is supported by experimental evidence 
using a dummy TO-5 can with an open-circuited 
transistor inside; here a similar negative pulse 
waa observed. Examination of other gates has 
frequently shown the expected positive transient 
at e]_. The preferred explanation is that the net 
effect of photocurrentr, eind electron scattering 
at this node are nearly balanced and that small 
changes in experliiental variables may lead either 
to a positive or negative pulse. Tills Illustrates 

the difficulty previously discussed of separating 
the expected mlcroclrcult photocurrent and secon
dary electron scattering effects. 

In general, p-n Junction Isolated micro-
circuits showed the greatest transient response, 
with the other microclrcult fabrication tech
niques producing transient responses approximately 
equal to those expected from slmlLar discrete 
element circuits. This is Illustrated by Figure 
25. The MC201 shows nearly on order-of-magnitude 
more response at low radiation levels and reaches 
saturation nearly an order of magnitude lower in 
radiation levels than the XC201. This illustrates 
the reduction in photocurrents resulting from the 
use of dielectric Isolation Instead of p-n Junc
tion isolation. 

Flip-flops 

Flip-flops are relatively complex micro-
circuits; however, the major concern in a radia
tion environment la whether a change of state 
occurs. 

Experimentally, the changes of state thres
hold is about 5 rads for a short pulse. Sometimes 
flip-flops reset in a symmetrical memner. That 
is, they come out of saturation into either of 
the two possible states with equal probability 
Independent of the original state. Occasionally, 
a flip-flop is found which always comes out of 
saturation in the same state. Independent of the 
original state. Such flip-flops have a built-in 
assymmetry resulting in a "preferred state'.'" 
Figure 26 summarizes the experimental results for 
the SE 12i* flip-flop driving on SEII5G gate. This 
is typical of the flip-flops which responded in a 
symmetrical manner and contains some waveforms 
which show change of state and other waveforms 
which show a return to the original state. The 
duration of satviration is about 0.5 usee. Table 
II summarizes the experiments performed with 
various loads at various radiation levels. 

The monolithic p-n Junction Isolated flip-
flops showed larger photocurrent responses and 
greater change-of-state vulnerability than the 
dielectric-isolated, multiple-chip, and hybrid 
units by almost an order of magnitude. This was 
very similar to the mlcroclrcult gates. 

Amplifiers 

Amplifiers exhibit's transient response 
dominated by secondary photocurrent from the 
transistor elements. These circuits therefore 
spend an increasir^g aco'ont of time in saturation 
as the radiation dose is Increased. The PC-12 
(Flg-ore 25) Illustrates this effect. 

At dose rates of less than 5 x 10^ rads (Sl)/ 
sec the output response of the PC-12 was negli
gible when the output was in the low voltage 
state. Above this level beta multiplication of 
first stage translator primary photocurrent re
sulted In a large turn-off response at the output. 

The output response with the output in the 
high voltage state was negative and a function of 

3-5 



IW IEZ£ TRANSACTIONS ON NUCLEAR SCmKE Decxinber 

g the prlaary photocurrent of the output transistor, .t a doae rate of 2.8 x 10^ mds(Si)/sec the 
response waa less than 0.2 volt negative. At 
1 X 10° rada(Sl)/sec and higher dose rates the 
response waa greater than 1.5 volts negative. 
lyplcal response waveforms axe shown in Table III. 

To undeiTBtand the transient response of this 
device, first consider the high voltage output 
state in which the second stage transistor la 
"off" ai^ the first stage translator is "on". The 
first stage transistor then presents a low impe
dance to the base of the second stage translator 
preventing secondary photocurrents from occurring. 
Therefore, the "on" response at the output is due 
simply to the primary photocurrent generated la 
the second stage transistor. Assuming the two 
translators are identical, this value of primary 
photocuirent calculated for the second stage 
transistor with the output high will be valid for 
the first stage transistor when the output is low 
since the first stage transistor Is now turned 
"off." Tlie calculated photocurrents and corres
ponding dose rates are shown In the following 
table: 

Dose Rate 
(rad8(Sl)/sec] 

Primary Photocunrents 

Device No. 

2.8 X lof 
1.0 X 10° 
7.0 X 108 

76 /la 
1.6 ma 
U.O ma 

136 flB. 
1.8 ma 
U.8 ma 

170 ita. 
2,6 ma 
U.O ma 

Average 

127 t^ 
2.0 ma 
't.3 ma 

# 

With the output in the low voltage state the in
put is grounded. A primary photocurrent of 
sll^tly more than 230 fia. la required throu^ 
the 3K Input resistor to turn "on" the first 
stage transistor. This is assuming a 0.7 drop is 
necessary across the base to emitter Junction of 
the first stage transistor. The photocurrents at 
the lowest dose rate eire not large enough to 
cause the first stage to turn "on" which accounts 
for the negligible response at these dose rates. 
For the two higher dose rates the photocurrents 
are much greater than the 230 (la. necessary to 
switch the first stage "on," resulting in secon
dary photocurrents because of beta niultlpllca-
tlon in the first stage. The current flowing 
Into the collector of the first stage must come 
from the base of the second stage aa well as the 
power supply, resulting In the large positive 
"off" response at the output. This assumes a 
linear relationship of dose rate to primary photo
current would require a dose rate of 5 x lOo for 
230 pa. At dose rates higher than this the 
device response is dominated by the large "turn-
off" response Just described at the output when 
In the low state. 

totch-up 

None of the mlcroclrcults tested under this 
eKperlmental program showed latch-up. Ifowever, 
the typ*" of latch-up described by Klnoshlta'-^ has 
been experimentally produced on a p-n-p-n switch; 
this Beans that mlcroclrcults with p-n Junction 

Isolation are potentially susceptible to this 
latch-up phenooenon. One of the virtuea of 
dielectric Isolation is that it preclulea this 
type of latch-up. 

Prediction 

An equivalent circuit such aa Figure 23 can 
be programmed on a computer using a transient 
analysis code such aa NET, PREDICT, or CIRCUS and 
the transient output produced by a radiation 
driving function determined. This technique la 
qualitatively successful, and in some cases, good 
quantitative results have been obtainedl°* 19. 
Charge scattering effects, and Imperfect equiva
lent circuit models combine to limit this tech
nique at the preset time. 

For many mlcroclrcults, interesting aspects 
of the radiation response such as the approximate 
level of radiation required to produce saturation 
and the approximate length of time the circuit 
will remain in saturation after a radiation pulse 
can be calculated directly from the equivalent 
circuit using appropriate simplifying assump-
tionsSO. 

Significant Conclusions 

Major differences in response to ionizing 
radiation exist between p-n Junction Isolated 
mlcroclrcults and the other microclrcult fabri
cation techniques analyzed. Mlcroclrcults fabri
cated with p-n Junction isolation showed almost 
an order of magnitude greater photocurrents than 
those fabricated with dielectric isolation or 
from discrete components. Response of p-n jio-
tlon Isolated mlcroclrcults was usually dominated 
by photocurrents from the isolation Junction 
whereas the resiionse of the other mlcroclrcults 
was dominated by the photocurrents arising in the 
transistor and diodes. 

Amplifiers always showed transistor secondary 
photocurrent effects. This resulted in Increased 
circuit saturation time as the radiation level 
waa Increased. Flip-flops and gates usually 
showed only primary photocurrent responses. 

Charge scattering effects are significant 
and often produce Identifiable photoresponses in 
mlcroclrcults. This results In a dependence of 
experimental results on the specific geometry of 
the experimental set-up including the encapaulaiit 
used, and limits the effectiveness of present 
prediction techniques. More work is required In 
thla area. 

Mlcroclrcult vulnerability to short pulses 
occurs in the 1 to 10 rad(Sl) region for the 
circuits tested. Most of the circuits were sat
urated In the ten to ten thousand rad environment 
but recovered In less than one microsecond pro
viding transistor secondary photocurrents hod not 
been excited; secondary photocurrents prolonged 
the saturation up to one hundred microseconds 
depending on the circuit and radiation level. 
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V Hardening 

It is desirable to reduce the response of 
mlcroclrcults to pulses of ionizing radiation. 
The experimental and analytical results obtained 
provide useful guidance for reducing transient 
responses. A major step is replacement of p-n 
Junction Isolation by dielectric Isolation to 
eliminate large substrate photocurrents. 

Pulse compensation techniques cem be used to 
provide photocurrent cancellation especially In 
the base region of transistor elements where pro
per balancing can eliminate secondary photo
currents. It is economically more feasible to 
add specially tailored device elements to accom
plish this in microcircuits than In discrete 
element circuits. This technique Is very useful 
in gates and will be mandatory in amplifiers. 

Figure 26 shows the current paths for an 
"off" gate and the equation and parameters in
volved in increasing the radiation "hardness" of 
the circuit by changing the design parameters. 

To turn the gate on from the "off" condition, 
the base of the transistor has to go through a 
voltage swing of V^eoff to Vbeon- *^ ^°°" ̂^ ̂ be 
is larger than or equal to 0.6 volt, the collec
tor photocurrent Increases rapidly due to the 
creation of secondary photocurrent. By preventing 
Vbe from reaching 0.6 volt, the secondary photo
current effect will be minimize^. 

Referring to the schematic diagram in Fig
ure 26, the transistor will be kept in the "off" 
condition if. 

^=(*) + i^n(t) ^ i (t), rs' dn PP 
(6) 

where 
1 (t) is the pull-down resistor-substrate 

photocurrent 
1, (t) is the coupling diode photocurrent 
*dn' and 
1 (t) is the primary photocurrent of the 

transistor. 

In the ideal case, the sum of the coupling diode 
photocurrent and the pull-down resistor-substrate 
photocurrent should be equal to the primary photo
current for both the "on" and "off" conditions. 
For this condition, photocurrents in the base 
circuit balance each other and there is no net 
effect due to radiation if contributions from 
other parts of the circuit are assumed negligible. 

When the sum of the coupling diode photo
current and the pull-down realator-aubstrate 
photocurrent is larger than the collector photo
current, there is a net decrease in the normal 
current flowing in the base circuit. In this 
operating condition, the transistor will not 
turn on. However if, 

W * ^ " 'dn(̂ ) * ̂ s(*)' (̂^ 

part of the ipp flowing through the pull-down 

resistor will forward bias the base emitter Junc
tion and eventually turn on the "off" gate. 

To prevent the base emitter Junction from 
reaching a forward bias of 0.6 volt, the follow
ing inequality has to be satisfied. 

0.6v + V. - v., 
Ipp(t) < ^ ^ . Idn(t) * l^,(t) (8) 

Equation 8 explicitly shows which design param
eters cfin be varied to prevent the output trans
istor from generating large secondary photo
current . 

The curves on the right side of Figure 28 
show the effect of the pull-down resistor on the 
change of collector current versus dose rate. By 
reducing the pull-down resistance, the threshold 
for creation of secondary photocurrent versus 
dose rate is moved from curve (a) to curve (b). 
A further reduction in. pull-down resistance yields 
curve (c) which represents the normal generation 
of primary but no secondary photocurrent. 

The photocurrent paths of an "on" gate are 
shown In Figure 29. In the "on" gate, there will 
be no problem if, 

W^ - W*) * W^) (9) 

If eq. 9 is satisfied, the photocurrents in the 
base circuit are either balanced out or unbalanced 
In the direction required to drive the already 
"on" transistor further into saturation. However, 
if 

1 (t) < 1 (t) + l^Jt), 
PP an rs (10) 

the normal base current has to supply the dlffer-
enie needed to compensate for the photocurrent of 
the coupling diode and the substrate photocurrent 
of the pull-down resistor. 

To keep the "on" transistor in saturation, 
the inequality presented in Figure 27 has to be 
satisfied. A rearrangement of these equations 
gives 

SP'" '- gi. 
dn be 

^ ^ ^ ^ ^ (U) 

W^) + 1 (t) rs ' 

where ft i s coroaon emit ter forward current gain 
of the t r a n s i s t o r and V^g la the base to emitter 
vol tage which i s norr.-illy a t 0.8 v o l t . Since 
Ipp('t) in eq. 11 is an undesirable radia t ion 
effect tha t cannot be eliminated, i t cannot be 
considered a var iable p irnneter for improving the 
v u l n e r a b i l i t y of the c i r c u i t . A log ica l approach 
i s t o se l ec t mater ia ls und devices with the 
smallest ipp( t ) that the s t a t e - o f - t h e - a r t can 
provide and then vary the parameters on the right 
hand side of eq. 11 to improve the radia t ion 
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TUJ rulnerability of the circuit. It la apparent from 
f 8 and 11 that a change in a design parameter 
one direction may decrease the radiation 

reaponse of the gate in one state but increase 
it in the other. 

Table IV gives some of the design parameters 
which can be varied to Improve the radiation 
reaistance of the circuit. Also Included are 
suggestions on how they should be changed to 
accomplish this. 

As shown In the table, the tremsistor current 
gain should be maximized for the "on" state so 
that the transistor will be driven further Into 
saturation. In the "off" state, especially when 
the secondary photocurrent is created by radia
tion, the transistor current gain should be snail 
to minimize the radiation effect. All other 
parameters in the table should be changed in such 
a way ao as to drive the "on" translator further 
into saturation and to prevent the "off" transla
tor from turning on. Since, in moat cases, the 
gate circuits have different responses in the two 
different states, the most vulnerable state deter
mines the vulnerability of the circuit. The 
change of design parameters is often aimed at 
Improving the radiation resistance of one state 
and accepting the associated Increase in sensi
tivity of the other. A final set of compromise 
design parameters is obtained so that the circuit 
has the maximum overall radiation resistance. 

It la deairable to add a memory element to 
flip-flops, directing them to return to their 
Initial state upon emerging from sattiration. In 
the past, magnetic components have been used to 
accomplish this. The experimental results on 
BOoe flip-flops have shown a preferred state after 
Irradiation. Thla leads one to speculate about 
additional components which would make the pre
ferred state after Irradiation always the same aa 
the pre-Irradiated state. A voltage dependence 
capacitor attached from collector to ground on 
both aides of the flip-flop is one possibility. 

VI Conclusions 

A review of experimental data in the tran
sient 'radiation environment available on a variety 
of contemporary mlcroclrcults of varioija conatruc-
tlon techniques has been presented. It has been 
demonstrated that the well-known neutron degrada
tion effect on transistor gain can be directly 
extended to mlcroclrcults. A large photocurrent 
arising in the p-n Isolation Junction of mono
lithic mlcroclrcults haa been shown to dominate 
the transient response of these devices. Micro-
circuits with dielectric isolation or discrete 
elements ore preferred for use in the ionizing 
radiation environment. The experimental results 
have been used as a basis for suggesting harden
ing techniques for the ionizing radiation en
vironment which include pulse compensation, 
especially in the transistor bnae reglona and 
the addition of internal memory elements to 
fllp-flopa. 

The present understanding of baalc mech-
nlams has been reviewed both for neutron dis

placement damage pivcesses and the creation of 
hole electron i>alrs due to ionizing radiation. 
Charge scattering has shown up aa an Important 
experimental variable, and further work is sugges
ted to understand better this phenomenon in mlcro-
circuita. 
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TABLE I I SE12H RADIATION RESPONSE 
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Note: Nondlatton-induced tnnslUons were observed at flash x-ray levels 
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TABLE III RESPONSE WAVEFORMS 

Note: All voltages In volts. 
All times In microseconds 
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TABLE IV 
DTL GATE VULNERABIUTY PARAMETERS 

TRANSISTOR CURRENT GAIN = 

COUPLING DIODE VOLTAGE DROP : 

COUPLING DIODE PHOTOCURRENT : 

PULL DOWN RESISTOR • 

PULL DOWN RESISTOR-
SUBSTRATE PHOTOCURRENT = 

COLLECTOR SUPPLY VOLTAGE : 

PULL DOWN SUPPLY VOLTAGE : 

PHOTOCURRENTS = IDEALLY, ipp(t) 

MAXIMIZE FOR "ON" STATE 
MINIMIZE FOR '"OFF" STATE 

MINIMIZE FOR "ON" STATE 
MAXIMIZE FOR "OFF" STATE 

MINIMIZE FOR "ON" STATE 
MAXIMIZE FOR "OFF" STATE 

MAXIMIZE FOR "ON" STATE 
MINIMIZE FOR "OFF" STATE 

MINIMIZE FOR "ON" STATE 
MAXIMIZE FOR "OFF" STATE 

MAXIMIZE FOR "ON" STATE 

MINIMIZE FOR "ON" STATE 

idn(t) + i r8(0 

1 0 " ' 1 0 " 1 0 ' 
INCIDENT NCUTNOM ENOCY (U<VI 

Fig. 1. Energy Going into Atomic Processes and Normalized Reciprocal Lifetime 
Damage Constant aa a Function of Incident Neutron Energy. 
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Fig. 18. Monolithic Mlcroclrcult 
Transistor Element and its 
Equivalent Circuits. 

Fig. 19. Comparison of Photocurrents as a Function of 
Dose Rate In a Mlcroclrcult Transistor Element and 
an Equivalent Discrete Transistor. 
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^P SPACE-RADIATION EFFECTS IN XNIECRATED CIRCUITS 

Donald J. Haaaan 
Battelle Keaorlal Institute 

ColuBibus, Ohio 

This paper* dlscusaea the daaage necha-
nlama in semiconductors froia apace radiation and 
the effects on the mlcroclrcult eleaenta and the 
•Icroclrcult parmaeters. Some tabular data are 
preaented and a general-effecta susnary and 
dealgn considerations are Included. 

Introduction 

Microelectronic circuitry, and especially 
•onollthlc senlconductor circuitry, offers many 
potential advantages for space-alsslon applica
tions. Its use in the enviromaent of space, 
however, laust be predicated upon a sound knowl
edge of the effects of that envlronaient on the 
mlcroclrcults. The Inforeatlon that has been 
compiled about the cusulatlve effecta of charged-
partlcle radiation on mlcroclrcults Is useful to 
the system designer for estlisatea of operating 
life, selection of the best circuitry, and 
knowledge of trade-offs Involved In this selec
tion. In thla paper, the types of mlcroclrcult 
degradation effects and those paraiaetera that are 
•oat critical In determining the radiation tol
erance of mlcroclrcults are discussed. The 
possibilities for minimizing the deleterious ef
fecta of space radiation are discussed from the 
points of view of both the manufacturer and the 
designer. 

Aa Is well kncwn, the radiation found in 
space consists primarily of electrons having 
energies ranging up to several Hev and protons 
of energies up to several tens or even hundreds 
of Hev. Ho further description of the environ
ment is presented here, as the primary purpose 
of this paper la to discuss the effecta rather 
than the nature of space radiation. Further 
information on the envlronnent ouy be found in 
the writings of Vette.2.3 

The effects caused in integrated circuits 
by apace radiation are essentially the same as 
those caused by nuclear radiation. Umever, the 
electrons and protons, being ctiarged particles, 
can cause both ionization as well as bulk damage 
effects and, also, auy produce brehosstrahlung. 
The first area of discussion for this paper is 
damage aKchanisms in semiconductors. 

Daaane Mechanlsma 

The Irradiation of semiconductor crys
talline strata with energetic changed particles 
results in the production of defects In the 
crystal lattice. These defects (primarily 
vacancy-Interstitial pairs) result in a dis
torted energy structure for the lattice, and 
hence. In changes in the physical properties of 
the material. 

Klcroctrcult Behavior Onder Space Radiation 

Messenger^ In this session's companion 
paper has told you how mlcroclrcults behave lo 
the trenelent-Duclear-radlatlon envlroniwnt. 
This paper discusses the damai;e aaechonlsma in 
semiconductors from space radiation and the ef
fects on the mlcroclrcult elesents and the micro-
circuit par^Mters. SoaM* tabular data are pre
sented oitd a general-effects augury and some 
design considerations are Included. 

*The information In thla paper is primarily the 
rcautt of work performed by Battelle Kemorlal 
Institute, under Contract Ho. HAS5-3985, for 
Coddsrd Space Flight Center under the technical 
•ooltorshlp of Hr. Frederick Cordon, Jr. A 
limited asuunt of the Information was derived 
from the ladUtlon Effecta Information Center at 
Battelle. 

Although the precise changes that occur 
are dependent on the relative position of the 
defect energy levels with respect to the Fermi 
level, the overall electrical effects In silicon 
are manifested by reductions in mobility, ef
fective free-carrier concentration, and minority* 
carrier llfetlae. The chanî ea in the latter two 
electrical parameters aa a function of particle 
fluence are usually most Izrportant for bulk 
damage and have been approximated by the expres
sions 

• - Bo - ̂ l "P 

I I 
T - T • ^2 <P 

(I) 

(2) 

where 

T • effect ive s i lnorltycarrler l ifetime 

# 
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THE USE OF COMPUTERS TO ANALYZE THE EFFECTS OF 
NUCLEAR RADIATION ON CIRCUITS AND SYSTEMS 

INTRODUCTION 

In the preceding series of lectures, the effects of nuclear radiation on 
semiconductor materials and devices have been treated in detail. Likewise, reasonably 
accurate device mathematical models have been developed to predict displacement and 
ionization effects on semiconductors. With the proper specification and collection 
of device parameter data, it is possible to calculate the expected semiconductor 
performance for ionization/degradation effects caused by a nuclear radiation 
environment. 

When a mathematical model for a semiconductor device is verified by experiment 
and deemed adequate for the general prediction of device behavior, it is necessary to 
establish a means of performing these predictions when a multiplicity of such semi
conductors (in combination with other devices) are interconnected to form a circuit. 
Further, it is necessary to establish a means of performing predictions when a 
multiplicity of circuits is combined to form a system. The total system generally 
consists of electronic and electromechanical elements, some or both of which can be 
treated as transfer functions. 

At the circuit level, it is possible to establish the effect of nuclear radiation by 
the use of manual calculations using simplifj'ing assumptions. ^ This method is effec
tive and fairly rapid. The principle difficulty in the manual approach is in the predic
tion of large circuit response with multiple feedback. This type of circuit is generally 
found in secondary power subsystems and/or electronic regulator circuits such as 
digital-to-analog converters. With the advent of large scale computer facilities in the 
early 1960's, an effort was made to use analog and digital computation for the predic
tion of circuit response by automated techniques. Some of the initial efforts considered 
made use of analog computer techniques.^ Although successful, this method of p re 
diction required estensive equation writing and the usual scaling problems involved 
with analog computation techniques. 

While the analog approach was being developed, digital computer techniques 
were also being pursued. Special purpose programs were developed by various 
agencies to calculate critical circuit response. This method was also reasonably 
successful but required considerable effort and skill with the added disadvantage that 
a circuit change required reformulation of equations and consequently a new computer 
program. Various general purpose computer codes were developing during the period 
1960 to 1964* among which was the NET-l^ program developed on the MANIAC 
computer at Los Alamos by A. Malmberg. Shortly after the development of the NET-1, 
the Boeing Company modified the basic program and mathematical models to be used 
in a program termed CIRCUS. '^ In 1965, the Air Force Weapons Laboratory sponsored 
the development of the PREDICT code, a more general purpose program than NET-1 

*The computer programs listed use the same basic Ebers and Moll or the equivalent 
charge control bipolar transistor model, other programs had been used which employ 
simplified linear or piece-pulse linear models. 
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or CIRCUS which allowed for a wide variety of mathematical models to be used in the 
program. Improvements in the PREDICT code resulted in significant changes and it 
was renamed SCEPTRE. These general purpose digital computer programs are 
progressing both in application and in the improved development of computing hard
ware and software. At this point, the small and large digital computer and associated 
software is developing at a very rapid pace with attendant lower computing costs. As 
a result of this overall trend, this form of computation becomes extremely attractive 
for circuit and system calculations. Since the testing and verification of nuclear 
radiation effects is generally more costly than determining the electrical performance 
of the circuits/systems, these prediction codes have become essential for the accurate 
analysis of circuit behavior in a nuclear enviroimient. At present, there are four 
computer programs available to universities and industry in the United States as 
follows: 

1. NET-1 - Los Alamos Scientific Laboratory 

2. CIRCUS - Boeing Company 

3. SCEPTRE - IBM Oswego . 

4. TRAC - Autonetics 

These programs have the following general capabilities: 

1. Automatic generation of circuit equations 

2. Built-in or user models 

3 . Automatic initial conditions 

4. Transient solution (time history) 

5. Restart capability 

6. Tabular or graphic output 

As an example, the circuit shown in Figure 1 would have various nodal points 
designated and coded as follows: 

R^ is connected from circuit node 5 to node 1 

R- is connected from circuit node 1 to ground (circuit node 0) 

Etc. 

Generally, the value of U and R^, etc. will be entered with the topological 
connection. This will be treated in detail later on a specific circuit which has been 
subjected to radiation. A typical ionization response of node 3 of the circuit 
illustrated in Figure 1 is shown in Figure 2, 
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C j = . 1 ufd 

Hh-
R = . 1 ohm 

© 

»̂  L= 1. uh 
5 Rj = 0.01 ohm 
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^ 
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+30 V. 
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V 
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C9 = . 1 ufd 
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Figure 1. Example of Circuit Prepared for Computer Coding 
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Figure 2. Response of Node 3 to an Ionizing Pulse of Radiation 



8 In general, the computer codes described here are limited to circuits of 
approximately 70 nodes due largely to the theoretical limits associated with inverting 
or partitioning matrices. An attempt to solve larger arrays generally results in 
computational e r ror and excessive computer run time. There is a need for an 
analytical tool to provide solutions for a multiplicity of circuits (subsystems, systems). 
One such code SECURE has been developed at Autonetics and presently has the capa
bility of solving for 5000 unknowns by partitioning these in arrays of 50 or less . In 
addition, functional block models are capable of being combined with detailed circuits 
to form a complete control loop system simulation. An example of such a system 
(in very simplified form) is illustrated in Figure 3. A typical response of the control 
loop system is illustrated in Figure 4. 

SCALE FACTOR 
K2 AND GAINS 

LEAD - U G 
NETWORK 

OPERATIONAL 
AMPUnER 
K4 

OPERATIONAL 
AMPUnER 
K3 

TEST SIGNAL INPUT 

Figure 3. Closed Loop System 

The application of the Transient Radiation Analysis by Computer (TRAC) 
Program will be used as a vehicle to describe the method for the solution of nuclear 
radiation effects at the circuit level. 

APPLICATION OF COMPUTER CODES FOR RADIATION EFFECTS ANALYSIS 
AT THE CIRCUIT LEVEL 

The transient radiation effects on electronics (TREE) at the circuit level are 
based on the definition and validation of adequate mathematical models of electronic 
devices and the combination of these models through mathematical techniques with the 
aid of a digital computer such as IBM 7094, CDC 3600, Burroughs 5000, etc. As a 
result, these mathematical models are usually represented by an equivalent circuit. 
Figure 5 illustrates equivalent circuits for passive elements which include radiation 
effects. Figure 6 illustrates an equivalent circuit for a p-n diode and n-p-n bipolar 
transistor. Typical response characteristics for the bipolar transistor are illustrated 
in Figures 7, 8, and 9. Figure 10 illustrates the equation used for neutron degradation 
effects. 

# 

The solution of combinations of these models can be illustrated as follows: 
Consider the simple resistor network in Figure 11 with associated nodal equations. 
Note that the current through each element (resistor) is calculated by obtaining 

ĥe voltage across the element and the resistance (parameter) value. Generally, 
e resistor is treated as a single "model" and can be goneralized as illustrated in 

Figure 12. 
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Figure 5. Passive Elements Modified for Ionization Effects 
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Figure 6. Active Elements (Includes Photocurrent Generators) 
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AROUND: 

AROUND 

Vl : 

1= 3 

2 
1= 1 

V2 • 
1= 2 

2 
1= 1 

1 = 0 = (Vi-E)/Ri + Vj/R^ + (Vi-V2)/R3 

1 = 0 = (V2-Vi)/R3 + V2/R4 

Figure 11. Simple Resistor Network and Equations 
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Figure 12. Generalized Nodal Model 
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¥ Applying Kirchhoff's current law with resi^ect to current leaving node P 
of Figure 12: 

K 

The current, i . (t), will have a functional relationship to the dependent node 
voltages, v ' s , ihe piece-part parameter, p ' s , the grounded voltage sources, tm 2 
current sources, and the auxiliary quantities and time. 

i , (t) = F , (V's, p ' s , e ' s , i ' s , j i ' s . t) (2) 
p,k^ ' p ,k ' ' *̂  ' vs ' cs 

V's = node voltages 

p 's = parameters 

e ' s = grounded voltage sources 

i ' s = current sources 
OS 

^l's = other auxiliary quantities 

t = time (also implies t =At) 

At = time increment 
The exact form of Equation (2) is dependent upon the piece-part model. ''.\c 

built-in models of the TRAC Program consist of difference equation represent"'. ons 
of Equation (2). This difference equation is linear and of the form: 

i , (t ) = I Ah , (t ) V (t ) - AW , (t )] (3) 

p , k ' n ' ^ p ,q ,k n' q̂  n' p.kMV ^ ' 

where 

p,q = dependent node number p and q 
Ah , (tj = K piece-part admittance contribution at time t 

V (t ) = voltage of dependent node Q at time t 

•fVi 

AW , (t ) = K piece-part "pseudo-current" contribution at t 

§ 

TheAh and AW terms are known functions of quantities whose values arc Unown 
prior to solving for V (t ) and I , (t ). e.g. , functions of p;ist voltage, V (t ,), 

q u , p,k n " q n-1 
past current, i , (t , ) , and/or grounded voltage source, e (t ). 

p,k^ n -1 ' " vs' n' 
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, Since the voltages at the independent nodes a r e a l ready known at t ime, t , the 
only voltage values to be determined a r e those of the dependent nodes, Vq(tn)." The 
dependent node voltages, Vn(tn), a r e determined by substituting Equation (3) into 
Equation (1) for each dependent node, P , and solve for each of the dependent nodes. 
This can be represen ted by a ma t r i x of the form: 

K. 

2 AW , (t ) 
J, nv ,k ' n' 

j^^ . i .k^y 

H 

K 

K 
Ah, , (t ) l .nv .k^ n' 

Ah , , (t ) . . . . ^ ^ h , (t ) 
nv, 1', k n' K nv, nv, k n' 

Vi(V 

V (t ) 
nv n' 

where nv = number of dependent nodes (note for a 32-K word core m e m o r y , 
nv = 60 max), the H ma t r i x is non-singular in most instances (where the c i rcu i t is 
r ea l i s t i c and main diagonal is occuped by non-zero t e r m s ) . Equation (3) can be used 
to solve for V (t ) for Q = 1, 2, . . . , NV. 

q^ n' 

An example of a p i ece -pa r t generally mechanized for TRAC is given a s follows 
(see F igure 13): 

iRCt) 

N̂F<̂> O - V V V V V M D 
R 

V N T W 

Figure 13. Res i s to r P i e c e - P a r t 

The difference equation used in TRAC to mechanize this model equation i s : 

5. i,, = (1/R) V^( t^) = i^(t^) 

'- ^^NF.NF,KV = ^ / " 
11 



A 

# ' 

8. Ah-.,, ^.„ ..(t ) =--1/11 NI' , N r, K u 

9. ^hj^i) Q K<y - 0 Q 7̂  NF, Q / NT, Q = I. 2 . . . , NV 

10. AW (t ) = 0 
NF.K n' 

Since I^^^ j^(t^) = -\^^ K ^ ^ ' '*" "̂̂ "̂̂ ^^ *̂ "̂ *-' 

11- ^^NT,NT.K<y = ^ / « 

12. ^h^T .NF .K^V = - 1 / " 

13. Ahj^^ Q j^(t^) = 0 Q 5̂  NV, Q 7̂  NT, Q 7̂  I, 2, . . . , NV 

14. AW^^ j,(t^) = 0 

Similar derivations for a capacitor, inductor, diode, and bipolar transistor 
can be obtained. These derivations are more tedious and are covered in detail in 
Reference 5. 

Radiation effects and data are entered as an additional current generator, (i ), 
or as a change in parameters, e . g . , h (4>). The effects are included in the ^^ 
conventional model calculation procedure. Temperature and other effects can alijo be 
input with the result that combined effects are properly correlated through the solution 
of the H, T, and V matrix manipulation. The flow chart for solution is illustrated in 
Figure 14. 

The solution proceeds are as follows: 

1. Take last solution at t - t , 
n-1 

2. Advance time to t ; (t - t , t-At) 
n n n-1 ' 

3. Generate H&T matrix components in the efjuation writer 

4. Solve II * V = T for dependent node voltages 

5. Perform convergence tests in non-linear solution subroutine 

6. Accept or reject solution 

7. Calculate auxiliary quantities 

8. Recycle to the next time stop. 

Input/output is handled through punchcil card and tab printout. 
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SOLUTION KNOWN AT t = tn-1 
STORE VOLTAGE AND Cimi lENT 

SOLUTION AS PAST SOLUTION 

TRIAL VALUE OF A U KNOWN 

ADVANCE TIME TO t n 
CALCULATE TIME FUNCTION VALUES AT tn 

t , + At n-1 " n 

AUTOMA-nC EQUATION WRITER OF H&T MATRICES 

• CLEAR H&T MATRICES TO ZERO 
• CALL TRAEQ (1) FOR SPECIAL TIME FUNCTIONS 

AND Ah AND AW TERMS 
• ADD Ah AND AW TERMS FOR UN EAR PIECE-PARTS 
• I F 1ST ITERATION. MAKE POINTV.1SE LINEARIZATION 

OF NONLINEAR DIFFUSION CURRKi'T-VOLTAGE CURVE 
• ADD Ah & AW TERMS FOR DIODES AND TRANSISTORS 

SOLVE H*V = T FOR DEPENDENT NODE VOLTAGES 

I 
COMPARE SOLUTION TO EACH NONUNFAR DIFFUSION 

CURVE FOR CONVERGENCE. MAKE NEW POINTWISE 
UNEARIZATION WHEREVER CONVERGENCE HAS NOT 
OCCXmRED 

CALL TRAEQ (2) FOR CONVERGENCE CHECK ON SPECIAL 
MODELS 

YES 

REDUCE 
At BY 1/2 

CHECK FOR NONSTANDARD PAR.'vMETER 
VALUE SWITCHES CALL TIL\EQ (3) 
FOR SPECIAL ACCEPTANCE TEST 

CHANGE NONSTANDARD 
PARAMETER VALUES, 
E T C . , AS NEEDED 

• A C C E P T LAST 
riERATION AS 
SOLUTION 

• PRINT 
SYSTEM UNSTABLE 

CALCULATE BRANCH CURRENTS AND POWER 
CALL TRAEQ (4) TO CALCULATE ALOHLIARY UNKNOWNS 
DETERMINE T R U L VALUE OF NEXT AT 

Figure 14. Flow Chart for Solution (TRAC) 
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# 

The SCEPTRE and CIRCUS codes have a free format or par t ia l free format 
input. TRAC and NET-I^ have fixed formal input which requ i res a p rec i se set of 
sequential instructions which, if not in the co r r ec t o rder , will prohibit proper 
computer execution. 

the 
The output of all the p rograms is tabular , with options for print-plot t ing, or 

use of per ipheral plotting equipment. The example which follows i l lus t ra tes the 
application of the TRAC code for c i rcui t ionization (induced by gamma radiation) and 
neutron induced degradation. 

EXAMPLES OF CIRCUITS ANALYZED BY A DIGITAL COMPUTER 

The c i rcui t to be considered is a s imple unijunction osc i l la tor . The equivalent 
circuit of the unijunction is i l lustrated in Figure 15, including the other components 
(R's and C's) , which form the osci l la tor c i rcui t . Normal c i rcu i t operation will be 
obtained first . This will be followed by a case where an ionization pulse is introduced. 
Faulty neutron damage effects a re introduced. 

20 V. 

U 

^Bl 

•̂ Bl ^ %2 

i> 

Figure 15. Unijunction Oscil lator Circuit and Model for the 
Unijunction T rans i s t o r 

, ^^^ c i rcui t is appropriatt<lv numbered from node 1 through node 6. An example 
iiH! computer coding is i l lus t ra ted in Appendix A. Summarizing the r e su l t s : 

Ihc ionization produrcd by gamma radiation causes a momentary discharge 
of the capaci tor , inid the osci l la tor c i rcui t r e s u m e s normal operation. 

i ho neMitroii (l:imac,t> iMTect causes an increase in frequency until the 
osc i l la tor ceases opei-ation. 

14 



Circuit stmulation of this type can be extended to much larger circuits than the 
one shown in Figure 15. Circuits of up to 60 nodes, containing 100 elements 
(resistors, capacitors, inductors, diodes, and transistors), have been successfully 
simulated using the computer codes. 

The results of these circuit analyses must be folded into an overall system 
evaluation. The next section discusses several methods for system analyses. 

APPLICATION OF COMPUTER CODES FOR RADIATION EFFECTS 
AT THE SYSTEM LEVEL 

System modeling for non-radiation effects has progressed to the point where 
several computer codes have been developed for the purpose. Two such programs 
will be discussed here. One program - Continuous System Modeling Program (CSMP)-
provides a means of simulating system response by use of functional blocks. ** A 
typical set of functional blocks is illustrated in Figure 16. The functional block 
representation can be used to represent an entire circuit or an electromechanical 
device. Modifications are generally required for the electronic block equivalents 
to represent loss of gain, d-c offset, and spurious transients. An example of this 
is illustrated in Figure 17. This procedure can be extended to complex systems. The 
difficulty with this approach for predicting system response to radiation effects requires 
that the complex interactions within electronic circuits be neglected with the added 
assumption that each block input impedance is infinite with a corresponding zero out
put impedance. It is necessary , therefore, to include actual circuits in conjunction 
with functional blocks. A computer code for this purpose has been recently developed'^ 
and is termed System Evaluation Code Under a Radiation Environment (SECURE). 
The following example illustrates the use of this program for determining a closed 
loop response to ionization and degradation effects. The system to be analyzed is 
illustrated in Figure 3. 

A nominal test signal (to provide an electrically induced transient) is applied to 
establish the correspondence between a block equivalent of Figure 3 and an equivalent 
with detailed circuits. The comparison is illustrated in Figure 18. A detailed 
diagram of the servo loop, including all circuits, is illustrated in Figure 19. 

The introduction of a 10 percent beta reduction due to neutron damage causes a 
loop transient due to the change in base current of Ql . The transient response is shown 
in Figure 20. 

The addition of ionization will cause momentary saturation of the amplifiers, 
as depicted in Figure 21. 

••Functional blocks receive inputs and present infinite input impedance to the inputs. 
The blocks deliver outputs (alter proj)er mathematical operations) with zero output 
impeda«ce. 

15 
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SUMMARY 

The preceding discussion has illustrated how radiation effects at the piece-part, 
circuit, and system levels can be performed with the^id of computers and the 
appropriate software. There are several accepted computer programs which are 
available to industry and the University for radiation effects analysis at the circuit or 
subsystem level. Two computer programs for system simulation (digital simulation) 
were discussed and an example of one of these (SECURE) was illustrated using a 
relatively simple servo-loop as an example. 

The state-of-the-art in this field is advancing at a rapid pace. This advance 
Is due to the following factors: 

1. The rapid advancement of computer hardware—Larger memory 
and faster access time 

2. Improvement in computer software and programming languages 

3. Development of improved mathematical techniques for the 
solution of large sets of non-linear differential equations. 

The present trend of development is dh'ected toward digital simulation of large 
systems with the objective of obtaining an accurate system prediction model. These 
prediction models must, however, be verified by functional and radiation tests . 

In addition, effort is underway to include statistical considerations in the 
system modeling effort in order to ascertain: 

1. The sensitivity of system response to various radiation inputs 

2. The relationship between piece-part behavior and system 
behavior 

» 

3 . The probability of system survival as a function of various 
nuclear environments. 

As a result of these developments, it appears that the time is not far off when 
the evaluation of systems for functional (non-radiation) response and for radiation 
effects becomes a matter of standard practice. 
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rr 
[ii 
[25 

[37 

E! 
[ii 
j i 

[13 

[ii 
[37 

[49 

lei 

(T 
(13 

[25 

[37 

[49 

[ii 

rr 
[13 

[25 

[37 

[49 

[ii 

NUMBER 

3 
2 

SO . 

3 

z 
1 JT^ . 

3 
2. 

2 ro . 

.3 
^. 

1 r^^. 

IDENTIFICATION 

:73 en 

000 SSo so 

7 1 90 

00 0 f ^o^s.o 

:7J : 80 

0.0.0. S ^.o.s.O 

:73 8p 

(3.o^o_rii<9-r<o 

DESCRIPTION DO NOT KEY PUNCH 
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70flM 114 C I I MKV 1 t * 



TRAC 0 PROGRAM VERSION 7094 C7/25/68 

> 
I 

0 NO. OF NONSTANCARO PARAMETERS 
6 NO. OF NODE UNKNOWNS 
2 NO. OF AUX. UNKNChNS 
0 NO. OF PARAMETER SW. 

- 1 I N I T I A L CCNDITICNS 
(-2=PRVf - l « D C t C-ZEROt l»RO V t l t 2»R0 V * I t 3»RD V-OCt 4»RD_.Vj IrCALCl 

1 NO. OF TIME FUNCT. AND GRO. VOLT. SOURCES 
I RATIO OF CALC. PTS. TU PLOTTED FTS. 
5 RATIO OF PLOTTED PTS. TO PRINTtC PTS. 
I I FOR PHASE PLANE PLOTS 
1 PROGRAM I . e . CHECK 

( - 1 ^ 1 . C . CNLYt C«HALT FOR P . E . t l»CONTINU£ FOR P .E . ) 

" PLOTS OF ITEMS VS TIME 
NAME NO. 

L 
2 
3 

5 
6 
7 
8 

PLOTS OF ITEM VS ITEH 
ITEM X ITEM Y 

7 e 
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TIME FN.(GRO. VOLT. SOURCE) NO. I LAST VALUE HELD 
PT.NO. VALUE TINE 

1 - 0 . - C . 
2 - 0 . l.OOOOOOE-04 
3 0.2CCC0E 02 C.200000fc-03 

> 
I 

Vi 



RESISTORS 
PART 
NO. 

I 

2 

3 

4 

5 

6 

NODE F 
S 1 

2 

S 1 

5 

3 

I 

NCDE T 
1 

GPCLND 

5 

2 

2 

6 

BRANCH 
NO. 

I 

2 

3 

4 

& 

6 

ERANCH 
CURRENT 

> 
I 

RESISTANCE 
O.IOOOOE 05 

0.50000E 02 

0.2C0U0E 04 

0.20000E 04 

0.20000E 02 

O.IOOOOE 01 



CAPACITORS 
PART 
NO. NODE F 

I 1 
NCDE T 
GRCLND 

BRANCH 
NO. 

7 

ERANCH 
CURRENT 

0 . 
CAPACITANCE 
O.IOOOOE-06 

SERIES 
RESISTANCE 
O.IOOOOE 01 

SHUNT 
RESISTANCE 
O.IOOOOE C8 

> 
I 



T R A N S T S T O R NO. I PNP TYPE 
NODE B NODE C NODE E 

5 4 6 
HFE N 0.1500E CI HFE I 0.2000E-00 
ICS C.IOOOE-06 MC O.IOOOE 01 
lES O.SC00E-C7 ME O.IOOOE 01 
IPPC l.OCOOE-03 IPPE l.OOOOE-04 

TRANSISTOR NO. 2 KPN TYPE 
NODE B NODE C NODE E 

4 5 3 
HFE N 0.1500E 01 HFE I 0.2000E-00 

ICS 0.1C00E-Q6 MC O.IOOOE 01 
lES O.5C00E-C7 ME O.IOOOE 01 
IPPC l.OCOOE-03 IPPE l.OOOOE-04 

BRANCH CURRENT NO. 
NO. 

T N l.OOOOE-06 T I 
ceo 0.5000E-11 VCBI 
CEO O.lOOOE-10 VEBI 

8 IB« 0 . 
9 IC« 0 . 

0.4000E-05 
0.7500E 00 
0.7500E 00 

RCL O.IOOOE. 08 
REL' O.IOOOE 08 

BRANCH CURRENT NO. 
NO. 

T N l.OOOOE-06 T I 
CCO 0.5000E-11 VCBI 

10 IB* 0 . 
11 IC' 0 . 

0.40 00E-05 
0.7500E 00 

CEO O.IOOOE-IO VEBI 0.7500E 00 
RCL O.IOOOE 08 
REL O.IOOOE 08 



> 
I 

INITIAL CONOITICNS 

TIME» 0 . DELTA TIME" 0 . 
TIME FNS. AND GRO. VCLT. SOURCES 

1 - 0 . 

3 
9 

UNKNOWNS 
1 0. 
7 0. 

BRANCH CURRENTS 
1 -0. 
7 0. 

2 
6 

2 
8 

0. 
0. 

0. 
0. 

MAXIMUM DELTA TIME* O.lOOOOOE-04 

H-P GEN. FN." 0. 

0. 4 0. 5 0. 6 0. 

•0. 4 0. 5 0. 6 0. 
•0. 10 0. II -0. 

START TIME" 0. END TIME" 0.250000E-02 



7 lME- O.IOCOOOE-C^ DELTA TIME* O.lOOOOOE-04 
TIME FNS. AND GRO. VCLT. SOURCES 

I 0 . 
i 

3 0 . 

3 0 . 
9 - 0 . 

TIME* 0.50COOOE-04 DELTA TIME" O.i00O00£-&4 
TIME FNS. AND GRO. VCLT. SOURCES 

1 0 . 

3 0 . 

UNKNQtaNS 
1 0 . 
7 0 . 

BRANCH CURRENTS 
I 0 . 
7 0 . 

2 

e 
2 

e 

c. 
0 . 

0 . 
0 . 

UNKNOWNS 
I 0 . 
7 0 . 

BRANCH CURRENTS 
1 0 . 
7 0 . 

2 
E 

2 

e 

0 . 
0 . 

0 . 

c. 
3 0 . 
9 - 0 . 

TIME' l.OOCOOOE-C^ DELTA T l H t - O.lCOOOOE-04 
TIME FNS. ANO GRO. VCLT. SOURCES 

3 0. 

3 0 . 
9. - 0 . 

TIME* 1.00C0C0E-C4 DELTA TIME" O.lOOOOOE-04 
TIME FNS. ANO GRO. VCLT. SOURCES 

1 0 . 

3 0 . 

3 0 . 

L 0 . 
UNKNOWNS 

I 0 . 
7 0 . 

BRANCH CURRENTS 
I 0 . 
7 0 . 

2 

e 
2 
i 

0 . 
0 . 

0 . 
0 . 

UNKNOWNS 
I 0 . 
7 0 . 

BRANCH CURRENTS 
1 0 . 

2 
6 

2 

0 . 
C . 

0 . 

H-P GEN. FN." 0 . 

4 0 . 5 0 . 

4 0 . 
10 0 . 

5 0 . 
I I - 0 . 

H-P GEN. F N . " 0 . 

4 0 . 

4 0 . 
10 0 . 

5 0 . 

5 0 . 
I I - 0 . 

H-P GEN. F N . " 0 . 

4 0 . 5 0 . 

4 0 . 
10 0 . 

5 0 . 
I I - 0 . 

6 0 . 

6 0 . 

6 C. 

6 0 . 

6 0 . 

6 0 . 

H-P GEN. FN ." 0 . 

4 0 . 

4 0 . 

5 0 . 

5 0 . 

6 0 . 

6 C. 



7 0 . 6 0. 9 - 0 . 10 0 . l l - 0 . 

TIME" 0.15C00OE-03 
TIME FNS. ANO GRO. 

1 O.ICOCOE C2 
UNKNOWNS 

1 0.2^7C9E-C0 
7 -0 .826E8E-C6 

BRANCH CURRENTS 
I 0.97529E-C3 
7 0.97610E-C3 

DELTA TIME 
VOLT. SOURCES 

2 
S 

2 
e 

0 . l 2 i 5 l E - 0 0 
O.L2i58E-00 

0.2470^fc-02 
0.14274E-05 

O.100000E-&4 H-P GEN. FN ." 0 . 

3 0.12357E-00 4 0 .22997E-00 5 O.SOSSOE 01 

3 0.24710E-02 4 0.24672E-C2 5 0.29786E-05 
9 -0 .60149E-06 10 0.60149E-C6 l l 0.23771E-05 

6 0.24709E-CQ 

6 -0 .e2888E-06 

> 
I 

TIME' 0.2CC0C0E-03 
TIME FNS. AND GRD. 

I 0.2C0CCE 02 
UNKNOWNS 

I 0.969S2E CO 
7 -0 .11623E-C5 

BRANCH ClifiRENTS 
I 0.19030E-C2 
7 0 . l 90< i lE -C2 

DELTA TIM£> 
VOLT. SOURCES 

2 0.247Q2k-00 
e C.72290E 00 

2 0.49403E-02 
8 0.22271E-C5 

O.10C0O0E-C4 H-P GEN. FN." 0 . 

3 0.24712E-00 4 0.36S63E-00 5 0.10117E 02 

3 0.49415E-02 4 0 .49350E-02 5 0.53568E-05 
9 -0 .10787E-05 10 0.10787E-05 l l 0.42780E-05 

6 0.96992E 00 

6 -0 .11623E-C5 

TIME" O.2CC000E-O3 DELTA TIME" O.lOOOOOE-04 
TIME FNS. AND GRO. VCLT. SOURCES 

I 0.2COCOE 02 
UNKNOWNS 

I 0.969S2E CO 
7 -0 .11623E-C5 

BRANCH CLRRENTS 
1 0.19C30E-C2 
7 0.19G^1E-C2 

TIMfc« 0.25CO0CE-C3 
TIME FNS. ANO GRO. 

1 0.2CCC0E C2 
UNKNOWNS 

1 0 . l 89e3E CI 
7 -C.83A47E-C6 

BRANCH CLRRENTS 
I 0 , i a i 0 2 E - C 2 

2 
8 

2 
e 

0.<:4702E-00 
0 . / 2 2 9 0 t 00 

C.49403fc-02 
C.2227 iE-05 

DELTA TIME-
VCLT. SOURCES 

2 
i 

2 

0.24702E-00 
0 . 1 6 5 l i E 01 

0.49405fc-02 

3 

3 
9 

• 
0.24712E-00 

0.49415E-02 
-0 .10787E-05 

O.lOOOOOE-04 

3 

3 

0.24713E-00 

0.49413E-02 

H-P GEN. F N . " 0 . 

4 0 .36d63E-00 5 0.10117E 02 

4 0 .49350E-02 
10 0 . l 07a7E-05 

5 0.53568E-05 
ll 0.42780E-05 

6 0.S6992E 00 

6 -0 .11623E-C5 

H-P GEN. F N . " 0 . 

4 0 .36a26E-00 5 0.10117E 02 6 0.18983E 01 

4 0.49352E-C2 5 0.52565E-05 6 -0 .83447E-C6 



1 ^ ^ .181C8E-C2 e C . l t f565t -05 9 - 0 .10449E-05 10 0.10449E-C5 l l 0 .42115E-05 

TIME' 0.30COOCE-03 
TIME FNS. ANO GRO. 

1 0.2C0C0E C2 
UNKNOWNS 

L 0.27814E 01 
7 - 0 . 7 7 ^ € 6 E - C t 

BRANCH CURRENTS 
I 0 .17219E-02 
7 0.17224E-C2 

DELTA TIME< 
VCLT. SOURCES 

2 0.247Q3E-00 
e 0.25343E 01 

2 0.4940b£-02 
8 0 . l 7 6 8 i E - 0 5 

O.lOOOQOE-04 H-P GEN. FN ." 0 . 

3 0 .24713E-00 4 0 .36826E-00 5 0.10118E 02 

3 0.49412E-02 4 0.49353E-C2 5 0.52566E-05 
9 -0 .1U449E-05 10 0.10449E-C5 l l 0 .42115E-05 

6 0.27814E 01 

6 -C .77486E-C6 

> 
I 

to 
ts3 

TIME' 0.35C0CCE-C3 
TiMt FNS. ANO GRO. 

I 0.2CCCCE C2 
UNKNOWNS 

I J . 362 i3E CI 
7 -0 .6e545E-C6 

BRANCH CURRENTS 
1 0 .16379E-02 
7 0 . U 3 e 2 E - C 2 

DELTA TIME' 
VCLT. SOURCES 

2 0.24703E-00 
e 0.33742E 01 

2 0.49406E-02 
8 C.i6d40E-0S 

0.10OQ00E-C4 H-P GEN. FN ." 0 . 

J 0 .24713E-00 4 0 .36826E-00 5 0.10118E 02 

3 0 . 4 9 4 U E - 0 2 4 0.49353E-C2 5 0.52566E-05 
9 - 0 .10449E-05 10 0.10449E-C5 11 0 .42116E-05 

6 0.36213E 01 

6 - 0 . 6 8 5 4 5 E - 0 6 

TIME' O.ACCOCOE-03 DELTA TIME" 0 .lCCOOOE-04 
TIME FNS. AND GRD. VCLT. SOURCES 

I 0 .2C0C0E C2 
UNKNOWNS 

I 0 . 4 4 2 0 1 E C I 
7 - 0 . 6 5 5 6 5 E - C 6 

BRANCH CURRENTS 
I 0 . 1 5 5 8 0 E - C 2 
7 0 . 1 5 5 8 2 E - C 2 

2 
E 

2 

e 

0.^4 7 0 i t - 0 0 
0.41731b 01 

0.49406E-Q2 
C. lo03aE-0b 

H-P GEN. FN ." 0 . 

3 0.24713E-00 4 0 .36a27E-00 5 0.10118E 02 

3 0.49412E-02 4 0.49353E-C2 5 0.S2568E-05 
9 - 0 . 1 0 4 * 9 E - 0 5 10 0.10449E-C5 11 0.42116E-05 

6 0.44201E 01 

6 - 0 . « 5 5 6 5 E - 0 6 

TIME' 0.45C0CCE-C3 DELTA TIME" O.lOOOOOE-04 
TIME FNS. AND GRD. VOLT. SUURCES 

I 0.2CCC0E 02 
UNKNOWNS 

I 0 .518CCE C I 
7 - 0 . 5 9 6 C 5 E - C 6 

BRANCH CURRENTS 
I 0 . 1 4 8 2 0 E - 0 2 

2 
E 

2 

0 . 2 4 7 0 J t - 0 0 
C.49329E 01 

0 .49406 t -02 

3 

3 

0.247l4fc-00 

0 . 4 9 4 1 l E - 0 i 

H-P GEN. F N . " 0 . 

4 0 .36827E-00 5 0.10118E 02 6 O.'ISOOE CI 

4 0 .49354E-02 5 0 .52568E-05 6 -C .59605E-06 



7 0 . 1 4 8 2 1 E - C 2 e 0.1t>^73k-05 9 -0.1U450E-05 

T I M E ' 0 .5CCC00E-C3 DELTA T IME" 0.10uOOOE-C4 
TIME FNS. ANO GRD. VCLT. SOURCES 

I 0.2CCCCE C2 
UNKNOWNS 

I 0 . 5 9 0 2 7 E C I 
7 -0 .<»76aAE-C6 

ttRANCH CURRENTS 
1 0 . 1 4 0 ' ; 7 E - C 2 
7 0 .1ACS7E-C2 

2 
E 

2 
8 

0 . < J 4 7 0 3 t - 0 0 
C.565i>7fc 01 

0 . 4 9 4 U 7 E - 0 2 
0 . 1 4 3 4 3 E - 0 5 

3 0 . 2 4 7 I 4 E - 0 0 

3 0 . 4 9 4 1 1 E - 0 2 
9 - 0 . 1 0 4 5 0 E - 0 5 

TIME= 0 .55CCCCE-C3 DtLTA T IME" O.lOOOOOE-04 

> 
I 

t\5 

TIME FNS. ANO GRC. VCLT. SOURLES 
I 0 .2C0C0E C2 

UNKNUWNS 
I 0 . 6 5 9 C I E CI 2 
7 - 0 . ^ 7 6 e A E - C t £ 

BRANCH CURRENTS 
1 C . 1 3 A I O E - C 2 2 
7 C . 1 3 ^ 0 9 E - C 2 e 

0 . 2 4 7 0 3 t - 0 0 
0 . 6 3 4 3 i t 01 

0 .49407 fc -02 
C . i i a 4 5 b - 0 ^ 

3 0 . 2 4 7 1 4 E - 0 0 

3 0 . 4 9 4 1 0 E - 0 2 
9 - 0 . 1 0 4 5 G E - 0 5 

T I M E ' 0.6CCCCCE-C3 DELTA T I M E ' O.10UOG0E-G4 
TIME FNS. ANO GRD. VCLT. SOUKCfcS 

I 0.2CCC0E C2 
U N K N O M N S 

1 0.72' .<.0E C I 2 C.* .4704fc-00 
7 - 0 . 3 i 7 6 3 E - C f c E C.6S969fc 01 

BRANCH CURRENTS 
I 0 . 1 2 7 5 6 E - C 2 2 0 . 4 9 4 0 7 E - 0 2 
7 G.1275<.E-C2 6 0 . 1 3 1 7 7 E - 0 5 

3 0 . 2 4 7 l 4 f c - 0 0 

3 0 . 4 9 4 1 0 E - 0 2 
9 - 0 . 1 0 4 5 0 E - 0 5 

T I M E ' O.65CC0CE-C3 DELTA T I M E " O.ICOOOOE-C^ 
TIME FNS. ANC GRO. VCLT. SOURCES 

1 U.2CCCQE 02 
UNKNOWNS 

1 0 . 7 6 t 5 9 E C I 
7 - 0 . 2 i B 4 2 E - C 6 

BRANCH CURRENTS 
I C . 1 2 1 3 4 E - C 2 

2 0 . 2 4 7 0 4 E - 0 0 
8 C . 7 6 l 8 a E 01 

2 0 .494OOE-02 

3 0.24714E-00 

3 0 . 4 9 4 i 0 E - 0 2 

10 0 . 1 0 4 5 0 E - 0 5 l l 

H-P GEN. F N . " 

4 0 . 3 & 8 2 7 E - 0 0 5 

4 0 . 4 9 3 5 4 E - C 2 5 
10 0 . 1 0 4 5 0 E - C 5 l l 

H-P GEN. F N . " 

4 0 . 3 6 8 2 7 E - 0 0 5 

4 0 . 4 9 3 5 4 E - 0 2 5 
10 0 . 1 0 4 5 0 E - C 5 l l 

H-P GEN. F N . " 

4 0 . 3 6 8 2 7 E - 0 0 5 

4 0 . 4 9 3 5 5 E - C 2 5 
10 0 . 1 0 4 5 0 E - C 5 l l 

H-P GEN. F N . " 

4 0.36828E-00 5 

4 0.49355E-02 5 

0.42116E-05 

0. 

0.10118E 02 

0.52568E-05 
0.42117E-05 

0. 

0.10118E 02 

0 . 5 2 5 6 9 E - 0 5 
0 . 4 2 1 1 7 E - 0 5 

0 . 

0 . 1 0 1 1 8 E 02 

0.52568E-05 
0.42117E-05 

0. 

0.10118E 02 

0.52568E-05 

6 C.59027E 01 

6 -0.47684E-C6 

6 C.65901E 01 

6 -0.47684E-C6 

6 0.12440E 01 

6 -0.35763E-C6 

6 C.18659E CI 

6 -0.23842E-C6 



UNKNOWNS 
1 C . 8 4 5 1 4 E C I 
7 - 0 . 2 3 8 4 2 E - C 6 

BRANCH CURRENTS 
I O . I 1 5 4 3 E - C 2 
7 0 . 1 1 5 3 8 E - C 2 

E C.d2104e . . 

2 0 . 4 9 4 0 8 t - 0 2 
8 0 . 1 1 9 1 4 E - 0 5 

3 0 . 4 9 4 0 V e - v . 
9 - U . 1 0 4 5 0 E - 0 5 

ts} 

TIME* 0.75CCCCE-C3 
TIME FNS. AND GRO. 

I 0.2CGC0E C2 
UNKNOWNS 

I 0 .902CCE C I 
7 - 0 . 2 3 8 A 2 E - C 6 

BRANCH CURRENTS 
1 0 . 1 C 9 8 0 E - C 2 
7 0 . 1 C 9 1 4 E - C 2 

DELTA 11 ME: 
VCLT. SOURCES 

2 0 . 2 4 7 0 4 E - 0 0 
E C.B7730E 01 

2 0 .4940dfc -02 
E 0 . U 3 C 9 f c - 0 5 

O.lCOOOOE-04 

3 0 . 2 4 7 1 5 E - 0 0 

3 0 . 4 9 4 0 9 E - 0 2 
9 - 0 . 1 0 4 5 G E - 0 5 

T I M E ' 0.8CCOCOE-C3 
TIME FNS . AND GRO. 

I 0.20CCGE C2 
UNKNOWNS 

I 0 . 9 5 5 5 2 E CI 
7 - 0 . 2 J t i 4 2 E - C 6 

BRANCH CURRENTS 
1 0 . 1 0 4 4 5 E - C 2 
7 C . I C 4 3 8 E - C 2 

DELTA TIME' 
VOLT. SOURCES 

2 0 . 2 4 7 a 4 E - 0 0 
E C .930 ( i l £ 01 

2 0 . 4 9 4 0 9 t - 0 2 
E 0 . lG707E-Ot» 

O.lCOOOOE-04 

3 0 . 2 4 7 1 3 E - 0 0 

3 0 . 4 9 4 0 9 E - 0 2 
9 - 0 . 1 G 4 5 0 E - 0 5 

T I M E ' 0 .85COCCE-C3 
TIME FNS. ANO GRD. 

I 0.2CCC0E C2 
UNKNOWNS 

I C . I C 0 6 4 E 02 
7 C . 

BRANCH CURRENTS 
1 0 . 9 9 3 5 9 E - C 3 

OcLTA TIME' 
VCLT. SOURCES 

2 0 . 2 4 7 0 « E - 0 0 
E C . 9 a i 7 1 E 01 

2 0.<»94Q9E-02 

0 . 1 C 0 0 0 0 E - G 4 

3 0 . 2 4 7 1 & E - 0 0 

i U .49408fc-02 

K-P GEN. F N . " 0 . 

4 0 . 3 6 8 2 8 E - 0 0 5 

4 0 . 4 9 3 5 6 E - C 2 5 
10 0 . 1 0 4 5 0 E - 0 5 11 

M-P GEN. F N . " 

4 0 . 3 6 a 2 8 E - 0 0 5 

4 0 . 4 3 3 5 6 E - C 2 5 
10 0 . 1 0 4 5 0 E - C 5 l l 

H-P GEN. F N . " 

4 0 . 3 6 8 2 9 E - 0 0 5 

4 0 . 4 9 3 5 6 E - 0 2 5 

0 . 1 0 1 1 8 E 02 

0 . 5 2 5 6 9 E - 0 5 
0 . 4 2 I 1 8 E - 0 5 

0 . 

0 . 1 0 1 1 8 E 02 

0 . 5 2 5 6 9 E - 0 5 
0 . 4 2 1 1 8 E - 0 5 

0 . 

0.1C118E 02 

0.52577E-05 

6 0.90200E CI 

6 - 0 . 2 3 8 4 2 E - 0 6 

6 0.95552E 01 

6 -0 .23842E-C6 

6 0.10064E 02 

6 0 . 



7 0 . 9 9 2 7 7 E - C 3 E C . 1 0 0 7 2 E - 0 5 9 -0.104J>4fc-05 

T I M E ' 0 . 6 8 5 0 0 C E - C 3 DtLTA T IME" 0 . > C 0 0 0 0 E - G 5 
TIME F N S . ANO GRD. VCLT. SUURCES 

I 0 ,2C0C0E C2 
UNKNOWNS 

1 0 .102SAE C2 2 0 . 4 0 3 5 1 f c - 0 0 
7 C . 3 0 7 3 6 E - C 2 E C . 9 b a 7 2 t 01 

BRANCH CURRENTS 
I 0 . 9 7 C 6 2 E - C 3 2 0 . 8 u 7 0 2 t - 0 2 
7 - 0 . 2 1 0 3 8 E - C 2 8 - 0 . l 4 a 9 7 E - 0 2 

3 0 . 4 6 a a 8 E - 0 0 

3 0 . 4 9 9 b ' > £ - 0 2 
9 - 0 . l b a 3 9 E - 0 2 

> 
I 

re 

TIMb= C . 9 I 5 0 C C E - C 3 
TIME FNS. ANO GRD. 

I C.2CCC0E 02 
UNKNOWNS 

I 0 . U 2 5 2 E CI 
7 0 . 5 C 7 6 8 E - C 2 

BRANCH CURRENTS 
I 0 . 1 8 5 7 5 E - C 2 
7 - 0 . 3 2 1 S 5 E - C 2 

T I M E ' 0 , 9 t ) 5 0 0 0 E - C 3 
TIME FNS. ANO GRD. 

I C.2C0C0E 02 
UNKNOWNS 

I 0 . 2 0 9 S 7 E CI 
7 - Q . 8 C 4 6 6 E - C 6 

BRANCH CURRENTS 
1 0 . 1 7 9 C 0 E - C 2 
7 0 . 1 7 9 C 7 E - 0 2 

DcLTA T IME" 
VCLT. SOUKLES 

2 
E 

2 
E 

0 . 7 2 3 9 9 E UO 
C.t>940aE 00 

C . l 4 5 2 0 b - 0 l 
- C . 0 b a 9 4 t - 0 3 

DELTA T I M E " 
VCLT. SOURCES 

2 
E 

2 
E 

0 . 2 < » 7 3 i b - 0 0 
C.lb:>24b OL 

0 . 4 9 4 6 2 f c - 0 2 
O . i a 4 3 9 t - 0 5 

0 . 5 0 0 0 0 0 E - C 5 

3 0 . 1 0 1 2 5 E 

3 0 . 9 4 4 3 1 E -
9 - 0 . 4 4 0 7 9 E -

U.lCOOOOE-04 

3 0 . 2 4 7 b 5 E -

3 0 . 4 9 4 7 0 E -
9 -0 .1042 ;>E-

01 

•02 
-02 

•00 

•02 
•05 

T I M E ' 0 . 1 0 C 5 C 0 E - 0 2 
TIME F N S . ANO GRO. 

1 0.20CCOE C2 
UNKNOWNS 

I 0 . 2 9 7 2 9 E 01 
7 - C . 7 4 5 C 6 E - C 6 

ERANCH CURRENTS 
I 0 . 1 7 0 2 7 E - C 2 

ObLTA TIME' 
VCLT. SUURCES 

2 0 . 2 4 7 0 3 E - 0 0 
E C.27i>38E 01 

2 0 . 4 9 4 0 a E - 0 ^ 

0 .1C00G0E-G4 

3 0 . 2 4 7 1 3 E - 0 0 

i 0 . 4 9 4 U E - 0 2 

10 0 . 1 0 4 9 4 E - C 5 11 

H-P GEN. F N . * 

4 0 . 7 5 4 1 4 E 00 5 

4 0 . 4 8 0 1 7 E - 0 2 5 
10 0 . 1 5 8 3 9 E - 0 2 11 

H-P GEN. F N . ' 

4 0 . 1 3 4 2 9 E 01 5 

4 0 . 1 9 3 9 5 E - 0 3 5 
10 0 . 4 4 0 7 9 E - 0 2 l l 

H-P GEN. F N . " 

4 0 . 4 0 8 9 0 b - 0 0 5 

4 0 . 4 9 2 9 3 E - 0 2 5 
10 0 . 1 0 4 2 5 E - 0 5 11 

H-P GEN. F N . ' 

4 0 . 3 6 8 3 3 E - 0 0 5 

4 0 . 4 9 3 i > 3 E - 0 2 5 

0 . 4 2 1 2 3 E - 0 5 

0 . 

0.1CCC7E 02 

0 . 3 2 6 6 5 E - 0 2 
0 . 1 6 8 4 6 E - 0 2 

0 . 

0 . 1 1 1 3 9 E 0 1 

0.I4325E-OI 
0.99180E-02 

0. 

0.101C6E 02 

0.169C1E-04 
0.15858E-04 

0. 

0.10118E 02 

0.52650E-05 

6 0.10291E 02 

6 0.30736E-02 

6 0.14201E 01 

6 C.50768E-02 

6 0.20997E 01 

6 -C.E0466E-C6 

6 C.29729E CI 

6 -C.14506E-C6 



0.17C32E-C2 E 0.17490E-05 9 -U.10449E-05 

TIME' 0.105500E-02 
TIME FNS. ANO GRD. 

1 C.200C0E C2 
UNKNOWNS 

I 0.38034E CI 
7 -0.fae545E-C6 

BRANCH CURRENTS 
I 0.16197E-C2 
7 0.lb2CCE-C2 

DELTA TIME 
VCLT. SUURCES 

2 
fi 

2 
8 

0 .24703 t -30 
C.355b4b 01 

0.494G&b-02 
0.ibb;>7fc-05 

0.10U000E-04 

3 0.24713E-00 

3 0.49412E-02 
9 -0 .10449E-05 

> 
I 
to 
OJ 

TIME' 0 , l lC300E-02 
TIME FNS. ANO GRO. 

I 0.2C0C0E C2 
UNKNOWNS 

I 0.45934E 01 
7 -0.65565E-C6 

BRANCH CURRENTS 
I 0.154C7E-C2 
7 0.15409E-C2 

DELTA TlMfc' 
VCLT. SOURCES 

2 0.24703L-00 
E 0.434b4E 01 

2 0.<»9406E-02 
E C.i5864E-0!> 

0.1C00U0E-C4 

3 C.24714E-00 

3 0.49411E-02 
9 -0 .10449E-05 

TIME' 0.115500E-02 
TIME FNS. ANO GRO. 

1 0.2000GE C2 
UNKNOWNS 

I 0.534A8E CI 
1 -0 .53644E-C6 

BRANCH CURRENTS 
I G.14655E-C2 
7 0.14656E-C2 

DELTA TIME' 
VCLT. SOURCES 

2 0.24703E-00 
E C.5J977E 01 

2 0.49*0b£-02 

E C.IS107E-05 

d.lCOOOOE-04 

3 U.24714E-00 

3 0.494iI£-02 
9 -U.10450E-05 

TIME* 0.12C500E-C2 
TIME FNS. AND GRD. 

I 0.2CGC0E C2 
UNKNOWNS 

I 0.60595E CI 
7 -0 .41723E-Ce 

BRANCH CURRENTS 
I 0.13941E-C2 

ObLTA TIME' 
VCLT. SOURCES 

2 0 .24703E-00 
E C.5aU4b 01 

2 0.49407E-02 

O.lOOOOUE-04 

3 0.24714E-00 

3 0.49411E-02 

10 0.10449E-C5 11 

H-P GEN. FN." 

4 0.3&826E-00 5 

4 0.49353E-C2 5 
10 0.10449E-C5 11 

H-P GEN. FN ." 

4 0 .36827E-00 5 

4 0.49353E-C2 5 
10 0.10449E-C5 11 

H-P GEN. FN." 

4 0 .3b827£-00 5 

4 0.49354E-02 5 
10 0.10450E-C5 11 

H-P GEN. FN." 

4 0.36a27E-00 5 

4 0.49354E-C2 5 

0.422C0E-05 

0. 

O.lOliaE 02 

0.52566E-05 
0.42116E-05 

0. 

0.10118E 02 

0.52567E-05 
0.42116E-05 

0 . 

0.10118E 02 

0.52567E-05 
0.42I16E-05 

0. 

0.10118E 02 

0.52568E-05 

6 0.38034E 01 

6 -C.68545E-C6 

6 0.45934E 01 

6 -0.45565E-06 

6 0.;3448E 01 

6 -0.53644E-C6 

6 0.60595E CI 

6 -0.41723E-C6 



7 0 . 1 3 9 4 0 E - C 2 E C . 1 4 3 f a 4 t - 0 5 9 - 0 . 1 0 4 5 0 E - 0 5 10 0 . 1 0 4 5 0 E - C 5 11 0 . 4 2 1 1 7 E - 0 5 

r iME« 0 . 1 2 5 5 0 0 E - 0 2 DELTA T I M E ' U.1CU0UUE-G4 
TIME F N S . AND GRD. VCLT. SOURCES 

I 0.2C0CGE 02 
UNKNOWNS 

I C . 6 7 i 9 2 E C I 
7 - 0 . 3 5 7 d 3 E - 0 6 

BRANCH CURRENTS 
I 0 . 1 3 2 6 I E - 0 2 
7 0 . 1 3 2 5 9 E - C 2 

2 
£ 

2 
£ 

0 . 2 4 7 0 4 E - 0 0 
0 . 6 4 9 2 2 E 01 

0 . 4 9 4 C 7 E - 0 2 
O . l 3 6 9 i b - 0 5 

H-P GEN. FN. - 0 . 

3 0 . ^ 4 7 1 4 £ - 0 0 4 0 . 3 & 8 2 7 E - 0 0 5 0 . 1 0 I 1 8 E 02 

3 0 . 4 9 4 1 G E - 0 2 4 0 . 4 9 3 5 5 E - C 2 5 0 . 5 2 5 6 8 E - 0 5 
9 - 0 . l 0 4 J > 0 £ - 0 5 10 0 . 1 3 4 5 0 E - C 5 11 0 . 4 2 1 1 7 E - 0 5 

6 0 . 6 7 3 9 2 E 01 

6 - 0 . 3 5 7 6 3 E - C 6 

TIMt= O . 1 3 C 5 C 0 E - C 2 DELTA T I M E * 0 .1G0G00E-C4 
TIMt FNS. AND GRO. VCLT. SOURCES 

> 
to 

I 0 .2C0CCE C2 
JNKNOnNS 

I 0 .738! )bE C I 
7 - 0 . 2 ^ b C 2 E - C 6 

BRANCH CURRENTS 
I 0 . U 6 1 4 E - C 2 
7 0 . 1 2 6 1 1 E - C 2 

2 
£ 

2 

e 

0 . 2 4 7 0 4 £ - 0 0 
C . 7 l i a 7 E 01 

0 . 4 9 4 0 7 E - 0 2 
C . 1 3 0 3 1 E - 0 5 

H-P GEN. F N . ' 0 . 

3 0 . 2 4 7 1 4 E - 0 0 4 0 . 3 6 8 2 7 E - 0 0 5 0 . 1 0 1 1 8 E 02 

J 0 . 4 9 4 1 0 E - 0 2 4 0 . 4 9 3 5 5 E - C 2 5 0 . 5 2 5 6 9 E - 0 5 
9 - 0 . l 0 4 5 0 t - 0 5 10 0 . 1 J 4 5 0 E - C 5 11 0 . 4 2 1 1 7 E - 0 5 

6 0 . 7 3 8 5 8 E 01 

6 - 0 . 2 9 8 0 2 E - 0 6 

T I M E ' 0 . I 3 5 5 0 0 E - C 2 DtLTA T I M E ' O. lCOOUab-04 
TIME F N S . AND GRD. VCLT. SUUKCES 

I 0 .2CCC0E C2 
JNKNUWNS 

1 C.8CCC8E CI 
7 - 0 . 3 5 7 t 3 E - C 6 

3RANCH CURRENTS 
1 0 . 1 1 9 9 9 E - 0 2 
7 0 . 1 1 9 9 6 E - G 2 

2 
E 

2 
E 

0 . 2 4 7 0 4 E - 0 0 
0 . 7 7 5 3 / E 01 

0 . 4 9 4 0 8 b - 0 2 
C . i 2 3 9 4 E - 0 5 

H-P GEN. F N . " 0 . 

3 0 . 2 4 7 1 4 E - 0 0 4 0 . 3 6 b 2 8 E - 0 0 5 0 . 1 0 1 1 8 E 02 

J 0 . 4 9 4 1 0 E - 0 2 4 0 . 4 9 3 5 5 E - 0 2 5 0 . 5 2 5 6 9 E - 0 5 
9 - 0 . l 0 4 f > G £ - 0 5 10 0 . 1 0 4 5 0 E - C 5 11 0 . 4 2 1 1 7 E - 0 5 

6 C.8C0C8E 01 

6 - 0 . 3 5 7 6 3 E - 0 6 

T I M E ' 0 . 1 4 C 5 C C E - 0 2 DELTA T I M E " 0 . 1 0 0 0 G 0 E - C 4 
TIME F N S . ANO GRO. VOLT. SOURCES 

1 C.2CCC0E C2 
JNKNUWNS 

I 0 . d 5 e 5 7 E C I 
7 - C . 2 3 8 4 2 E - C 6 

BRANCH CURRENTS 
I 0 . I 1 4 1 4 E - C 2 

0 . 2 4 7 0 4 E - U 0 
C . a i 3 8 7 £ 01 

2 0 . 4 9 4 0 a b - 0 2 

H-P G t N . F N . " 0 . 

3 0 . 2 4 7 1 5 E - 0 0 4 0 . 3 b a 2 8 £ - 0 0 5 0 . 1 0 1 1 8 E 02 6 C .E5857E C I 

3 0 . 4 9 4 0 9 E - 0 2 4 0 . 4 9 3 5 5 E - C 2 5 0 . 5 2 5 6 9 E - 0 5 6 - 0 . 2 3 8 4 2 E - 0 6 



^ 0 . 1 1 4 C 9 £ - 0 2 

TIME' 0.145500E-02 
TIME FNS. ANO GRD. 

1 0.200C0E 02 
UNKNOWNS 

I 0.91421E CI 
7 -0 .238A2E-C6 

BRANCH CURRENTS 
1 G.1C858E-C2 
7 C.10852E-C2 

TIME' 0.li)C5GCE-C2 
TIME FNS. ANO GRO. 

I 0.2C0C0E C2 
UNKNOWNS 

1 0.96712E CI 
7 -0 .11921E-C6 

BRANCH CURRENTS 
I 0.10329E-02 
7 0.1G322E-C2 

TIME' 0.155500E-C2 
TIME FNS. ANO GRD. 

1 0.200CGE C2 
UNKNUWNS 

I 0.10175E C2 
7 0.47684E-C6 

BRANCH CURRENTS 
I G.982 i5E-03 
7 0.98123E-C3 

TIME' 0.l5£i)OOE-02 
TIME FNS. AND GRO. 

1 0.2CCC0E C2 
UNKNOWNS 

I 0.94749E CI 
7 0 .27230E-CI 

BRANCH CURRENTS 
I 0.10525E-C2 

e C . l l 7 7 d E - 0 5 

DELTA TIME" 
VOLT. SUURCES 

2 0.247C4E-00 
8 C.8av50E 01 

2 0.494Cab-02 
8 0 . i l l 7 5 E - 0 5 

DtLTA T IME' 
VCLT. SOURCES 

2 0 .24704t -00 
E 0.94242b 01 

2 0.49409E-02 
fi 0.10b70E-05 

DELTA TIME" 
VCLT. SOURCES 

2 0.247G7b-00 
£ C.9y275b 01 

2 0.49414E-U*: 
£ 0 . a i i 9 3 b - C 6 

DELTA TIME" 
VOLT. SOURCES 

2 O.I&33aE 01 
£ 0 .7a l38£ 01 

2 0 . J 2 6 7 7 b - 0 l 

9 -0 .10450E-05 

0.100000E-C4 

2 0.24715E-00 

3 0.49409E-02 
9 -0.10450E-05 

0.1CCOOOE-U4 

3 0.24715E-00 

3 0 .49409£-02 
9 -0 .10450E-05 

U.lCOOUOE-04 

3 0.24719E-00 

3 0.49409E-02 
9 -0 .13051E-05 

0.500000E-05 

3 0.2212&E 01 

3 0.i>4459E-02 

10 0.104SOE-C5 11 

H-P GEN. F N . " 

4 0 .36a28E-00 5 

4 0.49356E-C2 5 
10 0.10450E-C5 11 

H-P GEN. F N . " 

4 0 .36828E-00 5 

4 0.49356E-C2 5 
10 0.10450E-05 11 

H-P GEN. F N . " 

4 0 .37087E-00 5 

4 0.49356E-C2 5 
10 0.13051E-C5 l l 

H-P GEN. F N . " 

4 0.2i>536E 01 5 

4 0 .37372E-02 5 

0.42118E-05 

0 . 

0.10118E 02 

0.52569E-05 
0.42118E-05 

0 . 

0.10118E 02 

0.52570E-05 
0.42118E-05 

0 . 

0.10118E 02 

0.5a280E-05 
0.45228E-05 

0 . 

0.91082E 01 

0 .28939E-01 

6 0.91421E 01 

6 -0 .23842E-C6 

6 0.96712E CI 

6 -0 .11921E-C6 

6 0.10175E 02 

6 0 .47684E-06 

6 C.94476E 01 

6 0 .27230E-01 



7 -0.26179E-C1 C -C.1320iE-01 « -0.U030E-01 

> 
1 

N5 
CO 

T I M E * 0 . 1 6 1 5 0 0 E - 0 2 
TIME F N S . AND GRD. 

I 0 .2C0C0E 02 
UNKNOWNS 

I 0 . 1 4 l ? 7 E C I 
7 - 0 . l 2 3 ( 2 E - 0 2 

BRANCH CURRENTS 
I 0 . 1 8 5 8 0 E - C 2 
7 0 . 3 0 9 ^ 1 E - C 2 

TIME= 0 . 1 6 6 0 C O E - C 2 
TIME F N S . AND GRD. 

I 0 . 2 0 0 C 0 E C2 
UNKNOWNS 

1 0 . ^ 2 6 6 2 E 0 1 
7 - 0 . 8 C ' t 6 6 E - C f c 

BRANCH CURRENTS 
I 0 . 1 7 7 3 A E - C 2 
7 0 . 1 7 7 ' « 0 E - C 2 

DELTA TIME 
VCLT. SOURCES 

2 
8 

2 
8 

0 . 3 J 9 7 9 E - 0 0 
C . I O B U E 01 

0 . 6 7 9 i d £ - 0 2 
C . 1 6 8 0 0 E - 0 2 

DELTA TIME 
VCLT. SOURCES 

2 
6 

2 

e 

0 . 2 4 7 0 8 t - 0 0 
C . 2 o l 9 l E 01 

0 . * 9 4 I 6 t - 0 2 
C . l o ^ l l k - C i 5 

O.50O000E-05 

3 0.43974E-00 

3 0.8a319E-02 
9 -0.44387E-03 

O.lOOQOOE-04 

3 0.24723k-00 

3 0.494^3E-02 
9 -0.10445E-05 

riME= C.171CCCE-C2 
TIME FNS. AND GRD. 

I O.2CC0OE C2 
UNKNOWNS 

1 0 . 3 1 3 i 3 E C I 
7 - 0 . 6 8 t » ^ 6 E - C 6 

BRANCH CUf<R£NTS 
I 0 . 1 6 8 6 S E - 0 2 
7 0«16 fa73E-C2 

DELTA TIME 
VCLT, SOURCES 

2 0 . 2 4 7 0 3 E - 0 0 
e C . ^ t i t i 4 i E 01 

2 0 . 4 9 t O ! ) E - 0 ^ 
8 C . 1 7 i 3 1 E - 0 i > 

O.lOOOOOfc-04 

J 0 . 2 4 7 1 3 E - 0 0 

J 0 . 4 9 4 1 2 E - 0 2 
9 - 0 . 1 0 4 4 9 E - 0 5 

TIME= 0 . 1 7 6 0 C C E - C 2 
TIME FNS. AND GRD. 

1 0 .200COE 02 
UNKNOWNS 

I 0 . 3 9 5 ^ 1 E C I 
7 - 0 . 6 2 5 6 5 E - C 6 

BRANCH CLkRENI S 
1 0 . 1 6 0 ^ 6 E - C 2 

DELTA TIME J 
VCLT. SOURCES 

2 0 . i i 4 7 0 i E - 0 0 
e C.37071E 01 

2 0 . 4 9 4 0 t > t - 0 2 

O. lCOOOOE-04 

3 0.24713E-00 

3 0 . 4 9 4 1 2 E - 0 2 

10 0.14030E-01 11 

H-P GEN. F N . « 

4 0 . 7 4 7 2 4 E 00 5 

4 0 . 1 7 9 8 2 E - 0 2 5 
10 0 . 4 4 3 8 7 E - 0 3 11 

H-P GEN. F N . » 

4 0 . 3 3 2 0 1 E - 0 0 5 

4 0.49341E-02 5 
10 0.10445E-C5 11 

H-P GEN. FN.» 

4 0.36827E-00 5 

4 0 . 4 9 3 5 3 E - C 2 5 
10 0 . 1 0 4 4 9 E - C 5 11 

H-P GEN. F N . a 

4 0 . 3 6 8 2 6 E - 0 0 5 

4 0 . 4 9 3 5 3 E - 0 2 5 

0 . 1 4 9 C 9 E - 0 1 

0 . 

0 . 3 9 3 6 1 E 0 1 

0 . 4 9 9 7 6 E - 0 2 
0 . 4 5 5 3 7 E - 0 2 

0 . 

0.10115E 02 

0 . 7 A 4 2 4 E - 0 5 
0 . r63?79E-05 

0 . 

O . l O l l S E 02 

0.52582E-05 
0.42I31E-05 

0. 

O.lOllSE 02 

0.52566E-05 

6 0.14209E 01 

6 -0.12362E-02 

6 0.22662E 01 

6 -0.80455E-C6 

6 0.31313E 01 

6 -0,<8545E-C6 

6 0.39541E CI 

5 -0.62585E-C6 



f C.16049E-C2 6 C . l650ot -05 9 -U.10449E-05 

TIME' 0.1810CCE-02 DELTA TIME* 0.100000E-C4 
TIME FNS. AND GRD. VOLT. SOURCES 

1 0.200C0E 02 
UNKNOWNS 

> 
M 
O 

I 0.47367E CI 
7 -0 .536^4E-C6 

BRANCH CURRENTS 
I 0 .15263E-02 
7 0.15265E-02 

TIME» 0. ia6C0CE-C2 
TIME FNS. AND GRD. 

I 0.200C0E 02 
UNKNOWNS 

1 0.54811E 01 
7 -0 .536A4E-C6 

BRANCH CURRENTS 
1 0 .14519E-02 
7 0.14519E-C2 

2 
e 
2 
£ 

0.24703E-00 
C.44d97E 01 

0.49406E-02 
C . l 5 7 i y E - 0 5 

DELTA TIME 
VOLT. SOURCES 

2 
C 

2 
£ 

0.247G3E-00 
C.52i40E 01 

0 .49406 t -02 
C.14969E-05 

3 0.24 714E-00 

3 0.49411E-02 
9 -0 .10449E-05 

O.lCOOOOE-04 

3 0.24714E-00 

J 0.49411E-02 
9 -0.104i )0E-05 

TIME- 0.19IC00E-C2 
TIME FNS. AND GRD. 

I C.20C0OE 02 
UNKNOWNS 

1 O.oiaSLE 01 
7 -0.47664E-C6 

BRANCH CURRENTS 
1 3.13811E-02 
7 0.13810E-C2 

DELTA TIME> 
VCLT. SOURCES 

2 C.2470JE-00 
£ C.59421E 01 

2 0.49407E-02 
e 0 . l 4 2 b i t - 0 S 

O.lOOOOOE-04 

3 0.24 714E-00 

J 0.49411E-02 
9 -0 .10450E-05 

TIMES 0. I960CCe-C2 DELTA TIME* O.lCOOOOE-04 
TIME FNS. AND GRD. VOLT. SOURCES 

I 0.20CCOE C2 
UNKNOWNS 

1 0.68&25E CI 
7 - O . J 5 7 t 3 E - 0 6 

BRANCH CURRENTS 
I 0 .13137E-02 

2 0.24704E-C0 
£ C.6t>lS!>E 01 

2 0.49<»U7t-02 

3 0.24714E-00 

'3' 0.49410E-02 

10 0.10449E-C5 11 

H-P GEN. FN.« 

4 0.3b827E-00 5 

4 0 .49354E-02 5 
10 0.10449E-05 11 

H-P GEN. FN.» 

4 0.36827E-C0 5 

4 0.49354E-C2 5 
10 0.10450E-C5 11 

H-P GEN. F N . -

4 0.36827E-00 5 

4 0.49354E-C2 5 
10 0.10450E-C5 11 

H-P GEN. FN.« 

4 0 .36827E-00 5 

4 0.49355E-C2 5 

0.42116E-05 

0 . 

O.lOllSE 02 

0.52567E-05 
0.42116E-05 

0 . 

O.lOllSE 02 

0.52568E-05 
0.42116E-05 

0. 

O.lOllSE 02 

0.52568E-05 
0.42117E-05 

0. 

O.lOllSE 02 

0.5256SE-05 

6 0.47367E 01 

6 -0.53644E-C6 

6 0.S4811E 01 

6 -C.53644E-C6 

6 0.61891E 01 

6 -0.476S4E-C6 

6 C.6862SE 01 

6 -0.35763E-C6 



7 0 . 1 3 1 3 6 E - 0 2 E C . 1 3 5 b 7 E - 0 5 S - 0 . 1 0 4 5 0 E - 0 5 

T I M E * 0 . 2 0 1 0 C O E - 0 2 DELTA T I M E " 0 . 1 C U 0 0 0 E - C 4 
TIME F N S . AND GRD. VOLT. SOURCES 

I 0 .2C0C0E 02 
UNKNOWNS 

I 0 . 7 5 0 3 1 E C I 2 
7 - 0 . 2 9 8 C 2 E - C 6 6 

BRANCH CURRENTS 
I 0 . 1 2 4 ^ 7 E - C 2 2 
7 0 . 1 2 4 9 4 E - C 2 8 

0 . 2 4 7 0 4 f c - 0 0 
C.7256QE 01 

0 . 4 9 4 0 7 f c - 0 2 
C .1291QE-05 

3 0 . 2 4 7 1 4 E - 0 0 

3 0 . 4 9 4 1 0 E - 0 2 
9 - 0 . 1 0 4 5 0 E - 0 5 

> 
I 

Co 

TIME= 0 . 2 0 6 0 C 0 E - C 2 
TIME F N S . AND GRD. 

I O.200C0E C2 
UNKNOWNS 

DELTA TlHt' 
VCLT. SOURCES 

I 0 . 8 I 1 2 3 E C I 
7 - 0 . 3 5 7 t 3 E - C 6 

BRANCH CURRENTS 
I 0 . 1 1 8 8 8 E - C 2 
7 0 . 1 1 8 8 3 E - C 2 

T I M E - 0 . 2 1 1 0 0 0 E - 0 2 
TIME FNS. AND GRC. 

1 U.2C0C0E C2 
UNKNOWNS 

I 0 . 8 6 9 1 8 E C I 
7 - 0 . 3 5 7 t 3 E - C 6 

BRANCH CURRENIS 
I 0 . 1 1 3 0 8 E - C 2 
7 0 . 1 1 3 0 3 E - C 2 

2 

e 
2 
8 

0 . 2 4 7 0 4 E - 0 0 
0 . 7 d 6 5 i E 01 

0 . * 9 4 0 8 E - 0 2 
0 . l 2 2 7 7 f c - 0 5 

DELTA TIME 
VOLT. SOURCES 

2 
8 

2 
8 

0 . 2 4 7 0 4 E - 0 0 
C . 8 4 4 4 b t 01 

0 . 4 9 4 0 8 E - 0 2 
0 . U 6 6 4 E - 0 5 

O. lOOOOOE-04 

3 0 . 2 4 7 1 4 E - 0 0 

3 0 . 4 9 4 1 0 E - 0 2 
9 - 0 . 1 0 4 5 0 E - 0 5 

0 . 1 0 0 0 0 0 E - 0 4 

3 0 .2471J»E-00 

J 0 . 4 9 4 0 9 E - 0 2 
9 - 0 . 1 0 4 5 0 E - 0 5 

T I M E * 0 . 2 1 6 0 C O E - 0 2 
TIME F N S . AND GRD. 

I 0 . 2 C 0 0 0 E C2 
UNKNOWNS 

I 0 . 9 2 4 3 0 E 0 1 
7 - 0 . 2 3 8 4 2 E - C 6 

BRANCH CURRENTS 
I 0 . I C 7 5 7 E - C 2 

DELTA TIME' 
VCLT. SOURCES 

2 0 . 2 4 7 0 4 E - 0 0 
€ 0 .B9959E 01 

2 0 . 4 9 4 0 d E - 0 2 

O. lOOOOOE-04 

3 0 . 2 4 7 1 5 E - 0 0 

3 0 . 4 9 4 0 9 E - 0 2 

10 0 . 1 0 4 5 0 E - C 5 11 

H-P GEN. F N . « 

4 0 . 3 6 8 2 7 E - 0 0 5 

4 3 . 4 9 3 5 5 E - C 2 5 
10 0 . 1 0 4 5 0 E - C 5 11 

H-P GEN. F N . a 

4 0 . 3 6 8 2 8 E - 0 0 5 

4 0 . 4 9 3 5 5 E - C 2 5 
10 0 . 1 0 4 5 0 E - C 5 11 

H-P GEN. F N . -

4 0 . 3 6 8 2 8 E - 0 0 5 

4 3 . 4 9 3 5 6 E - 0 2 5 
10 0 . 1 0 4 5 0 E - C 5 1 1 

H-P GEN. F N . « 

4 0 . 3 6 d 2 S E - 0 0 5 

4 0 . 4 9 3 5 6 E - C 2 5 

0.42117E-05 

0. 

O. lO l lSE 02 

0.52568E-05 
0.42117E-05 

0 . 

O . lO l lSE 02 

0.52569E-05 
0.42118E-05 

0 . 

O4IOIISE 02 

,0 .52569E-05 
0:. .42l l8E-05 

0 . 

O.lOllSE 02 

0.52569E-05 

• 

6 C.75031E CI 

6 -0.29802E-06 

6 0.81123E 01 

6 -0.35763E-06 

6 C.E691SE 01 

6 -0.35763E-06 

6 0.92430E CI 

6 -0.23S42E-06 



r 0 . 1 C 7 5 1 E - C 2 6 C . 1 1 0 6 2 E - 0 5 9 - 0 . 1 0 4 ! i O E - 0 5 

TIME« O . 2 2 i a C 0 E - 0 2 DELTA TIME' 
TIME F N S . AND GRD. VOLT. SOURCES 

1 O.2C0C0E C2 
UNKNOWNS 

1 0 . 9 7 6 7 2 E C I 2 
7 - 0 . I 1 9 2 1 E - C 6 £ 

BRANCH CURRENIS 
I 0 . 1 0 2 3 3 E - 0 2 2 
7 0 . 1 0 2 2 5 E - 0 2 £ 

0 . 2 4 7 0 4 t - 0 0 
C.95^02E 01 

0 . 4 y 4 0 9 E - 0 2 
C . 1 0 4 5 4 E - 0 5 

0 . 1 0 0 0 0 0 E - C 4 

3 0 . 2 4 7 1 5 E - 0 0 

3 0 . 4 9 4 0 9 E - 0 2 
9 - 0 . 1 0 4 5 0 E - 0 5 

> 
I 

CO 

ro 

T IME* 0 . 2 2 6 0 C 0 E - C 2 
TIME FNS. AND GRD. 

1 0 .200C0E C2 
UNKNOWNS 

1 0 . 1 0 2 6 5 E C2 
7 0 . 1 6 2 1 2 E - 0 4 

BRANCH CURRENTS 
I 0 . 9 7 3 5 0 E - C 3 
7 0 . 9 5 6 3 9 E - C 3 

DcLTA TIME' 
VCLT. SOURCES 

2 0 . 2 4 794E-0U 
e 0 . 1 0 0 1 7 E 02 

2 0 . 4 9 5 d 7 E - u 2 
€ - C . 6 3 8 3 i t - 0 5 

0.1COOOOE-C4 

i 0 . 2 4 U 4 4 E - 0 0 

3 d . 4 9 4 2 3 E - 0 2 
9 - 0 . 1 0 0 0 6 E - 0 4 

TIME» C.226500E-02 
TIME FNS. AND GRO. 

I 0.2CCC0E C2 
UNKNOWNS 

I C.7O0J0E CI 
7 Q.8'i735E-Cl 

BRANCH CURRENIS 
I 0 . 1 2 9 S 7 E - C 2 
7 - 0 . 8 3 4 3 6 E - C I 

DELTA TIME' 
VCLT. SOURCES 

2 0 .4 i>73iE 01 
£ C .23432E 01 

2 0 . 9 l 4 6 l t - 0 l 
8 - 0 . 4 0 9 9 1 k - 0 l 

O.SCJU0OE-&S 

3 0>t>3825E 0 1 

3 0 . 6 7 2 6 2 E - 0 2 
9 - 0 . 4 3 7 4 4 t - 0 1 

T IME* 0 . 2 3 1 5 C 0 E - C 2 
TIME F N S . AND GRD. 

1 0.20CCCE C2 
UNKNOWNS 

I 0 . l b 4 8 2 E 01 
7 - 0 . 5 2 b S 9 E - C 5 

BRANCH CURRENTS 
I 0 . l a 4 5 2 E - 0 2 

DELTA TIME 
VCLT. SOURCES 

2 0 . 2 8 3 0 2 E - 0 0 
£ C.12&52b 01 

U.50000UE-C& 

i 0 . 3 1 2 3 7 E - 0 0 

2 0 . 5 6 O 0 4 E - 0 2 3 0 . 5 6 6 5 7 E - 0 2 

10 0 . 1 0 4 » O E - C 5 11 

H-P GEN. F N . » 

4 0 . 3 6 8 2 8 E - 0 0 5 

4 0 . 4 9 3 5 6 E - 0 2 5 
10 0 . 1 0 4 5 0 E - C 5 11 

H-P GEN. F N , « 

4 0 . 4 0 B 8 9 E - 0 0 5 

4 0 . 4 9 3 3 7 E - 0 2 5 
10 0 . 1 0 0 0 6 E - C 4 11 

H-P GEN. F N . « 

4 0 . 6 7 5 4 9 E 01 5 

4 0 . 9 8 7 2 9 E - 0 3 5 
10 0 . 4 3 7 4 4 E - C 1 11 

H-P GEN. F N . » 

4 0 . 5 9 3 0 5 E 00 5 

4 0 . 4 1 9 2 8 E - 0 2 5 

0 . 4 2 1 1 8 E - 0 5 

0 . 

O . l O l l S E 0 2 

0 . 5 2 5 6 9 E - 0 5 
0 . 4 2 1 1 8 E - 0 S 

0 . 

O . l O l l S E 02 

0.25000E-04 
0.14994E-04 

0. 

0.65476E 01 

0.90474E-01 
0.46730E-01 

0. 

0.S6686E 01 

0.14675E-02 

6 0.S7672E CI 

6 - 0 .11921E-C6 

6 0.10265E 02 

6 0 .16212E-04 

6 0 .e9 l83E 01 

6 C.84735E-01 

6 0.1^482E CI 

6 -0 .52S99E-C5 



7 0.18S03E-C2 £ C.6776/E-05 9 -0 .1&061E-05 

TIME« 0.2365CCE-C2 
TIME FNS. AND GRD. 

I 0.20CCCE C2 
UNKNOWNS 

> 
CO 
CO 

I 0.2<»486E C I 
7 - 0 . 7 7 4 e 6 E - C 6 

BRANCH CUFRfcNTS 
I 0 . 1 7 5 5 1 E - C 2 
7 0 , 1 7 5 5 7 E - C 2 

T1ME= 0 .2^15CCE-C2 
TIME FNS. AND GRD. 

I 0.2CCC0E C2 
UNKNOWNS 

I & . 3 3 0 4 8 E C I 
7 - 0 . 6 8 ! J 4 5 E - C 6 

BRANCH CURRENTS 
I 0 . l o G ' ; 5 6 - 0 2 
7 0 . 1 6 6 9 9 E - C 2 

TIME= 0 . 2 4 6 5 C 0 E - 0 2 
TIME FNS. AND GRD. 

1 0.2COCOE C2 
UNKNOWNS 

I 0 . 4 U S I E C I 
7 - 0 . 6 5 5 t 5 E - C 6 

BRANCH CURRENIS 
I C . l t ) 8 8 l E - C 2 
7 0 . l 5 8 e A E - C 2 

2 
£ 

2 
6 

0 . 2 4 7 0 4 E - 0 0 
C.22016k 01 

0 . 4 9 4 0 7 k - 0 2 
C . l d 0 l 6 E - 0 5 

DcLTA TIME 
V C L l . SOURCES 

2 
£ 

2 
£ 

O.2 '»703k-O0 
C.3o;>77t 01 

0 . 4 9 4 0 5 t - 0 2 
C . i 7 l 5 7 E - 0 5 

DELTA TIME 
V C L l . SOURCES 

2 
8 

2 
E 

0 . 2 4 7 O 3 E - 0 0 
C . J d 7 2 i E 01 

C . 4 9 4 Q 6 E - 0 2 
C . 1 6 3 4 0 E - 0 5 

DELTA TIME* 0.1CUJ00E-C4 
VCLT. SUUKCES 

3 U.24715k-03 

3 0.49415E-02 
9 - 0 . i 0 4 4 7 E - 0 5 

O.lCOOOOE-04 

3 0.24713E-00 

3 0.49412E-02 
9 -0 .10449E-0D 

O.lOUOOOE-04 

3 0.24713E-00 

3 0.49412E-02 
9 -0 .10449E-05 

TIME* O.25C0CCE-C2 DELTA TIME* 0.500205E-05 
TIME FNS. AND GRD. VCLT. SOURCES 

1 G.2CCCCE C2 
UNKNOWNS 

I 0.46654E CI 2 
7 -0 .596C5E-C6 £ 

BRANCH CURRENTS 

0 . 2 4 7 0 3 t - 0 0 
0.441d4E 01 

I 0 . l533bE-C2 2 C.49406t -02 

3 U.24714E-00 

3 0.49411E-02 

10 0 .15065E-05 11 

H-P GEN. F N , * 

4 0.37381E-00 5 

4 0.493i)0E-C2 5 
10 0.10447E-C5 11 

H-P GEN. FN.= 

4 0.36827E-00 5 

4- 0.49353E-C2 5 
10 0.10449E-05 11 

H-P GEN. F N , -

4 0.368 26E-00 5 

4 0 .49353E-02 5 
10 0.10449E-C5 11 

H-P GEN. FN.« 

4 0 .36827E-00 5 

4 0.49353E-C2 5 

0.14661E-02 

0 . 

0.10117E 02 

0.57219E-05 
0.46770E-05 

0 . 

O. lOl lSE 02 

0.52569E-05 
0.42119E-05 

0 . 

O . l O l l S E 02 

0.52567E-05 
0.42116E-05 

0. 

O.lOllSE 02 

0.52566E-05 

6 0.24486E 01 

6 -C.174B6E-C6 

6 C.3304SE 01 

6 -C.68545E-06 

6 0.41191E 01 

6 -C.«5565E-C6 

6 0.46654E 01 

6 -C.59605E-06 



7 0.15337E-C2 E Ca5790E-05 9 -0.10449E-0S 10 0.I0449E-C5 I I 0.42116E-05 

CO 
• 1 ^ 
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