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Chief, Burt~au of Ship a 
Department of the Navy 
Main Navy Building 
Washing ton ZS, D. C. 

Attention Code 69 lBZ 

Dear Sir: 

Janury 6, 1961 

Contract No. NObar-77579 

This is the Final Engineering Report on the project entitled "Determination of 
Requirements !or Overvoltage and Overload Protection of Tranai1tor ■". Thil report 
covera the period from May 20, 1959, to December 9, 1960, 

The objective of this project was to determine the design requirement• for tran1il• 
tor protective device,. The objectives of the project were to have been achieved by con• 
ducting a survey of information from transistor manufacturers and transistorized• 
equipment manufacturers. Shortly after the 1urvey was ,tarted, it became apparent 
that the survey would not supply all of the desired answers required to achieve the ob• 
jectivea of the project. It was reasoned that the neceuary design requirementl for 
tranei stor protective devices we re defined by the capabilitie a of the tranaiatou to with• 
stand transient pulaee. The1e transistor capabilitie1 were accordingly determined by 
mean• of a study of thermal operation of the transistora. In the course of thh thermal 
1tudy, a transiator thermal analog was developed £or the purpoae of obtaining data which 
would be useful to an equipment de eigne r, 

The original project objective was then expanded and additional fund1 were 1upplied 
for conducti~g experimental work to verify the reeults obtained from the tran1iltor 
the rm al analog. 

All of the project work has now been completed, and the reeulta are pre aented in 
this report. One microfilm copy of the engineers' notebook, which contains all of the 
raw data from the project and copiea of all calculation, performed, ii being aent under 
aeparate cover. 

It 1hould be noted that the tran1htor thermal analoa developed to achieve th• ob• 
Jectivc1 of the project alao ha• far•reachin1 capabilitie1 a1 a circuit•de1i;n tool, Thia 
a1p1ct 1hould not b1 overlooked. 

HTCi:nb 
Enc. (9) 

Very truly youn, 

H. T. Gruber 
Reliability Enaineerina Divi1ion 
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DETERMINATION OF REQUIREMENTS FOR 
OVERVOLTAOE AND OVERLOAD PROTECTION OF TRANSISTORS 

by 

H. T. Gruber and S. T. Klapp 

~ INTRODUCTION 

,. Operational requirements £or military equipment demand that 1uch equipment 
operate reliably, occupy a small apace, be of minimum weight, and con1ume a minimwn 1 

of power. For these reaaona, extenaive uae ii being made of tran1iltor1 in military 
electronic equipment. But, no matter how well the tran1iltor1 are deaigned and manu• 
factured, they muat be operated within their capabilitie1 and protected from variou1 
tranaient overload condition• if reliable operation i1 to be achieved. Maintaining ideal 
operating conditions for tranaiatou i1 difficult ·11nder laboratory and ground•baae oper• 
ating condition•, and under mobile and extreme environmental condition• the problem ii 
amplified many orde ra of magnitude. 

'. Years of experience with vacu~ tube• ha1 taught us how to protect vacuum tube1 
against unusual operating condition,, ·and, in addition, the vacuun, tube i1 generally a 
more rugged device than the tranailtor with re1pect to electrical mi1use and thermal 
environment■. The use of the . tran1i1tor ha1 grown much more rapidly than the uae of I the vacuwn tube, and a1 a result,, the.re ii a laa in the 1tate of knowledge about the uae 
and reliable application of tran1iltora. 

OBJECTIVE OF THE PROJECT 

The objective o! this project ii to determine the deaign requirement• for transistor 
protective devicea. The exact nature of the protective device ■ ii not to be determined a1 
they may be either additional devices incorporated in the .circuit, additional protectiv,e 
circuitl, or the proper choice o! the basic circuit parametere. What are duire·d are . 
di1crete valuu of voltage, current, power, time con1tant1 ', and any other neceu~~y 
parameteu that an equipment de1igner might readily u■e. ' .; ' 

·' 

I • 

GENERAL OUTLINE OF THE PROJECT WORK 

The thinking at the beginnin1 of the project w&1 that the neceuary information 
might be obtained from traniiltor manufacturen, tran1iltorised equipment manufac• 
tureu, and the equipment u11u. Actordin1ly, a 1urvey wa1 plaMed and ,tarted to ob• 
tain thia information. 

8 A T T I I. ~ IE MIMO,-IAI. INSTITUTE ~ · 
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The designers 0£ transistorized equipment are aware 0£ the need for protecting the transistors from transient overload. However, the equipment designers do not know 
1 pcci£ically to what level the transistor ■ muat be protected. Along these line ■, the man• ufacturing concerns have set up company procedures which call £or derating 0£ the tran• siator parameters from SO to 90 per cent 0£ rated value ■• They know that in many caae, the 1a£ety margin thu1 obtained in probably more than ii neceuary, but lacking de• tailed ipformation they prefer to play it aale. Thia procedure ruult1 in increased equip• ment costs, compl~xity, and weight• that are higher than nece11ary. In some caae1 it i• thought that the increased complexity may even reduce the reliability of the equipment. Here, engineering "judgment" play• an important part in tho equipznant de1ign. 

It ii generally felt throughout the industry that preeel'.'t tranaiator 1pecification1 are not 1ufficient to completely de1c ribe the tran1ieior1. The present 2N type deeignation1 describe the transistor at ,2S C, whcreaa traneiatora from two manufacturera with the 1ame ZN number may be entirely di£ferent at elevated temperatures. These difference, may be large enough to cauee equipment malfunction or failure when a tran1iator ii re• placed by a transistor of the eame ZN type but manufactured by a different company. Thi ■ condition has led to user specificatil,n1 which in effect name the manu!acturera of the tranei ■tora to be used. All agree that thia i1 a poor 1tate 0£ a££aira. 

The equipment deaignera are requesting additional thermal information on transi1• tore such as thermal time ,, tonstanta. Many manufacturers presently supply thermal re• aietancea from the transistor junction to the mounting base or case, but this figure ii useful only for d•c operation or linear derating with increased ambient operating tem­perature,. Work done on thia project has indicated that even thermal time constants do not 1u££iciently describe the tran1istor for high-reliability circuit ■. The thermal re• 1pon1e 0£ transistors i1 a ~onvergent, infinite, exponential ae riea which haa very short initial rise times, of the order of microaecond1, and long tail, on the response charac• teriltic1, of the order of from l to 1everal hundred 1econd1. What are needed are data de1cribing the ahape of the thermal reaponae and not juat the time con'etant. 

There are several methods by which the neceuary thermal•responae information may be obtained but the moat practical method i1 the experimental determination of the tranaistor•junction thermal responae and the use 0£ a tran1i1tor thermal analog for the 1olution o! 1pecific design problems. 

The basic approach o! the experimental work performed a1 part of this project ii sound, but experience gained concerning the thermal ope ration o! transisto re has indi• cated U1at the experimental technique muat be refined to obtain more accurate results. The experimental procedure used during thi1 project gave an adequate deac ription o! the thermal response o! transistor junctions l millisecond after the power was removed from the transistor. A refinement o! the experimental equipment ia needed which will give a more accurate description o! the thermal re ■ponae of tran1i1tora during the first milli• 1econd. It is desirable that thia description be complete from the time after the first 10 microaeconda. When thia information ia available, it will be pouible to construct much more accurate tranaiator thermal-analog ne~ork1. Recommendations !or specific refinement, of the experimental techni.que and equipment are given in Appendix E. 

The transistor thermal analog con1tructed for uae of thil project ii technically 1ound. Experience gained during the course of the project haa indicated that the equip• ment muat be further refined to improve the accuracy of the re1ult1 attainable. 

8ATTELLE INSTITUTI 
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The reault1 from the tranaiator thermal analog, preaented in Appendix B of thil report, are u ■eful to a limited extent. The inaccuraciea produced by error■ in the net• work repreaenting the tranaiatora, and errou of the 1ame nature encountered in the experimental work intended to verify t~e reault1 of the tran1i1tor thermal analog, make it impouible to place any figure of merit on the r11ult1 obtained from the tran1i1tor thermal analog, It ia the opinion of the peraon1 operatin1 the tran1i1tor thermal anal.01 and performing the experimental work that derating SO per cent from the an&loa reault1 1hould reault in reliable tran1i1tor operation and rea1onable definition of the dui1n parameter for tran1i1tor protective devicea. 

The following recommendation• are made •• a reault of the work performed on thi1 project. 
• 

( 1) More adequate tranaiator 1pecification1 are required, auch u apecifica• tion1 which deacribe tranailtor operation at aeveral temperaturea rather than the pruent ZS C only. 

(2) Transistor manufacturera should 1upply more thermal information about their product,. The increaaed coat would be outwei1hed by the more re• liable tran1htor operation that would ruult. 

(3) Further work 1hould be performed for the expre11 purpoae of deaignina the equipment nece11ary to determine accurately the thermal re ■ponae of tranaiator junction•. Once thi1 equipment haa been deaigned, the coat 0£ reproducing the equipment should b-, nominal to the extent that tran1htor manufacturera might 1upply the thermal•re1ponae inform&• tion on the tranailtora. 

(4) Further work should be performed for the expreu purpoee of designing the equipment neceuary £or a more accurate tran1i1tor thermal analo1, Once thil equipment ha, been designed, con1truction co1t1 would be nominal and tran1i1torized equipment manufacturera might use the tran1i1tor thermal-analog technique, to improve the reliability of their equipment. Thia analog technique would certainly be leu expen1ive than 1ome of the techniquea preaently beina uaed to produce very reli• able trant'htor equipment. 

PROJECT WORK 

Survey 0£ Equipment Manufacturera 

Que 1tionnai re 

A queationnaire Wal sent to manufacturera of tranahtorized equipment recom• mended by the Bureau 0£ Shipe, The purpoae of thil quo1tionnaire wa, to obtain 1pecific data from which the requirement• of protective devicu for tran1htora might be deter• mined, In order to obtain the maximum uae of the experience and thinking of theae ma.nu• facture~•• it wu pointed out that, if in their Judament th• type of information beina 
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1ought could be 1upplied btltter in 1ome other form, the peuon an1wering the question• naire 1hould £eel free to deviate from the quutionnaire. A li1t of the queation1 !rom the queationnaire ii given bolow, with the 1pace1 for an1wering the quution1 omitted, 

"The purpose 0£ thi• queetionnaire ii to obtain data from which Lho requirement• for protective devicee for tran1i1tora may be determined, If the an1wer1 to the quea• tion1 involve claui!ied information, indicate only that the information i1 clauuied, Feel free to deviate from the queetionnaire whenever in your Judgment the type of inf or• mation being 1ou1ht can be 1upplied better in 1ome other form. It i1 neceuary that we have the benefit of your experience and thinldn1, The 1ourc1 of all information will re• main confidential. 

PleaH UH additional 1heet1 of paper where neceuary and reference the an1weu to the qu11tion number. Pleaae return the completed qu11donnair1 by January 15, 1960, to: 

H. T. Gruber 
Battelle Memorial In1titut1 
SOS King Avenue 
Colwnbu1 1, Ohio 

(1) The name of your company. 

(2) The department in which you work. 

(3) Your name and title. 

(4) What type, of tranaistou do you use in the equipment you manufacture and what are the application•· of these tran1i1tor a? 

(S) Do you con1ider tran1iltora a problem? 

(6) What type• of tran1i1tor failure or malfunction• have you experienced? (Please indicate failure details, probable cause o! failure, levels o! voltage or cur• rent cau1ing failure, and electrical and environmental condition• auociated with the failure. ) 

(7) What typea of mechanism I do you use to protect individual tran1i1tor1? 
(8) What typea of mechanism, do you uae to protect combination, of tran1i1tora? (For example, eerie ■ or parallel combination, of tran1iltor ■ directly connected.) 
(9) How effective have theae mechani1tn1 proven and what level 0£ over ■tre11 will over• ride the protective mechani1m? 

(10~ (a) What types of protective mechani1m1 do you provide again1t aurgea produced by external devicea 1uch a, radio tran1mitte ra and radau? 
(b) What type ■ -of protective mechanilm1 do you provide againat electromagnetic radiation from relay, and 1witchu, both external and within the equipment? 

8ATTILI.I MEMOfltAL. tNITITUTI, 
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( 11) What line•voltaae variation• and 1ur111 will your equipment tolerate? 

( 12) Are the tran1iltor1 you uae pre11l1ct1d and, it 10, by what criteria? 

( U) Do you derate the tran1iltor1 and, if ao, how much and by what criteria? 

(14) What typ11 of heat 11nk1 do you u11 and how are th• heat•1ink requirement, determined? 

( 15) What type of information do your deaipen find u11ful for the reliable application of tran1iltor1? 

( 16) What type ■ of information would your de1ipen like to have for the reliable appli• cation of tran1iltor1? 

Plea1e add any additional information on the reliable application of tran1i1tor1. Your thinkina and experience will be of areat a11i1t&nc1 to the Bureau of Ship,." 

Re 1ult1 From the Que 1tionnaire 

The method, of protecting tran1htor1, a1 indicated by the returned quc1tionnaire1, are 1pecific to the application. The major need of equipment deaigneu is additional in• formation about the tran1i1tor1 themaelvea. Much of thil information ii of the type that 1hould be 1upplied by the manufacturer of the tran1i1tor, The manufacture u of tran1il• torized equipment are aware of the importance of thermal con1ideration1 in the deaign of their equipment, but more thermal information about tran1i1tor1 ii required in 1uch a form a1 to be gene rally u1able for many application 1. 

The following ii a 1ummary of the an1wer1 from the returned queationnaire1. The fiut !our que1tion1 have been omitted 1ince theH que1tion1 1upply information u1ed only to 1ort out the returned queationnaire1, Where po11ible, the an1wer1 have been 1wn• marized. Some information returned with the que1tionnaire1 ii pruented becauae it wa1 felt that thi1 information 1hould be valuable to the Bureau of Ship• in the preparation of equipment 1pecification1. 

"ln particular, the operating chan,cteriltic1 ... are required ... over the normal military temperature range. Thia ii not aiven, .. even for tran1htor1 lilted in MIL Standard 701." 

"Maximum tolerable neutron irradiation for 3db permanent gain 1011 might abo be of in te re It. " 

"There may be no way out of thie, but one of our problem• ii the expenae of the approved typea BuShip1 in1ilt1 on. An. allowance for equivalent or replacement typu would often help out the coat 1ituation. " 

Queation Number 5 waa: Do you con1ider tran1iltor1 a problem? At one end of the 1cale we have .the an1wer that "when applied with rea1onable care,., .. ,,, (tran• 1ilton) ...... are no more a problem than any other circuit component", Three of the 11ven repliea 1tated that the 1pecification1 (eapeci&lly military) are poorly defined and incomplete. Other problem• with tran1iltor1 are: 
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(1) ln1ufficient deaign data 

(Z) Poor availability of approved type• 

(l) Current drift becauae of temperature 

(4) Faat thermal time con1tant1 

(S) Breakdown voltagea too low 

(6) Wide variation 0£ characteriltic1 over extended temperature rangea 

(7) Poor vendor quality control 

(8) Extensive teating required to aelect tran1i1tou for extremely low­and high-temperature operation. 

Question Number 6 waa: What types of tran1i1tor !ailurea or malfunction• have you encountered? One of the major cau1e1 of failurea li1ted in the returned queation­nairea (and learned from peraonal contact•) wu accidental overload cauaed by 1hortin1 load reailtora (particularly emitter follower circuit,) or the application• of exce11iv1 voltagea through teat probea during maintenance. Failurea because of moisture leakin1 into the transistor case 1ecm to be. common. It waa pointed out that failure within 1peci£ic temperature ranges resulted from dew-point problem& within the tranailtor case. Thirty per cent failures o! ZN167 at temperature& below O C, and 50 per cent failure, of 2Nll3 because of high leakage current at temperaturu above 40 C (total number of tran1istou involved wu not given) were r.Jported, Failurea becauu of inductive voltage 1pike1 from the circuit• were reported, but no voltage or current valuea are available (the trouble ii corrected and the magnitudea involved are ignored), Thermal-runaway failurea were allo reported, There were no avalanche failurea reported, and becau■ e of the cloae relation1hip with thermal runaway there ii a poui• bility that the ava~anche-type failure wa1 not recogniud. 

Que1tion Number 7 waa: What type ■ of mechani1m1 do you uu to protect in• dividual tran1htora? The an,wer ■ received may be 1wnmed up by the iollowina li1tina: 

( 1) Di -xiea to limit collector voltagea 

(Z) Stabiltor1 to limit ba■ e-emitter volta&H 

(3) Fuua for large power tranli1tor1 

(4) Emitter reai1tora 

(S) Deaign circuit■ for worat-cue power diuipation 

(6) Line filtera to limit transient, 

(7) Con■ervative circuit deaign 

(8) Thermi1ton to prevent th~rmal runaway 

(9) Thyri1tor~ to prevent overvoltage 

MIMO,-IAL INITITUTI, 
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( 10)· Output-circuit aeriH reailtou (emitter follower circuit,) 

( 11) Ci rcuit1 t• pull the tran1 i1tor into uturation with 1011 of plu1 
voltage, 

Queetion Number 8 wae: What typee of mechani1m1 do you UH to protect com• 
bination1 of tran1i1ton? The an1wera to thi1 queation were the 1ame H the an1wer1 
to Qu11tion Number 7, with the additional uee of Hparate emitter reei1tora in the caee 
of parallel driven to in1ure 1plittin1 of the load, and the UH of matched current•aain 
tran1i1tora, 

Queetion Number 9 waa: How effective have theee protective mechani1m1 proven? 
The an1wer1 ranaed !rom "apparently 100 per cent" to no an1wer becauae of lack of 
data, 

Que1tion Number 10 wu: (a) What typea of protective mechanilm1 do you provide 
a1ain1t 1urge1 produced by external devicea, and (b) what typee of protective mecha• 
ni1m1 do you uae to provide again1t electromagnetic radiation from relay• and 1witche1? 
In moat caaea the equipment i1 within metal cabinet• and all interconnecting cablet 
are 1hielded. Thi• ii to keep radiation in u much H it i1 to keep radiation out. Line 
filten and voltage-limiting devicea are u1ed to limit tran1ient1 from the power 1ource1. 
Shieldina i• uaed to control radiation from devicea within the equipment, and 1witche1 
a,.d relay, have arc-1uppre11ion circuit•. The but protection i1 good circuit deaian 
and aood layout, 

Quution Number 11 wu: What line-voltage variation• and 1urgu would your 
equipment tolerate? The an1weu to thil queation varied from 2 per cent to 20 per cent. 
In moat caaea the contract !or the con1truction of the equipment apecifiea the line­
voltage variation which mu1t be tolerated. Battery-operated equipment usually mu1t 
be capable of toleratina con1iderable battery-voltaae variation cau1ed both by agina and 
temperature variation, 

Cuution Number 12 wu: Are the tran1i1tou you uae preaelected and, if 10, by 
what criteria? The an1wer1 ranged from "generally not11 to 1election on 1pecilic 
parameten (beta, Ico, gain, low-temperature cha racteri1tic1, breakdown voltaae) 
which are dependent on the 1pecific circuit application, 

Quution Number 13 wu: Do you derate tran1iltou and, u 10, by what 
criteria? The an1wer1, with one exception, were that deratina i1 ueed, The deratina 
factor ■ &iven were: 

( 1) 70 per cent of rated power and voltage 

(2) 6S to 90 per cent of rated junction temperature 

(3) SO per cent for all parameteu 

(4) Variable am~unt1 dependina on the application and operatina condition,. 
• j 

No rea1on1 were 1iven for the ma1nitude1 of the11 derating facton. The anawer ii probably •naineerina judgment. 
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Question Number 14 waa: What typea of heat link.a do you use and how are the 
hoat•aink requirement• determined? The an1wera ranged from mounting the tran1iatora 

• on the heavier cha11i1 1tructural membera to cooling fin■ and forced air, determined 
experimentally for Lhc apecific application. 

Question Number 1S was: What type of information do your deaignera find useful 
£or reliable application of tran1i1tora? The an1wer1 to thi1 quution were 1ummed up 
by the tables of Figurea l to 5 which were 1upplied &1 an an1wer to one queationnaire. 
In addition to thia, characteriltic curvea and thermal information are found uaeful. One 
an1wer included "end of life characteriltic1". 

• Question Number 16 wa1: What typea of information would your deaignera like to 
have for reliable application of tran1i1tora? Some of the parameten li1ted for Queation 
Number 1S are not available for all tran1i1tor type ■. Thermal characteri1tic1 are 
needed. The table of Figure 6, which wu received with one of the returned que1tion• 
n&ire1, indkatea area• of mi11in1 or incomplete 1pecification1 that equipment duipera 
would like to have. 

The additional comment• from the returned queatioMairea are given below. Thell 
commentl are valuable in that they indicated the areu of in1ufficient information and 
indicated the 1eneral feelin11 of 1ix manufactureu of military equipmer,t. 

"In no cue 1hould the base or emitter be coMected to the case of the tnn• 
ahtors. Only in ca1e1 where actual di11ipation1 are affected should collec• 
tore be tied to the cue. Several expensive tran1iltor1 have been lost durina 
developmental work by not noting that the emitter was connected to the caae. 11 

"A• a general rule, most semiconductora failures can be averted if the 
maximwn junction temperature (power) ii never exceeded. Thia may be 
accomplished by suitable current limiting in the event of a.n input voltage 
■urge to line transicnu, or high power coordination from radar ■ or 
transmitter ■. Thia ii not always easily done if high e!!iciency circuits 
are required; however, few, if any, electrical failure• will be encountered 
if circuit ■ are designed auch that aemiconductora are never allowed to 
exceed their maximwn junction temperature and tolerate the wide1t param• 
eter variation• apecified by the aemiconductor manufacturer." 

Two Approaches to the Thermal Study of .Transistors 

From the returns 0£ the questionnaire given in the previous section, it i1 seen that 
there is considerable information available concerning the protection of transiator ■, but 
this information is specific with respect to the tran1i1tor type, the application of the 
transistor, and many other !actou concerning individual pieces of equipment. In order 
to corr,ply with the objectivea of the project, it was nece11ary to try aome other approach 
to the problem so that the resulting information might be generally applicable to many 
different tranahtor applications. 

The material presented in thil section follow, the ~hronological progreu of the 
project. Thia method of presentation ii being uaed because i1 h felt th•t the reader will 
set a more complete underatandini of the problem• involved, 
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Circuit tor Mea1vt111 Pulle CharaoterliUc1 

llote11 V1, V2, 11, & •2 polarlt,iea, aa 1hown, an tor 
IIPliJ polarit.111 \o bl rnvNd tor PNP. 

•2 • 10,9 wlt1 tor 1111oon 

R2 • lO hFi ■in (hyg 11in a1 detendned 
le JnU 1n Note lS) •2 • 10.s YOltl tor llzuni\111 

R) • 2(V2 • Vep; eat) 
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V]. • nriablt 

11 • 4,4 Yolt1 tor 11110011 

•1 • 4,7 YOlte tor c•Z'llllli\11 
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_!hcoretical Approach 

The theoretical approach to the problem involvu a mathematical ducription of the thermal operation of a tran1htor. Thia approach lead• to a better vhuali&ation of what happen• ineido a tran1htor, but it hu it• limitationa. In order to ducribe mathemati• cally what happen,, it h neceuary to develop modell (paper modell) of the traneiltor, Simple model■ lead to 1impli£ied mathematical 1olution1, but only approximate 1olution1, More accurate 1olution1 require more complicated modela and more complex mathe• m1tic1. Re ■earch along thue line ■ ha1 been conducted at the Univeraity of New Mexico. The modela developed at the Univeraity of New Mexico impoae the following limitation•: operating condition, 1uch that the leakage power diuipation of the tran1iltor can be neglected, application under 1witchin1 condition• and frequenciH below 100 cyclu per • aecond, and other 1peci£ic condition• for -high-frequency operation. In addition to theH condition,, it mu1t be pouible to repreaent the wave 1ha1>4 of the power pul1e1 mathe• matically and to tran1form the mathematical expreuion. The more complicated the wave 1hape, the more complicated the mathematical expreuion. In addition, it might not be pouible to invert the 1olution back into the time domain. The 1olution1 to the problem• are infinite, convergent, exponential aeriH. Sub1titution into theae aeriea involve ■ con1iderable mathematical drudgery and often the uae of 1ophhticated di&ital computera to obtain the duired an1wer1 in a rea1onable lenath of time. 
The r11earch work conducted at the Univeraity of New Mexico ii an extremely val• uable contribution and ii an aid in the unde utanding of the problem. A 1ummary 0£ thi1 work i• preaented below. A more detailed treatment i1 aiven in the original report,. 

Cue I•. The fiut analy1i1 h that of a.n alloyed junction power tran1i1tor. To 1impli£y the model, the !int auumption ii that radiation, convection, and conduction through the gase1 1ur .. o,.1nding the cry1tal are negliaible. The aecond auumption ii that the emitter and collector can be repr11ented by aemi•infinite 1lab1, which ii a good ap• proximation £or narrow pulau. Therefore, for Caae I the puhe width• are limited to leu than 0. OZ aecond. Since no allowance ii made for th• power diuipation of the leak• aae current, Cue I i1 allo limited to operatina condition• where th• leakaae•current power diuipation ii neali1ible. 

The thermal model for Cue I i1 1hown in Fi1ur1 7. Th• Fourier heat-flow tqua• tion for thi1 one-dimen1ion&l model i1 aiven by Equation ( 1), 

-~----

\ 

Junction 

Collector 
Tz(x,t) 

q(O, t) 

0 x----..... 
FIGURE 7. ONE-DIMENSIONAL THERMAL MODEL FOR CASE I. 

•Reae, J. D., and Grannemann, W. W., "Tranaicnt Junction TemperaturelD Powe, Tranal11ora•, Technlcal Report EE•l1, Unheralty of New Mexico Engine•in& Experlrn&n& Scalion, 
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o2T(x,t) . ! oT(x,t) ■ O, 
• oxZ a. at 

( 1) 

where 

where 

T(x,t) • cry1tal temperature • de1ree1 centi1rade 

l /a,• RC 

R. • reciprocal of thermal conductivity -
cm-•c-11c/cal 

C • thermal capacity per unit vol\111\e -
ca11•c-cm3, 

Tb• boundary condition• for the model are: 

(1) Rq(O ,t) • oTJ~ ,t) 

(2) T(x,t) remain• finite &1 x approac:h11 infinity. 

Tb• 1olution for repetitive rectangular pul11d input i1: 

T J ■ Junction temperature - de1re11 centiarade 

P ■ peak input power - watt• (emitter plu1 col­
lector area) 

A ■ area of dab• - cm2 (emitter plu1 collector 
area) 

a ■ puhe width - 11cond1 

T • time between pulH • - 1econd1 

t • time - 11cond1 

TO • initial Junction tempe ratur• - degreea 
centiarade. 

The expreuion u(x - y) i1 equal to zero when the term within the parenthe ■ea i• 
ne1ative, and i• equal to wuty when the term within the parenthe1u ii poaitive. 

■ AT T .1 I. I. I INITITUTI, 

(2) 
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Equation (2) may be uaod to 1olve !or the Junction temperature for any time, provided the width of the input pulae i ■ leu than 0, 02 ucond, A 1olution for 1teady-1t&te condition, will yield the maximum in1tantaneou1 Junction temperature, Thia 1teady-1tate 1olution would be alow and laborioua, 10 an approximation method i1 ued which yield• the followin1 expre11lon for the maximum in1tantaneou1 Junction temperature: 

where 

T • maximwn in1tantaneou1 Junction temperature -max . de1ree1 centigrade 

TO • ambient Junction temperature - de1ree1 centiarade 

8 • thermal ruiltance from the collector Junction to ambient - •c/watt 

The followin1 expre11iona are obviou1 from the derivation: 

T • average junction temperature -
degreu centigrade 

-
P • total avenge power input - watt,, 

(3) 

Caae If•. The thermal model for Caae II ia 1hown in Figure 8. The emitter region i1 repreaented by a semi-infinite 1lab, lhe face o! which i1 in intimate contact with the baae plane. The baae reiion ii repreaented by a plane over which heat ii generated evenly according to the power input to the tran1iator. The collector region and the ther• n mal path to ambient temperature ii repreaented by a finite 1lab, who1e upper face con• tact, the baae plane and whoae lower face ii held at ambient temperature. IO 

f 
Emitter 

Qin 
X 

isaae plane 

f .-i•••r 
l CoJJ~ctor X 

FICiURE 8. THERMAL MODEL FOR CASE ll 

--1-~-
T=O 

•swain, G. R., and CiraMemaM, W. W,, •safe Thermal Operation of Power Tranabcora Under Pube lxci&adon•, Teclwcal Report U•ll, Uruvcrlity of New Mexico Engin&ering EapertmentStadoo, 
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The heat•Qow equation• for the Caa e II thermal model are:-

The boundary conditiona for th• Ca•• U thermal model are: 

Tc(x,O) • 0 

T•(x,O) • 0 

Te ( 0 , t) • Tc ( o , t) 

Tc(J,t) • 0 

T • (x, t) l• finite a1 x approach11 infinity 

Solution for th• runaway temperature yield• the followin1: 

Lo 
T rw • Lo 1n p 8 S 

co 

(I;) 
1co(T) • 1co • 

T rw • runaway temperature - degree■ 
centigrade above ambient 

L
0 • a constant - degree• centigrade 

P co • aaturation current diuipation at 
ambient temperature - watt• 

9 • thermal ruiltance collector JW\ction 
to ambient - •c /watt 

S • 1tability factor• 

T • JW\ction temperature - degreea 
centigrade above ambient. 

'Shea, a. P., Principlea of Tranaiator Circuiu, John Wiley & Sona. Inc., New York, pp 91•108, 
BATT I LL I MIMORIAL INSTITUTE 

(4) 

(5) 

(o) 

(7) 
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To make the above expre11ion1 more clear, th• lollowin1 1ampl• 1olution for 
runaway temperature ii offered. 

Manufacturer'• 1pecilication1 1tat1 that lco wW double for every 1s•c illcrea11 ln 
temperature. 

I (T) • I • ( i;) co co 

I x h I • (I!;) 
co co 

(t;) 
• • 2 

.!! • o. 694 
Lo 

L
0 

• 21.6, 

Manufacturer'• 1pecification1 1tate that 

I • 0, 1 ma at zs •c co 

V c • 45 volt• 

9 • 1.s·c/watt. 

Circuit con1tant1 are 1\lch that 

S • z. 0 

Trw•L ln--- ■ 21,6ln Lo [ 21. 6 ] 
. O p CO e· 5 (0, 1 X 10•3)(45)(1, 5)(2) 

The maximum permi11ible peak power input may be computed from Equa• 
tion1 (8) and (9). 

Tmax 
Pi<_,- (1. F) 

( 
Tmax. 1) 

8 t; 
r • T Pco s • ' max 

8ATTELLI MIMO,-IAL INSTITUTE 

(8) 

(9) 

• 
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P1 • maximum permiuible peak power input -
watt• 

F • a con1tant 

T max • maximum pe rmil 1ible Junction temperature -
deareea centiarade. 

T max ii determined by either the runaway temperature, material• meltin1 point, 
or the temperature at which the electrical characterl1tic1 become overly di1torted for 
the particular application. 

Th• following example i1 offered to clarify th• determination of maximwn permi•• 
libl• peak power input. Con1tant1 which alao appear in th• example uaed to compute 
runaway temperature have the 1ame valuea in tbi1 example, 

T • 1 zo •c - cboaen from the electrical characteriltic1 max T 

( max 1 ) ( 120 ) 
F • 9 p S 

8 
x::-• • (I', SUO, I x I0•3)(4S)(Z) 

8 
!r;r I 

T co lZ0 max 

F • ,011 

9 IZO 
pi • T max (1 • F) • Z 1. 6 ( 1 • • 011) 

P1 • 5. 49 watt,. 

The 1olution1 for Ca■ e II are limited to 1witchin1 application• and frequencie1 
below 100 cycle ■ per aecond. 

Case III•. Under tran1i1tor operating condition• of high magnitude power puhea 
at !ow duty factor ■, if one satis!ie I the condition ■ of Equations (8) and (9) using ave rage 
powu, the peak junction temperature will exceed the maximum pe rmiuible junction 
temperature (Tmax). U one aati ■fie1 the conditions of Eq$tion1 (8) and (9) uaing peak 
power, the reault1 will be conservative. U the margin be~en the auigned maximwn 
pe rmi11ible temperature and the runaway temperature exceed, 3L0 degree 1, the change 
in leakaae•current diuipation and the thermal feedback ef!ecta may be neglected. 

The condition a !or the application of Case W are the ahove, in addition to the con• 
dition that the junction temperature must return to very nearly it• original value (ambi• 
ent) betwe~n pulaes. Theae condition, allow the uae of a tran1i1tor model conai1ting of 
two 1emi~in£inite 1lab1 which meet at a boundary (the Junction) over which the heat i1 
generated. Any heat generated at the emitter Junction ii nealected. The heat•flow 
equation for thi ■ model i1 Equation ( 10). 

•swain, G. R., and Grannemann, W. W., "Safe Thamal OperaUon of Power Tiwilcon Under PulM ExcllaUon", Technical 
••~ 11•11, Uninnuy of ~ew Mexico lnglneerlng !xperimen& l&ation. 
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The bowulary condition, for Equation ( 10) are: 

T(x,O) • 0 

T(x,t) 11 finite aa x approachH infinity 

[ ~ l 1/2 P1 • k a; T(x,t) • O • f, l&6A t )J,0 

T(x,t) • temperature aa a fWlction of di1tance from the 
Junction and time - de1reH centi1rade above 
ambient 

x • di1tance from the junction - centime ten 

t • time - 1econd1 

ci • thermal cliffulivity - cmZ/1ec 

k • thermal conductivity - cal/uc-cm- •c 

Pi • total power diuipation at the Junction -
watt, 

A • tranailtor Junction area - cm2, 

Solution for the Junction temperature (x • 0) aa a function of time yield1: 

(10) 

( 11) 

Uthe maximum permi11ible junction temperature ii known, the permiuible peak power and the avera1e power are aiven by: 

P max ■ 4, IBOkA T max ;;:;;; (12) 

. fir6 
Pav ■ 4, 186kA TmaxJiT, 

( ll) 

BATTELLI MIMOAIAL. INSTITUTE 
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Pmax • permiuible peak power - watt• 

p • ave rage pe rmi11ible power - watt• av 

Tmax • maximum permiuible junction temperature -
deareee centigrade above ambient 

D • duty iactor (pul1e width/pul1e period) 

T • pulH period - HCOndl 

a.• thermal difiu1ivity - cm2/Hc 

k ■ thermal conductivity - cal/eec-cm• •c 

A • tran1i1tor Junction area - cm2 • 

Equation• ( 12) and ( 13) are conaervative for very 1mall duty !acton. The re1ult1 
from Equation, ( 12) and ( U) can be over 20 per cent lower than neceuary for D > 0, 05. 

when 

Tb• re1ponH of Equation (11) to the fint cycle of a trai~ of pulH1 1bow1 that 

T /T • 3/ZJo • 
max av 1 •(l. D)l/2 

The averaae Junction temperature may be computed from 

T •P 9 av av 

T mu • peak junction temperature - degree ■ centigrade 
above ambient 

T av = average junction temperature - degreee centi1rade 
above ambient 

Pav • ave rage pulae power - watt, 

8 • thermal rui1tance from the collector junction to 

The. approximate upper limit o! duty !actor for fairly accurate 1olution1 for 
Caae III i• ZS per cent duty !actor !or !requenciea above 100 cyclea per aecond, 

( 14) 

(15) 

More 1ophhticated therm.al modeh naturally lead to more accurate reault1. The 
limiting condition ■ for the more 1ophi1ticated thermal modell are allo more rutrictina 
for dilcrete 1olution1, The calculation• i.nvolved in the evaluation• of the 1olution1 for 
the more 1ophi■ ticated thermal modeh require the uae of a high•1peed computer to ob• 
tain the re1"1t1 within a rea,onable length of time. Accordinaly, the preaentation of the 

BATTIL.t.l MIMOfHAt. INSTITUTE, 
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more 1ophilticated thermal modell i1 beyond the •~ope of thi1 report, 1inc• the re1ult1 of thi• report are intended for the u11 of individual equipment d11i1ner1. 

Reference ii made to the original report• for a detailed development of the mate• rial preaented in 1ummary here, and for the development of th• more 1ophilticated thermal model•. 

Analog Approach 

The analog approach to the 1olution of the problem• involve• the determination and con1truction of a phy1ical model of the thermal operation of th~ tran1iltor1. Through the uae of 1uch model• we may avoid the complex mathematic• and exten1ive arithmetic, and the re1triction1 impoaed by 1implification1. The re1pon1• time• of tran1htor1 1ur 1••t that the u11 of an electrical model would be mo1t 1atilfactory. The current fiowin1 in Battelle'• electrical model repreient1 the heat flow in the tran1iltor. The voltaae that appeara acro11 thi1 electrical moc:lel repreaent1 the temperature araclient acro11 the tran1i1tor. 

To con1truct thil electrical model, we mu1t determine a thermal equivalent cir• cuit for the tran1i1tor, determine a method of 1ub1titutin1 electrical parameteu in thi1 equivalent circuit, and determine 1ome 1ort of electrical circuit to drive the electrical model. 

Tranailtor The rmal•Eg,uivalent Circuit 

There are probably many thermal-equivalent circuit• for tran1i1tou. Only two thermal-equivalent circuiu were con1idered: the tran1mi11ion•,.ne thermal-equivalent circuit and Lhe ■eriu 1trina of parallel RC paira equiv&l~nt circuit. 

Tran1mi11ion-Line Thermal• 
Equival<' nt Circuit 

The tran1mi11ion•line thermal-equivalent circuit i1 derived from the physical geometry of the tran1i1tor. Figure 9 i1 a 1impli£ied 1ketch of a power tran1i1tor, The variou1 parts (collector die, mounting baae, etc.) are divided into 1ec:tion1, The ther• mal mau o! each 1ection i1 con1idered lwnped at the center of the aection. The thermal capacitancea o! these lumped thermal mauea are connected by thermal reaiatance. Each aeriea atring of reai1tor1 from the tran1i1tor junction to ambient temperature ii a ther• mal tran1mi11ion line. The four thermal tranamiuion linea 1hown are cro11 connected with thermal ruiltancea to account for any lateral heat flow within the tran1i1tor which would re ■ult from non1ymmetrical con1truction. The value1 ol thermal re1i1tance1 and capacitancea are determined from the thermal propertie ■ of the aeveral materiala in• volved. The electrical network for this model i1 1hown in Fi1ure 10. Thia model, how• ever, ii over ■ implified becauae more tee ■ectioni would be required nearer the tran1i1• tor Junction where the time con1tant1 involved are 1maller and the thermal frequency r11pon1e hiaher. 

MEMOAIA'- INITITUTE 



25 

Emitter 

Junction 

Collector 

MountinQ base 

,- 11114 

FlQURE 9. SKETCH OF A POWER TRANSISTOR. FOR THE DEVELOPMENT OF 
A THEllMAL ANA.LOO 
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A tapered tranamiuion line thermal analog wa1 conatructed by lhe Univeraity of New Mexico•. Thia thermal analog conailted of 60 tee 1ection1 and waa con1truc-ted and operated to verify the theoretical thermal analy1h dilcuued earlier in ~ii report. 
Fil"re 10 alao inclicatu a method by which the tran1mi11ion•line thermal• equivalent circuit might be driven. Two current generatora are uaed: one current aenerator to 1upply a current equivalent to the input power to the tran1i1tor, and the other current aenerator to 1upply a current equivalent to the leakage power ol the tran• • 1htor. The leakage•power current aenerator ii driven by a feedback 1i1nal from the tran1iltor•junction portion of the equivalent circuit. Thia feedback loop operat11 on th• ba1i1 that the leakaae power of a tran1iltor ii repreHntecl by: 

where 

P co• leakage power 

I'co • leaka1e current at ambient temperature 

V c • collector voltaa• 

S • circuit 1tability factor 

k = a conatant characteri1tic of the tn.n1i1tor, and 

Tj = junction temperature in centigrade degree• above ambient temperature. 

The uae o! the tran1mi11ion line thermal equivalent circuit hu both advantage• and di ■advantagea. The major advantage i1 that it ii not neceuary to have the actual tran• 1iltor to perform an analyail of the tran1iator thermal operation. Thia would be of con• 1iderable uae to tranaiator manu!acturera. The major diaadvantage ii the inaccuracy introduced by the unknown thermal propertie1 oi any mechanical or aoldered joint,. A 1tudy of 1uch joint, could yield the nece11ary information, and thia would be a very worthwhile undertaking for a tranalator manufacturer and 1hould reault i~ an improved product. It ia also !elt that with aome experience it 1hould be pouible to compenaate for thi• mining information. 

Seriea String of Parallel RC Pain 
Equivalent Circuit 

The aeriea string of parallel RC pair ■ equivalent circuit is suggested by the manner in which a tran1i1tor junction cooh i.e. , exponential cooling. The mathematical basil for the use of this thermal-equivalent circuit ii given by P. R. Strickland.•• The valid• ity of the circuit ii based on the Cauer extenaion of Foster'• reactance theorem which 1tatea in part that any network of RC element■ ha1 a driving point impedence that can be constructed of a series atrina of parallel RC paira. Strickland givea a method of obtain• ing the circuit parametera baaed on the cooling characteriltic of the tranahtor junction. 
•A&eae, J. D., and Granncmann, w. w., • An llectric Analog of Heat PloW ill Power Tranabton•, Technical Report 11·11, Ouvenlty m New Mexico Englnoering lxperlmeot Station, J11n1, 1968. •Strickland, P. R., •the Thermal Equivalent Circuit of• Tramlltar•, 1BM Joumal of R&aearch and Development, ! (1). Jaauary, 1969. 
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He aho 1how1 that, if a network ii con1tructed that will exhibit electrical decay in the 1ame manner a1 a tran1iltor junction cooll, thil network, when driven, will behave in the 1ame manner a1 the tran1iltor Junction when heated. 

Thu1, the aerie• 1tring of parallel R.C pain equivalent circuit parameteu are derived directly lrom the tran1iltor itHlf by experimental mean,. No knowledae of the phy1ical con,truction or of the materiall of the tran1i1tor l• neceuary. A complicated, nonaymmetrical configuration preaent1 no additional problem,. Th• unknown character• i1tic1 of mechanical or 1older joint• are automatically taken into account. 

The aerie• 1trin1 of parallel R.C paire equivalent circuit wa1 the circuit uaed in the analoa that wu con1tructed. 

Determination of The rmal•Equivalent 
Circuit Parametera 

The thermal circuit parmateu for the 1erie1 1trin1 of parallel RC paiu equivalent circuit are determined experimentally u1in1 the tran1i1tor type bein1 evaluated or an averaae of aeveral tran1i1tor1 of tb~t type. 

The fiut atep ia the temperature calibration of the reveue biaaed collector leak• age current. Thia i• done by placing the t.ran1i1tor in an oven, heating the tran1i1tor to the de aired temperaturu, and meuuring the leakage current for variou1 valuu of col• lector voltage. It i1 adviaable to uae five or 1ix valuea of collector voltage becauae 1om1 individual trarui1tora will exhibit lco temperature characteri1tic1 which actually 1how a decrea■e in lealt~ge current with &n increa ■e in temperature, !or 1pecific valuu of col• lector voltage. Thia type of characteriltic ii u1ele11 for a temperature calibration. The re1ult1 obtained from thil temperature calibratio~ ahowed con1iderable variation of the actual valuu of leakage current among tran1iltora of the aame 2N type number. The 1hape1 of the characteri1tic1 were con1iltent, however. 

The aecond 1tep ii to heat the tran1i1tor junction, remove the heating power, and meuure the decay of lco u the junction cooll. The circuit u1ed ii 1hown in Figure 11. Mercury wetted relay, were u1ed in thi1 circuit. The relay• were actuated by a ■aw• tooth voltage 10 that the 1equence of relay operation• could be maintained and 10 that the time between the operation of each of the relay ■ could be very cloaely apaced. For power tran1i1tor1, where the load current i1 con1iderable and the emitter and collector ruiltou are amall, it ii pouible to meuure lco with the loading voltaae becauae the voltage drop acrou the collector rui1tor i1 very 1mall when lco ii the only current flowina. The microammeter 1hown in the circuit wa1 an 01cil101cope with a ahunt re• 1iltor. The 01cillo1cope wa1 operated without horir.ont&l ,weep, and the vertical trace wa1 recorded with a 3S-mm camera uaing continuous film motion and an open shutter. A time bue wu 1upplied by a neon lamp which recorded directly on the edge o! the film. 

The Ico decay curvu were tran1l~ted into temperature decay curve ■. The tern• perature 0£ the heat 1ink uaed during the experiment waa then 1ubtracted from the decay curve, and the re1ult1 plotted on aemilog araph paper were 1imilar to the curve 1hown ... ~ ~n Fiaure 12. Here, the horir.ontal axia i1 time and the vertical axi1 ii temperature change in centigrade degree,. Thil curve ii an infinite exponential 1erie1 which con• vera•• very rapidly·. The 1trai1ht•line exten1ion of the flat portion of the curve repre• 1ent1 the fiut term of the exponential 11rie1, The difference between the 1traight line 
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and the curve repreaenta the contribution of the remaining term• of the exponential aer• 
ie 1. The difference between the 1traight line and the curve waa then plotted on aemilog 
graph paper. Thie aecond curve haa the 1ame general 1hape &1 the curve 1hown in Fi1• 
ure 12. Here, the 1traight•line extenaion of the flat portion of the curve repruent1 the 

. aecond term of the exponential aeriea. Thia proce11 ia repeated until there i1 no clif• 
ference between the atraight line and the curve, within the duired limit• of accuracy. 
So far thi1 ha.1 occurred alter 3 to 5 term• of th• exponential 1erie1 have been 
determined. 

For the 1ake of clarity, let ua go through the calculation of the equivalent circuit 
con1tant1 for a 2N697 tran1i1tor. Figure 13-A ii a plot of the Junction cooling character• 
ii tic of the 2N697 tran1i1tor. From Fipre 13•A it can be aeen that the temperature 
acro11 the fiut of the parallel RC pain of the equivalent circuit waa 98. 1•c at time aero. 
The temperature had dropped to 93. o•c 100 miW1econd1 later. The temperature decay 
acro11 the RC pair i1 deacribed by th• equation: 

T(n) • T( O)e •t/R.C , 

where 

T(n) • the temperature at time t 

T(0) • the temperature at time &ero. 

Thua: 

93. 0 • 98. 7e •O. l/R.C . 

Sol vin1 for RC: 

R.C • 1. 689 11cond1 . 

The value of R may be determined from the initial temperature acrou the RC pair, 
which i1 actually the temperature at the end of the loading period, when the temperature 
acro11 the RC pair reachea 1teady•1t&te condition. Thua: 

R • T(0)/P , 
where 

P • power applied durin1 loadin1, in watu. 

Sub1tituting: 

R. • 98. 7 /2 • 49. 35•c1watt. 

Sub1titutin1 the value of R in the time•c~natant equation above aivu: 

C s 3. 42 x 10·2 _watt•Hcondarc. 

The difference between the curve and th• 1trai1ht line of Fisure 13-A ii plotted in 
Fi1UH ll-B. From Fiaure 13-B: 
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t • O. 05 aecond. 

From thue v&luu the following may bft computed: 

RC • O. 0334 aeconda 

R • 8. 95.C/watt 

C a 3. 735 x 1o•lwatt•aecond1rc. 

The difierence between the 1traight line and the curve of Fiaure ll•B ii next plotted aa ahown in Fi1ure 13-C. From Fi1ure U•C: 

T ( o) • 41. o·c , 

t • O. 01 aecond, 

RC • 0. 00378 aecond 

R • ZO. s•C/watt 

The di!ference between the 1traight linfl and the curve ol Figure ll•C waa con• 1idered inaigni£icant, 10 no further network• were computed. Converaion of the above thermal unit• to electrical unit• will be dilcuued after 1ome ol the limiting condition, impoaed ~ the analoa driving circuit are given. 

Transistor Thermal-Analog Driving Circuit 

The complete tran1i1tor thermal analog i1 1hown in Figure 14. The analog network i• 1hown on the right. The current through thi1 network i1 equivalent to the heat flow in the transistor. The voltage that appears ac rou the network ii equivalent to the junction•tf!mperature riae above ambient temperature. 

The current !or the analog network ii 1upplied by a 6AU6 vacuum tube. The 6AU6 i• operated so that !or a given voltage input the current output ii constant from almost zero to 90,000 ohm a load impedance. Here h the firat limiting. factor !or the conve raion from thermal to electrical circuit con1tant1: the total resistance must be le II than 90,000 ohm,. The 6AU6 current iource delivera a current ·made up of three part,: (1) Pc i• a current equal .to the input power to the tran1iltor, (2) Pco ii a current equal to thf! leakage .power of the tran1i1tor, (l) Pq i1 the quiucent current delivered by the current 1ource. Thu1, the voltage which appears acrou the analog network equall the junction-temperature riae and a voltage cauaed ~y the quie1cent current flow. 
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The leakage power of the tran1i1tor ii produced by a feedback loop in the analo1, ·rhe feedback loop ii baaed on the aiaumption that the leak&1e•current temperature characteri1tic ia cloeely approximated by: 

I I , ekTJ co. co ' where 

1co • leakage current at Junction temperature TJ 
1;0 • leaka11 current at ambient temperature 

TJ • Junction temperature in centi1rade de1r111 abovt ambient temperature 
k • a con1tant characteri1tic of the tran1i1tor. 

Tbu1, th• leakaae power i1: 

where 

V c • collector voltaae 

S • 1tability !actor. 

P • I' V S ,kTJ 
CO CO C ' 

Thia equation for leaka11 power may bt rewritten: 

p co • antiloa [101 I ~o + 101 V C + 101 s + o. 4l4l kT;l . 

A voltage • ~uivalent to Tj ii obtained from the high 1ide 0£ the analog network by balancing out Lhe quiescent voltage with battery Eq. The quantity 1/k ia equal to the temperature ri1e o! the tran1i1tor junction required to double Ico, and Lhi~ i1 usually of the order ol about 11•c. Therefore, the quantity O. 4343 k ii obtained through the uae 0£ an attenuator. The quantity 0, 4343 kTj i1 added to voltage ■ equivalent to log I ~o, log V c, and log S with an adding a.mplifie r. The antilog of thia ,um i I obtained through the u1e of an arbitrary-function generator. The output ol the lune tion generator ii a voltage equivalent to P co· Thia voltage ii added to a voltage equivalent to the input-signal power, and the awn o! the two voltage ■ ii u ■ed to drive the current 10urce. 

Calibration is accomplished in the !ol~owing manner (uaing a 2N697 transistor a, an example). The 2N697 tranaiator ha 2-watt 1ilicon tran1iator with a maximwn junc• tion temperature of 11s·c. 

The arbitrary-function-generator input and output are disconnected, and the atten­uator ii •et !or zero output. The log IC:0 voltage 1ource ii aet !or the value 0£ Ico at l 70'C. The voltage output 0£ the adder i ■ measured and recorded, The log Ico voltage 10urce i1 then adjusted to the minimwn Ico value. For a 2N697 tranaiator, thi1 i1 equal to a junction temperature of 9o•c (about 1 microampere of leakage current). A d•c voltage ii then applied to the 1ignal-generator input which will produce a voltage acrou the analog network equivalent to an ao•c junction temperature riee .( 170-90 • 80). The attenuator is then adju1ted so that the adder voltage output equala the voltage recorded £or Ico at a junction temperature of l 70'C. 
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The arbitrary-function generator (previou1ly adjuated 10 that the output ii the antilo1 0£ the input) i1 now connected into the circuit. Tho 101 V c and log S voltaae 1ourcu are then aet for convenient valuea, and the value of Pco h computed. With aero 1i1nal input, the feedback calibration attenuator i• adju1ted 10 that the current llowin1 in the analog network ii equivalent to the computed leaka1• power plu1 the quiucent current flow. 

With the feedback loop cli1connected, a d•c volta1• i1 applied to the 1ignal• 1enerator input. The input calibration potentiometer i1 then adju1ted 10 that the cur• rent flowin1 in the analog network i1 equivalent to the de aired power equivalent for the volta1e input. The analo1 i• now ciJibrated and ready to operate. 

Converaion of Circuit Parameteu From Thermal to Electrical Unit ■ 

The conver1ion from thermal• to electrical-equivalent circuit parameter ■ mu1t include con ■ideration 0£ the limitation• of the circuit uaed to drive the analog network. It ha1 already been 1tated that the maximum reai1tance of the analog network mu1t be leu than 90,000 ohm,. The maximum current the 6AU6 can deliver and ,till maintain linear operation ii about 9 milliampere,, while the quie1cent current value ii l mil• liampere. Thu,, the two major limltina condition• that mu1t be conaidered when com• putin1 the rmal•electrical equivalenciea are a maximum reailtance of 90,000 ohnu and a current 1win1 of 8 milli~peru. 

The total thermal re1i1t&nce of the 2N697 tran1htor ii 78. a•c/wau (obtained by adclin1 the thermal re1i1tance from each of the three network,). The numbeu come out better if 1om1 multiple of 418 (conwuion from 1•cal/11c to watt,) i1 uHd for the num• ber of ohm,1 equivalent to 1•c/watt. Therefore, define 

836 ohm•• 1·c1watt. (16) 

From thh •• a•t the total re1iatanc1 of the three network• equal to 65,877 ohm■, which ii within our 90,000 ohm• limitation. 

By definition: 

1 1-cal/aec • 4, 18 watt,. 

From equation ( 16) we 1•t 

836/4. 18 ohm• • 1·c, •. 18 watt, 

or 

200 ohm• • 1•c11-c&1/11c , (17) 

The 2N697 tran1htor ha• a power ratin1 of Z watt,. Let u1 define the maximum power ~• tran1i1tor thermal anal01 mu1t operate at a1 ten time• the ratina or 20 watt,, Therefore, let u1 define 

20 W&ttl • 8, 0 ma 

aATTIL.Lf. MIMO,-IAL. INITITUTE 
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or, 

1 watt • O. 4 ma. 
By definition. 

1 watt• 0. Zl9 1•cal/Hc. 

From thi1 we 1•t 

1 watt • O. 4 ma • O. 239 1-cal/ He 
or, 

1 1•cal/ aec • 1. 674 ma. 

Ohm'• Law applied to both th• electrical and thermal circuit. Thu1 

E • IR. • ( l. 674 x l o•l) (200) • 0, l348 volte ■ l 'C 
or, 

l volt• Z. 917•c. 

By definition: 

1. 674 x 10•3 amperH • l. 674 x 10•3 coulomb1/1econd or, 

l. 674 x 10·3 coulomb1/Hcond • 1 1•cal/1econd, 
Thu1: 

1 coulomb• 597. 4 a-cal. 
By definition: 

1 farad • 1 coulomb/volt. 
Thu1: 

1 farad • 597. 4 a•cal/Z. 917•c ,. 
or, 

1 farad 1: ZOO 1-ca1rc. 
• By definition: 

1 wau-aecond • O. 239 &•cal, 
10, 

1 watt-aecond✓ -C • 1196 microfarad,. 

BATTILl.t MIMO,.IAI. INSTITUTE . 
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lumm1ri•in1 th• above: 

lite/watt • 836 ohma 

1-C • O. 3348 volt 

1 watt • 0. 4 milliamp• re 

l ·w•aec/-C • 1196 microfarad,. 
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Tlaa ._rmal•electrical equivalenciea may now be uaed to compute the electrical •1uiftlent circuit. The reaulta of thil computation are given Jn Table 1. It may be Hen from Table l that the valuee of the capacitance, are rather larae, We may reduce the11 capaci&&nc•• valuea by a factor of 10 by operatin1 the thermal analo1 ten timu fa1ter dlu 1111 uanaiator operate• thermally. 

TABLE 1. 2N697 EQUIVALENT CIRCUIT CONSTANTS 

Re1iatance1 
Network •c /watt K•Ohm1 

1 

2 

3 

l'c/wm • Ill ohma. 
l-C • Q. IMI wolca. 

49. 35 

8.95 

20.50 

l wau • 0., mllliampe,ea. 
1 w-.crt • 1191 aucsolarada. 

41.26 

7.48 

17. 14 

Capacitance 
W •Sec re Mic rofarad1 

0.03420 

0,003735 

0.0001844 

40.93 

4.46 

0.221 

Analog-Verification Experiment 

The purpoH of the analo1•verification experiment wa1 to obtain data directly £rom tl'aa,i.M9re which would provide a mean, of placina a fiaure of merit on the re 1ult1 ob­t-1Mcl from the tran1iator thermal analo1. 

Thia verification experiment involved mea1urin1 the peak power that must be di1• 1ipa'9cl at &he collector junction to raiae the temperature of the junction a apeci!ied num• b1r ol cl"1ree1 a~ve the heat••ink temperature under varioua condition• of puhe length, duty factor, and repetition rate. The collector junction temperature waa monitored by m1&nrin1 the reverae bia1 collector leakaae current (Ic0 ) between power pulae1. Power .U11ipated at th• collector junction i1 1iven by the product oi the mea1ured collector cur• nm aacl the baH•to•collector volta1• durin1 the power pulau. 
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Measurement Circuit 

The measurement ii accomplished by uae of the circuit shown in Figure 15 which was first suggested in the principle by Mortenson•. Althol&gh Figure 15 1how1 the cir• cuit u1ed £or NPN tran1istors, the same arrangement with all voltage polaritiu and diodu reversed can bo used £or PNP unit,. All mea1urement1 are made by mean, of a calibrated 01cilloscope. 

During the period 0£ time in which power is to be diuipated in the transistor, a po1itive driving signal is produced by the wave-form generator. Thia voltage ii applied to the baae•emitter junction 0£ the transistor through the forward biaaed diodu, D 1 and o2. Thil cauaea collector c~rrcnt to Clow, and the amount o_f power given by tha product of le (measured acrou Re) and V cb ia diuipatcd in the collector•baae junction. Co_ntrol 0£ the diuipated power can be obtained by varying the emitter reaiatance, Re and/or by chan1ing the amount of driving 1ignal by varyina the aetting of potentiometer R1. 
During the period when no power ii beina diuipated in the tran1i1tor, the wave• form generator ii producing no voltage signal, and the tran1iltor ia cut off. Diode D 1 i1 reverae biaaed by the action of battery Va, 10 that the emitter i1 ilolatod. Collector cutoff current Uco) ii now flowing through battery V cc and the collector•baae Junction. Thia current, meaaured acrou ab and the rever11 biaaed diode, D2, i1 uaed a ■ an indi• cation of junction temperature. The function of D2 i1 to limit the lb ab drop during the power pulae 10 u not to overdrive the 01ci1101cope, which hu been aet for high gain to meuure the small voltage Ico ab. Thia ii neceuary 1ince lb» Ico• and becauae lb and Ico flow in oppo1ite di rec tion1. 

The wave•form generator mu1t be i1olated from ground, and, indeed, no part o! the circuit i1 grounded. Thia permiu a grounded 01cillo1cope to be used for making mea1urement1. Of course, only one 1uch 01ci1101cope may be connected into the circuit at any one time, or ehe two point• in the circuit will be 1imultaneou1ly grounded. 

The wave-form generator ueed wae a Tektronix Type lbZ which w.:u triggered by a 1quare-wave generator through an isolation traneformer. The 1quare-wave triggering generator i1 uaed to control the repetition rate of the driving 1ignal, while the wave•!orm aenerator controh pulee length. 

The oscilloscope ut1ed to make the meuuremenu wu triggered by the same square• wave generator that wae u1ed to trigger the wave-form generator. Uthe temperature riae produced by a single, nonrepetitive pulee ii to be examined, the wave-form gener• ator ia manually triggered. The ,cope trigger 1ignal ii then taken from the output 0£ the wave-form generator through an ilolation tran1£ormer with a ,mall reailtor in aeriea with the primary winding. 

Resistor Rb ia selected so as to give a 1uitable 01cil101cope deilcction £or readin1 Ico· However, exceuively high value, _o! Rb when 1hunted by the 01cil101cope input capacitance lead to an exceasive RC time conatant. Thia cauaea considerable delay be• fore the transient caused by the forward voltage drop acrou diode Dz during the power pulae can die out, permitting the reverse polarity Ico Rb drop to be read. In aeneral, values £or Rb of 1 megohm or leu will be £airly aati1factory. Diode o2 1hould combine hiah ■peed and low forward voltage drop·. 
'Monenaon. K. r., "Tranahtor Junction Tcmpcratwe •• a Function of Time, lM Proceeding,, 5U8 (April, 1961). 
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ifaiator R should be small, 10 ohm or l ohm. A preciaion reahtor wa, uaed aince le ia meai11f red acrou Re. Battery voltage V cc ii chosen to be ■ lightly leu than the collector-base breakdown voltage for the tran1iator under teat. Lead 1torage bat• teriu· proved to be a aatiafactory 1ource. Battery VB wa■ Z volt1, one cell of a 1torage battery. Reaiator Re ii variable up to 2 K-ohm1. Diode D 1 mu1t be capable of carryin1 the required le, while providing maximum i1olation. The 01cillo1cope uaed 1hould have d•c 1en1itivity to at leut O. OS volt per centimeter of deflection. The teat tran1i1tor i1 mounted in a heat ,ink in thermal contact with a water bath maintained at 25 C. The 01cil101cope wave form• for the input puhe, 1c0 , le, and Vcb are 1hown in Fi1ure 16 . 

Measurement Procedure 

It i1 firat neceuary to obtain collector cut-off current Uco> &1 a £unction of volta1e at the temperature deaired !or each individual tran1i1tor, Thia ii done by lirat heatin1 the tranailtor in an oven until thermal equilibrium at the de ■ired temperature i1 reached, and then measuring Ico v1. applied voltage. 

Then, for a given V cc, the Ico corresponding to the du ired temperature . riae above ZS C i1 known. Reeiator Rb ii adju1ted (calibrated) 10 that when thi1 amount of current i1 made to flow through it (by an external battery and re1htor) the 01cillo1cope will 1how a deaired known de!lection. 

With the repetition rate and duty factor Ht at the deaired valuu, the input power ia increaaed until the 01cillo1cope dellection produced by lcoRb i• ill the previoualy cali• brated a.mowtt. Some time mu1t be allowed !or the tran1htor to reach equilibriwn. Then le and V cb are meaaured, and the value, recorded. Each Ht of meaaurement1 waa repeated two or three timu, and the avera1• power input calculated. 

Difficultiea Encountered 

Several di!ficultiea ariae when actual mea1urement1 are attempted. 'i'heae dil-ficultiea may be 1wnmarized aa follow,: 

(1) De1truction of the tranaiator 

(Z) Spurioua 01cillation1 and 60-cycle a-c pickup 

(3) lnabaility to mon: •n Ico accurately. 

In a previous report, other di!ficultiea are mentioned. Thoe problem, do not exi1t when the reviaed circuit ■hown in Figure 15 i1 uaed. 

Destruction of Transistor. The basic problem encountered in operating the tran­sistors at, or near, their maximwn .llowable junction temperaturu ii the deatruction of the tranaiatora aa the reault of Lhermal runaway. The collector current h the aum of the reverse leakage current and the current tranaferred from the emitter, a1 1hown by the exp re 11ion: 

B A T T E L l. £ 

I • I + hf t . c co e e 
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At high junction tempe raturee, Ico is a large portion o! the total collector current. Thia makes the transistor highly susceptible to thermal runaway. An in1tantaneou1 increaae in Ic from pickup or other -ourcea re.ault& in an in1tantaneously higher Junction tempera• ture and thus, a greater Ico · The point h reached where the value of the product of Ico ~ and the collector voltage (leakage power) i1 sufficient to raiae the Junction temperature without any power diuipation from other 1ourcu, Thil, proceu "1nowbal11 11 and the 
tran1ietor ii de1troyed. 

• Two basic approachee can be used to eliminate or reduce the problem of thermal 

C 

runaway: the maximum-junction-temperature te1t condition may be reduced, or the tran• 1i1tor may be protected by an external circuit. 

It ha, been found that meaaurement1 in which the peak· junction temperature ii raiaed only to 115 C for 1ilicon tran1i1tor1 or to 55 C for germanium tran1i1tora will eliminate the in1tability which occurs at peak Junction temperaturH approachina the manufacturer'• recommended maximum. Several approachee were tried to develop pro• tective circuiu which would enable meuurement1 to be made lnvolvin1 higher peak tem• peraturu. Such attempts were not 1ucce11ful. 

Spurious Oscillation and 60-Cycle Pickup. The meuurement circuit aeem1 to be prone to 01cillation1 in variou1 modn and at variou1 frequenciee. No univeraal cure for thil problem hu been found . However, for each individual tran1i1tor type meaaured it wa1 pouible to elirr~inate the oacillation through careful lead placement (different for each type), grounding proceduru, and capacitive ,hunting. It waa allo pouible to elim• inate 60-cycle pickup by variou1 grounding method,, but here aaain the procedure re• quired varied for diffe~ent tran1i1tor typu. 

Inability to Monitor Ico Accurately. The 1uccea1 of the experiment depends on the precile monitoring ol Ico• It would be desirable to meaaure Ico at the exact inatant that the driving power i1 removed from the tranaiator. After that time Ico decrea1e1 aa the junction heat flow• away. However, a delay of 100 to ZOO mic roaecond1 wu experienced before lco could be mea.aurod, The delay ii the reault 0£ the forward voltage drop acro11 Dz occurring during the power pulse which must die out before the reverse polarity lcoRb voltage becomea readable . The magnitude 0£ thia delay ia determined by the time con1tant of¾ and the 01cil101cope input capacitance. Aa waa mentioned earlier, thia con1ideration i1 important in selecting the value for Rb. 

It ia pouible to extrapolate the Ico decay curve back to the time of ,witching to obtain a more nearly correct value of Ic0 max. Thie procedure wu uaed in all reported experimental work. 

Comparison 0£ Experimental and Analog Data 

To facilitate comparilon of the experimental data and the analog data, a 1pecial Ht of reading• was taken from the analog to exactly correapond with the condition, of the experiment. The experimental and analog data are presented in Figuru 17 through 21. The analog reault ■ are ahown by the dashed curvu, and the experimental ruult1 are 1hown by the 1olid curves. The experimental data for aeveral 1pecimen1 of each 
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tran1htor type are ahown. For the iingle pulae data, the analoa d1:ta are 1hown by the circle I and the experimental data are 1hown by th• x• •. 
In each cue, the analog cooling curve and the ve rilication meaauremente are made on tran1iltor aample • aupplied by the aame manufacturer, although different aet, of tran1htor1 were u1ed for obtaining the average coolina curve and for the individual experimental meuurements. Thil occurred becauH the oriainal 1arnple1 uaed for obtainin1 the analog cooling curve, were de1troyed by thermal rWlaway when attempt, were firat made to obtain experimental data, 

For tran1i1tor typu 2N335, 2N341, and 2N697, no analo1 data could be obtained at 1000 cyclea per aecond repetition rate becauH it waa neceuary to chana• the time baH of the analoa to set rea~onable analo1 network circuit con1tant1. For tran1i1tor type 2Nl41, no experimental data could be taken at 1000 cycle• per Hcond repetition rate becauH of the ma1kin1 eUecu of the lco decay cu""· 
lt can be 11en from the curve ■ of Fipru 17 throu1h 21 that 1ome of the analo1 r11wt1 Uo above and 1ome below the experimental ruulta, Thia rai111 the qu11tion1 what are the pouibl• 1ource1 of error in both th• exp1rlm1ntal and the analo1 da&a? 

Source• of Error in the Verification Experiment 

Three typu 0£ pouible 1ource1 of error were preaent. 
( l) Incorrect Estimation 0£ Peak 
Junction Temperature 

A, explained above, it was neceuary to project the exponential lco decay curve vilually preaented on the oscilloscope back to it1 point of origin the in1tant at which the driving-power pul1e wu removed from the tranailtor. The value of lco i• used u an indicator 0£ tran1i1tor junction temperature. lf the eatimated projection of the lco curve ii incorrect, the auumed peak junction temperature ii alao incorrect. For example, if lco ii projected 10 aa to indicate a peak value lower than it actually ii, the temperature u meuured i1 lower than it actually ii, the temperature to which the operator will rahe the junction prior to mea1urement of required power will be exceuively hi1h, and therefore, the meuured power input will be higher than it 1hould be for the au urned June tion temperature . The re ve ree i1 aho true, i1 the lco curve ii projected higher than it actually ii, the meaaured input power will be lower than it 1hould be. 
Thia problem could be a 1ource of conaiderable error, but a, yet it haa not been po ■ aible to determine the magnitude of thil error a, it hu been impouible to obaerve the Hut part of the lco decay curve. All indication,, both theoretical and oxperimental, point to an exponential lco curve, and thil w~• auumed in making the projection,. lt chould aho be pointed out that, at higher temperatur11, Ico chanae• very rapidly &1 tern• pe rature variu and hence, a fairly large error in monitorina Ico will lead to a relatively 1mall error in junction temperature. 

!2) O1cillo1cope-Reading Errou 

Becauae all meuurement1 were concerned with the magnitude of certain part• o! a complex wave form, it was neceuary to take all mea1urement1 by mean• of a 
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calibrated 01cilloacope. Quantitative mea■urement1 ·made with an 01cUlo1cope are 
1ubject to error due to: 

( l) Miacalibration 

( 2) Parallax 

(3) Shift of the zero re£erence, 

Particularly bothersome wa1 the 1hUt in the d•c aero reference. Thil 1hilt 11em1 
to be related to the averaae value of the obaerved waveform, 10 that one may obtain a 
zero reference, apply the aignal, and then obaerve the zero a1&in and £ind it ha1 ahUted. 
Alter 1everal aecond1, the zero again drop• back to where lt wa1 before the alpal wave• 
form wa1 applied. Thil effect probably produced errora in the nelpborhoocl ol 10 per 
cent 0£ the quantity being meaaured. 

(3) Lack 0£ Precision 

Other errou may have been introduced by po11ible inaccurate calibration of metera 
and of the preci1ion rui1tor Re. It would aeem reuonable to auwne that any error■ ol 
thia type would be con1iderably 1maller than tho11 attributable to the projection of the 
lco curve and to inaccurate 01cillo1cope readina. 

Meuurement1 aeemed to be repeatable to within about• 10 per cent. The dWer• 
ence between triall may be laraely attributed to errou in readin1 the 01cillo1cope, a, 
the other factou would tend to cauae a con1tant 1hift in the readin&•• An avera1• of 
11ve ral triala wu made to obtain each of the recorded valuu. 

Special ZN33S Expo riment 

An attempt waa made to obtain a cooling curve for the ZN 335 tran1i1tor u1ing a 
101id-1tate 1witching circuit (see Appendix E, Figure E-1), rather than the relay circuit. In this manner, it was possible to obtain much more o! the !irat part 0£ the cooling 
curve. In this special study the cooling curve o! only one 1ample wu obtained, and 
verification measurement• were made on the 1ame sample. The re1ult1 are 1hown in 
Figure 22. 

This experiment waa not entirely conclusive becauae con aide rable delay wa. »till 
prc1ent before lco could be mea1ured, Thia delay was approximately 1 millisecond a1 
compared with Z milliaeconda for the relay method. The reaaon for auch a hi.gh delay waa that the Cieneral Electric transistor used exhibited a very low lco• much lower than that 0£ the Texaa Inatrument transistors employed in the earlier meaaurement1. Thil low Ico meant that a high Rb was needed, which lead to a high_ RC time con1tant. Thia effect ii explained in more detail in the section of the report concerning the verification experiment, which employs a similar circuit. 

Nevertheleu, thia technique seem a to produce fairly cloee agreement between 
experimental and analog reault1, and leads one to be optimhtic about the performance of the reviaed analog techni.que aa outlined in Appendix t. Thia revised technique 1hould 
further reduce the dela_y before the lco decay curvu become re .. dable. 
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An interesting s · lL • !1 m thi• special study. A1 can be aeen by com• 
paring the curve s o! F ' g r • h those of Figu1·e 19, a ·great deal 0£ dUference exi ■t1 
among the thermal pr pc Ucs o{ t e 2N335 t ran1iatora made by different manu£acturer■• 
Thie can probably be • - alled "fixed-bed mounting" uaed by Cieneral 
Electric. Al tho r n tly developed to improve the mechanical 
reliability of th , l so to have 1uporior therm 11 propertiu. Thil 
bring• out ign of electronic component,. Clearly, 
imp r oving t the power-handling ability of otherwhe 
electric 11 y id 
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improved, it will be n.ceuary to improve the equipment which make a up the drivin1 
portion of the tran1iator thermal an&101, ThHe improvement• are covered in Appendix£ 
of thia report, 

Data upon which thi1 report ii baaed may be found in Battell• Laboratory Record 
Book No. 16628 .• 

HTG:STK/nb 

8ATTIL'-I MIMOAIAL INSTITUTE. 



... 

APPENDIX A 

THERMAL- AND ELECTRICAL-EQUIVALENT CIRCUIT CONSTANTS 

... 

BATTE LL.£ MEMOAIAL IN&TtTUTl 



A•l 

APPENDIX A 

THERMAL- AND ELECTRICAL·EOUlVALENT CIRCUIT CONSTANTS 

The purpoee of this Appendix ii to preaent the thermal and electrical circuit con• 1tant1 for the 1erie1 1tring of parallel RC paira equivalent circuit bein1 uaed in the tr&n1i1tor thermal analog. The thermal-electrical unit equivalencie1 u■ed for each tran1i1tor type are preaented below each table. 

TABLE A-1. 2Nl67 EQUIVALENT CIRCUIT CONSTANTS 

Re1i1tance Caecitance Network ·c/w 

1 458.0 
2 103. 1 
l 48.0 
4 23.85 

1 • c/w • 104. 5 ohm• 
1 • c • 1. 288 volt1 
1 w • 12. 31 ma 
1 w-aec/ •c • 9S6 µ.f 

K·Ohm1 W-Sec/ •C 

47.86 0.002287 
10. 77 o. 0001815 
5.02 0.0000927 
2. 49 0.0000413 

TABLE A-2. 2N326 EQUIVALENT CIRCUIT CONSTANTS 

Microfarad, 

2.186 
0.1735 
0.08862 
0.03948 

Re1i1tance Caeacitance Network •c/W 

1 2.855 
z 1. 250 
3 0.493 

1 • C/w • 13. 92 K•ohm1 
1 • C • 1. 39 Z voltl 
1 w • O. 1 ma 
1 w•aec/•c ■ 71. 79 ~f 

K-Ohm1 W-Sec/•c 

39. 74 o. 1342 
17.40 0.03680 
6.86 0.02475 
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Microfarad, 

9. 634 
2.642 
1. 777 
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TABLE A•3, 2.N335 EQUIVALENT CIRCUIT CONSTANTS 

Reaiatance 
Network •c/W K Ohme W-Sec/ •c Microlarad1 

1 
z 
3 

3 7:, 

11 7 
516 

1•c/w•69.67ohm@ 
1 'C • 0. 3502 volt• 
1 w • 5. 0 ma 
1 w•Hc/ • C • 14280 µf 

TABLE A-4. N 4 

Re1i1ta.nce 

------------------
. 99 

8. 5 
.9 

0.001394 
0.00002620 
0.000001728 

U VALENT CIRCUIT CONSTANTS 

Caecitance 

19. 91 
o. 3741 
0.0247 

Network •c/W K-Ohm1 W-Sec/'C Microfaradl 

1 54. Z 
2 23. 1 
3 72.2 

l 'C/w ■ 418 ohm• 
l'C • 0. 3361 vol• 
l w • 0. 8 ma 
1 w-aec/•c • Z39 

TAB LE A-5. 2 

Network 

1 
2 
) 

24 .0 
34. 30 
4 . 

1 • C/ w • 2 O . ohm 
l IC • 1. 39 S volt a 
l w • 6. 667 ma 
1 W• H • / 

1 C ■ 4' 78 

22 . 66 
9. 66 

8 

o. 03275 78. 27 
0.00195 4. 661 
o. 0002244 0.5363 

A1,ENT CIRCUIT CONSTANTS 

Capacitance 
W-Sec/ •c 

0. 004440 
0. 0007040 
0, 000052.2 

A L I N I ·T t T U T I 

Microfarad• 

2.122 
0.3365 
0.02495 



TABLE A-6. 2NS02 EQUIVALENT CIRCUIT CONSTANTS 

Reaietance 
Network •c/W K•Ohm1 

1 
2 
3 

400.0 
68.8 

484.0 

1 • C/w • 69. 97 ~hm• 
1 • C • 2. 232 volt• 
1 w ■ 32. Oma 
1 W•Hc/•C ■ 14340 l'f 

27. 87 
4.79 

33. 72 

Capacitance 
W•Sec/ •c Microfarad, 

0.0001582 
0.0006057 
0.000007196 

2,Zb8 
8.686 
0.1032 

TABLE A•7, 2N647 EQUIVALENT CUlCUIT CONSTANTS 

Re1i1tance 
Network •c/W K•Clune 

1 62.0 25. 92 
2 21. 0 8. 78 
3 14.0 5.85 
4 2.62 1. 10 
5 31. 8 13. 29 

An&loa operatu 10 timea fa1ter than real time 
1 •c/w ■ 418 ohm• 
l • C • 3. 34 7 volte 
1 w • a. 0 ma 
1 w•11c/•c • 0. 239 farad, 

Caacitance 
W•Sec/•c Mic rofarada 

0.02320 55.45 
0.003175 7.588 
0,0007520 1. 797 
0.0009050 2. 163 
0.0000204 0.04876 

TABLE A-8. 2N697 EQUIVALENT CIRCUIT CONSTANTS 

Network •c1w 

1 49.35 
2 8. 95 
3 20.50 

1 ·c/w ■ 836 ohm, 
1 • C • 0, 3348 volt• 
1 w ■ o. 4 ma 
l W•Hc/•c • 1196 "'' 

Re1i1tance Ca2!citance 
K·Ohme W•Sec/•c Microfarad, 

41. 26 0,03420 40. 93 
7. 48 0.003732 4.46 

17. 14 0.0001844 0.221 

8ATTELLI MIM09'1AI. . INITtTUTI·, 
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APPENDIX B 

TRANSISTOR THERMAL OPERATING CHARACTERISTICS TAKEN 
FROM THE TRANSISTOR THERMAL ANALOO 
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LIST OF FIGURES IN APPENDIX B 

Collector Ambient Pul1e 
Tran1i1tor Voltage, Temperature, Period, Wave Figure 

Type volte C milliaecond1 Shape Number 

ZN167 15 25 ss(a) Square B-1 
2.Nl67 30 ZS ss Square B-2 
2Nl67 15 ZS ss Saw(b) B-l 
2Nl67 30 ZS ss Saw B-4 
2Nl67 15 65 ss Saw B-5 
2Nl67 30 6S ss Saw B-6 
ZN167 lS 2S 1 Square B-7 
2N167 30 ZS 1 Square B-7 
2N167 1S 6S 1 Square B-8 
ZN167 30 65 1 Square• B-8 
ZN167 1S 25 1 Saw B-9 
ZN1o7 JO ZS l Saw B-10 
ZN167 IS 65 1 Saw B-11 
ZN167 JO 65 1 Saw B-11 
ZN167 3 65 10 Squa;· J B-lZ 
2.Nl67 30 ZS 10 Square B-13 
ZN167 15 ZS 10 Saw B-14 

• ZN167 30 ZS 10 Saw B-lS 
ZN167 15 6:, 10 Saw B-16 
ZN167 JO 65 10 Saw B-17 
ZN167 z 65 100 Square B-18 
ZN167 15 ZS 100 Square B-19 
ZN167 30 25 100 Square B-ZO 
ZN167 15 2.5 100 Saw B-Zl 
ZN167 30 25 100 Saw B-ZZ 
ZN167 15 65 100 Saw B-Zl 
ZN167 30 65 100 Saw B-24 
2N3 26 15 25 ss Square B-ZS 
ZN3Z6 30 25 ss Square B-2.6 
ZN326 30 65 ss Square B-Z7 
ZN326 15 ZS ss Saw B-28 
ZN3Z6 30 25 ss Saw B-ZS 
ZN3Z6 15 65 ss Saw B-2.9 
ZN326 30 65 ss Saw B-30 
ZN32.6 15 65 1 Square B-31 
ZN3Z6 30 65 1 Square B-31 

• ZN3Z6 15 25 1 Saw B-32 
ZN3Z6 30 2.5 1 Saw B-32 
ZN3l6 15 65 1 Saw B•ll 
ZN3Z6 30 65 1 Saw B-34 
ZN3Z6 15 65 10 Square B-35 
ZNl 2.6 30 65 10 Square B-36 
ZN3Z6 15 ZS 10 Saw B-37 
2N3Z6 30 ZS 10 Saw B-37 

BATTILI.I MIMO,-IAL tNITtTUTI 



Collector Ambient Pulse 
Tranaiator Voltage, Temperature, P eriod, Wave . Figure 

Type volt• C mm · second• Shape Number 

ZN3Z6 15 65 10 Saw B-38 
ZN3Z6 30 6 10 Saw B-38 
ZN3l6 15 5 100 Square B-39 
ZN326 30 ZS 100 Square B-~9 
ZN3Z6 15 65 100 Square B-40 
ZN3Z6 30 65 100 Square B-41 
ZN3l6 15 2 100 Saw B-42 
ZN3Z6 30 25 100 Saw B-42 
ZN3Zb lS 65 100 ' Saw B-43 
ZN3Z8 30 6 100 Saw B-43 
ZNllS ss Square B-44 
ZNHS ss Saw B-45. 
ZN33S 10 Square B-46 
ZN33S 10 Saw B-47 
ZN335 100 Square B-48 
ZN33S 100 Saw B-49 
ZNHS 1000 Square B-SO 
ZN335 "0 ~ 1000 Saw B-Sl 

" " ZN341 
.... .... ss Square B-SZ ~ '--1 ·~ 

2N341 u ss Saw B-53 
~ 

ZN341 0. 0 Square B-54 • 
2N341 ~ Saw B-55 

0 
ZN341 z Square B-56 
2N341 100 Saw B-57 
21'1341 10 0 Square B-S8 
ZN341 00 Saw B-59 
ZN697 s Square B-60 
ZN697 } Square B-61 
ZN697 00 Square B-62 
ZN697 l 00 Square B-63 
ZNSOZ <20 Square B-64 
ZNSOZ <20 Square B-65 
ZNSOZ <20 l Square B-66 
ZNSOZ <20 0 Square B-67 
ZN502. <20 10 Square B-68 
ZNSOZ <ZO 6 l 0 Square B-69 
ZNSOZ <20 _5 l 00 Square B-70 
ZNSOZ <20 5 1000 Square B-71 

(1) lingle lhot. 
(b) _J\._ • 

I M O R l A "- t N fi T I T U· T E 
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APPENDIX B 

TRANSISTOR THERMAL OPERATING CHARACTERISTICS TAKEN . 
FROM THE TRANSISTOR THERMAL ANALOG 

Thi• Appendix pre1_ent1 the thermal operatin1 cbaracteri1tic1 H taken from the 
tran1i1tor thermal analoa, 

BATTELLE MEMORIAL.· IHSTITUTI, 



1 

.2 

.1 
"' +' 
+' 

"' ~ .. 
.04 ... 

Q, • 0 
Q. 

+' .02 :, 
a. 
C -
.w 

" .01 ~ 
Q. 

·,004 

.002 

.001 
• l .2 

B·Z 

' ~ ~~ 
N ~ ~ ~ ~' ""'-... ~" r"'li-,-

' " ~""-~ ~ 
i-i-,,.,_ 

~ ~ r- ,.._ ,.... 
~ -- ,-... .. ,._, 

"""" 
-r-

1 ... .., 

......... 
......._,,,_ 

I"-.. -,.._ 
~ 

.4 l 2 4 

Pul~e Duration, milliEecond, 

.... 
"""""' ... - -~~ 

r""' ... 

...... 

10 

1 
~ 

10 

100 

FtQJRE 8-lA 2Nl67 PEAK POWER INPUT AS A FUNCTION OF PULSE OORATION 

Square wave input 
fingle pulre input 
Col lector voltage= l~ voltf 
Ambient temperature= 2~ C 
Peak junction temperature= 8~ C 
~tability factor= 1, ~. 10, and 100 

9 A T T E L I. I INSTITUTE 

• 



• 

1 

.4 

.2 

~ -
.1 .,, 

.,J """--.,J 

"' ""-. 
i '"""'-.. ... . 04 
" I 
0 
~ 

.,J 
.02 j 

0. 
C .... 

.a, 

" .01 ., 
a. 

.004 

.002 

.001 
l 2 

B-3 

~ ~ .... 
"""" --~ ~~ ...... - ......__ , __ ... ---.. ..._....-..... -...._ 

--.......~ ............... 
r-......~ ..... 

""" .. 
~~ ""-- ..... ~ .... -...... -... ..._~ 

--------
.........._ 

-~ 
~ 

4 10 20 40 
Pul~e Duration, millifttondt 

~~ 
'Ill 

l"lili--. Ill,,, 
Ill,. 

---~--

l 
!) 

10 

100 

100 

• FIGURE B-1B 2Nl67 PEAK INPUT POWER AS A FUNCTION OF PULSE OORATION 
, qua re wave input 
Single pulse input 
Collector voltage= l~ volt& 
Amb ient temperature= 2~ C 
PeJk junction temperature= 8~ C 
Stability factor= l, ~, 10, ind 100 

a A T T £ L. L. E IN&TtTUTI· 



1 

"" "'~ 
... ..... ~ 

.2 

.... 

' ' ' ' ~ "'-i\ 

.1 
...... ,-...___ 

........ 
VI r-,.,, 
+' 
+' 

" • .. ... ,04 ., 
I 
0 a. 
+' 
5. .02 
C .... 

.M 

" .01 ., 
a. 

,004 

.002 

.001 
,1 . 2 .4 

-

►- -

.... 
", 

~ ... 
.......... 

I'\ - ~ 
~~ "' i\ ~~ 
~~ 1-►- --,~ 

" --"r,.. 
r......___ -

. 

t- ·- · -
-

-
.,--~~ 

2 

r-,....., 
~ 

-. 
r- ,...._ 

4 

-1-- ,.. ... 

""""' ~ 

,...._ 

i-i... .... 

""",..,,., 

....... 

r""' 

.. ""' l 

1 

~ 

10 

00 

10 • 

Pu lfe 111 L econd, 

F ICJJRE B-2A, 2Nl67 PEAK POWE 

Square wave inp 
Single puhe np 
Collector v 

t A FUt ;r ION OF PULSE OORATION 

Ambient tempera re - 25 C 
Ptak junction emp r ure: 8~ C 
St1b111ty fac tor 1, ~. lO, and 100 

8ATTELL.E M EM ~l. INS TITUTE 

.. 



1 

.2 '--
~ r--,__ 

.,, . 1 ~ ----+J .. 
+J 
ftl • --............. .. -+J 

,04 5. 
C: .... 
... ., 

,02 • 0 
Q. 

~ .,, 
• .01 Q. 

.004 

,002 

.001 
1 2 

r--,..... r--,. i-,,,.. 
~ 

-- ._ --
.......... 
~ ._ 

B-5 

,......, 
""'I""--,....__ - ........ ..........__ ...... 

---...... __ -r-,,.. 
..... ... ........ ........... 

~ 

---..... ......_ "":",. 
t-,,,,.. 

ro,.., 

~~ 
-...r-,,..... 

r-,...._ 

--i"- r-----

'""' 
r-,.~ 

"""~ 
:-,,.""" ,...,... 

1 

~ 

10 
-~ 

"""""""' 100 

0 20 40 100 
Pu e uro on , m1ll1Eecond1 

FIGURE B-2B. 2Nl67 PEAK POWE r PUT AS A FUNCTION OF PULSE OORATIC. 
qu J;- i 

Single pu l fe 
Coll ecto v ~ 0 volt6 
Ambient t empe. a re ·- 25 C 
Peak j incti on n1 • t ure - 85 C 
Stabili ty fa c or~ l, ~, 10, ad 100 

8AT1' E L. &.. E M , MOR l,\L INSTITUTE 



+J 

iJ 

"l 

-

L. 

... 
,f' 
~ 

l\ l 

B-6 

r--,.., 

~~ 

~ ~ ~ ~ -- ._ 

. 

r- ... 

-"""" 
l 
100 

4 10 

, mi l i s cc nd '-' 

T A • A F\J~TION or PULS!: DURATION 

M MO RIAL. INSTITUTE 



l 

.2 

9' ... 
~ . 
0 
Q. 

+' 
;J 

4 

g- .o 2 

l 

.o O' 

o:' 

.o 

F=::::: 

B·7 

~ ~ r--,... r-..... 
""""' r--,.... r""o, 

i"'o"" r--.. -- ""i.... 

, .... ----._,,__ -... ..... 
............_ ---

4 0 .~00 400 

u 1 ~ • u r r"l ti n, rt il 1 be c ond ~ 

l 
100 

1000 

FIGURE B-JB. ' 7 ~A WI : < J N lIT AS A FUNCTION OF PULSF DURATION 

oth w v . i npu t 
, r, u , t. • n t 

Col cc t or v l t g~ ~ 15 volts 
Ami r t t r = ~s C 
P ak j unctiQn t .m erature - 85 C 
rt a i i t y f t or ~ land 100 

BATTELI.. E MEMORIAL INSTITUTE 



l 

,4 

,n .1 
+' 
+' 

I 
• ,. 
~ ,04 

Q,, 

+' 
:,} 
Q. .02 C: .... 
~ 
IV 
QI 

Q,, .01 

,004 

.oo. 

• l 

B-8 

1, 
. 

I'-
.. 
..,I"'-,,.,, 

"""i-. ~ 

"" r::::::: ~ ...... ---

4 

Pul '.", , l urati C)n, mil li .econd 

~ loo.--- """,-

' 

,.. 

"'"' 
l 
80 

10 

FIGURE B•4A, . Nl 67 Pl:AK P01JFH I NPUT A.J A FUN:TION OF PUlSE DURATIOH 

~aw to th wav irµut _ 
;in l p Jls I i r p t 

Col lcctor vol t ,:HJ'' = 30 volt$ 
Ambi ent t mp .r ~tllr = ?.5 C 
Peak junction t ,~mµ t rature = 85 C 
Stability f~ctor = 1 ~nd 80 
Th~r~al ~unaway with zero i~put for~= 82 

8 A T T E L I. I MEMORIAL INSTITUTE 



l 

.2 
~ r--.... 
~ 

) ,l 
+J 
+J 

i 
• ... 
i: 
6 ,04 
Q. 

+J 
:J 
Q. 

.02 C: 
~ 

.>I. 
~ 
Qj 

~ .o 

' 

.oo 

FIGUR: B-4B. l 7 1!: 

oll .ct 
Arnb i nt 
Pi:i ak j u 

ta bil i 
Thermal 

B A T T E L L. E 

""- ....... .._,__ 
' ........ ...... 

-

0 

-
-- - · 

r--. r--- t, r.... 
"""'r-.. 'I'-

"'-- ....___ .. 
........... r=--. l ,-..._ 

I.J ,- 0 

-

·-~ · -
---

·-- -
-~- - --

--

I .. _ 

0 0 
0 C rt 

.. E DURATION 

r 8 .. 

IN 'T ITU TE , 



. l 

+J 
:., 

l 

.2 

,l 

' 

I 

B- . . '"I 7 

8 T T E L E 

B·lO 

"-.... 
...... 

"""'""" -. .. 
----- --~ 

~ ~, 
""" 

~'--
""' 

2 4 10 
ti r , m 11 li seconds 

Lff AS A FUNCTION OF PULSE DURATION 

t ur 
n t , p raturo = 85 C 

MEMORIAL INSTITUTE 



l 

.2 

~ 

~ .04 CJ 
0. 

+' 
5. .02 C .... 
~ 
flt 
Ill 

.Ol 0. 
r-,,.......__ 

. .. 

.001 
10 

FIGURE B-~B .• Nl67 

d aW t 
. ing l 
Co 
Am 

C!ak j n 

8 A T T E L. L. E 

-

I 

- ·--- ....... _ '---

I 

- . 

I 

t 

M • • 0 

-

- •4•--

I -,r ._ . 
I 

----- --";... . 

--· --.L_ 
- 1-,-

I ... ·-· I 

·- ----- --1- .... -· -· -►-

..... ,._ .... .. ► ...-'- ~ .. , ► ....... . 

0 

DURATION 



,4 

\. 
' ~ 

4 \ '\ 
' "" ~ 

.,_J ' ~ 
,_ 

-

J 

: B-6A. 

8 A 

B-12 

, __ 

r---.. ,...,""" 

-

--............. 
~ r--.... 

-............ r--.,_ 
~ ~ 

' ' 
.... ~ 

..... ,... 
~ 

... 
r.... 

30 

?. 4 10 
n, i i ,.. c nds 

A FVOCTION OF PULSE DURATION 

C 
- 85 C 

30 
) i nput for S = 50 

INSTITUTE 

• 



l 

.., ,l .., 
; 
.. 

'-4 

~ ,04 
' Q. .., 

;J 
0. .o._ C -
~ 
IV 
~ 

.01 a. 

,004 

. 001 

r---........_ 

~ ----

lO 

B--13 

- ~...__ 
............... 

~ .... '"'~ 

40 .oo ~co 
Pu: e D r tin, milli second 

400 

l 

30 

1000 

FIGURE 8-6B, :-'Nl67 PF A.✓ POWl'.R l NPUT AS A FUNCTION OF PUL5E DURATION 

,aw tooth wav i np~t 
ngl p l :.e 

Coll~ctor v ltage = JO volts 
Ambient t emper t ·re= 65 C 
Pe~k junction temperature= 85 C 
,)tab\ li ty factor = l and 30 
Thermal r\lnaway with zero input for S = 50 

8 A T T I L L. E MEMORIAL INSTITUTE. 



1 

.2 

.1 .,, 
+J 
~ 

I .. ... 
41 

l 
., 
::, .2 ~ 
C 
► 4 

~ 

" .l ~ 

.04 

,01 
l 2 

B-14 

~ 
~ ~ ~ ~ 

' ~ r\. 
~~ r\ 

~ 

~~ 
""- ,_ ~ 

.... .. 
llliii 

~ .. 

.. 
"' 
• 

1 
10 
00 

V • 11 C 

y • 30 
C 

' -...... 
....... 

4 10 20 40 
Duty Cycle, per cent 

-... 
~ ... 
""'- .... 

["'II"'-

1 
10 

100 

100 

FIGURE B-7, 2Nl67 PEAi< INPUT PCYN~R AS A FUNCTIO~ OF DUTY CYQ.E 
Square wave lnput . 
Rep~tit1on perioJ = l millisecond 
Collector voltage: 15 and 30 volts 
Ambient t~mperature = 2~ C 
Peak junction temperature• 8~ C 
Stability factor~ 1, 10, and 100 

8ATTEL'-I. MIMOfHAL INITITUTI 

• 



0 

B•lS 

1 
v,.. = 15 - -- v,. = 30 

.2 

.1 
llt ., ., 
I .. 

• 04 ... ., 
! 
Q. 

.. 
._ 

~ ., 
,02 :, 

0. 
C 

'- "'11o.. 

·~ ,, 

t-4 

~ 
ftl .01 ., 

Q. 

~ ~ 
~ 
1, .. 

'' 
' 

' ... 
I' 

. 004 ... 
~ 

~ 

.002 

,001 
1 2 4 10 20 40 

Duty Cycle, per cent 

I\ 
"'I' 

~ ""- 1, 
1 

1 ' ,~ 
'II'~ 

"i 
1, 

"' 

'Ii. 

1,~ 2 
~ 

' ' 10 

100 

FIGURE a-e, 2S 167 PEAK I ~PLIT POWER AS A FU~CT IO~ OF DUTY CYCLE 

Square wave input 
Repetitlon period= 1 millisecond 
Collector voltage= l~ and 30 volts 
Ambient temperature= 65 C 
Peak junction temperature= 85 C 
Stability factor= l, 2, 5, ·and 10 
Zero tnput peak junction temperature= 8~ C for 

Ve= l~ and S = 14 
Ve= 30 and Sc 7 

8 A T T E L L. E MEMORIAL INSTITUTE' 



B-16 

l 

II) .1 .., .., 
~ 
i 

• 
'4 

~ .04 
a. 

-+' 
::> 
Q. .02 C: .... 
~ .,., 
~ 

Oe .01 

.o 

,00. 

• l 

' ' "-

' 
~ 

~ 

' 

4D 

r c nt 

I 

I 
_, 

,, ,, '\ ' ~ l 
00 " " 

100 

FIClJRE B-<;. · . Nl67 : '' r NCTION OF DUTY CYCLf~ 

Ambi ent t " 

Lec ond 
l 

P ak • i c t i = 
Stability fac tor = 

BATTELLE MEMORIAL IN&TITUTE 



l 

,2 

,l 

~ 
~ 
IV 
J 

• .04 ... 
i 
(j 

Q. 

~ .o 
:l 
Q. 
C: -

.:i.: .. IV • 
a., 

Q. 

' 

B-17 

~ 

. 

.. 4 .i.O ~ I 

·1 ty Cycle, per c~nt 

~ 
r--::: ~ ~ 

C J 

~ "~ .. " 

l 

1 

80 

00 

rIGURE B-10, 2Nl67 PEAY. INPUT POWER AS A FUOCTION OF DUTY CYCLE 

·aw t th wav input 
R p t1tion p~riod = l millisecond 
Coll~ctor voltag~ = 30 volts 
Ambient t~mperatur~ = 25 C 
Peak junction temperature= 8~ C 
Jtubility factor= land 80 
Thermal iunaway with zero input for$= 88 

• • .. 

8 A T T £ L. L. E MIMOAtAL ·INITITUTE 



l 

,l 
+J 
~ 

I .. 
1-4 

~ ,04 
u 
u. 
+J 
;J 
C. .o. -
~ 
ltl 
01 
u. 

4 

.oo ~ 

, 
4 

B-18 

\ 

~ \ 
' ~ ~ 
1, 

40 

-' r c nt 

~ .... 
~ 

' .~ 

""-" 
l't' 

100 

J 

l 

~o 
30 

\I ty 

FI GUH E B- 11 • . N 7 P 1:/\K 1 N T A A FUNCTION OF DUTY CYClU 

~~ w tooth wav . i np t 
·ti ti 0n ur i s cond 

~ C t r V ] to g \,; • l S t 30 VO lt 6 

A?. int t emp ?rat ur . - 65 C 
P~ak j unction t mp raturc ~ 85 C 
Stability factor = l , o, and 50 

8 A T T E L L. E M E MO R I A 'L IN&TITUTE 



B-19 

l 

.2 

.1 
Ill 
+' '-+' ,,, ~ 
J ' .. ... • 04 
ci, 
I 
0 
Q. 

+' 
&, .02 
C 

~~ 

' 
.... ~ 

---.. '-. ~, 
~"' ~~ 

r"'III~ 
~ .... " '-. -

.w ,,, 
.01 QI "' 

.... ~ 

~ 
~ 

........ .... 
Q. ' ""' 1 ....-.,.. 

""" r--- .. 

.004 ~~ 
1.6 

.002 

.001 
l 2 4 10 20 40 100 

Duty Cycle, per cent 

FtGURE B-12, 2Nl67 PEAK INPUT POWER AS A FUNCTTON OF DUTY CYCLE 
SquJre wave input 
R~pet j tion period~ lO milliseconds 
Collector voltJge = 3 volts 
Am~ i ent temperature= 65 C 
Peak junction temperature= 8~ C 
Stobillty factor .= land 1.6 
Zero i nput pedk junction temperature= 85 C for S = 2.2 

BATTELL.E MEMO,-IAI. INSTITUTE. 

"l 



B•20 

l 
~ 

' '- " .... ~ I" .. 
... ~ ~ 

"f', 

"""" ~ ...... 
~~ ""'--" ~ 
.... ~ '"I 

~ ''-,... 
"'-~ ' ~ 

• l 

...... ~ " ~ 
...... 

' ' r--... ~~ r----. r--... ,-.,.~ 
"-. 
~ 

......... 
""""'-

------ --

.... 

• 002 

.2 l 2 4 

Du ty Cycl e, per cent 

-..._ 
~ii--

r--. 
~!"II r--. 
"""' 

- ... 

"'-"-

"'-"-
r"'I,,,. 

... ..,, 

10 

1 
~ 

10 

100 

FlGURE B-l~A. ~Nl67 PEAK NP T P WER AS A FUNCTTON OF DUTY CYCLE 
Square w1ve in ut 
Rep Pt • ion p~r • o ..: l mi 11 i seconds 
Col le ctor vol t , g = 30 volts 
Amb'ent t emper ature= ~~ C 
Peak junct i on t •mp r Jture = 85 C 
Stdbili t 11 fac.t or = l, 5, 10, and 100 

&ATTELLE MEMORIAL I N & 1' I T U T E 

. . 



1 

.. ... 

.2 

,JI .04 
I 
0 a. 

.002 

"--
~ ' "' r-::::: 
........ - ..__ 

............ 

2 

B·Zl 

' ...... 
~ r---.. r---- ~-- ....... 

r---.. r----~ i-....,. ~ ... ~ ....... 
I'-., .... 

.... -........... .._. 
-........... -- .._. 

....... ...... ... ' -..... _ .......... ....... 
-""' .. ......... 111,,.. 

~ 

'Ill,,.. . ...... ~ 

p 

4 lO 20 40 

Duty Cycle, per cent 

► 

' ' ' 

' 

.... ~ 

,r-i- .... ii-. 

""111iii, 

1 
~ 

10 

, ... 
.... ..,. 100 

100 

FIGURE B-lJB, 2Nl67 PEAK INPUT POWER AS · A FUNCTTON OF DUTY CYCLE 

Square wave input 
Repet i tion per lod = 10 mllllsecorws 
Co~lector voltage= 30 volts 
Ambient t emperature= 2~ C 
Peak· junction temperature :: 85 C 
Stabl l i ty factor = l, 5, 10, and lOu 

BATTEL.1..E M E M O .R I A L INSTITUTE 



1 

• 1 
1/1 .., 
._J 

ti> 
I 

• ,. 
• (",1 f 

0 
Q. 

~ 

::, .r,~ C 
C -
--flt • C" l II 
Q,. 

-

" .. 

. rn l 

B·ZZ 

~ ~ 

----~ ~-- ~ 

~ ""'" "" 

4 

Duty Cycle, ~er c~nt 

I • 

~ ;:: ~ 

I 

40 

~r---
~,i.. ,..,_ .... 

~ 
["'I 

1 
lM 

F TGlITTE 8-14. ,~1 67 PHK INPUT Pnt:ER AS ~ FUNCTION OF DUTY CYCLE 

s,w ~~ th w~ve 'nou t 
R~pet ! t ~nn ~er !od = 10 mllllseconds 
Cnllector volta~~ = 15 volts 
rmblent te•~~r,tur, = ,~ C 
P@~k junrt!~n temoer~ture = A~ C 
~tAb , l : t.y fnctor = l anri 100 

MEMORIAL INITITUT£ 



B•23 

l 

~ ~ 
~~ ~--
~ ~ 

.1 
Ill 

~ :::::: ~ ~ ~ ~-- ~ ... 
' ,, 0 ., ., 

i 
• • 04 "" l 

Q. 

+' 
.02 :> 

0. 
C .... 

.¥ .01 "' ~ a. 

.004 

.001 
l 2 4 10 40 100 

Duty Cycle, per cent 
FIGURE 8-1~. 2Nl67 PEAK INPUT POWER AS A FUNCTION OF DUTY CYCLE 

~aw tooth wave input 
Re petition period= 10 mill1$econds 
Collector voltage = 30 volts 
Ambient t r.mperaturc =?.SC 
P0. ak jun,;tion temperature = 8~ C 
Stability factor= land 80 
Thermal Runaway with zero input for S = 88 

BATTE LI.I IN a TIT UT I. 



B·24 

l 

.2 

Ill ,1 
+J 
+J 

i "' - - ' ~. 
~ ,04 u 

C. 

, .. "' '-

" """"""' ... r----..... '-.., 
:, 
0. O') C: . ... 
~ 

'"r---- ' ~ r---~ ... 
~ ' "" ~ ,,, 

4) 

,Ol a. " f"-
'I' ' ... 

" .. 
' r\ 

\ 

' ' .oo~ 

.oo 1 
l 2 4 10 20 40 100 

Duty Cycle, per cent 
FIGURE B-16 •. Nl67 Pr.AK INPUT POWF.R AS A FUN:TION OF DUTY CYCLE 

Saw tooth wave input 
R0p.tition p .riod = lb milliseconds Collector vol tag = 15 volts Ambient temperature= 65 C 
Peak junction temperature= 85 C Stability factor= land 50 
Thermal runaway with zero input for S = 100 

MEMO,-IAL tNITITUTE 



• 

B·ZS 

l 

,2 

II) ,1 .. .. 
"' 3: 

• 
"4 

I ,04 f 
Q. 

' I'.... 

' 
....... 

"""-~ ~ .... .. 
:, 
0. ,02 C: .... 

' 
....... 

' • ' ~--- .... 
~~ ' ~ 

~ 
,a 
GI 

,01 Q. " " ' ~ 

' .... 

" ---
'-. ~ 

' ' ' 'Ill' 

' 1"111 30 

.oo~ 

,001 
l 2 4 10 20 40 100 

uty Cycl , per cent 
FIGURE 8-17. ..Nl67 PU\K l NPUT POWER AS A FUOCTION OF DUTY CYCLf'. 

aw t th w v i np t 
RP pP. titi on period~ 10 milliseconds 
Coll ~ctor voltage = 30 volts 
Ambient t emperature= 65 C 
Peak jtmction t mpcrature = 85 C 
Stability factor= land 30 
Thermal runaway with zero input for S = 55 

BAT'TELLE MIMOAIAL INITITUTE· 



B•Z6 

1 

.1 
"' ., .., 
ftl • .. 
~ ,04 cu 
! 
Q. ., 
a. .02 
C 

'- \. 

" ~ 
"'"""' ............... r---..... • ◄ 

.w .. 
• 01 • 

~r--.. 
"' ""--... .... 

Q,. 

.004 
~ 

.002 

.001 .1 .2 l 2 10 
Duty Cycle, per cent 

FIGURE B-leA. 2Nl67 PEAK INPUT POWER AS A FU~IO~ OF DUTY CYCLE 
Squart wave input 
Repetition pertod = 100 mill11econd1 
Collector voltage - 2 volts 
Amh.tent temperature = 6~ C 
Peak junction temperature• 8~ C 
Stabillty factor 2 l 
ZeTo input peak junction temperature• 8~ C for S • 1,4 

8ATTtLL.I: MIMO,-IAI. INSTITUTE 



B-27 

1 

. 
. 1 

"' . .., .., 
• • .. . 04 ... ., 
! a. .., .02 
~ 
C .... 
~ 

• 01 "' ., 
A, 

............. r----... ..... 
r--,.. 

' """"" ......... ........ 
........ 

"'-
'"'-

...._~ 

.004 ""~ 
..._..r---

' 
c'II ----

.002 

.001 
1 2 4 10 20 40 100 

Duty Cycle, per cent 
FIGURE B-16B.2Nl67 PEAK INPITT POWER AS A FUNCTION OF DUTY CYCLE 

Square wave input 
Repetit:on per od - 100 milliseconds 
Collector volt~ge = 2 volts 
Ambient temperature =.65 C 
Peak Junction temperature= 85 C 
Stability factor= 1 
Zero input peak junction temperature= 8~ C for S = 1.4 



l 

.1 
Ill .., ... ,,, 
I 

• ... • 04 '1J • 0 
Q. 

+-' ,02 :, 

~ 
►• 

.w ,., 
,Ol ., 

"" 

,004 

,002 

.001 
,l ,2 

B•Z8 

.. 
~ 

"" , ... ,, 
"-. 

' ~ ~ 
t-"• 

~ ~""' 
'"i'-I' r--- ""' r--.. 

~ ----~ "~ :~ " ~ ~ 
~ 
~ 
~ 

,.... ____ 

r---... """"'-- ....... "'" --- - r- ..... 
~ --- -ia 

""""'-- -...... -......""" ,..-..........._ 
......_.._ ......._ __ 

r"""ii 
~ ....... 

l 2 4 10 

Duty Cycl~, p~r c~nt 

l 
~ 

10 

100 

• 

FIGUREB-l9A, i Nl67 PEAK NPUT POWER AS A FUNCTION OF DUTY CYCLE 
~quJr e wuvt nput 
Repctl t1 on pn • od = l O ml 111 s~cond& 
Collector volt Jge - 1~ volts 
An~l~nt temp ~r~tur e = ~5 C 
Peak junct on t ~mperature = 8j C 
St~blllty f cto r = l, ~, 10, ~nd 100 

IATTELL.E MEMORIAL INITITU1'E 

• 



1 

,2 

• 1 
' ~ "' ~ 

.,, ., ., 
"' • .............__ 

.. ............. ... ,()4 

" I 
0 a. ., 

.02 :, 
Q. 
C -
.w 
ta .Ol G, 
a. 

. 004 

.002 

.001 
l 2 

D·29 

r-........ 

' ' ........ 
r--... ...... --~ '---- - ._ 

._ - ,..._ ~ ..... 
,._,....._ ............. .....___ 

-.............. .......... "" ..... '-.., ~ ..... :---,. 

~ ' ""' ~ ...... 
.....,_ 

"""",-.. ~ 

~ 
''-,.. 

"~ 
~ 

4 10 20 40 

Duty Cycle, per cent 

""~ 
..,~ , ... " ,,__~ 

... , 

l"\o 
.... 

1 
!) 

10 

100 

100 

FIGURE 8-198. ,Nl67 PEAK TNPUT POWER AS A FUNCTtON OF DUTY CYCLE 

Square w<lvP inµut 
R~p~tition period= 100 milliseconds 
Collector volt.igo :.: l ~ vol ts 
Ambient tomp~r~ture = 25 C 
Pedk Junctton temperJture = 85 C 
Stability factor: l, 5, 10, ~nd 100 

BATTEL.LE MEMORIAL. INiTITUTE, 



l 

.2 

.1 
1/1 ., 
~ ,,, 
I .. ... ,04 Cl.I • 0 

Q. 

~ 

&_ .02 
C 
►• 
J,t 

"' .01 Cl) 
Q. 

.004 

.002 

.001 
. l .2 

B·lO 

....... -..._ 

,._~ 

' 
,._ 

I'-'---~ 

r----
~~ 

!"II~ 

"" I" 

~--- "' ~ ~ ~ ~ ..... ,..,,, ...._ 
r--"" """"'--..__. --

~ 

........... ,........, ___ 

l 2 4 

Duty CyclQ, per cent 

""- ""' """"" ... 
-- .... 

"" 
...... 
~ ... 

10 

l 

~ 

10 

FIGURE B-20A . . Nl 67 PEAK 1 NPUT POWER AS A FUNCTION OF DUTY CYCLE 
SquarP w~ve input 
Repetition period~ 100 milliseconds 
CollPctor voltagP = 30 volts 
Amblent temp~rature = 25 C 
Peak junction t~mperdture = 85 C 
Stability factor~ l, ~, and 10 
z~ro input peak junction temperature= 8~ C for S = 70 

. B A T T E L L E MEMORIAL INSTITUTE 

.. 



' .. " 
; 

1 

.2 

.1 

~ 

" '--I"-. ' ... .........__ - -"' ---., ., ..........._ 

"' _,,,,,,..,, 

I 

• ... .()4 Cl.I 
I 
0 

Q,. 

., 
&, .02 
C 
~ 

"" "' .01 QI 
Q,. 

.004 

.002 

2 

B-31 

I"-- ... ~-- ... "" - ---..... ~ 

I"".., r-ii.... 
...... ............_ ......... 

r"'I,..,,.., ' ~~ 

~ 
......__ 

'-. 
............_ 

' 
r--.-

......_ 

4 10 20 40 

Duty Cycle, per c~nt 

""'r--- .... 

~~ 

~ ' 
~---

.... ""' 

'~ 
... ~ 

l 

~ 

10 

100 

rrGtTR! B-208. ~Nl67 PEAK NPUT POWER AS A FUNCTION OF DUTY CYCLE 
Square w~ve input 
Repetition p~rioJ = 100 milliseconds 
Collector volt~ge = 30 volts 
Ambient temperdture = 2~ C 
Peak .Junction tl'mperature = 85 C 
Stability factor= l, 5, Jnd 100 
Zero lnput peak junction temperJture = 8~ C for S = 70 

8 A T T ~ L L E MEMORIAL I NS T I T U T E· 



l 

" ,2 

...... 

~ ,_ 

.., 
+' 
n, 
i .. ..,, 

I 
s • 4 
0 

Q. 

+' 
:.> 
Q. 
C: • --

-" 
IV 
~ 

l Q. • 

,or, 

.o 

.o 1 

l 

FIGURE B•21A.~ l -

t 

1 ) 

S ity f ct r ~ 

B-32 

i-'"' 

~ :::::: r---. r---.... 
......._ 

'-

0 

r t 

-

i,,,..,,. 
I'. .. 

-.. ... 
.... 

._ ... 

~ ... 
... ~ 

l 
100 

00 

r· r ~ .,Tl , 0 UTY CYCU 

i eccmd s 

s 

B A T T £ L L E MEMORIAL INSTITUTE 

• 



1 

,2 

I/I ,1 
+' 
+' 'l. 

ft, 

:: 

" "4 
~ ,04 > . , u 

Q. 

+' 
:J a. .o:-> C . 

M . 
~ 

"' QJ 

,01 Q. 

.oo 

.oo ~ 

.oo l 
,l 

B-33 

........ """"' 
r""" 

""'"'-

" ~~ 
: 

~ 

-

-

' 

. 
l .., .. 

Duty Cycle, per cent 

r-.. ~ 
r-

4 

~i-;:: 

l 
100 

10 

FIGURE B-21B. 2Nl67 Pf.:.AI POWER INPUT AS A FUOCTION OF DUTY CYCLE 
aw tOGtb wave input 

R pet1tion period= 100 milliseconds 
Collector voltugc = 15 volts 
Amb1e~t temperature= ?.5 C 
Peak junetion temperature= 8~ C 
Stability factor= land 100 

&ATTILLE 
INSTITUTE 



B-34 

l 

~ 
~ 

~ r-.... ~ ..... 
"" ... ~ ... r-,.~ 

~ 

• ?. '"" ~ ~ ----
"""" - ,._ 

i--... ... ""'""' ,.... .... 
... •i- 80 

.., ,l ., 
m ;: 
.. ,. 
,1 

4 ~ • V 
.lo 

+J 
. 

;> 
Q. 
C • ·--
~ 
Iii 
a, 

.lo • l 

. or ,, 

.o l 
• l 

..., 
• ,I ... 4 10 

ty y:. , , • r c·mt 
FIGURE B-22A, r .,Tl Ot OF trrY CYCLE 

:,, w t 
,·p• ·t li i:: cond~ 

C t 
A t 
P · k ' u 
·tJ ui. i 

Tk nn~ l iur .. w, y w . i nput for S = 91 

BATT[LL.E MEMORIAL IN&TITUTE 



• 

l 

~ 

' ~ 

lfl ,1 
+J 
+J 
; 
.. 

"4 
<II ,04 jC 
u 

Q. ., 
:, 
0. .02 C -

.a.: 
"' Cl, 

.01 Q. 

) 

.001 
l 

B•lS 

t---- """"'-. 

-- r--.. - ~'"" ~ ""• ...... """,.., .. ,.. r-::::: ~ -......._ 

4 :o 
. t ty Cycl e, per c nt 

r---. ...... 
r---.- ..... ~r--. 

i"olo... .. 

40 

r,,,.. 

r,,,, 
~ 

l 

80 

100 

FIGURE B-228, --Nl67 Pf:AK POWER INPUT AS A FUNGTION OF DUTY CYCLE 

SJw tooth wav input 
f :pt:' ti.tion p ri(1d = 100 milliseconds 
Collector voltu<J t' = 30 volts 
Ambient t mperatur ,·· = .·.5 C 
Peak junction tPmp .raturo = 85 C 
Stability factor= land 80 
Thermal runaw~y with zero input for S = 91 

8 A T T E L L. E MEMORIAL IN&TITUTE' 



B-36 

l 

• 2 

1/'1 
+J 

,l 
+J 
m 
i ..... .. ..... r---.... ... 
~ .04 
0 
u. 

~ ~"" ~ .... 
...... ,..,_,,, 

"""' ' ...... ., 
:, 
Q, .02 C - "' 

~ 
f'-- ..... 

~ 
~r--.. 

i-,,,,P,,.. .... l 
~ 
tQ 
QI 

,Ol Q,. 

-........ r--.. r--... ii--p,,....._ 
30 

.ow 

·- 4 lO 

uty ye pr cent 
FIGURE B-2..>A, ') ! 167 PEAK POwr:· I NPU1 A,J A FUNCTION OF DUTY CYCLE 

w t o t h w vr i nput 
,., r .. titic:-n rio ==. milli seconds 

Col ctor volt g~ = 3 volt 
Ambi ~nt t emperature = .~ C 
P r1 1< junction t l'.! rr pcr e1 t\.,re = 85 C 
Stability factor= 1 and 3 
Thermal runaway with z ro input for S = 50 

BATTELL.E MEMORIAL IN&TITUTE 

• 



• 

l 

. .. 

,l 
.,J .., 
~ .. ... 
! ,04 
Q,. ., 
:, 
Q. ,02 C ... 

.w 
,v 
a., 
a. ,Ol 

.oo 

.oo 

. oo 

-

, . 

l 
l 

.... 

' "' 
~ 

~ 

'l . 

B-37 

I 

I 

~ .... 
r-,.. '~ ... .:_ 

.......... 

' ~ ~ 
""-""" ....... '-- ~ 

---- --....... --,.,., l ........ 
........ 

...... C 

-!'Ill 30 

100 

r ty ycl I' per c~nt 
FIGURE 8-238. Nl67 f: AK ' ' 1 A A F UNC1 l ON OF DUTY CYClF 

~ l w to th w· v • 1 put 
R p titi n p ri od = 100 milli,econd~ 
oll~ctor vo t~g ~ 30 volt~ 

Ambient t p ·r tur ~ ~s C 
1 c1kjrcti t •r, •rtur =85C 

Jtnbility factor ~ land 30 
Th~rmal ~unuway w'th z ro input for S = 50 

8 A T T E L. L. E M~MORIAL lfllSTITUTE' 



B-38 

l -,--~ 

l 

.2 

\/l ,l 
+' 
+' -- ............. i .. , .... I 

'""""""" I",.._ -
r----.,' 

"" I ' 

~ 

i ,04 
u 

Q,. 

""'~ ~, """' ~ ..... ' ~ "" ...._~ 
\ '--

+' :> 
Q. .o. C .... 

i' r"" 

' ... __ 
~:--,--- - ... 

"" " QI 

,Ol a. 

50 

• oo -

.oo , 

.oo l 
,l 

10 
·t y ye , p r c nt 

FIGUkl: B-24A, ?Nl67 Pl: /. • i: i< A A FUOCTION CF DUTY CVCLF. 

vaw t t w V l in t 
i p •tit ion d d - l mi 111 " econd .. 
C ll cctor voltJg = 15 volts 
Ambi ent t rmp r tur · ~ 65 C 

ak junct' 1 t ·1 • t = 85 C 
Stability fa ct or= l and ~O 
Therma l ;runa way w· th ze ro input for S = 100 

B A T T E L L. E MEMORIAL. INSTliUYE 

7 

• 

• 



• 

B-39 

l 
. 

1/) .., . l .., 
~ 
• ... 

Cl • .04 ~ 
~ 

... 
~ ., 

:> 
Q, ,O~ ~ 
~ 

' ~ ""- r--..... 

" 
..... ,-,,_ 

~~ 
.: 
"' " ~ ,Ol 

~ 
~'- "'-~ 

ho. ,.__ ,... r-._ -· ,...~ . . - -... ........... 
............ ........ 

--"""" ""', . -~ 

• oo l I I 

l 4 l 100 
ut y ,ye • pr c nt 

FIGURc B-248, . Nl 7 AS A FUNCTION OF DUTY CYCLE 

raw 
1L p .t i ti milli~ucC:nds 
oll •ctor - lJ volts 

A~-i •nt t , - ( ~ C 
c1k junc t i or t I r at ur e - 85 C 

Stabil i ty fact or - land SO 
Thermal nmuway ·w· th ze ro ·input for S = 100 

BATTE~L.£ I N S T I 1· U ,- E 



B-40 

1000 

200 

100 HO 
\ 

"' 
1 

+J ,\ 
+J 
la \\ 

' ' .. 
40 ... ., 

I 
0 
a. 
., 

20 &. 
C: 

\ 

'~ 
'~ 
~~ 

""' "---.... 
.w 

-...... ii-. i-._ --
fl 10 ., 
a. 

4 

2 

l 
10 20 4 100 200 400 1000 

~l~ c DurJtion, mill1 $econdi 

fHlJRE B-2~. 2N326 PEAK l lJT POWER AS A FUNCTION OF PULSE DURATION 

Square wdve inpu t 
Sing l e pul ~e input 
Collector vol t age= 15 voltJ 
Ambient temperature= 25 C 
Peak j unct i n tern erature = 85 C 
Stability factor= land 100 

B A T T E L L. E INSTITUTE 



• 

1000 

400 

200 

100 
"' ., ., 
"' I .. ., 40 
8. 
C: .... 
... 

20 ., 
• 0 
0. 

.M .. 10 • a. 

4 

2 

l 
10 2 

B•41 

_ __,, 

-
.. ,-

-
,\ 
\\ 
\\ 

' \ "~ "-~ 
~ ~ 
~ 

~ ~ 
l"""lliii: i--.. 

40 100 200 400 

ulre Du rat ion, mill1~econd, 

.--"'",_ 1 
100 

1000 

FIC1JRE B-26. 2N326 PEAK IN UT OWER AS A FUNCTION OF PULSE DURATION 
Square wave 'nput 
ringle pul~e i n u 
Collector v l tage = 30 volts 
Ambient tern ra ure - 2r: C 
Peak junctio~ t emperature= 8~ C 
Stability fac to~ ~ land 100 

8ATTEL.L..E 



., 
:, 
Q. 
C 

1000 

400 

200 

100 

40' 

20 

10 

2 

l 
l 

\ 
\ , 

!\ 

' 

I 

2 4 

B·4Z 

-
-

__ ,_ 

' \ ,, 
" \. 

'·' ~ ~~ 
~ ~ 

' ~ 

0 20 • 

~ ~ lo.. 
r"'oo... 

~ r:::: ~:~ ~ ... ... 1 
10 
~ 
00 

-.. ..... r...,:'.,;;; ,... 
""""' 

11 .. 

40 100 

r l t' on, mllliseconds 
F!GUf<E B-271'. :.N3 /.6 1-'E SA FUNCTION OF PULSE DUkATJON 

Squt1re w v n u 
j • ng l e p u l c • • 

Collector vol 
t 

volt~ 
= 6:> C 

P~ak junct ·on t m J a ure= 85 C 
St ab i li t y fa ct or = l , 1 0 , S , and l 00 

8ATTELL.E MEMORIAL. IN&TITUTE 

• 

• 



• 

1000 

400 

200 

100 .,. 
+J ... 
l'O • .. ... 40 Q.I g 

Q. 
.., 
:, 20 
~ .... 

,M 

" 10 ., 
A. 

2 

l 

~ 
:~ ~ 
"~ ~ ~ "'--....... ,-...,._-

~ 
"-- r-.. 

..... 

I 

10 20 40 

B-43 

-~ 
~ ""'[" ._ , I .___............._ 

.. . :,_ ............ -----=-~ 
~ ~ ~ 

.......... 

100 200 

.;::-i....... _ -~"-1...._,- .... tf ... --- ,.__, ._ . :: 
- /"Ill-- ; 

-' 

l 
10 
~ 
00 

400 1000 
Pu l se Duration, millisecond& 

FIGURE 827B. 2N326 PEAK POWER NPUT AS A FUNCTION OF PULSE DURATION 
Square wav e i nput 
Single pulse i nput 
Collector voltage= 30 vo l ts 
Ambient temperat u a = 6~ C 
Peak junct i on t ~np~rature = 85 C 
Stability factor= l, 10, ~o. and 100 

BATTELL.E MEMORIAL. INS'T'l 'TUTE 



B·44 

1000 

400 

200 

l-i 

100 I • 

.,, "'-., .,., ., 
I 

,, 
' "' 

...... ' • 40 ... ' 
~ 
~ ., 

20 I 

'-

-
~"-. .. - · ~ -.......... ........... 

~ ',•- .... ~""' ... .. -... ~-

1 10 ct 

l 
10 4 100 _oo 400 lK 

Pul,, D\lration, millheconda 

fIOUkH B-2E!A.:N326 PEAK PO-"ER I NPUT AS A FUN:TION OF PUI.SH DURATION 

~~w tooth WJV~ input 
~ingle pul r,o 
CollrJctor vol tago .= 15 and 30 volt& 
Ambient t0mpcraturo = ?.5 C 
Peak junction .mpcrature = 8~ C 
~tab1l1ty factor= land 100 

8ATTILL.I MIMOAIAL. INITITUTI 

• 



1000 

400 

200 

l c 
VI .., .., 
It! 
I .. 
"4 40 

! 
Q. .., 

.... 

~~ 
:> ....... 
Q. 
C 
~ 

~ 

" 10 G, 
Q. 

2 

1 
100 

FIGUR~ e-2es. , N326 

P ak j l nc ' 
Sta bility 

BATTELL.E 

~ 
~ 

B·45 

-

' r--
~ p,...i--;:::: ';:;.;:::: 

,.. ... ---
--

- ,-. -...-- -

r .K 41< 10 K 

: 1 r t1 , milli~econds 

V 
l 15,30 
00 l!> 

100 30 

A. A FUN.JTION Or PUL L DUilATION 

=· sand 30 volts 
r - _5 C 

ture = 85 C 
and 100 

I N S T I T U T E· 



1000 

400 

200 

Ill 100 ., ., 
"' • .. ... 
ca, • 4 0 
a. ., 
5. 

2 C .... 
.ac ,. ., 
a. 10 

4 

2 

l 
l 2 

B-46 

' 1\. r\. ... 

' "' i\ 
~ ' I\. ~, 
. ~ '-

~~ 
~ """'-

""i'-

( 40 
U e I n, mi ll iseconds 

I 

r---- r---,__ Iii,,.. 

"" 
J"'II 

,-..,_._ 
l 
10 

100 

FIQJRE B-29A, :N326 ~AK f\ A FUNCTION OF PLIL~E OORATION 
f Mw too th w ve inpu t 
.. in le u ls e per· d 
Collettor volt ce = 1~ volts 
Ambient e erat ure - 6~. C 
Peak ·unct · on p . a r e= 8. C 
t ability fa c or = and 10 

B A T T E L. L. E MEMORIAL INSTITUTE 



B-47 

1000 

400 

200 

100 

40 

20 .... 

10 ~ ---.. -------.. ---............. -- ·~~ 
l""o,,.. ,._ 

4 

"""' I -~-
,._, .. "" --.........__ 

--
l 

10 

2 

1
100 2 4 lK 2K 4K lOK 

Pul ~e Du rat i on, milliseconds 

FIQJRE B-298-. 2N32 PEAK P WER INPUT AS A FUNCTION OF PULSE OORATION 

~aw tooth wave input 
Single pulse period 
Collector volta e = 15 volts 
Ambient te perature = 6~ C 
Peak junc t ion t emp ·rature = e5 C 
ttabillty factor= land .10 

BATTELLE MEMORIAL INSTITUTE 



tit .., .., ,,, 
I 

• ... 
t 
0 
a. 

B·48 

1000----.----.~~~i-,-,-.➔7'+------_-_-i-..,_-_:-~ ... •-_-,,.
1
_-...r-__,wr-l_;C•-r¥-1 

~-~-t--+-....... -+:-++-f---+--t--t-'9-;•...,...,:•~ 
1---~-+---+-r-+~-H----!--,..--t·-t•-t-1-,r ~ 

I I 

,~ 
I 200 ..... --.--...-+--.-t-r-,hl~l---~----.-1~: 

100 '----+--+--+--+-,t-H~l __ -i-1
--:--~ --

1 - 1 

2 ...---.-~~l--+-~~ ,4--~--:--i-+-r-t-;-

I l .___.,:__,__,_.,___..._, __________ .,____._.....,..,f 
l 20 40 .00 

Pul!e urJ ion, millisecords 

FIG.IRE D-30A. 2N :. I • K P NE INPUT AS A FUNC".10~ Of PULSE OORATION 
~Jw too1h Wdv e 'np t 
~ingle pul se p~r od 
Collector v lld _e - volts 
Ambient tem~erJlu re = 6. C 
Peak junct lor 0 p zat ure = E~ C 
ftab~lity fdct or = l and 10 

BATTELL.E M t M 0 I~ I A L I N G T i · IJ T E 

• 



1000 

40 

200 

"' 100 ... .., 
"' • 

.w 

" • a. 10 

4 

2 

l 

~ 
......... 

r,,,,.. 
.......... 

""-.. 
"""r--,._ 

.... , 

100 200 4 

B-49 

1""""- ~ ,.... ___ 
,.............._ 

l 
"""r-,... "~ ... 
~ r-....... ~ ,.._ .... 

... 10 

lK 2K 4K lOK 
milliseconds Pu 

FIQJRE B-30B . N UT AS A FUNCTION OF PUL~E DURATION 
~aw tooth wJve input 
Single pul~e per'od 
Collector volt age= -o volts 
Ambient tempe rature= 6~ C 
Peak junction . per ·ure = r •· C 
Stability factor= 1 and 10 

8 A T T E L L. E MEMORIAi. I N S T I T U T E, 



100 

40 

20 

"' 
10 ... ., 

I .. ... 
C, • • 0 
a. 
.,J 
:, 

2 0. 
C -

.Jl 
ft» 
a, 1 ~ 

.2 

V = l~ --­r. 

2 4 

B·SO 

I 

10 

V = 30 --­r 

~ 

' '~ 
'""" ,~ I I 

~~l~lr ...... 

' 
,~-

1, I '~ ~'" 
\ '\! 

! 

~ .. 

' ~ i 
I .. , 

L -__ _t -~,l 
~ l 

1 

0 

0 

20 40 100 
Dut y Cycle, pr cent 

FIGURE 8-31. 2N326 PEAK I NP T P W R AS A FU C ION OF DUTY CYCLE 
Square wave i nput 
Repetition per iod= l millisecond 
Collector voltage= 15 and 30 volts 
Ambient temperature= 6~ C 
Peak junction temperature= BS C 
Stabil'ty factor= l nd 10 
Zero input peak junction temperature~ 8~ C for 

• V c = l ~ and S :: 2i 
Ve= 30 and S = 13 

8 A T T E L L E MEMOAIAL IN5Tl 'TUTE 

• 



• 

B·Sl 

1000 

400 
,, 

100 
"' .., ' .. ~ ~ 

i ~ ~ ... 
• 40 6-t 

~ 
6 
Q. ., 

~ ~ 

~ ~~ 
~~ ~ 

" 
~~ ~ 

'- ~~ 
' 

S Ve 

l l~,30 
100 l~ 

Q,. 
C 100 30 .... 
~ 
,a 10 ., 

Q. 

4 

2 

1 
1 4 10 40 100 

[Juty ~ycle, per cent 

FIGURI! B-32, '.1N3 .6 I r. Af.: rowEH INPUT AS A FUOCTION Or DUTY CYCLE 

Saw tooth wav· input 
tLp•tition p,·riod - l milli!'.ccond 
Coll ctor volt g ~ 15 Jnd 30 volt~ 
Ambient t 0mprJrtttt1rc = ;,5 C 
Peak junction t .mporatura = 85 C 
St~bility factor~ land 100 

BATTELLE MEMORIAL I N ST I T U T E· 



B-52. 

1000 

400 

200 

.,. 10 .... 
+J 
~ • .. ... 
QI 4 
~ 

0. 

.,J 
:, 

2 Q. 
C: -

.w 
Ill ., 

l Q. 

4 

2 

l 
l 

T 

l 
1 

' ~ 

,, .. 

'-

r cent 

,.~ 

" ' 

40 

""-~" .. 
'-

r'\.. 

r-i\. 

" 
" 

' 

i' 

l 

10 

lOU 

FlClJRE B-J3. 2t 26 E K Wi:R INPUT AS A FUNCTION OF OOTY CYCLE 

~w too h w, ve 'nput 
Repetit'on rt~ = l mil 1 l econd 
Collector volt ,, _e = 1~ volts 
Ambient temper t ure = C 
Peak junction tm p~r ture = es C 
ftability fdctor = land 10 

8 A T T E L L. £ MEMORIA~ INSTITUTE 

• 



• 

WO 

1/1 100 .,J 

+' 
~ • 
• ... 

Q,I 

~ 40 
a. 
+' 
:, 

~ .. -
,M 

"' ., 
Q. 10 

2 

l 

B-5.3 

- . 

.. 

'""" 
" ~ 

!' 

r\" 
' .. ,, ... 

' 'I. 

i''-.. 
""-

~"'" 

' '" 

' 0 

' 

100 

uty y e. per c~nt 

FIGURE R•3'. ~N3✓.6 PEA WR NPUT AS A FUNCTION OF DUTY CYCLE 

Sr1w tooth 
RE: pe tl • n r • e - m· 11 i second 
Co l l ector volt -g = ·3 volts 
Am~ · n l L 1 ; t. r = 65 C 
P~<l k junct· on at ure ~ 8S C 
Stab111 ty factor l and 10 

8 A T T £ L 1.. E MEMORIAL • I NS T I T U T E' 



B-54 

1000 

400 

200 

100 
.,, ., ' ., ,\ 
"' iS \\ 

• 40 ... 
t, 
I ~ 
0 
0. ., 20 
~ 
C: 
~ 

.Ill& 
10 " ., 

A. 

4 

~ ~~ 
'~~ 

~ :~, ,~-
~~ 

~~~ " l 
1\ ~ •'-' ~ " t.A 

~r-i -, y 

1nn 

2 

l 
10 20 4 :) l :JO 

ty Cycle, per cent 

fIClJRE B-35. 2N326 PEAK Nl~T ~ER AS A FUNCTION Of DUTY CYCLE 
equJre wJve input 
Repetiti n er · d mil i fecond, 
Collector volt e = l~ volt, 
Ambient temperdtur~ = 6~ C 
Peak junction temp~rature = 8~ C 
St abil l ty L>ct.or - • 10, ~o, and 100 

B A T T E L 1.. E INSTITUTE 

• 



1060 

400 

20 

10 
.,. 
~ 

.,> 
~ 
i .. ... 40 41 
i 
0 

Q,. 

.,J 20 ::, 
Q. 
C -

.w 
~ 10 ., 

Q,. 

4 

2 

fIQJRE B-36. 2 3 

£quar 
Repeti 
C lle t. 

8 A T T E L I.. E 

-

·-

B--55 

,_.,._ ,_.,. 
,_ -

- ,_ ·-

- - •-·'- ' ·- -
- --1 -

- _,_ ,_ 

-

I ,- ►-·-

1 1 

-
·-

i .. \ 

J 1} \ 
I ,\ \ 
_\ ,\ 

\ ~ ·-·--:~ 
~ 

I~ ~ 
' ~" -1$' ,. ' 

'I... ... ., 

.o 20 40 

e, per cent 

~ 

'b~L' 
~ 

l 
10 
~o 

100 

100 

A rUNCT ON OF OOTY CYCLE 

mi 11 ~ econdi 
volt~ 
5 C 

r re 8~ C 
l, l , ~o, and 100 

M •• M O R I A L T I T T E· 



10 oc 

AO 0 

0 

100 

"' .., 
+J 

.. 
1-4 4 

I 

~ 
u 
C. .., 
.J 0 
C -
~ 
ft, l Q• 0 

Q,, 

4 

FI GURE B-37, 

B-56 

,_ -,-

. 

"" " - ,_ ,- -- ,.,~ 
1'-"'-' - ~ t, 

... ""-,~"-

~ ~'" 
~ ~ '~ ~ v, 

" ' ~ ~, ,, l l~, 30 
100 1~ 

i"- 100 30 

< 

40 .co 
c. ,. nt 

,. 
I .J r : • I -. r Ti CYCLE 

I ~- ~ r C 

1, t. ccnds 
:, vol t e 

. , J\ n t ,, ,, .: :: , tur ... - 85 C 
Sta ility f~ctor = l nd 100 

B A T T .E L L. l MEMORIAL. IN&TITUT.E 



B-57 

l 111 11 . ,., ., . 

" \. 
'I 

.. 
40( 

l 
' " "' ' ' i\ -., 

~ "- 1\ ., 
-~ 
i ' I\. 

- i-t-

1, ~ 

• . t\ '" :\ ... .. 
~ .. 

Q. ' ~~ . 0 30 ., 
:J 

C -
J,l 

lC ~ 
~ 

) ty ye , per cent 
FIGURE B-l6, . 3 .. 6 PFJii.: A A F ~ TION OF DUTY CYCl.f: 

·aw t ooth WlJ V 1 n ut 
, p titi rn ri od - mi li r. conds 
C~l l ctor vc t and 30 volts 
Amtient t mpc rnture - 5 C 
. ak junction t mpprature :: 8~ C 
tability factor= land 100 

8ATTELL.E MEMORIAL INSTITUTE · 



100 

40 

20 

10 
"' ., ., 
~ • 
• ... 

QI 
I 
0 
a. 
.., 
:, 
0,. 
C -
"" ,,, 

100 ., 
G. 

40 

20 

10 
l 2 4 

B-58 

\\ -
\ 

' \~ 
N ~ 

\ 
\ 
1 

' \\ 
\\ 
'~~ 
~~ ' ~ 

20 40 

, pe cent 

V = 1~ 
C 

~ :::: .... 
"~ 1 

100 

'" 'i---

V = 30v 
C 

~ --"'-"-' 1 
100100 

FIGURE 8-39. ~N3 6 PE AK : WER AS A FUNCTION OF DUTY CYCLE 
Squar~ w ve ' npu t 
R petlt:on r,:i r~ = r l se conds 
Collector vol Jc = 15 and 30 volts 
Amb~ent temp rt r - ,S C 
Peak junction t mpcra t ure = BS C 
Stability fdct or =land 100 

BATTELL.E M EMORI A L. I N S T I ·r U T E 

., 



1000 ~ 

-
400 

200 

100 - -
t/1 
~ .., 
,,., \ 

\ • ' .. 1 ... 4 
" I 
0 

Q,. 

~ 
:, 20 Q. 
C 
._◄ 

Ji. ,,, 
10 ., 

Q,. 

4 

2 

l l 

B .. 59 

__ ._ --~ 
-1- - . 

·- ,- •-

·--

-

\ \ I 
r\ \ 

~ 
'- "-
~ ~ " 

~ ~ 
"""' '-

I 

20 

y , n cent 

f""'I,,,,. 

~ '-..... ~ ... i-,.... 

""'~ 

40 

..,,_ '-

'""", ' ... 
I .... 

l 
100 

100 

F [GURE 8-40, .. N3:.!6 /\ AS A FUNCT ON OF DUTY CYCLE 
Squ ,i r 
RE-•p t 't on p ' r 
Col ~ t r vo . c1 

Amb'ent \mp r 
PeJk j unc on 
Stc1b lity fac to r 

ml ll ir.~cond• 
') volts 

r - 65 C 
pH at ure = 85 C 
- l '1nd l 0 

8 A T T E L L E ME MO R I A L. INSTITUTE' 



1000 

400 

200 

100 .,., .., .., 
"' • 
• ... 40 Qi 

~ 
~ 

.,> 

20 :, 

~ -
.lie 

" 10 ., 
0. 

. 
2 

1 
1 2 

B-60 

- ~ - ,. 

\ 

\ \ 
\ \ ' \ \ \ 

\ ,, 
\ ~ 

\ 
\. ~\. ,~ 
~ ~~ 

~ ' ' ,"-. ..... 
I'll..."'-. 

" 

4 20 

y y le , per cent 

"-. 

' ' , .... ._.._ 

~ 

40 

---~ -

- ►-"'" 

' l',. '""', ... 
""~ ' ,.,. .... ", 1 

~o 
100 

', 

100 

FIGURE B-41. .N326 PEAK N UT P WER AS A FUNCT ION OF DUTY CYCLE 
Squar wuv~ · nput 
Repet t · n r : - l ml iseconds 
Collector vo t ge ~ 30 volt~ 
Ambient t emp ,r , t ur - 6S C 
Peak junct· n t ~m rature = 85 C 
Stability f ctor = l , ~O, and 100 

BATTELLE MEMORIAL INSTITUTE 



• 

B•61 

1000 

400 

200 

100 I\. ,., 
1/'1 ' ' ' 
+' ,,, ... 
I 

,,~ 
~ ~ 

• 40 "4 

I 
~ '-
~~ ~ .. S Ye 

0 
0. 

+' 20 :.> 
0. 
C 

"" ~ r--.~ 
~~ 'i--... 

"1111' ,._ 

1 l~,30 
100 1~ 
100 30 .... 

.w 
10 " ., 

A. 

4 

") .. 

l l ) 4 10 40 100 

Duty Cycl~, per c~nt 

FIGURE 8-42. ;>N3.l6 PEAK POWFH lNPUT AS A FUNCTION OF OUTY CYCLF. 

vaw tooth wave input 
Repetition period= 100 milli&econds 
Coll ector voltage = 15 and 30 volts 
Ambhrnt temperature = 2~ C 
Peak junction temperature= 85 C 

• Sta bi l1 ty factor = l and 100 

BATTELLE MEMORIAL INSTITUTE 



B•62 

100 '-

" . 

' " '-. '-. "-

" ' ~\.. 

40 """ ' ~ 

" [''" 
~~ 

1111 

20 

10 
"' +' 

' ~ ~, 

"' ...... 1111 .. 

~" 
~I'll ~ ~ ~ ~ ~ ~ 

' ' ' ' "' "' ..... "Ill 

" 
"" Ve 
l l~, 30 +' 

I ' "' "' 
"", ...._~ 

• 4 ... 

' 6 
a. 

"'" f"'III-._ 

'~ ~, 
--

100 l~ 

100 30 
+' 2 :, 
Q. 
C .... 

.aic 
l .. 

ca, 
Q. 

.1 
l 2 4 10 40 100 

Duty Cycle, per cent 
FIGURE 8-4.J. ~N3~6 PEAK POWER INPUT AS A FUOCTION OF DUTY CYCLE 

.Saw tooth wav . input 
R.p!tition p riod = 100 milliseconds 
Collector voltage= 15 and 30 volts 
Ambient t emp rature = 65 C 
Peak junction tPmperature = 8~ C 
Stability factor= land 100 

BATTELI..£ MEMORIAL IN5TITUTE 

.. 



• 

1 

.2 ' ........ 

' ~ ' ~ ,1 ,,. .... 
+' ~ 

+' 

I 
• ... ,04 i 

"'"~ 

Q. 

+' 

5. .02 
C .... 

M • • 01 l. 

,004 

.002 

.001 
1 2 

B-63 

........ 
~ """'---........ ~ ..,_ 

........ ~ -
-,..., 

Ii,,,,.._ 

--

4 10 20 
Duty Cycle, per cent 

-,... 
~ -
:- ......... 

~~ 

40 

""'"""" 
,_.._ 

....... 

... 

' 

"""i--~ 

12!> 
100 

7~ 

100 

FIGURE 844A. 2N33~ PEAK INPUT POWER AS A FUNCTION OF DUTY CYCLE 
Square wave input 

• 

Rtpet1t1on period• 100 m111111cond1 
Ambient temperature< 1~ C 
Stability factor< 100 
Temperature r111 ■ 2~, ~. 7~, 100, and 12~ C 

BATTEI.L.E MEMOAIA~ INSTITUTE 



1 ~ 

. 2 
......__ 

..........__ 

,1 -1/1 ... 
.,i 

; -

• ... ,04 ., 
g ~ 

Q. 

~ 

.02 :, 
Q. 
C -

.Ill • ,01 ., 
A. 

,004 

,002 

,001 
• l · 

B-64 

-
--

---

--- --

.2 ,4 1 ~· 
Pul,e Duration, 1econd1 

. 

4 1 

. 

0 

12~ 
100 
~ 

!)() 

FtGtrRE 8448. 2N33~ PF.AK INPUT PO'IER AS A FUNCTIO~ OF PULSE DURATIO~ 
Square wave input 
Single pulse input 
Ambient temperature< 12~ C 
Stability factor< 100 
Temperature rise= 2~, ~. 7~, 100, and 12~ C 

BATTELL.E MEMORIAL INSTITUTE 

• 

. .. 

,. 



.. 

J\-65 

l 

~'-.. 

• 2 

.1 

' ~ ~ ~ ~"""" ' ~ ... ..... 
"" -... .... 
~ -........... 

ii--

' ~ 
lllliii._ .... -
~ 

""""-,, 
---

"' ., ..... ., 
• ........... 

• ......__ 
.. -... ·°' ., 
i 
+' 

&. .~2 
C 
~ 

,M 

• • 01 • D. 

.oo, 

.002 

2 • 10 20 40 100 

l'ul ~.c Dunt ion, mll 1 htcon·J• 

FIGURE 8-4' A ~N33~ PEAK I NPUl POWER AS A FUNCTION OF PULSE DURATION 

Saw tooth wav~ input 
Single pulse input 
Ambient temperature< 12~ C 
Stabll1ty factor< 100 
Temperature rise•~~. ~O, 7~, 100, and 12~ C 

BATTELL.E MEMORIAL I N ST I T U T E· 



B·66 

1 

.2 

1~ 
.1 100 tit 

~ 
+' 
+" ,., 
• !)() • ... ·°' j 

.,J 

i .02 
.... 
• • • 01 • Q. 

.0021---+-,._ ......... ++++---+--+-+-++t+t-1 

Pulse Durat\on, second, 
FIGURE B-4~8.2N33~ PEAK INPUT POWER AS A FU'CTIO~ OF PULSE DURATION 

Saw tooth wave input 
Single pulse input 
Ambient t~mperaturt < 12~ C 
Stabil\ty factor< 100 
T~mperaturt rh• • 2'l 1 ~ ·, 7!>, 100, and 12!> 

,. 



1 

.2 

.1 
"' .,J 
.,J 
ftJ • • ... 

·°' QI 

I 
.,J 

~ .02 
· C -

.M .. 
• 01 • A. 

.004 

.002 

.001 
l 2 

B•67 

' ~ ' t---.. 
~ ~ 

' t---.. ... II,. 

....... 
......... 

~ ........ 

"" 
- r-..... 

~ II,.. 

4 10 20 40 

Duty Cycle~ per cent 

~ 
ii.._,"' 12~ 

100 ... -....... 
- ~ 

, .... ... __ 

,0 

.......... 
lillli-. 

100 

F,GURE 8-46. 2N33~ PEAK INPUT PCMER AS A FUNCTION OF DUTY CYCLE 

Square wave input 
Repetition per\od = 10 m\1111econd1 
Ambient temperature< 12~ C 
Stability factor< 100 
Temperature rtse = 2~, ~0, 7~, 100, and 12~ 

8ATT£i.L.E MEMORIAL. I N & T I T U T I· 



·B-68 

1 

.2 

.1 

___,,,,,_ 

~ 

' ........ ~ "'-,,., 

' ~ ~ ~ ...... , ~ 
,, ', 

' ' ' ~, --., 
........ .... ,,. 

.... ~ ., 
• 

~, 
~ ~ • .....__..._ 

• .. 
·°' C, 

I 
~ ..... 

,....!1111 

Q,, ., 
&, .02 
C ... 

.M .. 
• 01 :. 

. 

• 002 
' 

.0011 2 4 10 20 4() 100 
Duty Cycle, per c1nt 

FIGURE 8•47,2N33~ PEAK INPUT PCMER AS A FUNCTION OP DUrY CYCLE 
Saw tooth wave input 
Repet\t\on por\od s 10 milllseconds 
Amb\ent temperature< 12~ C 
Stability factor< 100 
Temperature r111 • 2~, ~o, 7~, 100, and 12~ 



.. 

• 

1 

.2 

.1 
1/1 
.> 
.> 

I 
• ... .cw ., 
I 
~ ., 

.02 i 
C ... 
.,,, 
I .01 
A. 

.00, 

,002 

.001 
1 2 

B-69 

'a.. 

' 
...... r--.. i-.,,......_ 

r----. ,-.... 
' --~ r----. ,-.... -~ -.... -- --- --
......... 
~ -

~ 

4 10 20 

Pulse Duration, m111111cond1 . 

--

12~ 
100 
7~ 

100 

Ftr,URE 8488. 2N33!> PEAK t ~PUT Pa«ER AS A FU~IO~ OF PULSE DURATION 

Square wave input 
Single pulse input 
Ambient temperature< 12~ C 
Stability factor< 100 
Temperature ri11 • 2~, ~O, 7~, 100, and 12~ C 

BATTELL.E MEMORIAL . INSTITUTE 



B-7.0 

1 

' 
• 2 

• 1 

' """" ~ I'- ...... .... -.... --""'-
~ 

-.... .... ""' ~ ii- ... ~ - "'--... ' 
...... .... ""' --~ 

ii-.,. 
~ - "'- i,..,_ 

~ --..... -... ---.,. -., ., .......... 

I """ - .. 
~r--- ... 

• ... ""'-------... ,04 GI 

i 
r--"-• ... 

., 
:, .02 ~ 
C: 
~ 

.lie .. 
• 01 ., 

Q. 

,004 

.002 

2 4 10 20 40 100 
Duty Cycle, per cent 

FIGURE 8-49, ,N335 PEAK INPlT POWER AS A FUNCTION OF DUTY CYCLE 
Saw tooth wave input 
Hepotition period• 100 mllll1teond1 
Amb\ent temperature< 12~ C 
Stab\l\ty factor< 100 
Temperature r\1e = 2~, ~o, 7~, 100, and 12~ 

8 A T T E L L E MEMORIAL INITITUTE 



1 

.2 '~ ..... 

' --...... 

' ' .1 -Ill ., -., 
; 
• ... .o, ., ..... ........ 

! ., 

~ ii--
~ """"-
~ ,,_, 

r-

...... 

B·71 

.... 

.... 

... -
--

12~ 
100 
~ 

!,() 

i .02 
C 
•◄ ... • . 01 :. 

,004 

.002 

• .001 
• • 1 l 4 10 

Duty Cycle, per cent 
FIGURE B-~OA.2N33~ PEAK NV T PONER AS A FU~CT ,O~ OF DUTY CYCLE 

Square wave input 
Repetition period= 1000 milli1econd1 
Ambient temperature< 12~ C 
Stab\l\ty factor< lJO 
Temperature rise= 2~, !>O, 7~, 100, and 12~ 

BATTE&.1.E MEMORIAL. IN&TITUTE • 



l 

.2 

~ 
:, 
0. .02 C: 

.004 

.002 

' 

. 

.0011 

B•7Z 

- -

2 4 . 10 20 
Duty Cycle, per cent 

r- ... 
,_ ,.._ 

-- ....._ 

-- """""-

- .... ... 

40 

""'" ""'--
r--,,..._ 

-,-
i,., :-. 

l""l!il, ... 

""'"""' .... 

12!> 
100 
7~ 

100 

FIGURE e-~oe. 2N33~ PEAK I~PUT PC\ffER AS A FUNCTtON OF DUTY CYCLE 
Square wave input 
Repetition period• 1000 milli11cond1 Ambient temperature< 12~ C 
Stab\llty factor< 100 
Ttmperaturt rlst a 2~, ~. 7!), 100, 1nd 12~ 

8 A T T E L. L. E MEMORIAL INSTITUTE 



• 

1 

• .,l 

. 2 

,1 

&..02 
C -

M • : 
,0()4 

.002 

' ' 
~ 

' 
"-

\ 

B•7l 

' ' ~ ~ ..... ,... -. ... 
r--... ,.... ,.. Iii 
~ 

.. ....__ 
ii-- ,... 

"'i-r---... ---
~ ...... 

r- ... 

-........ 
l""lllli "'---
~ 

1 2 

Duty Cycle, per cent 

~ .. 

12!) 
100 

7!, 

!)() 

10 

FIGURE B-~1A.2N33~ PEAK INPUT POWER AS A FUtCTION OF MY CYCLE 

Saw tooth wave input 
Repetition period= 1000 mi1111econd1 
Ambient temperature< 12~ C 
Stability factor< 100 
Temperature rise• 2~, !>O, 7~, 100, and 12~ 

8 AT T IL L. E M E M 0 A I AL I N & T I T UT E· 



1 

.2 

"' .1 
+' 
+' 
ft) • 
• .. 

41 ,04 
A a. 
+' 
:, 
~ .02 
C -.w .. 
l. .01 

.004 

.002 

.0011 

~ 

r----......... 

-

............___ 

2 

B•74 

4 10 20 

Duty Cycle, _per cent 

-r-

-r-
"'"" ... ..... 
,.., i-

"""" ~- ... 

12!> 
100 

7!> 
- -- ~ ,-,.. 

- ,.., 
"'"" .... 

40 100 

FIGURE a-,1e. 2N33~ PEAK INPUT POWER AS A FUNCT ION OF DUTY CYCLE 

Saw tooth wave input 
Repeti t \on per\od = 1000 mill11econd1 
Amb !n temperature< 12~ C 
Stab llty factor< 100 
Tempur1ture rise• 25, ~, 7~, 100, anq 12~ 

8 A T T IE L. L. E INITITUTE 

' 

• 



• 

B-75 

100 

40 

20 

10 
'1l .., ... ., ...,-.. Ill. 

i ' ' ~ ... 
• 4 ~ 

~ 

~ I'- ~~ 

' ~ ~, I"', 
... 11111 

(I 
a. ., 

2 :, 
~ 
C 

" ~, ' ~~ 
' ~, , ... f'~ rs~~ ~ .... 

.a.: 
1 " ., 

a. 
' .... ~ ,..~' ~ ......... ~ ~ .......... 

~ - .. -"II ....... 
..., 

""" -....... ...... -
~ .. ....... ..... 

' ""- ... 
........... ~--

-.. 
'") .. 

.. ,4 l 2 4 10 
Du r~tion, m1111s~conds 

FIGURE B-!,2A, N34l Pf:AK I N UT POWliR AS A FUN:TION OF PULSF. DURATION 

(l \ ar wr1v 1 nput 
Singl e pul. 

. Ambi ent t~mperature < 115 C 
Stability factor< 100 
Temperature ri~e = 25 1 ~, 7~, 100, and 12~ C 

BATTEL.L.E MEMORIAL INSTITUTE· 

• 



B•76 

100 

20 

10 

"' ,tJ 
,tJ 

I 
• • k 

i 
" 0. ., 

:' ;, 
Q. 
C: .... 

.w l fl ., 
~ 

a. 

4 ,_ 

--
""111 --

• l 
10 .o 40 100 ~ 00 400 1000 

Pul ,; p Ourati on, mill heconds 

FIGUM a-,2a. 2N34l Pl :AK INPUT POWER AS A FUNCTION OF PULSE DURATION 

Squar~ wave input 
Single pul ~e 
Ambient temperature< 12~ C 
Stability factor< 100 
Temperature ri~e =.25, ~, 7~, 100, and 1,5 C 

• 



• 

10 

4 

2 

1 
1/1 .., .., ,,, 
I 

• •• ... 
~ 

Q,. 

+' .2 
~ 
C -
~ .1 .. ., 
Q,. 

.04 

• 02 

.01 
.1 

B•77 

" 
~ .. ' .... 
~ ~ 

"'Ill " 
~ I'"' ~ 

' ' 
.... 
~~ 

' ~ ~I'-. 

'- ... ' '" " 

' ' ~ ' '"' ' ~, 

' ' .. 
' Ill,,._ 

"" ...... 
1"11,. ,....... 
~ "' ,-ii .. 

' " 

I• 

• 

l 

~ 
"""" ....... 

""-.. 

,._.._ 

' 

~ 
...... --

12~ 

100 

7!» 

..... ~-
Ill,,._ 1'111,,.. 

,.. 
... ,-...,_ ,..,""' 

r""III""" 

f"" ..... .. 
r-.. ... I'll 

"""" !)() 

~ 
~ 

.... ~ 

"""""'"" 

4 10 
Pulr ratl cn, mill1$tCond~ X 10 

FIGURJ: B-53A, 2N34l Pl:AK INPUT POWLR AS A FUN:TION OF PUL~I·. DURATION 

raw tooth wave input 
ingle pul. e 

Ambient t emp~rature < l?.~ C 
5tab111ty factor< 100 
Temperature r15e = 2~, ~• 7~, 100, and 12~ C 

aATTE&.1.£ MIMO,-IAI. INITITU-TE , 



10 

4 

2 

l 

"' .,J 
.,J 

i 
• .4 N 

! 
Q. ., •✓ 

~ .... 
~ .1 .. ., 
Q. 

.o . 

• 

• l 

B•78 

---------
.........._, ----

---------- - -

~ 

- ........... 

1 C . 0 40 :-'00 400 
Pul~• uration, ml l li~econd\ X 10 

- .. 
-

l 5 
100 
7!> 

1000 

FIGURE 8- ~38-:'N34l PEAK INPUT rovn:R AS A FUNCTION OF PULSE DURATION 

·aw to~th wav • input 
.,i ngl c pul r, 
Ambi nt temperature < l ~~ C 
Stability factor< 100 
Temprratur~ ri~c = ~~, 50, 7~, 100, and 125 C 

I A T T I L. L. I MIMO,-IAL. INITITUTE 

, 



• 

• 

B-79 

10 

4 

2 

·1 
"' ., ., 
m 
~ 

• 
1,~ ... ,4 t 
100 Ji 

0 
7~ Q. ., 

a ,2 
~ C 

M 

.c 
II ,1 GI 

2!) a. 

.o.1----+--+-...,_~~++1---t--t--t--11'-t""t-t'1"1 

•
0ioo .. oo 400 1000 .'000 4000 10000 

Pul •, uration, milliseconds X 10 
FIGURE B-~3C. : N34l I l:AK INPUT POWER AS A FUtCTION OF PULSE DURATION 

S:1 w tooth We V input 
.;ingl pul :,e 
Ambi 0nt t mp ratura < 125 C 
Statility factor< 100 
Temperature rise= 25, ~, 7~, 100, and 1,~ C 

8 A T T E L L E MI MOR I AL I N 1S T IT U TC 



B-80 

100 

40 

20 

10 
"' .., .., 
I 
• ... 4 t! s 

0. ., 
5. 2 
C .... 

.IIC .. 
1 ., 

0. 

-

' ~ \.. 
"1111 ~~ r\. "" 
~ ~ ~~ ... ... .., 

..... ~ .. ... 
lili,,.. " " "11111,. ~ " 

~ .. "Ill ... ~ 

' , ... 
~ 

r\. "' 
~~ 

-• 
"" 

l 
l 4 10 40 100 

uty Cycle, per cent 
FIGURE 8-. '• :'N34l PEAK J NPUT rowER AS A FUN,.:TION OF MY CYCLH 

~quare wavr input 
t ~p tition period= 10 millisecond, 
Ambient temp rature < l'-~ C 
Stability factor< 100 
Temperature rise=,~, 50, 7~, 100, and 12~ C 

IATTELLI MEMORIAL INITITUTE 

• 



• 

10 

4 

,., .. 

l 
Iii .., .., 
I 
;; 

• .4 ~ 
11 
~ 
0 

Q,. .., 
. 2 :, 

Q. 
C: ... 
-" 
,0 .1 .. 

Q. 

.04 

.o 

.o 1 
l 

B•81 

"" ' 
~ ' I' ' ' ~ ' 

,. 
... 
' ~ 

.... 
··~ 

"', 

I 

10 40 

uty Cy:l , per cent 

~, 
.... .. " ...._ 

...._.._ 

r\.. 
I' 

f'-,, 

... .. 
" " I' 

~~ 

.... ~ 

125 
100 
7~ 

100 

FIGURE 8-~1~, "'N34l EAK I NPUT r'OWER AS A FUNCTION OF DUTY CYCLI: 

Saw tooth wavr input 
K p titi on p riod = 10 millisecond~ 
Ambi ent tt'mperature < 125 C 
tahility factor< 100 

Temperature ri~e = 25, 50, 7~, 100, and 1: ~ C 

8 A T T I. L L E I N S T I T U T- £, 



B·8Z 

100 

20 

10 
1/1 ., . 

'-., 'I,,. 

; ' ' ~ i\.. r\. 
• ... • a, 

B 
~ 

.._ 
~ i\ \.. 

' " ~ I\ 
~, 

Q. 

~ 

&. 2 
C 

" ' 
.._ 

I\ .. ~ i--

"" " ~"-~ 

' 
,.I\ ,.~ 

"-,, ... 
... .. 

1 • A. " .. ~ 
i--"-~' ~ ~ ~ ... ~ 

" """ ..... .... 
....... ........ - ..... , ... "" .. .. .......... ' 

, ........ 
'Ill "-- .....111,,.. ,- .. 

'-. ..... ......._ ...... "" 

•• ' 
......... ........ 

~~ ~ 111111 .. 

• 2 

.....__ 

' ~,.... .. 
r"' 

.1 
1 2 • 10 20 40 100 

Duty Cycle, per cent 
FIGURE B-~6.2N341 PEAK INPUT PO#ER AS A FUNCTION OF DUTY CYC.E 

Square wave input 
Repetition period• 100 m111111cond1 
Amblent temperaturt < 12~ C 
Stability factor< 100 
T1mp1r1turt r\11 • 2~, !>O, 7~, 100, and 12~ 

IATTELI.E MEMORIAi. INSTITUTE · 



• 

I 

"' .., ., 
I 

... 

10 

2 

1 

.c 

• l 

' ' ' ' 
' 

l 

B·83 

~"'-
' ~~ ' ~ f'"llil ~ 
~ ~ ""i--~ "' .. 

~ " " "" 
~~ ~ ~~ 

~ 
~ --~ ~ ' ' ... ....... ......... -

' ~ ' 
.... .... 

~ ' f""llilll.. ....... ....... 
~ ' ,...__..._ ............ ~"- ... 

1"111""" "'"""" "'11111,,. i----.. 

~~ "" ... r-...i-., 
I"" 

' 
~, r" ,_ 

'-
~~ .... -- ........ 

,-... 
.... ~ ,.___ 

~~ ...... 

4 10 40 100 

uty yclc, per cent 
FIGURr. 9-:,7, . N34l PE AK I NPUT PONER AS A FUNCTION Of DUTY CYCLE 

~~w tooth wav input 
f ~P tition perio1 = 100 milliseconds 
Ambi •nt t•mpPrature < 12!> C 
Stability factor< 100 
Te~ratur~ ri ~.e = ~!>, !>O, 7~, 100, and l~ C 

8 A T T E L. L. E M I M 0 ,- I A L I N IT I T U T E. 



B-84 

100 

20 

Ill 
10 ' .... 

.,> 
~ ~ ~ 
flt • ~ ... ~ ... 

'- "' "' • ... 
' I 

0 

~ ~ '"'"-

' 
~, "' "~ ~"' 

Q. 

~ 

&. 2 
C -

~ ~ " ~~ ~ ~~ "-. , .. ~~ ~~ ~ ~ 
.lie • • 1 ~ ' :--.. ~ ~~"' " --r--- ,.... 

ii-,.. ~ r---.. ""• ~ ...... 
"Ill, --- - --
~ ,......._ -"II """-- -1111 

r"II.._ ............ 

" -- ,.... -~ 
""-- ... 

....... r---. ....... 
-1111 

.1.1 ,2 1 . 2 10 

Duty Cycle, per cent 
FIGURE e-~eA. 2N341 PEAK INPUT PCMER AS A FUNCf ION OF DUTY CYCLE 

Square wave input 
Repetition pcr\od = 1000 milli1econd1 
Ambient temperature< 12~ C 
Stability factor< 100 
Temperature rise• 2~, ~, ~, 100, and 12~ 

BATTELL.E MEMORIAi. INSTITUTE ' 

• 

' 



' 

100 

20 

.,. 10 ., ., 
I 

., 
R. 2 
C: 
~ 

.M • :. 1 

~ ,, 
'"" ~ 

"--

-... 

" ' 

2 

B-85 

. 
1, 

~--
" 

.... 
~ "---.... 

.... _ .... _ 
~ ........ --- --- ...... 
~ --........... - ------ -- ... 
-.... r- .... ....... 

' -"" ... ....... 

r- ... ....... 
-

4 10 20 100 
Duty Cycle, per cent 

FIGURE B-5eB.~N341 PEAK INPUT PCMER AS A FU?«:TION OF DUTY CYCLE 
S~uare wave \nput 
Repetition period c 1000 mill\1econds 
Ambient temperature< 12~ C 
stabil\ty factor< 100 
Ttmp1r1tur1 r\11 c 2~, !>O, 7!), 100, and 12~ C 

BATTEL.L.E MEMORIAL INITITUTE· 



B-86 

10 

' ' r'-. 4 ~ ' ~ 
~ !'-~ ... '-

' 
... 
~ 

~ ~~ 
'"-

~ ~ ~ 

' ~ .. 

l 

~ I' 
'"-~ ' ~ 

~ " 
~I' , ... ' ' "" ....... ....... ..... 

I'll,.. ~ "'-- ..... ... ., lill,,._ ""'-.. ....... :"'II, .., 
~ "" ... .... ""-,._ '"""""'-. ; "- ... "' ........... 

• .4 ... 
~ ' "" ..... 

....... 

~ .... 
...... 

..... ""' ""'i.. 
Q 

Q. .., 
.2 :, 

Q. 
" ' ........ 

"'""""' ... ""'""' C: -
~ 

.1 ,. 
It 

Q. 

. . .. 
• l , l . . , . 4 lO 

• ty ycl , , per cent 

FIGURt 8-:,cJ A. '.'lN 41 l:AK NI U1 POWER A:- A FUNCTION OF DUTY CYCLfl 

Jaw tooth wJV i n , t 
<· ti t 1on p ri oJ = 1000 m1ll1 ~ocond 

Ambi 1•nt t rnp, r Jt,m· < l ?.~ C 
St~bility factor< 100 
Tcmpcr atur ri r,c = :>~, 50, 75, 100, and l '.'~ C 

8 A T T E L I. E INITITUTE 

' 



B·87 

10 

2 

1 

'-

~ ~ ~ .... ....... 
---- ~-

........ ""-. .... ,..... 
l 

~ """" 
........ r-- ... ~ 

~ ""llli..,. ..... ""-- .--.., i,,..._ -r--.., -m 
J: "' 

,...._...., ............... -- - .. 
• ,4 ... 

' G 
a. 
~ " :, ... 
Q. 
C 

' ' .. ----......__ --- --~ ,._,___ 

""""""~ "' ... .....~ - --,.....,.., ---' ............... r---. ~ .......__ 
........ --

""" ...... ~ ~,-.. ,... .. 
~~ .... 

1""""'"-1,...._ -- .... .a.c .1 " - .. 
G, 

Q. 

.o 4 

.o -. 

2 4 10 20 40 100 
O\J ty Cycle, per cent 

FIGURJ; B-598, r 341 PEAK INPUT POWER AS A FUNCTION OF DUTY CYCLE 

aw t ott wav input 
H~p- tition period: 1000 mtllisecond$ 
Ambi ~nt tcmp~rature < 12~ C 
Stability factor< 100 
Temperature rise= 2~, ~, 7~, 100, and 1 ✓5 C 

8 A T T E L L E MEMORIAL INSTITUTE 



100 

40 

10 
.., .., 
i .. 4 M 

t 
\,> 
~ 

.,J ✓ 

C 
~ 

~ 1 ,0 
t, 
~ 

.. 

B-88 

\ 

' ~ " '" ........_ 

' "'Ill 1"1111..: 

~ " 
..._,~ 

"""i.... ..._...., .......... 
~~ ....... ..... ............_ 

-----
' 

....... ........ 
-------

......... 

" ----------
r---"-. ,..__ ...... 

" ~ ~~ , .. !Ill'---._ 

' ' 
___,,,,,... 
~ --

"""'-
"--11111 -r----........ 

---

10 40 
i l,, ,rat1 n, mil 11, ,,condi, 

' 

--
,- ,.. 

... 

150 
1 .. 5 • 
100 

100 

rlGUkl;B-60A •. N697 l·.AK Ir I UT f WH Aj A FUN:TJON F PUL.:1: DlHATJON 

Jquar· wJv~ i np t 
Si ngle pul', p ri od 
Ambi ent t ·mp rat r .. < 150 C 
~tability factor< 100 
T•mperaturQ ri' e = ~, ~, 100, l )~, ~nd l~O C 

I AT Tl L. L.' I 

• 



• 

• 

100 

20 

10 

"' ., ., 
; 
• • ,. .......___ 

I 
..........___ -

Q. ., 
2 :l 

~ ... 
.M 

" 1 ., 
a. 

-• 

B-89 

r---.. ~ -- .... 
i-. --

- .... ~ 
~ ---- ...... ,..._ .. .. 
~ .... 

~ ....... .......__ 

~ r---... ---.....___ - ~ - ~ 111111 ~- ..... -- --- --
r-- -- 1111....._ 

........... ........_ 

400 1000 ?000 4000 
Pul ' c Dutdtlon, millisecond~ 

i-. .... ---

1~ 
12!> 
100 

10000 

FIGURE 8-608. ~N697 Pf:AI< INPUT POeYER AS A FUtCTION OF PUL!il: DURATION 

Square wave input 
Singl~ pul~e period 
Ambient temperature< 1~ C 
Stability factor< 100 
T@mperatur, rir.e = 2!>, ~. 100, 12~, ind 1~ C 

aATTl&.1.1 MIMO,-IAI. INITITUTC. 



100 

40 

20 

10 

+J 
+J 

'O 
I 

• . 
~ .. 

I 

~ 
u 

u,. 

... 
:J 

C: -
...; 

111 l 
~ 

.. 

FlGUid: B-61, 

B•90 

' '-~ 
" ... ~ ~ ' ~ 

I\ 
'-~ 

~~ 
"-

"' ...... ..... 
~ 

1 .o 40 
ty ycl , p~r cent 

. 

~ .. ' ,~, l~O 
12~ 
100 

", .,,~"I 

.. 11111 

~--
"-. 

.... 
~ 

1111 

..._.._ 

~, 
" 

100 

97 Pt : A►' r~ T r :H A A FUN:TION OF DUTY CYCI.ll 

; , , : 1 w V'' 1 t 
p· tit on p rid = 10 m1lli ~econd~ 

Amb1 Pnt t 1mJ> r · t1Jr < l!>O C 
' t t ll1ty factor< 100 
T~mpc raturc rl~c = .~, 50, 100, 1~5, and 1~ C 

8ATTELL.E MEMO,.IAL IN&TITUTE 



• 

B•91 

100 

40 

,0 

10 ' "-. ..... 
.... ,..,. 

" 
.... "'- ' ., ~ ... ... 1"'1111 ., 

' ~lliii... .... ,__ ; 
• 4 ... 
J 

" 
r.... l""'I ....... .... 

\.. ...._~ .... , -...................... ....__ 

' 
1'11111111 '--~ ~ 

" 0. ., 
2 :J 

~ 
C 

~ """ ~ ' "" ~ .... 
~ ~~ ... 

JI. 
1 .. 

w 

..... ~ ""r---.... 
ii--""" - --Q. - ............ 

• ~ 

... 
• 

l 
1 ) 4 10 . '() 

,ty yclo, pe r c nt 

~ 
~ Iii.. 

......... 
~ 
~ ii-..... 

.......... 

' ....... 

......... 
...... _..._ 

40 

' 

~, 
~ ' 
~ ... 

-----"'"-

- .... 
Iii 

...._.._ .. 
I'll 

100 

1 !)() 
-~ 

100 

t lGU RE B-62. • ~697 PEN" l l Ul POWI; l A:.; A FUN.-,lON Of DUTY CYCLE 

. ·'1 1J r Wd V , i r put 
! ·, , t \ t • l n , rl od -: 100 mil 11 -- e cond • ; 

Atnbl 1 nt t mp r,turc < 150 C 
Stability factor< 100 
Temperature ri ~c - ~5, 50, 100, l?.~, and 1~ C 

I A T T E L. L. I MIMOAlAL. . INITITUTE· 



B·9Z 

100 

40 

.o 

' ~ ... ' .. "'-. "Ill ....... i'- .... 
~ 

,_ 

' ~ ~"" " 
... 
~ 

...,,.._,__ 

.... ~ ""',--- ........... .........__ 

' --"" ..... --.....--.. ~ 
......... .... ,_ ... ..._ 

" .......... - ,_ 
.... """ "-. ~ ....... """"' 

.: ) 
r" -... """"· , ... ..... __ 

!'Iii,-
~ 

100 

"' ......_ 
~ , ... ,.__ .._ --- ..... ""- -"" 

""'""' ~ 
_.._ 

.. 

•• 4 10 
. ty ye .. , p r C'-nt 

FI ,UR :B-63A, 7 i : ~;; ·i Ii E A A i·UN.:l ON Or rmv CYCLE 

r W V · i t t 
p t ition r ··:i d - millir.ccond ~ 

Amb i ·nt t ni r t, r . 150 C 
·t il ility factor< 100 , 

1 ·mpcrature ri •.,, - : s, ~, 100, 12~, and 150 C 

8 A T T E L. L. E MEMORIAL. INSTITUTE 



• 

100 

40 

20 

10 
"' ., ., 
; 

,...___ 
....._ 

-------
.....___ 

.. • ~ 

~ 
-------~ ........ 
-............ 
~ 

Q. ., 
2 :> 

Q. 

,...._,__ 
~ r---.. 

'-= ... 
.w 

l " ., r---........ 

"' 

.1 
l 

B·93 

.......... ..... -- ~ --
r- ....... ""-~ ._,,___ ......... 

r----r----.. 
~ 

,-... --- -r---..... r---
......._.___ 

1""'111111,,, 

4 10 
uty ·ycl , pr cent 

........ 
~ ~ 
~ 
~ ..._ i-.... 

r""lli 
~ 

i--... -

--- ,..___ 

40 

~,... .. 
r'III 

111111'111 llllii 

!""I"-

.... 
r'llil 

1111ii,-. .... 

"' 

l~O 
l'~ 
100 

100 

flGURc 8-638. "I 697 PF/\K PU POWl:H A._; A ruocnoN OF OOTY CYCLE 

~,q 1ar ~ WiJ V•: input 
H p•·tition p riod -· 1000 millhccond!_, 
Ambi nt temperature < l~ C 
Stability factor< 100 
Temperature ri .e = ~~, 50, 100, 17~, and 150 C 

9ATTE'91..I MEMORIAi. IN&TITUTE. 



B-94 

10 

4 

2 

1 

"' +' ., 
lt1 • 
• .4 .. 
I 

C 
u. 
+' • ., 
Q. 
C -

""' .1 l'O 

~ 
~ ~ .... 

-I --u. ......... ....__ 

.... 

. a 

4 100 . 00 400 1000 

t u · urat1on, m1lli sPcond 

fl G U ' I: B-64A •. N'.,O PI-.AK f I U T I WE { A A FUNCTION OF PUL!;E DURATION 

. ,11u r w v i n u t 
~i ngl pul • p, r1 od 
Collector voltJg ~ < ~o volt~ 
Am i, nt t ,·mp r atur = . 5 C 
P•ak junction t·mperaturc = 8~ C 
Jtability factor=< 100 

MEMORIAL INSTITUTE 



• 

B•95 

10 

2 

1 .,. 
~ 
~ 

I 
• •• "' I 

Q. 

~ ,2 :, .. 
C ... 

.ac 
,1 • .t ......._,,,_~ 

,01100 00 400 1000 10000 
Pul~ Dur1tion, m1111,econd 

FIGUkE 8-648, ?N~02 PEAK INPUT POWER AS A F~,ION OF PULSE DURATION 

~quare wave input 
..,lngle pul " ' period 
Col lector voltage=< 20 volt, 
Ambient temperature= 2~ C 
Peak junction temperature= 8~ C 
Stability factor=< 100 

IATTIL.L.E MEMOIIIIAL INSTITUTE. 



B•96 

10 . 

4 

l 
i ., 
+' ,., 
• 
• ... ,4 

! .. ., ·-
+' 

"' l :, .... 
Q. 
C: ' -

.aic 
.1 " ,, 

.. , l ' \ \~~ 
.. a.. .. 

' ' ' . ~ • .,., 
~~ 

.... , 
~ ... 

-"" .o " 

• l 
l 4 .o 40 )00 

l· l•. 11 1Jtion, milli'"ccond., 
FlGUHE 8-65A. . '0·1 P :AA l l Ul l>m : { A. A rUN:TION OF PUL!;r. OURAT ION 

. ,111 nr c w. v i nput 
ingl pul • 1 P'' d od 

Co ll ct.or voltaqll - '. 'O volt., 
A b\ •·nt t r,mp<' ra t ur :: 61 C 
P~ k junction t cmp• ra ture = 8~ C 
S = 100 curve corr ct for Ve= 20 and 10 

I A T T E L. L. I MEMORIAL. IN5TITUTE 

• 



B-97 

10 

4 

2 

l 
"' ., ., 
; 
• 
~ .4 

' (j 
Q,, ., 

.2 ::, 
Q. 
C ... 
~ .. .1 t, 
A. 

.04 

~ 
._ 
~ -

.01 .1 .2 l 2 10 
Pulse Duration, ieCOndi 

FIGURE 8-6. a. :noo2 PEAK INPUT POWER AS A FUtCTION OF PULSH DURATION 
Jquare wave input 
Single pulte period 
Collector voltage= ~0 volts 
Ambient temperature= 6~ C 
Peak junction tempcr~turo = 85 C S = 100 curve correct for Ve= 20 and 10 

8ATTILL.E MEMORIAL. INSTITUTE• 



,, 

l 
t/1 ... ... 
ffl • .. 
'4 ,4 

~ 
Q. ., ., ;, 
Q. 
C ' ' .... 

.w • .1 Cl.I 
j\" 

Q. I.._ 

("II 

' 

.o, 

' 

.01 
l 4 10 40 100 

l ty yc l , ~r cent 

FIGU C 8-66. 2r "J ."' Pi·AK Ir UT POWI: ' A. A FUN:TION OF DUTY CYCLI! 

•; I' ;, r w.w 1 np t 
H ·p t i t o p dod. = lO mill1fjecond~ 

l ctor volta9 < .0 volts 
Am l nt t ffiP rat~re - 5 C 
~rak j urction t mp raturc = 85 C 
~tability factor=< 100 

I A T T E L L E MIMOA,AL INSTITUTE 



• 

• 

B•99 

l 
lit 
+' 
+' 
I 
• 
" .4 

' u 
A. ., 

.2 ;, 
Q. 
C ... 

.IIC 

"' .1 ., 
A. 

~ 

.04 " ' • o .. 
\ 
' 

. 

' "~ 
~--

.01 
l 4 l 0 ~0 40 l 00 

Duty Cycle, per cent 
FIGURE 8-67. 2N!>02 PEAK INPUT POWER AS A FUterlON OF DUTY CYCLH 

~quare wav . input 
R petition period= 10 milliseconds 
Collector voltage=< / 0 volts 
Ambient t~mperaturc = 6; C 
Peak junction temperature= 8~ C 
Stability factor=< 100 



B•100 

l 
Ill ., ., ,,, 
J 
• •• ... 
~ .. ., -., 

•• 
~ 
C 

""" 
.aic ,1 .. 
d: 

' , ... ~ 
~ .. 

"I 

-... .. 
~ 

I"' 

'I .o. 

• l 
l 2 4 0 0 100 

Du ty Cy: l , per c~nt 
FIGURE 8-66. N502 PEAK IN UT POWi;R A"' A FUtcrION OF MY CYCL~ 

~'l ar • w v 1 Jt 

i •p•·t1t1 on p,·ri od :: 100 mU l i ,econd· 
Collector voltage=< 10 vol~s 
Ambient t ~mperatvre = . 5 C 
Peak juncti~n t ' ffiP"rat ure = 8~ C 
~tab111ty factor=< 100 

IATTl&.1.1 MIMO,-IAL INITITUTE 



• 

B-101 

-

l 

"' ~ 
~ 

; 
.4 

• "4 

! 
a. .2 ., 
:, '\ 
Q. 
C: ... 

• 1 .IC 
' r\ 

' 

" 'II 

" ~ A. .... 

' .04 ' ~~ 
~~ 

~ 

r--. 
-- 1111 

-- 11111 .01 
l 2 4 10 20 40 100 

Duty Cycle, per cent 
FIQJRJ: B-69. ~N502 Pf; AK I NPUT POWF.R AS A FUtCTION OF DUTY CYCLE 

Square wave input 
Rof)(' tition p riod = 100 milliseconds 
Collecto· voltage=< 20 volts 
Ambient temperature= 6~ C 
Peak junction temperature= 8~ C 
Stability f1ctor = < 100 

BATTILLE MIMOAIAI. IN&TiTuTE, 

• 



B·lOZ 

1 

I\. 
'"" ~~ 

~ ,.__ 
"-- --- _,,,,,,,_,, 

r-- -
.c " 

2 
' 

,, ,0 l 2 4 10 20 100 
DY ty Cycle, per cent 

FIGURE B-70. 2t002 PEAK INPUT POWF.R AS A FUterlON OF DUTY CYCLI! 

SqJare wave input 
Repetition period= 1000 m11111tcond1 
Collector voltag = < 20 volts 
Ambient temperature= 2~ C 
Peak junction toml)('rature = 8~ C 
Stability factor=< 100 

8ATTIL.L.I MIMO,-IAI. INITITUTI 



• 

• 

B•103 

1 
.,J ., 
I 
• •• ... 
i 
a. ., 

.2 &. 
C 

• ...._ 

r--.. .. ... 
.ac 

.1 .. 
l. 

~~ 
"'~ ..... 

..... 

' "Ill 

'" " .o ,1 " ... 
.o 

.... ~ 

""'""' - ""-, 

... 2 • 10 
Duty Cycle, per cent 

FIGURI: 8-7 lA • .. fl>O :> LAK t,f U rowt:R AS A FUN:TION OF DUTY CYCLE 

~quarc wav input 
fh·pc t.1 ti un p ·d od = 1000 mil H •.,ccond!i 
Coll ctor voltagu =<~volt, 
Alr~i~nt temporature = 6~ C 
Pak junction t mperature = 8~ C 
Stability factor=< 100 

BATTELLI I NIT ITU T E' 



B•l04 

l 

"' .,J ., ,,, 
• 
• •• .. 
I 
Q. 

.,J .2 :, 
Q. 
C: .... 
"" ,1 • ., 
A. 

'" -' 
' "I 

' " '- .. 
"'~ 

~ ... ~- .......___ 

- r--.. ~ ~ ~ --~-
.01 

l 4 10 20 40 100 
~u ty Cyc le , ptr cent 

FIGURE B-718. ;~o, PEAK INPUT POiriR AS A FUN:TION OF DUTY CYCLr. 

.,q JlrC w~vc input 
Hepet1 tion period = 1000 m1llhecond1 
Collector vol tage=< 20 volts 
Ambient temperature= 6~ C 
Peak junction temperature= 8~ C 
Stability factor=< 100 

MEMORIAL INSTITUTE 

• 

• 



• 

• 

• 

APPENDIX C 

DETAll_. OF OPERATION OF THE TRANSISTOR 
THERMAL ANAL00 



• 

• 

• 

c-1 

APPENDIX C 

DETAILS OF OPERATION OF THE TRANSISTOR 
THERMAL ANALOO 

The purpo1e of thil Appendix i1 to preaent 1eneral operatifta detail• which 1houlcl aid in the operation of any tran1i1tor thermal analo1, and to preHnt operatifta detail• for the tran1i1tor thermal an&101 aa uaed duriq thi1 project, 

Ciene ral Due ription 

FiRure 14 (in the body of the report) ii a dia1ram of the tran■ia&or thermal analo1, The network repre ■enting the tran■l ■tor i1 1hown on th• riaht. Thia network operate1 at a potential above around, and therelore, th• network and &11 connection• to it 1howd be ■hielded from ■tray electrical pickup. 

A 6AU6 vacuum tube wa1 u■ed for the analo1 developed durin1 thi1 project, but any ■uitable pentode ■hould be acceptable. The circuit con1tant1 of the 6AU6 were aclju1ted ■o that the current output ol the tube ({or a aiven voltaa• on the control 1rid) wa1 con• ■tant for a load impedance of low value up to approximately 90,000 ohm 1, Under theH condition•, Hnr.ar ope ration occurred in the current rans• {rom 1 to 9 mtlliampere1. Thu•, the quiucc,nt current throuah the an&101 network wa1 1 milliampere, and under thia condition the voltasio drop acrou the analoa network waa at a minimum. With a voltage appht'd to the 6AU6 control arid, the c.urrent flow increaeo ■ and the voltaao acrou the network increaaea. The aero battery coMection i1 1uch that a ne1ative volt• aae appear ■ at the o ■cUloacope. Th• neaative volta1• i1 equivalent to a po1ilive tem• pe rature chan1e. 

Tho input to the 6AU6 current aource i1 obtained from two operational amplUlera. The input■ lrom the 1i1:nal aene rator and !rom the fHdback loop are, the re{ore, 180 de• a reo • out of phue. The input and {eedback rHiHora for the ope rational am lilie re were con1tructod an plug-in unit• to allow for variation• from one tran1i1tor cype to another by changina the aain of the ampliliera. 

Tho equation tor the operation o{ the {eedback loop i1 aiven at the top o{ Figure 14 (in the body o{ thi• report). It may be 1een from thi1 equation that tho input to the feed• back loop ■ hould be zero £or a H ro temperature difference betw11n the Junction of the tran■ i■tur and ambient temperature. Thero{ore, the quie1c1nt voltage appearin1 acro11 the network i• balanced out with an adju■table battery. Thi• battery baa an output ol from 500 to 600 volt• and ■hould be adju1table to within O. 1 volt of the de1ired value. Thu•, the voltage, appearina at the input to the attenuator and Ole input to the 01cil10• 1cope, ia equivalent to the junction temper~ture, T J' 

The attenuator in the feedback loop repruentl ''k" in the operation equation. For th• tran1i1tor type• u1ed durina thi• project, it wa1 found that the adju1table portion of the attenuator 1hould repre1ent from 1 /4 to l/3 of the total attenuation. With thil ratio th• &cljuatment wa1 1uiliciently Hnaitive to permit ea1y Httin1 of the proper value of k, 
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c-z 
T.he adder in the feedback loop is a conventional !our-input summing circuit with 

both negati~e ~nd positive outputs. Thia permits both positive and negative output• from the feedback loop to obtain proper phasing £or varioua mode• 0£ operation. The three 101 voltage 1ource1 are mercury batteric,1 and tcn•turn potentiometers. 

The antilog of the adder output i1 obtained by uaing an arbitrary•!unction gener• ator. The arbitrary•{unction generator i• adju1ted to produce the input-output !unction 
1hown in Fi1ure C• 1. Thi• adju1tment ii very critical for valuea o! input voltage 
greater than zero; i£ the output o{ the arbitrary•!unction generator bccomu po1itive, 
the 6AU6 i1 biaaed to a cuto!{ condition and the !eedback loop cauau the 6AU6 to remain in thi1 condition no matter what the input i1 !rom the 1ignal generator. Accordin1ly, a • biaaed diode i1 uaed to prevent the arbitrary·!unction-aenerator output from becomin1 
po1itive. 

? O 
0 
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1 .s 
·I 

~ 

•40 

J 

J 
V 

--------
~ 

·30 -20 
Output, VO I ts 

-1() 0 

FIGURE C- l. AR TRARY·F NCTIO '·GE ERATOR 
I PUT-O TPUT F NCT 0 

A block diagram o! the cab e c nnc u n1 { r the tran• to r thermal an.ilog i• 
ahown in Figure C-l. Th c n } wn ar ! r a n l en rat r with a poaitivo 

output. F r a 11gnal g "nc rat r llh a nc .1uvc utput, the n.i gen r t r h connected to the !ecdback•loop rnput ~d tht· { c b. k lo p i connt·dcd t the 11gnal •genc r~tor 
input. The input to the arbitrary fun t nu ta en !r m the nc·gati e utput o! the .iuder: It i1 thu1 neceuary to readjuat the arbitra.ry-iunct,on acMr~tor 10 that the input variea 
!rom • 1 to +Z volt• and the output var1e from zero to ♦ SO volu. The biucd diode mu1t be reveraod. 

~ at ing Procedure 

Tho ope rating procedure given below should be followed in detail to obtain proper operation o! the tra.n1i1tor thermal analog .1nd to prevent damage to the equipment, 
Variation• !rom thi1 procedure a.re pouible, and in 1ome cue, de ■ irablc, but varia• 
tion1 1hould not be attempted until aome experience h aained with the operation of the tran1i1tor thermal analoa, 
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Equipment Connections 

The various pieces of equipment which make up the transistor thermal analog 
11hould be connected together aa 111hown in Figure C-Z. Before turning on the equipment, 
npen the connection• from the arbitrary-lunction•generator output, to the input ol the 
.irilitrary-!unction goncrator, and to the adder from the main chauil, Turn on all o! 
thf" eqmµmcnl <; ccpt the 600-volt plate 1upply and tho 150•volt 1,:reen arid 1upply. Al• 
low at leut 30 minute ■ to warm up. 

Zeroing Amph!icu 

See the arbitrary•iunction-c nc rator ope rating in1truction1 !o 1· tho aeroina proco• 
dure £or thi• piece 0£ equ ·pment. With 1.ero input to the Kl·A adder, adJu•L potentiom• 
eter A £or zero output at the n g&tivc (lower) output Jack. Adju t potentiometer D !or 
&ero output at lhe po11llvc output jack. On lhe main chu1i ■ , .,dju1t the K.?•W opera• 
iional ampli!ier on the lelt for zero output (u1ing the potentiometer and check point on 
the left). Repeat thu pr~cedure for the nghth~J Kl•W operational Amph!ier. 

Set tht- lo~ le dial to 8S714 and adj et the ca ibnt '1n potenuomctcr (to the lo!t of 
th• on•o!! 1wuch) • that the adder output 11 +6 volu. Set the loa V c dial to 86957 and 
adju1t the cahbrat ion potentiometer • that the adder output u ·l. volu (101 lco turned 
oil). S t the 101 S di~ to 10,000 and &dJu•t the ca.lib rat on potenuometer 10 that the 
adder output 11 •Z volu. 

Zero Battery Adju1tment 

Turn on the 600-v 1t plate 1upply. Wh n the plate 1upp y hu had tune to warm up, 
turn n the IC recn 1uppl y. Th • turn• n qut-ncc • nc • ar n e tho 600-volt 1up• 
ply will not re ul,tc pr pc rl 8 ,! tu rncd n ndc r oad. AdJ It the v nabl zo ro btltte ry 
10 that the input to the o 11lo1c p 1 er . 

Turn the "k" p tcntl meter t tl ! 11 unte r • v.1 p • t ion. M.1ko tho con• 
nection hl•twccn the ! c<lba k output ! t c m. ' n cha 11 .ind tho a r input. For tho 

• 

• 

1&ke o! clar ty, il lN697 triUl 1111 r will b u cd a, an ample ! r lha remainder o{ tho • 
procedure. The lN697 tran11iHor u a l•watt • ili on tr&nll tor w th m'1x1mum junction 
tempo rature o! 11s • C. 

Adjult the log Ico voh:\~c ourco !or the value o! lco at 170 C (,cu Appondix D !or 
dial f'Cttinga). Record tho utput o! the J ur. Adju•t the log Ico 1ourcc for a valuo oi 
lco at 1omc lower temperature. For the Z.N697 the leakage current i1 about l micro• 
&mpe re at '10 C, and thi1 ii the minimcun 1ctting 0£ lco obtainable from \he log vohago 
1ource. Apply a d•c voltar,e to the signal-generator input which will produce a voltage 
change acrou the analog network equivalent to a tempo raturo change of uo• c ( 170 - 90 ■ 
80). Adju1t the k potentiometer 10 that the adder output equah the vol~a,go recorded £or 
th• 170 C Ico aetting. 
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C~5 and C-6 

Feedback-Loop Calibration 

Connect the arbitrary-function generator into the circuit. Set the value• of log V c and log S to some convenient valuea. Compute the value of Pco for these aettinga and determine what current flow in th~ analog network i• equivalent to the power, From this, compute the d•c voltage drop ac rou the network produced by thil current now, Adjust the !eedback•loop calibration potentiometer 10 that thi1 computed voltage appear• at the 01cil101cope input. Improper choice of value of log V c and log S may produce thermal runaway. I£ thi1 happen,, chooae 1ome 1maller value of log Sand repeat the above procedure. I! thermal runaway dou occur, it ia neceuary to turn oU the 1cre1n • arid voltage moment&rily to atop 01cillation of the 6AU6 circuit cauaed by the overload condition and auociated nonlinear operation, 

• 

Input Calibration 

Di1connect the output ol the arbitrary-function generator. Adju1t the input call• bration potentiometer 10 that the current fiowing in the analoa network i1 equivalent to duired power equivalent !or the voltaae (d•c) input. 

Calibration Variation• 

A little experience with the tranai1tor thermal analoa will 1how that there i• con• 1iderablc latitude in the calibration 1etting1 lor the aame tran1i1tor type. For example, a variation in the flain of the feedback input of the wei&hted adder will re1ult in a varia• tion o! the 1etting o! the feedback calibration potentiometer and a variation in the aettina of the input cahbration potentiometer. It may happen that when the feedback calibration u completed, it mi1:ht not be pouible to aet a rea1onable calibration ol the input vohaa• from the 1ignal generator. 1n thi1 cue, an adju1table aain !or the feedback-loop input to the weiahted adder i1 help!ul. 

The choice o! lhc voltage input equivalent to a given power input \o lho tr.in1htor h a function of the reaponae of the analog network. If the network hu a ruponee curve with a very ■harp rite, it will be found that the increue in power with a dccreue in duty c.ycle (to maintain a con1tant peak temperature r11e) ii not u gre.it u that re• quired !or a network with 1lower ri1e time ■. A change in input wave 1hapo will aho af• feet thi• chuacteriatic. For a detailed atudy of any one tranaiator type, eeveral input• voltage cahbration1 might be dc11rablc, a calibration for a wide range of power inputs 
re ■ulu m poor readabihty !or lower power inputs, and a calibration !or 1mall power inpuu ruulu in overloading the operational amplifieu (for a aain of Zin tho input caU• bration amplifier and a gain of Z £or the wei1hted adder, a IZ•voh input 1i1nal will pro• duce a 48-volt output signal from the weighted adder, and tho maximum voltaa• rana• for the ope rationiU amphfier ■ ii *SO volts). 

The re ii no one calibration procedure which i1 applicable lor all tran1iltor type• or !or diUerent operatin1 ranges of the 1ame tranailtor type. Experience with the tran1i1tor thermal analo1 will brina increaaed accuracy of calibration, lncrea11d read• ability of result•, and ea1ier operation. 
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APPENDDC D 

EQUIPMENT SPECIFICATIONS 

The purpoae 0£ thi1 Appendix i1 the identilication ol the equipment u1ed in the 
tran1iltor thermal analoa. Purch&aed equipment wW be identified by the manufacturer'• 
name and model number. Con1tructed equipment wW be dHcrlbed by circuit dia1ram1 
and operatin& characteri1tic1. 

Adder 

The adder uacd in the lcodback loop o£ the tran1i1tor thermal analoa i1 a Philbrick 
Model Kl•A Adelina Component. Thia &dde r computea the ln1tanianeou1 awn ol up &o 
£our voltaae inpuu and an adju1table conatant voltaae, 

Arbitrary-Function Generator 

The arbatrary•lunction acnerator u1ed in the feedback loop of the tran1i1tor ther• 
mal analoa 11 a Philbrick Model FF Arbitrary Function Component. The output i1 an 
adju1table luncuon oi the input, ulili1in1 an approximation of ton line 111ment1, each 
with independently adJu1table lenalh and elope, and with aclju1table roundlna betwHn 
111ment1. 

Signal Generator 

The, 11gn.1l gcncutor rcierrcd lo 1n t.hil report 11 a combination ol purchaaed and 
con1tructed equipment. Thi• w~• ncceuuy bccauae the purchaaed 1ianal acnerator had 
no method ol vuying lhe amplitude o! the output voltaae. The purchued 1i1nal aenora• 
tor wu a Tektronix Type 1&2 Wave Form Generator. Thie 1ignal generator wa1 
triggucd !rom an external oacillator which determined the repetition lrcqucncy o! the 
output puhu. The gate .and Hw•toolh output• were uaed. The aate output produce, a 
SO-volt po11tive 1quue wave. The duration o! thi1 1quare wave 11 determined by the 
Htuna ol the umina circuit o! the 1&2 l"nerator. The 1&w•toolb output producu a 1i1• 

• na1 which ri1u lo lS0 volt,, muntain1 lS0 volt• lor a period 0£ time, and then decre&HI 
linearly to aero. The timina circuit ol the 1'2 aenerator determin11 the lenatb ol time 
required by the linearly decreuina portion of the output • 

• 
An additional piece ol equipment waa required to vary the amplitude ol the output 

0£ the 162 aencrator and aho to bia1 out the ♦ lSO volt portion ol the eaw•tooth wave, • 
Thi• equipment al10 contain, circuit• lor obtalnin1 hall• 1ine-wave pulau ol varyina 
repetition frequency and duty cycle. Tb• 1chematic lor thi1 equipment 11 1hown in 
Fi1ure ~1. 
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Weighted Adder and Input Calibration Amplifiers 

The weighted adder and input calibration ampliiiera are Philbrick KZ• W Operation 
Ampliliera. The circuit• uaed with theae ampli!icra are ahown in Figure D-Z. Fiaure 
D-Z allo 1how1 the electrical connection, ior the plu1•in circuit boxea. 

Power Suppliee 

The power 1upphu for the adder, the arbitrary-function aoncrator, and the opera• 
tion ampliiiera are two Philbrick Model R• 100B Power Suppiiu. The power 1upply tor 
the 1i&Ml generator ii a Tektronix Type lbOA Power Supply. Th• 600-volt plate 1upply 
and the lSO•volt 1creen arid 1upply are conventional power 1upplie1 reaulated by VR 
tub11. It i1 not con1idered nece11ary to 1upply 1chematic1 tor lhHe power auppUH. 

Zero Battery 

The zoro b~uery ii a t~ppcd battery in 1erae1 with a voltaae divider acro11 a l• 
volt battery. Thi• combination providea a continuou1ly adju1table voltaa• lrom SOO to 
~00 volt1. Thia battery float, above around potential and i1 1hielded lrom 1&ray pickup. 

Lo1 Volta1e SourcH 

Th• 101 volt&&• 1ourcH are mercury baueriH connected aa 1hown ~ ,re D-J. 
Th, voltaae outpuu are obtained acrou &en•turn potenUometora. SH AppendlX C tor 
the calibration procedure lor \ho loa voltaae 1ourc11. The dial Hltin& 1quivalea& IO 
variou1 valuu ol lco, V c, and Sare aiven in Tabl11 D-1, D-1, ud D-J . 
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Y!ll!.l 
Signal· IX 
Feedback • 10 X 

Feedback 

2701< 1001( Siono1 8 ~rvvVlnrv\ll-,-rvv1nn,,,_~r\1¥w,nrv\,I..._ 

Signal 0.13X to 2.22X 2 

lffllO 
Feedback 6- vV)wvvv--vv,~rvv,,...,yyvv,,vy,,,_. 

S,gnol·IOX 

FNdbock • 0.9 to 10 )( 

Unit 4 

6 

S,gna1 • 0.9 to 20X 

Nott, Numbers refer to plug p,n numbtrt. 
Pin 5 ground on all units. 

FIOURE D•Z, TllANSlSTOR THERMAL ~.NALOO PLUO•IN UNITS 
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D-6 

TABLE D-J. LOO Ico VOLTAOE-SOURCE OUTPUT 

lco, lco, Output Voltaae, 
mic roameerH mWiam2!rea Dial Settinl volt ■ 

1 8571 6.000 
l, 8141 S.699 
l 7890 S,SZl 
4 7711 5.398 
5 7573 5. 301 • 
6 7460 5.lZZ 
7 7364 5. 155 
8 7281 5.097 
9 7Z08 5.046 

, 
10 '710 S.000 
1S U91 4.8Z4 
zo 671J 4.699 
ZS 6S74 4. 60Z 
)0 6461 4,5U 
n 6)66 4,4S6 
40 61.1) 4.)98 
45 6210 4. )47 
so 6144 4. )01 
,o 60)1 4.ZU 
70 59)6 4. 155 
80 515) 4.097 
90 5780 4.046 

100 5714 4.000 
l.00 SZ84 1.,99 
)00 sou l.SlJ 
400 404 J,)98 
500 4716 J, )01 
600 460) ).Z.Z.~ 

700 4507 l. ISS 
100 4U4 l.097 
900 O!>l l.046 

1000 4l86 ).000 
1000 ,as, l.699 
)000 )604 l. !>l l 
4000 l4Z6 2.)98 
5000 )Z87 2, )Ol 
,ooo )174 l. Zll 
7000 )071 l. lSS 
1000 2996 l. 0''7 
9000 Z9ll z. 046 

10000 US7 2.000 
10 2857 2.000 • zo 2427 1. 699 
)0 1176 1.Sll 
40 1997 1. )91 • so 1159 1. lO l 
,o 1745 1. 222 
70 loSO 1. lSS 
80 15&7 1. 097 
90 1494 1.046 

100 1U7 I, 000 
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TABLE D-Z. LOG V c VOLTAGE-SOURCE OUTPUT 

1 
l. 
l 
4 
s 
b 
7 
8 

9 
10 
ii 
14 
16 • 
18 
ZO 
Z5 
lO 
l" 
40 
so 
60 
70 
80 

0 
100 

Dal Setting 

0000 
130 

ll l 

274 
8-6 
l,l,96 

Outp1&t Volla~c, volt, 

0.000 
-0. JO l 
-0.477 
•0,60Z 
-0.6 '}9 
-o. 778 

-0.845 
-o. 
-0. 
• l. 

• 1. 0 
-1.146 
• 1. Z04 

- 1. ss 
• 1. 301 
-1. 3 

• l. SH 
- . Ol 
• l. 6 
-1. 77 
-1. 8-15 
• l. 901 
• l. 954 
-z.ooo 
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s 
1 
z 
l 
4 
s 
6 
7 
8 
9 

10 
zo 
30 
40 
so 
60 
70 
80 
90 

100 

TABLE D-l. LOCi S VOLTACiE-SOURCE OUTPUT 

Dial Scttina 

0000 
lSOS 
2386 
3010 
3495 
3891 
4Z2o 
4516 
4771 
sooo 
6SOS 
7386 
8010 
8495 
8891 
9226 
9S16 
9771 

10000 

O\&tput Volta~c, volt• 

-0.0000 
-0, 30 l 
-o. 4 77 
•0,602 
-0.699 
-0,778 
•0,84S 
-0.903 
-'0.954 
-1.000 
• 1. 301 
•l,477 
•l,602 
•1,699 
• l, 778 
•l,845 
•l,903 
•l,954 
-2.000 
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APPENDIX I: 

RECOMMENDED CHANCES IN THE EXPERIMENTAL 
AND ANALOG EQUIPMENT 
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APPENDIX E 

RECOMMENDED CHANGES IN THE EXPERIMENTAL 
AND ANALOG EQUIPMENT 

The purpoae o! thil Appendix h to pruent recommended change• in the experl• 
mental and analog equipment uaed on thh project. Thcue recommended chanac • are 
the rcault of knowledge gained about the thermal operation ol tran1htou and experi• 
ence g.iined during the couno o! the project. 

A• ha1 bc~n pointed out, one • urce of uncertainty and error in operation of the 
analoa hu beon the inability of the rt'lay-opcnt d circuit 1hown in Fiaure 11 to obt~in 
the but Z mUU1econd1 of the cooling curve. Thh circuit la delayed by the Ume re• 
quir~d for the relay• to 1witch. It i• recomm~nded tMt th i1 circuit be replaced by a 
circuit employing 10Ud•1tate 1watchin e en nt1, u 1ho~,n in Fiaurfl E•l. Tho me• 
chahical 1witch, S, la u d to turn n .ind off the bue drive, ~nd hence, the power in• 
put to tho tran111tor. Daodt- D1, a h,gh-1pt-cd ,witching diode, perm1t1 bue current 
to flow. Whttn ewitch Sit opt-ned, the- power puhe • removed, Diode D1 h reverae 
b1&1ed, and 1co can be mu1ured acrou Rb· 

A• mentaon~d in conJ nctaon with th verahc~uon experiment, which uaea a lim1• lar carcuat, 1ome dC'l&y u intr ccd by the l me con t to{ Rb and 1lr.1y ,hunt capacl• lance. Thu can bt' rt-duce · by u1,n ~ • nuuvc pre mp 1her lo enilblc Rb to be re• 
due d. Thu preamph!au 1h u d be m.>un\ed an clou phy • ul proxlmlty to Rb, and 
1hould have low input c apac uanc e. 

The forv.ard ,,olta~e drop &c r u D1 u & ut 0. S volt, v.hlle t .e peak value! of 
Ico Rb ■hould be le II than thu to kt'cp t c requ red v ue of Rb a• low u po111ble. The funchon of D1 u to C'.ap the amp ahed . S X a an) lorw rd vo t.li:t' drop 10 u not to 
overdr&ve the 0Jul101c , e. The re, u t l IC' 01 tr c , c n b • ph toar.iphed 
wuh Hvc-r.al daUerent h f'U ,v..-ep rate ■ t obtaan the co l.n curve. 

The Hme arranf:emenl f & p t mp I r { ov.i d by a daodo clap 1hown in Faa• 
ure E· l may al10 be included an the u re mt , n Fa urt- l S. ln lhu m~nne r, the 
accuracy of any furth~r v ri{ c&ta n uperament1 wou d ah bt improved throuah the 
1hm1n;ahon of the probl m1 ~ c untcred an e 1llm.tt n tho , l of lco d\! r na tho f r ■ t 
mtllueconJ aflc r the powu p l c t th tr , l r • rem . Tho d ode c Up thould alao improve the d•c rolt'r nc { the 1ca.lo1cope, by rrev nl ng overdrav na. 

The abov ch~ cu ln th enc nt f r bt. in n t o c o nJl curvo 1hould ilrct1tly 
increue the accuracy o! tho cl ctr c 1 nt'lwo rk uted to rcproe nt tho th rmal behavior • of the tran1htor an the tran1htor th rm.il an:.loa, Thh lnc reuo in the accur.icy of the 
analoa network dictaloa an lncreue in the accuracy o! the romaining portion, of the 
tran1htor thermal analog. The ch~na • r com ended below for the tran1hlor thermal 
analoa re!lect thl1 need !or !nc roued accuracy and aho re ,ult in a piece of equipmenl 
which 1hould be more euily 1et up than the \ranahtor thermal analog developed in thi1 
project. Th• required operatina time to obtain aiven ruult1 will aho be reduced. 

At the time the tran1i1tor thermal analoa wu ■ et up, there wu no information available on the ranau o{ capacitancu and re ■htancu required to repruent the 
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tranaiator. Accordingly, the individual elementl of the aeriea 1tring of RC paire were made up o{ plug•in unite. These plug-in unit• were made up ol hand-picked *10 per cent rc1i1tou and capacitora (a very time•conaumini' proceu). Experience gained during thia project maku pouible the recommendation of the arrangement of decade unit• given in Table E•l. • 

TABLE E·l. RECOMMENDED RANGE OF RESISTANCE AND CAPACITANCE 
VALUES FOR THE ANALOO NETWOlll< COMPONENTS 

RC Pair Number 

I and 1 

land 4 

RHhtance Docadea, 
ohm• 

IOK to 60K 
IK to 9K 

100 to 900 
Variablo to 100 

I0K to 60K 
lK to 9K 

100 to 900 
Variable to 100 

Capacitance DocadH, 
mlcro!arad1 

I. 0 to 9. 0 
0. I to 0. 9 

o. 01 to o. 09 
0. 001 lO 0. 009 

0. I to 0. 9 
0. 01 to 0. 09 

0. 001 tc o. 009 
o. 0001 to o. 0009 

Variable to I 00 ijd 

Two pun of termina 1 1hould be made available for the addition of a fifth RC pur. Theae terminal• wou d normally be aborted. Two add1tion&l termaMla 1hould be available for the inaertion o( a network to repruent chauh or mounting condition, 1hould it be duired to include theae in the an&loa. The addition of A network to repre• 11nt chu1h cond uona would h&ve the effect of lower na the required rul1t.ince v&luea of the RC palu and 1ncreuin1 the capacitance valuu of the RC palu. The valuu of upo1c1t11nce aav~n ln Table E· 1 nerc not be chanaed, 1ince h1aher capacitance valuu wou d be compenaated for by chans ina the real•to•analoa um, ratio. 

It ehould be remembered that the analoa network operate, about S00 volu above around potential, to the aMloa network decade• muat be 1hi1lded from ,tray pickup and 1n1ulatcd for ope rat r protec lion. 

One of the moll t1me•con1um ng portion, of the ope rat on of \he tran1 ,tor ther• m l anal a a mA nt~ mntt tha proper adju1tmen\ of \he 1ero battery. Th I battery reduce, the qu1e1c.cnt voltilse acr->u the analoa network to uro to 1upp )~ tho propor input to the feedback loop. Tho magnitude of thil battery u lrom S00 to 600 volu. Althouah there h httle or no current drawn from th• battery, the battery output varie1 up and down about I volt over 1hort period, of time. The value of thh voltaae mu1t be maintained well within 0. l volt o{ the required value. Another requirement of thi1 battery ii th&t it mu1t be very well holated from aroW\d and 1tray pickup. Thorofore, it ii 1ugge 1ted \hat for any future analoa• thi1 battery be replaced by an electronically reaulated power 1upply. Bocauao of the holation problem,, thh power 1upply will of neceuity be entirely battery operated. Battery operation h feuible becau11 there h almoat no current drain. The electronic reaulation could be accomplhhed with low 
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filament current tubea and an accurate reference diode or VR tube . 1Mh11ao11 of ljw regulated power aupply •hould reduce the operation time ol the tr1n1h10r &JaenaaJ analog by about SO per cent. 

Anotha r time •con,mming opo ralion ii the ,witching of tho 01 
output of thl! au.ilo.g to the 1ignal input of the analog in ordar lo mtt 
of tho iuput volt.1Hc. Thie operation could bo eliminated thruuah ta. 
1y1tcm which could be calibr~tt'd directly in peak volte; the amphl 
th ·rektronix 16Z aignal generator I.a unalfectod by chan111 ln the 

The antilog {unction required by tho tran1htor thermal 1AA 
an arbitr.1ry•function generator. Thia generator ha1 an lnpu& • 
of •SO volt,. The input •voltaRe ran(le u1od wa1 • 1 to ♦ Z volll r • 
output nn~o waa O to •SO or O to ♦ SO volte. The adJu1tmen1 I 
generator wa• critical and had to bo chocked periodicAlly. Al , 
ranao of the inp'-t with re•p~cl to the wide range of thr. ou1pu1, 1 • 
w.u subject to ahort•term drilt which hampered the oper11 " , 
analo~. In addition, the rate ol change ol alopo required by I 
areator than could bo accurately reproduced. It h thort-f re ••h ~lll~LL~ Lt i of equipment be deaigncd to •pecUic.illy produce the antUo I 
o! •1 to ♦Z. A phue invonion amplilior could be uaed foll "'' 
to elim nate tho noceuity ol tho plu1 1 to minu1 Z•volt inp\&1 . 

U it i1 deaircd to atudy tho cficct o! puhea ot dur&Uo 
m e ro ■econd1, particular attention mu1t be paid to tne rupo 
e(ll&ipment (purchued and con1tructed) uaed in the trU11htor , 
author'• opinion that a frequency reaponao ol 50kc 1t.ould be the 
0111ly, the tran1i1tor· thermal analo1 cannot be prac&.cally con,1,w 
of the hi1b•perlormance 1witchin, tranai1tot1 preHntly av 4&e 
\APO" &he an&101 eqwpment would &hen become urea1onab11. 

MEMOAIAL 

I 

' 



UNCLASSIFIED ·· .. , 

..... 

"' 

UNCLAS§IFIJED 

• 


	0001
	0002
	0003
	0004
	0005
	0006
	0007
	0008
	0009
	0010
	0011
	0012
	0013
	0014
	0015
	0016
	0017
	0018
	0019
	0020
	0021
	0022
	0023
	0024
	0025
	0026
	0027
	0028
	0029
	0030
	0031
	0032
	0033
	0034
	0035
	0036
	0037
	0038
	0039
	0040
	0041
	0042
	0043
	0044
	0045
	0046
	0047
	0048
	0049
	0050
	0051
	0052
	0053
	0054
	0055
	0056
	0057
	0058
	0059
	0060
	0061
	0062
	0063
	0064
	0065
	0066
	0067
	0068
	0069
	0070
	0071
	0072
	0073
	0074
	0075
	0076
	0077
	0078
	0079
	0080
	0081
	0082
	0083
	0084
	0085
	0086
	0087
	0088
	0089
	0090
	0091
	0092
	0093
	0094
	0095
	0096
	0097
	0098
	0099
	0100
	0101
	0102
	0103
	0104
	0105
	0106
	0107
	0108
	0109
	0110
	0111
	0112
	0113
	0114
	0115
	0116
	0117
	0118
	0119
	0120
	0121
	0122
	0123
	0124
	0125
	0126
	0127
	0128
	0129
	0130
	0131
	0132
	0133
	0134
	0135
	0136
	0137
	0138
	0139
	0140
	0141
	0142
	0143
	0144
	0145
	0146
	0147
	0148
	0149
	0150
	0151
	0152
	0153
	0154
	0155
	0156
	0157
	0158
	0159
	0160
	0161
	0162
	0163
	0164
	0165
	0166
	0167
	0168
	0169
	0170
	0171
	0172
	0173
	0174
	0175
	0176
	0177
	0178
	0179
	0180
	0181
	0182
	0183
	0184
	0185
	0186
	0187
	0188
	0189
	0190
	0191
	0192
	0193
	0194
	0195
	0196
	0197



