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A (AS DISCHARCE NOISE SCURCE

“illiam Honig and Fhilip Farzen
The Johns Hopkirs University
Radiation lLaboratory
baltimore, !'aryland

Suryr ar'f

prief review of thre theoretical and
exrerimertal work in gas discharre roise scurces
is ~iven. The resiults of an experimental study
cf the roise powers availlavle from a pas dis-
crarre maintained by a marnetic fielc is ;iven,
Lealed vercions cf such pas discharve tubes are
4ercrited torether witn the results of examina-
ticrns cf the noise cutput of the tubes.

Introducticn

The oresence of larre amounts of roise
power in pas discharces with rapnetic iiflds has
~eer. igdicated treoreticzlly by Malmfcrs™ arnd
2iley’, and experimentally by Bailey and Lan-
decker’. These measurements, hcwev-r, were made
ir “ischarfes maintaired by a DC volte-e and at
. nish valis of uC current (preater than 20 ma).
The effect of the LC nacnetic field is princi=-
pallv tc eovern the reture of tre precpagation of
ar, ' sipnal. It was felt that preater noise
c:trut povers would be realized in DC eas dis-
ctarces maintzined bv DT masnetic fields. A
tractical ras discharee noise source hating
srerating voltzges in the 2000 volt ranre with
currents of less than 10 ma would have the
otvicus advantare of needirg relatively small
arounts of power for operation. The operaticn
~® tre p3s discharge in tre low pressure region
(atout 1.0 microns of Hg) would allow such a
n-ize socurce to suffer little dereneraticn with
tirlell

Treoretical and Zxperimental backeround

Tre fluctuations in a pas discharge in a
rarretic field is an inadequately understood
rhensrenon. A better startinc point for some
snderstanding of fluctuations in a gas discharse
in a ragnetic field is uire study of the fluctua-
tions present in a D0 gas disclarfse.

The radiated and corducted AC power from
a ¢ pas discharre may pertaps be divided intc
three groups; first the AC power from a LC dis-
charpe due to the rardom ccllisions of the ions
and of the electrons, second the AC power due to
sustained plasma oscillations of either ionz or
nlectrons, and third A7 powers due to oscilla-
tionz of charred partiecles about potential mini-
ma. The fact that such AC currents may exist in
tre plasma of a ras discharpe does not specify
that, trese A% currents may be coupled from that
discnarre. The probler of hcw AC currents may
be courled from the resinn of the placma is also
a 4ifficult one.

The AC power available in a DC ras dis=-
crarpe due to collizions may be estimated as fol-
lows: Consider tte ccllizions of a group of

electrons suddenly injected into a neutral ras.
If the electrons are not captured, they will
after a short time reach a velocity distritution
and temperature correspondinc tc thermal equi-
librium witt the gas. If the electruns are
assumed to exist in the plasma of a LC pas dis-
charge where the densities of icns and electrons
are high and substantially equal, then due to

the electric field maintzinin. tle discharre tle
electrons will begin to gain enerfy which cannot
be very well piven up to fns pariicles in elastic
collisions becauvse of the larie value of the
rztio of molecular to electron mass. In most
discharges the velocities ained by the electrons
are rancdomized b ccliisiurs and the e may te
terred therral velocities. The electrcns may
tten be thought of as possescirg an electron
temperzture whicl. can be much hirher than the
temperature correspondins to the random veloci-
ties of the pas or icn particles in the discherge
vlasma. lndeed, the graph reproduced in Fir. 1
from Cobine's "Gasecus Conductcrs'" shows this
quite clearly fcr several different rases.

The ratio of electroun terverature to ges
temperature is plotted against different values
of electric field divided oy pressure. The
abcissa of 1 corresponds, for example, to an
electric field of 1 volt per cm and a pressure
of 1 mm of Hg. The electron temperature for a
discharge in neon is more than 200 times the gas
terperature and th: p2c temperature may be as
high as 2000° C.

The operation of a DC ras discharrfe as a
noise source has been described in terrs of its
apparent noise temperature. ouch a rfas discharpe
has beep used as a high frequency noise source.
rumford” and Johnscn and Delemer” have described
such a noise source and have described the neise
power available from such a source in terms of an
apparent noise temperzture. Ihat is, tle noise
power has beern set equal to the rcise available
from a resistor at some clevated temperature.
1f has been suprested 1y the above writers that
tkis is essentizlly the electron temperature in
the discharpe. The measured noise temperature
arrees quite well witn the noice temperature
calculated by V. Enrel and Jtcenback for the
conditicns of the particvlar discharre under
consideratior.. A measured noise temperature of
15.Y db abcove ¥T where [ = 200° 7 compared favor-
ably with the ccmputed value of electron tempera-
ture of 15.} db above KT (T = 240° K) for a
I'ercury discharje. Jee Fio. 2 for a value of rp
(cm mms Hp) equal to the value existing in a
Mercury flourescent lamp., The abcissa rp is the
product of r, the radius oi discharje in centi-
meters and p, the pressure in mms of lp.  Power
spectra measurements periormes by several




investigators have slem Shat the ncisc output is
fairly constant. in the 20u0=-2C00 me ranpfe so
that the output my be looked on as electron
thermal noise.

The LC pewer availaole in a DC pas dis-
crarpe due to plsesma oscillaticrs may be dec=
sribed as follows: ™he plasrn porcesses SCre
sirilarities to an tccustic medium., It is
capable of sustairine an) ctrejarcatirg loreitudi-
n2l wivey ol electrons aul lons. Tonks and
Laneruir” have described and reassred such pla.ia
oscillationr of electrcns and iors. They were
1led tc investi.ate this nreronencrn by noting that
ttere are a wid ranre of discharee ccnditicns in
wricn 2 laree rumter o! el:ctrcins rapidly aciguire
velocities whose voltase eauivilart is ~reater
trar tbe total droo acrcss the tite, The rlusra
necillaticns whict 19usnllv sccompany an atrupt
ireres.e in th. ererev sore-d of the beam were

v 1ited tv Torks ~ps “ancnair with tee equiation

D= R»Z/NEN )y
(%3

radiar ir-nuency of ihe ;lasma

tr

utere o 1= nre

secillatinrn, tootne <lsctron gercity, motne mats

of the ~lectrcn, Aar: & toe permittivity of frec

srace. Flasmz oscill ticnr have beer otserved
a1ttonr: the newers avallarle at tre cutjut
terrinals of cecvylirn Adevices irserted into the
recior. of th- -laure ha not yet osern fo.nc
trooretically. The frequercy of electron plisra
cscillatic~ is in tne 1Fuv megacycle ranpexfor
slectron a-nsitiez of $ x lu = electrecnfer
loniec plasma oscillati r3 are for some sirgle
cases acproximately equal to

1
{(19%5C) (atomic weisht) | 2
of tke -oleculc
rlisma osci]laiion frecuency for thc s-re sersitv,
That is, if 107" electrcus/em  have a placra
oscillation frcquency of 10CO mc ther. the nitro-
sen innic plasma occillari o “reguency is £.2 rc.
o In a series of >3 T .0, loon2 2and
Tyown have showm cuite 2le2arly that such cscil-

times the electron

1itions 24, exizt A “loat tiey ars lorncisaliaal
alestrgn pressar: (sv-o s2t ur in tio plaswa,
@ le2ctron

saner  in fact ha . wevr2liped 4 plasma -
S5eillator thhe ca 4. le L7 deliverin, ustained
<:i11asinns Tron ty ule 1,

Thz o0 (oo tus 'o oicillatisns of posi-
tive i~n5 ir 2 ¢obe sty 1 ou T cirar are srall ocon-
;arnd to sl a toc.llatains ana will not o2
"‘"ﬂti"""d fart ‘1"".

™ 5 srabla of floetaations in 2 cas
nlami 3n 3 marnesic fialld may nov e discussed,
“i-r intensity fliactiarions have been ousarvel in
vacuw. tunes operani ~ ir a masnetic fieli.  Iiis
15 evident in the fact tnat arprecianlz el=ctron
4o5itizs exisg in 'r ~=-ion teyond cut-off in
4 0 marneteon . Larce rarnitnies of noise have
1130 besn observed i other tubes emgloyine
crossed eleggrlc ant ma netie fi=lds such as
+yerotrons . sfforts to explain these larwre
marnitudss of noiss were undertalog, by Talafors.
4 u3-) some ideas of V. fi. pailey who has

determined what elzctris uaves can exist in a
~lasma sutject to static elechric and ma-netic
rields. bailey showei tiat {rejuency vands exist
5o whish initizl floctuatlons may pbe amplified

59 that stronp electroma,netic ncise can ve
developeq from small rando: flactuations,
thaoriss © demcnstrating the ennanc2ment of ini-
£ial s5imall curreat fluctiatine nave mostly to do
with dispersion eyuitisns detarwlned oy tne
interaztian vetween cnar -ed "artizles and the
nlactric ana marnetiz {islis. This affects tie
crnaracter of the proga-ation aosnstant. It is not
oos3ibla, however, to use these results to com-
fute tue maruitade of onmerved 10ise pOWaST.

Atn. intensive experimental stady by sBattan
and sarly has shown tist the lar-e fluctuaticno
Lresent ir a DO pas aiscnare propacats apyroxi-
~inelv in toe direction of elzciron drift and
1t the.~ flictuations ~rou a3 they propa. ate.

These

gxperiaental “orx

Sine2 it wis felt bl <t eaven larger amounts
;0 rnoise gower could ve outuiined from discharses
Aaintained bs 2 marnetic field, structures
utilizine Fenning: -auve gcourmetry were investi-
-ated, The puarocss of the work was to find a
-as discharve noisn scource cinable of renerating
larser arounts of noise than that availacle from
sve pas discharece nnise source agescribed by Yum-
ford ani Jorrnson and Ue 2mer ana, if yossible,
nzving frecazney compor ir. a larse bund of
‘requencies,

First tests were nmate con a modified
v illips Ionizations raure (See “ir. 3). Tre
retal surfaces are niz-el vlated and the ma,ni-
tude of tre ma-netis fi2ld is 1 Su gauss. In
creration, the elacirons -ive:n off oy the cold
cathodes, %4 and 5, wevs in -plrals as they ap-
wroach the center loop arode. The probability
T ionizing ccllisions is increased cecause of
r.e incr.ase in total =lzctron oatl lenyth betfore
captare at the anod2, Tre fora of the anode per-
aits the el2ciron to nac2 nmany trazversals of the
vHlume of the tube, before aro12 capture 50 that
ionization mav occur at quite 1ow values of pres-
sure (10 mrs of Fr). A cozxizl probe was
inserted into the icnization gaupre with its cen-
ver conductor extendin- further into the resrion
ot the dischar~e. [he cca-iz2l rrobe was uesisneld
to matech the input impedance cof recelvers used
(4FR=l., and !N A=2).

The power spectrwi of the noise was deter-
nited by varyine the outrut of a calibrated
sirnal renerator to matc: the deflection of the
output meter of the recaiver actaated by the
nise.  The nolse power i then, the input Cw
signal cenerator power divided by the nolse tand=-
width of the receiver. 1he “ilse power 1s speci-
fied in teras of poier ocer rec¢ acvcl: of pandridth,
e units of nois2 power usea here ire db apove
“T yrer meracycle of candwidth where T = 253° k.
This ca1 be easily compar:d to the Johnson and
Deilemer, and the battzn ani zarly data.

it was found that the ortimum noise power
cpectrum is as shown in Fi-, h, The curve drawn
in the diapram is meant to indicate noise maximsg
the fowers measared in tne 3u to 30C mepacycles




bands 2re higher than the L0 to 5C db above XT

(T = 250” ¥) measured by Batten and Early for a
tabe having similar geometry but higher pressures
(1,-20 microns of Hg). Here the operating condi-
tions were I = 1,0 ma, V = 1500 v, p = .2 microns
of He, masnetic field 1L50 gauss. It should be
noted that values of noise power of between 25
and 35 db above IT per megacycle of bandwidth
wer= measured in the 3 band region. Here the
roise oeccurs in bands several mepacycles wide.
T™is is 10-2C db aoove the thermal noise powers
observed by Johnson and DeRemer.

4 demountable noise pas discharge tube was
constracted as shown in Fip. 5. Here the posi-
tisn of the probe could be controlled by the
pellcws arrangerment. ODC magnetic fields of
2000-3030 sauss were available. Aluminum,
»olytdenum and stainless steel were used as
electrodes, £ltrouch the aluminum and Molybdenum
electrodes pave no lower noise powers than the
stainless steel electrode, their use was aban-
dsned because o° excessive vaporization and sput-
terirng. This discharce coatains 2 disc cold
~athodes and an annular anode between them. The
+_schrarre i3 maintained oy the ma-netic field and
varishes upon the removal of the magnetic field.
It was found trat idisher noise powers were ob-
sarved (see Fiz. €) than in the case of the modi-
fied Frillips rauge, The measurements made on
+rese tubes indicated that in the 30-%0 megacycle
rar-e rowers sreater than 50 db above XT per
~zpacycle of Landwidth could be obtained with
smaller tands of 5-10 meracycles wide in this
rance having ac much as 70=-70 db above ¥T per
meracycle ¢f bandwidth, In the $0-500 mc range
~nise powers of apwroximately 1.0 4o above ¥T per
mepacycle of bandwidth were found to exist in
tands 5-10 megacrycles wide. easurements in the
100=1-000 me range indicated that the noise power
4i4 not exceed 35 db atove ¥T per mepacycle of
tardwidth., The different electrode materials
tested did not seem to rive radically different
nnise power specira., The movements of tthe posi=-
tion of the proue seemed to chanre the magnitude
~f t¥= nnise power but because of the small size
n® the tube nc detailad rehavior could be noted.
Trere was noted at certain operating voltares
and vressures tne existence of Barkhausen oscil-
lation but tute operation was confined in the
noise power spectrum tests to operating regions
where this was minirizea.

nas discharee tubes having oxide coat=d
t.eated cathodes were also constructed. The
catnodes had a snhort lifetime under the above
operating conditions ocut greater cirrents were
availabtle (20-50 ra) and nnise power spechra
tests seem to irndicate that much smaller mapni-
tudes of noise power were available.

sealed versions of hot 2ana cold cathode
nnise discharrz tuves were conctructed,

T e peonetry of “nese tubes was similar to
trat of the demountable discharve tubes (see
“ir. 7). The disclaryes, however, were in a
“Yerecury vapor. The difficulty that prevented the
coynstruction of sealed tunes containing eases
such as nitrogen, hydrosen, or arron at pressures
5f 1 micron of He is that a pressure of 1 micron
5% Fp cannnt be maintained during operation,

A getter which will absorb gases liberated during
tube operation would also absorb the gas original-
ly put into the tube. Fortunately, sealed tubes
containing Mercury reservoirs would operate at
pressures of 1 micron of lFercury if the tempera-
ture of the Mercury reservoir was kept at 18.1° c.

The noise power spectra were similar to
the demountable pgas discharge tubes. The probe
here consists of an unshielded wire filament.
This was a short length of tungsten wire of 2
mil. diameter welded to the lead through wire and
then coupled to the receiver.

An attempt was made to find out whether
the power measured in some of the frequency bands
vhere that power was large is truly noise power
or whether it contained strong coherent compo-
nents in some frequency bands, It seemed likely
that most of the powers measured were really ran-
dom fluctuations of power since oscillograms were
taken of the output of the IF amplifier of the
receiver., Figure 8 shows such an oscillogram
where 1 is the IF output signal of the receciver,
with no input sienal to the receiver; 2 is the
outnut IF sipnal with the output of the gas dis-
charge tute connected to the input of the re-
ceiver; and 3 is the IF output signal with a
coherent sinusoidal input signal. Oscillogram 2
seems to give the usual appearance of a noise
voltare and the audio signal in a pair of ear-
phones gave the characteristic hissing that noise
usually gives.

There was available at the laboratory an
instrument that presents the amplitude probability
distritution function of an input time varying
signal on an EFcilloscope. This is a device des-
cribed by Orr " which plots a function whose
abcissa is equal to a portion of the range of the
input signal under observation, and whose ordi-
nate is proportional to the amount of time that
a signal spends in that small range of amplitude,
For example, a sinusoidal w:ve has an amplitude
probability distribution function that is ap-
proximately as shown in Fiz. 9. The value of
this function at the limits of the sinusoidal
signal are infinite when the rance of amplitade
analyzed is deferentially small, The finite
resolution of this instrument results in the
finite vaiues of the amplitude probability dis-
tribution function at the maximum range of the
sigral, If an input time varying voltage in a
small frequency interval has a gaussian amplitude
probability distribution function then this will
be plotted as a raussian amplitude probability
distribution function on this device. Firure 10
shows the anplitude probability distribution
function of a GR low freguency noise source.
“ieure 11 shows the amplitude probability distri-
Yation function of the IF ocutput sipnals for the
receiver with the input coupled to the pas dis-
charze probe. Similar amplitude probability dis-
tritution functions were taken at receiver set-
tines of 10, 76, 90 and 140 mc. The amplitude
rrobability distribution function shown at %0 mc
(see Fip, 12) suppests that a coherent component
of oscillation in Lhe dischar~c may exist. such
a method may be of some 1id in determining
whether the output of a ras discharre tube has a
truly random character or is a sustained



oscillation in some frequency ran-e,
The arplituce yrobability distribution

function carves ard the oscilloyrams taten of the

1F output volta'e of the receiver in all otier
portions of the snectrum above 30 mc indicited
that the power is of a random nature and that
this device cun be used as a noise source in
these frequency ranges.

An oscillorram of the oas dischar-e noise
sirnal was taken fror the oatput of several wide
band S¥I. amplifiers connected in tander and nav-

ing their oitput preseatzd to the vertical Ju-
flection plate of a Tettronix Type 517 Synchro=
scope, Here, ti
than a mepacvcle 2071 the hish freijuency cut-»ff
was above 70 me;acrcles, “'ith the synchroscope
svnchronized on input si:nal the oscillogram

shown in Fip, 13 was ta“en, A strony coherent
25 mc component i evide 't. This may be bark-
hausen oscillatioa or stained colieresnt plasma
oscillations hat tre fuzziness of the sisnal

indicates also tne randon cozponents of tao sir-

nal,
Jenelusions

Larce ma-nitudes of noice power can e
extracted from a ;as aisciar e rairtaired by o

ra~netic field, 1% ic felt trat Lhese hich rolse

~ower levels are due to =n 1ified rardor. lasra

~scillatieons whose lov-l . o 066 28R 2@ llo

low trejuency cut-off was less
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THE GHOUNLED~-GRIL THIODEL

Harris

Tube Department
Itadio Corporation of America
Harrison, N. J.

The development of circuit equations for a
triode used in a grounded-grid or cathods-drive
circuit is usually based on theory and data appli-
cable to grounded—cathode operation, with the ad-
dition of simplifying assumptions, Thus, it has
been commnon practice to represent a triode in a
grounded-grid circuit by an equivalent circuit in-
cluding a shunt conductance which incre:.ses with the
square of the frequency across the input teraina.o
because it is known that the input conductance of a
tube used in a gro.nded—catnode circuit irncreases in
this manner. It has also been common practice to
disregard the phase shift in the forward transfer
admittance and to neglect the feedback susceptance
in equivalent circuits for the grounded-grid tube.

ihis paper discusses an analysis of grounded-
grid triodes, vased on evaluation of the four-termni-
nal short—circuit admittances. ilypothetical tubes
are first subjected to mathematical treatment, and
then data are given for tubes which have been measur-
ed at frequencies near 1000 megacycles per second,

Networx kquations

1ne symbols and conventions used in the dis-
cussion of four-terminal admittances are illustrated
in Fige. le The tube under test is reurecented by
a four-terminal network having short-—circuit ad-
mittances Y11, Y32, Y21, and Ypp. The ‘nput termi-
nation is reuresented by the admittarce Y, and the
output teraination by the admittance Y3. Y1 is tne
admittance measurable at the input terminals when
the output~termination admittance, Y3, is connected
across the output terminals. The input admittarce,
Yy, is related to Y3 by the equation

i Y Y
Y ;_l.;Y 12721
| Y vy \
e, MY, Y (25
This equation can also be written as
Y 1 +J .B'_'+ R el (1+e=d202)
914 90, ,9% (2)
922
if the following substitutions are made:
Yig¥ai= [YigYale” (3)
R :L|Y|2Y2||
2.9y,9; (L)

10

+ .
Yy, t¥g= 9_2.2_“';3le/2
COSHZ

(5)

The angle @ is the phase angle of the product of
the short—circuit forward admittance, Y23, and the
short—circuit feedback admittance, Yyp. The angle
8, is the phase angle of the sum of the short-cir-
cuit output admittance, Ypp, and the output-termi-
nation admittance, Y3.

‘hen the output-teriination ccnductance, 23,
is constar:t and the output-termination susceptance,
33, is varied, the only quantity in equation (1)
which varies is the angle 8. The curve of £1/g1;
vs g1/m] obtained under these conditions is always
a circle. 'Then g3 is zero, the radius of the circle
is Hye In the curve shown in Fig. 2, the magnitude
of ity is one~half and tre phase angle @ is -30°.

If £3 is constant, maxirmm power gain is
realized when b3 is adjusted so that the angle &
is determined by thLe following equation:

Ro sing
F (6)
922

'(an»«2 =

This power gain can be realized uncer test con-
diticns by adjustuwent of tne input-ternir.ation ad-
nittance, Yo, to a conjugate match with the circuit
input adrittance, Yo The magnitude of the power
pain, G, is

G- |Y2|i 2 93/922
9||922(9—1+I-R cost-R) 93 ¢ -R cost+R)(7)
922 o 0, a7 o o

The terwms in equation (7) can be deteruired fron

the curve shown in Fic, 2, either by comrutation or
by reasurenent. The terms (1-By cos® -ii_ ) and

(1-H, cos® + R,) are the minimum and raximun values
for the abscicssae of the circle., ‘hen the first of
these quantities is positive, the r~ain is finite tor
all values of g3 and the network is inherently stable.
For tnis condition, a value of g3 which provides
raximum gain can be found. The required value for

£3 is given by

93

9, (8)

3 V(l - Rocoss = Ry) (I =R, cosz + R,)

Then, the maximum gain, G, is



IRNE !
max 2 q,,q,, | =Rocos: + A/ =R, cos 2 -R,2

(9)

ren -5

arimun cain 1s ootained with 33 equal 1o o .
-ain for tais condition is

is zero (tre condition ror zero feedback),
“he

P 1Yol

494497, (10)

max

In the design of amplifier stapes, the <ain
is .ften restricted by consicderations of bandwidthe
“he barawidtn of the output circuit depends on the
_itput admitturce, {2, obtaired with the input ter-
~inztion connected across tne input terminals.

Ten ne outnut-terdrnation susceptance, 33, is ad-
Jwsted for meximum cain, and the input-termination
a.dittarce, Tg, is ~atcned to the input admittiance,
71, vhe total output conductance, g2 + 23, includ-
‘ng tne termination conductance is given by

g
(g—l*l-Ro cos: )2 - Ro?
e 22
9 937 922 BT (11)
g22+l -RycOs!
se sutput susceptance, By, is
By =By - 922Res 1N (12)

‘t is corverient to ise a tactor, x, :;iven by

+
X:qu—q_:i

922 (13)

.ne .ain, i, exjresced as a rfunction of tanis factor
is

6 ¥,,12 _ 1 -Rpcos?
1Y - L
2lopras) | X gz |y

Curves of gain vs total output cornductance can e
plotted oy the use of equation (1lh). These curves
nhave the sare snaves as curves of gain vs output-
cirenit bandwidthe .hen the quantily (l-tig cos® )
is ,reaver than rg, there is a value for x for
wrnicn the pain vecomes zero; consequently, a value
providing, maximun cain may also be found. ./hen the
pantity (l=kg cos®B ) is lers tnan Ho, the 7ain
a.proacnes infinity as x approaches zero. Of
course, tnis criterion for stability is the same
as that applied to the previous equations.

Tne results obtained thus far apply to any
linear four-terninal network. These results can be
appiied to a specific amplifier such as prounded-
;rid or catnode—drive triode circuit by determi-
r.ation of the four short-circuit admittances for
the circuit considerede

11

The Ideal Triode

Five 3 illustrates the deterxination of the
reoaired quantities for an ideal parallel-plane
triode in which electrons are emitted at zero
velocity. The short-circuit input admittance, Yyj,
shoulc be the sare as that of a diode because the
current measured at the catnode has the same value
whetrer tne electrons pass tnrough agertures in
the rrid or are stogped at the grid plane., Al-
tnough, strictly speaking, tnis arpument applies
only as the amplification factor approaches in-
finity, the modification for finite amplificztion
factor has a relzstively small effect on the form of
tiie curves ootained.

The forward transfer admittance, Y23, re-
s:1ts from the electron current passing thrcugh
the grid. This current is delayed in phase with
respect to the voliare ey because of the finite
time reauired for the transfer of electrons be-
tween the cathode and the grid and between the grid
and the plates

The theoreticsl value of the short-circuit
input conductance decreases slowl: with increasing
transit angle; trere is no transit-time loading
term to be added. The phase angle is positive, and
the susceptance correcponds to a capacitance which
is less than the cold czpacitance. The short-cir-
cuit transfer admittance is almost constant in
magnitude, but it is delayed in phase with respect
to the voltage. The theoretical vaiue for this
pnase delay is the sum of 11/30 of the cathode-grid
transit angle and 2/3 of the grid-plate transit
angle,

In ire 3, the vector connecting the end
points of the Y,, vector and the Ypj vector re-
presents the input admittance which would be
measured at the grid in a grounded—catnode cir-
cuite It is evident that the major p rt of the
conductance component of this admittance is caused
by the phase shift in transfer admittance. This
component is the transit-time loading observed in
the grounded—cathode circuit. The increase in
susceptance and, consequertly, in capacitance as
compared to values observed in a grounded-grid
circuit is also evident,

The snaort-circuit feedback admittance is
deteruined by the current at the catnode produced
by the effective voltage at the yrid. Consequently,
the feedbacx admittance for tne ideal situation
considered is the quotient of the short-circuit
input admittance divided by the amplification
factor.

The short-circuit output admittance is deter-
mined by the current at the plate produced by the
effective voltape at the grid, plus whatever currents
r?sult from the voltapge between plate and grid. The
f}rst part is the snort-circuit forward admittance
divided by the amplification factor; this part con-
sists of a real component proportional to the cosine
of the phase angle of the forward admittance and an




imaginary component, proportional to the sine of this
angle. The second part is principally the suscep-
tance of the plate-to-;rid capacitance. 1his sus-
ceptance is generally much larger than the portion
derived from the transfer admittance. The third
part is a small component representing interaction
of the plate-to-grid voltage on the electrons in
tre plate-to-grid space; this part will be neglect-
ed in the subsequent discussion. The total short-
circuit output admittance is consequently a con=
ductance that decreases with increasing frequency
plus a susceptance whicrh is principally due to the
plate-to-grid capacitance. Approximate equations
for the snort-—circuit admittances are as follows:

Yiy 9 ey, (15)
Yo Slay i)
12 7 I 1 (16)
Y, =g, (17)
Y22 g COSu T ].Cyy
~ (18)
In terms of the electron transit time,
-3 7
Ci 0§, (1%)
Lo 2 (20)
I
71 and 72 are the transit times froi. cathode to
srid and froan grid to plate, respectively. “hen

these values are used, the feedback admittance is
approximately

(21}

The quantities used previously in the equations for
input admittance and gain may now be found,

fien the output termination conductance, g3,

is zern, the circle radius, Ry, is given by
R !
) 2 | 2 )
A= +< + = <
cos (31, 3TJ cos ('57|+3 Ty (¢2)

The pnase angle of the proauct o the forward and
feedback admittances is

(23)
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The coefficient of the ;7ain equations is

oul2. v
9,19, Cos: (%"' %’2) (2L)

The tera {roa the gain equation which de-
ternines stavility, 1 - Ry cos® -y, 1s given by

cos,,(%ﬁ )'%72)- | -
Bty o (o §o

| -R cos’=R_~
° ° cos. (

This term is always negative, approacning
zero as the transit angles approach zero, _.onse-
quently, there is no finite maximum=-;;ain value for
a tube wnhich is ideal in the sense discussed,

The {irst Adiagram in rig. L shows the input-
admittance circle for cathode-to-grid and grii-to-
plate transit angles equal to 75° and 300, respect-
ively. The second diagram shows the inpnt—admittance
circle for transit angles equal to half these values.
Jurves of gain vs total output condictance are
plotted for both these circles.s The resilts show
that the pain would increase with increasing fre-
guency in an amplifier using an ideal tube, and that
the ;rain would approach infinity as the termination
conductance approached zero even at low frequencies,
!loreovar, a theoretical increase of gain with in-
¢reasing frequency would be found even if the feed-
vtac« were cancelled by neutralization, This increase
rasults because the snort-circait input conductance
and the magnitude of the short-circuit forward ad-
wittance vary only slowly with transit angle, wnhile
the short-circuit output conductance decreases in
tne manner of a cosine function,

..easureaent of Short-Circuit Admittance and Gain

Data of ihe type discussed have been measur-
cd on several disc-seal triodes at frequencies in
the vicinity of 1000 megacycles per secord. A block
dia7ran ¢ the test equipment used is shown in Figz.
5. Ine test procedure is as follows:

(1) easurements are sade of input sus-
ceptance vs input conductance, with
output-teranination susceptance
varied, for several values of output-
teranination conductance, and curves
are tnen plotted.

(¢) The power rain is .ieasured ror at
least one stabls operating condition,
with output-termination susceptance
adjusted for maximum paine.

(3 The saort—circuit output conductance
is determined, sither by direct
measurement with the connections to
the tube reverced or by a susceptance-
variation method with the connect.ons
as snown in rige Se

/



411 of the snort—=circuit admittance macni-
tudes and the real and imaginary parts for tne in-
put and out,ut admittances can oe deterzined from
these data., The phase angle for the product of the
forward and feedback admittances can also be de~
rermined., Additional tests using different circuit
connectisns would be necessary to obtain separate
valaes ror tae phase angles of these two adnittances.

i'ime 6 shows tie snort-circuit input adiit-
ranne for an nCA developmental pencil tube as a
tinction of biasinz voltage for three different fre-
juencies, In the space-charze linited region, tne
variation of conductance with frejuency is too small
to periit a conclusion as to whether the conductance
increases or decreases. Very similar curves have
tean measared on close=spaced diodes. there is an
‘norease of conductance with frequency in tne re-
tard . ng-field rezion; this region, nowever, i1s out-
< de tne scope of the *tneory considered previouslye.

rige 7 snows curves of snort-circuiit outnut
sonductance as a fianction of frequency for a similar
jevelopmental tuve, The ditference hetween hot and
cold conductznce can e fitted to a cosine curve
ravinc tne extrapolated zero intercept at ap.roxi-
mately 1200 megacycles per seconde

Jhe magnitudes of the snort-circuit forward
arnd reeduacs admittances are deterwined from measure-
ments oi tne input ad.aittance and the porer fain on
tne casis of tne tneory developed previously. A
curve of 1in.at condustance vs inpiat siscestance,
soraalized by division by the siort—circuit input
cordiuntance, is snown in fig. 5. Tnis curve was ob-
va.ned for a developnental pencil tuve at a fre-
qiency of »70 mejacycles per second. .ne data ob-
tained ‘or tr.is tive are as follows:

Developuental bencil Taoe
Heakar Jolta-e 643 volte
rlate Toltage 125 volts
rlate Current 20 milliarmperes
Cat .ude Toltare 0.8 volts
catnnde Resistor LG ohuns
Aaplification tactor 55

1545 millimhos
0.3L millimhos

“ranscondactance
rlate Zondictance

Capacitances:

rid to Catiode = 5.1 wuf
srid to rlate w L9 puud
ilate to 5 .t..odea 0.,0L ppf

Short=Circait Adrattances:

srequency, 570 aepracycles per seconds

11 = 12.7 « 2545 ndllinhos
T11 o= LT wicronicrotfarads
Ty = 0s18 + 1 145 millimhos
022 v 2 ricroaicrofarads
YZL o Lt =11 Llimhos
le a 0425 ndidlinhos

a =20e5 de mees

1y = 047
lwit, cos g =i, =04215
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The values for gy and Ypj are a proximately
equal to the low-frequency values of the tube trans-
conductance. The value for gpp includes thc dielec—
tric loss in the pglass and some series-resistance
losses; even witn these losses, however, it is low-
er than the low-frequency value, The feedback ad-
mittance, Y12, is decidedly lower than expected,
This result probably indicates that the series in-
ductance of the grid is sufficient t. cancel pariial-
ly the etfect of the electric field through the
;rid. The calculated value of inductance needed to
obtain the observed result is of the order of a few
tenths of a aillimicrohenrye.

Conclusions

1) The ideal parallel-plane triode, having
»ero initial electron velocities, shows nc agprec—
iable deterioration in performance in a grounded-
grid circuit at frequencies up to those at which
the trancit angles amount to several radians.

?2) Forrulas giving maximum-gain values and
operatin,;; conditions for this kind of tube are rot
possible because the irherent feedback properties
predict oscillation as the limiting condition,

3) Dielectric losses and skin-effect losses
in a tube often increas with increasing frequency
at, such a rate as to mask the decrease in electron-
jc conductance. This efiect probably explains the
correlation obtained in many cases between observed
gains and gains calculated by the use of incorrect
formilas,

L) The phase shift in transfer admittance
must be Laken into account to explain the differ-
ence betweer. hot capacitences measured at the
cathode and 3t the prid at the lowest freqaencies
at wnich such measurements can be made,

5) .easurenents at
mately 1000 negacycles per
between the perforuance of actual tubes and the cal-
calated behavior of ideal tubes. It is probably de-
sirable to discuss actual tubes in terms of measir-
zhle phase anvles instead of the transit anzles,
because the transit angles have a sinsle value only
in the hypothetical case of parallel-plane -eometry
and zero initial velocitye.

freqiencies up to approxi-
second show correspondance

t
|
— B — - —
—3 Y, Y, %
Y e | €7 YJ
° ! Yoo ¥ |
1 Jzzj- ]

Fig. |
Equivalent network for grounded-grid cathode
showing symbols and conventions  used in

discussion of four-terminal admittances.
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DEVELOPMENT OF A LARGE-DIAMETER DUMET LEAD FOR SEALING TO SOFT GLASS

D. L. Swartz and J. C. Turnbull
Radio Corp. of America
Lancaster, Pa.

ABSTRACT
Dumet leads having diameters greater than dumet leads. The core material is a nickel-iron
0.030 inch have long been desired in the power- alloy having an expansion coefficient of 90 ~ 10~’
tube industry for increased rf-current-carrying in/in/°C. The use of this alloy provides a con-
capacity. This paper describes a 0.060-inch, high- siderably better match to G0120 glass than that
conductivity dumet lead which was developed by provided by conventional dumet leads. Relative
careful matching of radial and axial thermal- merits of three possible techniques for producing

expansion coefficient. In this lead, relative copper  the high-conductivity dumet leads are discussed.
volume is about ; to 3 that found in conventional
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NOVEL DESIGN APPROACH FOR MICROWAVE TUBES

J. E. McLinden apnd D. Lichtman

Airborne Instruments Laboratory,
Mineola,

Summary

An approach to electron-tube constructicn is
presented that is especially suited to tubes ani
cempenents requiring establishment and mainte-
nance cf ~ritical gecmetries in vacuum-sealed
heatel assexmblies. In this method, spacings are
ectablished by optical measurements and main-
tained by coherence with the assembly envelope.
This approach shculd not cnly iwmprove the relia-
bility -© a compcnent but also reduce its cost.
The follcwing diszussion deals with the develop-
rent of a planar micrcowave tricde that has spac-
ing iclerances cf *0.0001 inch.

Introduction

Tnis paper presents an approach to tube
des.gn that has thus far been directed toward the
developzent of a planar zicrcwave triode, but
intrciices a technique that has possible appli-
~ations to other tubes and electrcn devices
requiring close tolerances, critical dimensional
stability, and high ambient and operating temper-
atures.

Despite many recent developments in velocity-
mciulated tubes, planar current-modulated tubes
cinz: rany applicaticns in amplifiers requiring
high gain-bant products. The possible appli-
cations of planar tubes would be greatly multi-
plied if their ccst coul?l be reduced signifi-
cantly. For example, with the extension of ccm-
mercial television intc the UHF bands, a low-tost,
lcw-ncise planar tube would result in significant
overall eccncmies in television coverage.

Cne of the chief aims cf the subject levelop-
zent was ¢ evolve a iesign and assembly tech-
nigue that cculd leai to substantial reduction in
~cs+ts an: improvement of quality in-a tube whose
grii-cathcde spacing would be sufficiently small
to enable “he performance of the tube to closely
approach the ultimate performance of microwave
“ricles.

A microwave tube cannct be thougnt of as an
electron tube with an attached circuit: the tube
and circuit must be thcought of as a single elec-
trical system. Thus, to optimize the performance
and reduce the rost of such a system, the tube
and circuit design must be thoroughly integrated.

The impcrtant parameters that must be con-
sidered in establishing such a microwave tube
design inclule (1) dimensiconal requirements for
electrical performance, (¢) establishment and
waintenance of critical internal dimensions, (3)
minimization of r-f losses, and (4) iissipation
of heat. Past tube developments undertook to
resclve these prcblems in a number of ways. Many
of these designs depended upon the ectablishment,
nf critical internal dimensions by means of
structural features of the tube itself, such as
the use of shims. This approach dictates an
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expensive design,because all parts of the tube

must be made to closer tolerances than the spacings
required in the final assembly. Other designs

depended upon precise and elaborate jigs to support
the tube elements during sealing-in. Such jigs are
not only expensive initially but must include tol-
erance requirements that are difficult to maintain.

In our approach to this problem, we intro-
duced a technique whereby spacings are established
during assembly through the use of optical measur-
ing equipment. This permits relatively loose
tolerances on the tube parts and yet makes spacing
tolerances of *0.0001 inch practical: it alsc
optimizes the electrical performance by contrib-
uting to quality control in manufacturing and tube
reliability in application.

In order to maintain these dimensions, the
elements are bonded by a refractory cement that
can be applied conveniently and exhibits satis-
factory vacuum properties ani dimensional stability.
The cement, which forms portions of the tube enve-
lope, is not vacuum tight. It is therefore glazed
during the sealing-in. The application of the
glaze to the assembly required the development of
special techniques, and a number of practical
methods were established.

Tube Structure

The structure of the tube thus evolved is
here presentei (Figure 1). It consists essentially
of three coaxial cylinders, terminating 'n the
cathcde, grid, and anode, respectively. Each of
these cyliniers is assemblied separately to reason-
ably close tolerances, but the tolerance require-
ments on these subassemblies are far less than
thcse requirei by the final geometry.

The cathode cup is machined and polished from
nickel stcck rather than punched or drawn, because
it was found that only by this technique could the
required planarity of the cathode surface be
obtained. The cathode cup is then mounted on a
1/¢ wil Inconel X cylinder that not only provides
the necessary structural rigidity and thermal iso-
lation of the cathode from the rest of the tube
structure, but also has satisfactory r-f conduction
properties.

The cathode is heated by a conventional coiled
heater mounted on a ceramic stem, which also sup-
ports the ribbon getter on a third lead. In this

tube, the heater-cathcle connections are separate.

The molybdenum ancie serves as the termination
of an assembled cylinder comprising the anole, a
glass-sealing alloy cylinder with exhaust holes,
and an (FHC copper exhaust tubulation.

The grid consists of a goll-plated 0.0003-
inch-iameter tungsten wire wound at a pitch of
1900 turns per inch and brazed to a molybdenum
washer. The wound gri! is welled to the end of a




supporting cylinder. Assembl
The principal envelope materials are

Allegheny-Ludlum 4750 alloy and Alsinag 2h3 in order to proceed with the completion cf
Forsterite. Forsterite was chosen as the enve- the envelope construction, the critical spacings
lope ceramic because of its low-loss factor of between the planar elements must be established.
0.092. The strength of Forsterite is relatively The grid-anode spacing is established optically
low, but it was found tc be adequate for the in a unit as shown in Figure 2. This unit consists
requirenents of this development both in fabr:- essentially of a 300-power compouni microscope in
cation and operation. Allegheny-Luilum type L7506 which the stage has been replaced by a structure
glass-sealing alloy was chosen because its expan- on which can be mounted the grid and anode sub-
sion coefficient closely matches that of the assemblies. The ancde assembly is held below and
Forsterite. The cement and solder glass frit com- insile the grid-cylinder assembly. The latter is
plete the envelope .-ani provide the neccssary mounted on a platform supported abcve the anode
structural and electric properties. in such a way that it can be moved laterally in

. 4 i hi licati two directions with respect to the anode holler.
h S refrgctory ;?Te?t :se o : Li‘appt;c? x?n The anode can be moved vertically. By means of
a?tanlexpanstgntcge reLen .apzrix 38 ;nfO_Ya © the microscope, observations are made through the
0 .g 8s8s,--tha l?’ approximatery grid laterals of the grid-ancde spacing, which
centimeter per centimeter per degree C. It has . R .
. - . . has a calibrated scale on its vertical movement.
the important feature that it satisfactorily wets . X
. In this way, the grid-cathole spacing can be fixed
most ceramics, metals, and glasses, and thus can
. . by depth-of-focus measurements, an? the ancde can
be used as a bonding agent in electronic tubes . X
. . . be located centrally with respect .o the grid.
having components whose expansion coefficients . . .
approximate that or the cement. The vacuub When the final location has been established
PP N - (approximately 7.003 inch), the cement is applied

ies e t h be tested d
?ngzrzénta?ﬁizhetﬁi:e:emeizeha;:n erfo:méda?or between the two cylinders while the assembly
- g N P remains in the jig. When the cement has ‘iried,

ith ds i i .

well over 5000 hours wi no apparent deterioration s el G5 Hleee e G et
of vacuum. The cement can be baked out at tem- ST Taas (R o ah)

peratures greater than 800 € without destroying pacing Lne 1gure an :

the bond, and tubes assembled using this cement Basically, the grid-cathcde spacing machine
as a bording agent have been operated at e<tremely consists of two coaxial chucks mounted on a bed
high accelerations. Preliminary tests of r-f plate. The ancde chuck can be translated axially
losses indicate that in the applications we have tc aljust the grid-cathode spacing. The cathcde
counsidered, the losses of the cement are negli- chuck can te tilted angularly to align the cathode
gible. parallel to the grid. Both chucks are rotated

simultaneously to inspect the accuracy of the
grid-cathode alignment. An optical system pro-
Jects a shadow of the grid-cathode spacing for
optical inspection. The optical system uses as an
illumination source, a well-collimated beam pro-
duced from a zirconium arc point that is projected
through the grid-cathode aperture. The image thus
formed is magnified about 100 times and projected
on a ground glass screen. This is sufficiently
bright to permit comfortable operation by the
operator. After the grid-anode assembly is inserte
in the chuck, a retaining ring is tightened to
cause the chuck to grip the anode tightly. The
cathode subassembly is inserted in the cathode
chuck, which is similar to the anode chuck.

The Corring type 7570 solder glass has a
softening temperature of less than 500 C and an
expansion coefficient of €4 X 10-7, which matches
the other envelope materials reascnably well. It
was furnished to us by Corning in the form of
325 mesh powdered frit. We have experimented with
various technigues for applying the frit to the
seal. In certain geometries, it can be applied
as powder by simply placing it in the area where
the seal is desired. The glass may be heated by
means of a gas-air or gas-oxygen torch. In other
applications where the frit is in intimate contact,
with r-f conducting eleuments, sealing-in can be
accomp?ished by in*uction heating.

A third methoi of effecting seals is by

placing the entire assembly, including the frit, ~ The spacing between the grid and cathode is
in an oven that is elevated to the flow point of adjusted by a combination of course and fine
the frit, adjustments for translating the feel tube.

We have found it convenient to draw the When the cathode-grid spacing has been set,
powdered frit into canes of about 1/16-inch diam- the spacing is inspected to determine the extent to
eter. By the use of this configuration, the glass which the cathode is tilted relative tc the grid.
can be applied in the same manner as metallic wire This is done by means of the roll knob, which
or strip solder--that is, it is held on the seal- irives both the anode-chuck mandrel and the cathode-
ing point by hand, and heat is applied via a torch chuck mandrel in synchronism. These two mandrels
until the glass flows. It can then be shaped to ride in sets of aligned ball-bearing races. While
the required fillet by means of a carbon rod. We the two subassemblies of the tube are rotated, tne
have also explored the application of the frit in optical system projects a shadowgraph of the periph-
the form of molded preforms. The glass can either eral spacing between cathode and grid on a viewing
be molded with a volatile binder or the preforms screen. An angular scale on the left-hand end of
can be molded and pre-melted to the required the cathole-chuck mandrel enables the operator to
shape. This latter technique would of course be read the angular position at which the space betweer
desirable in large production quantities. the cathode and anode is the greatest. This angle

is indicative of the plane in which the cathode is
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tilted relative to the grid. After having deter-
mined this plane, the operator rotates the chuck
mandrels back to their zero positions and tilts
the cathode chuck as required.

In orucr that the cathode chuck mo tilt in
an, direction, it is mounted in its mandrel by

a brass surround vhose ex‘crnal surface is a spher-

ical zone. The center of the spherical cone is
arrroximately at the center o the cathode ace
when the cathode is mounted in the cathode chuclk.
"'ith some practice, the tube assembler can accom-

plish tie aliZuicnt and spacing in about 5 minutes.

Following alignment and spacing, the Forsterite

envelope is placed over the grid and cathode
cylinders and cemented in place with the cement.
The lining up of this is not extremely critical
and is accomplished by means of a simple Jig.
After the assembly has dried sufficiently, it is
ready for sealing-in. This is accomplished on a
conventional sealing-in lathe with provision for
flushing the assembly with forming gas during the
sealing-in operation. The sealing-in operation
is accomplished by means of the solder glass.
which is presently applied in the form of cane
and heated by means of a gas-oxygen hand torch as
.ndicated in Figure 5.

Conclusions
The chief advantages of this type seal-in
include the fact that it can be done directly in
air. Furthermore, since the glass serves essen-
tially as a vacuum seal and not as a8 structural

member, this operation does not affect the inter-
nal tube geometry. In large-scale production, it
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is anticipated that the frit will be applied in
the form of glass preforms, and the sealing-in
accomplished on an automatic seal -exhaust machine
that will consist essentially of a series of
ports in which the assemblies can be mounted with
the glass preforms in place. This will be passed
through ovens that will accomplish both bake-out
and seal-in while the tubes are under vacuum.
Activation and tip-off will follow in a conven-
tional manner. In the laboratory, however,
exhaust has been accomplished on a conventional
trolley exhaust machine using water-cooled ports.
Activation and pre-flashing of the getter are done
while the tube is on the exhaust station, and
tipping-off is accomplished by means of a conven-
tional pinch-off tool. Following exhaust, the
external conducting surfaces are gold-plated. A
completed tube appears in Figure 6. The tubes
are aged and dc-tested, and finally, rf-tested.

The sealing-in and processing technigues
permitted by this design and assembly lead to a
structure having excellent dimensional stability
and reproducibility. It is rugged and can oper-
ate safely with seal temperatures as high as
250 C. The approach described introduces a
method in which close tolerances are established
by the use of precision assembly equipment cou-
pled with relatively simple optical measurements,
and these tolerances are maintained in operation
by a coherent integrated construction.
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Fig. 1
Tube Structure.




Fig. 2
Grid-Anode Spacing Fixture,

Fig. 3
Grid-Cathode Spacing Fixture.
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Fig. 4

Grid-Cathode Spa

cing Fixture,

Cutaway View,

emblies.

Completed tube with subass
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MAGNETRON OPERATION AT VERY LONG PULSES#H

Markus Nowogrodzki
Amperex Electronic Corporation

INTRODUCTION

The part played by the cathode in a pulsed
magnetron oscillator is more complex than simply
that of a source of electrons. Owing to the pre-
sence of the so-called static electron cloud,
whose diameter is dependent upon the magnitudes of
both the electric and the crossed magnetic fields,
the cathode diameter has a marked influence on the
magnetron efficiency; the centering of the cathode
in the interaction space, both radial and axial,
is important not only because it affects the oper-
ating efficiency, but because of its effects on
the shape of the rf spectrum as well; the geometry
of the cathode and its end shields helps confine
the electrons within the interaction space and
also must be designed for proper heat transfer to
the support structure under conditions of severe
back bombardment, such as are encountered in mag-
netron operation; finally, the smoothness of the
emitting surface is of great importance in pulsed=-
magnetron operation, since it will greatly affect
the stability of the tube, i.e., the susceptibili-
ty of the magnetron to cathode sparking, cathode-
anode arcing, and overheating,

The excellence of the magnetron cathode is
put to an even more severe test when the tube is
being triggered with very long pulses, Under
long-pulse operation, demands on very considerable
cathode emission for relatively long periods of
time are made; and the tendency to spark at some
point during the pulse interval is enhanced, It
is for these regsons that 1life-test runs on pulsed
magnetrons are usually performed at the longest
pulse specified for the particular tube, Thus, in
any cathode=ecvaluation propram for a magnetron
type, operation of the tube at very long pulses
has s special significance as a measure of cathode
quality,

This paper describes a still incompleted
phenomenological study of a new type of emitter,
viz,, the Philips' impregnated cathode, in a mag-
netron operating at pulse widths hitherto not
attained in operational tubes of this type. The
RETMA designation of the tube, which has the out-
ward appearance of, and is, electrically, an ime
proved version of the LJS2 magnetron, is 6507,

THE CATHODE STRUCTURE

The Philips'! impregnated cathode* is an im-
proved version of a new cathode type developed in
Holland and known as the "L" cathode (1) (2),
While the original "L" cathode used a reservoir of
barium carbonate contained by a layer of porous
tungsten, the impregnated cathode employs an
emlssive layer of porous tungsten impregnated with
barium aluminate, In either design the smoothness
of the metallic emissive surface makes the cathode
particularly suitable for magnetron applications,
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but in the case of the "L" cathode, the required
operating temperature is generally higher than

that required for the impregnated cathode,

Sketches of a typical "L" cathode design for a map-
netron application and the 6507 cathode (impregna-
ted) are shown in Figure 1,

Tn addition to the desirable emitting surface
characteristics, the impregnated cathode has ex-
cellent thermionic emlission qualities, Moreover,
the susceptibility of the cathode to poisoning is
small, so that the cathode structure can actually
be exposed to air after operation in a tube and re-
used in another mount, From a manufacturing pBint
of view, this is a very desirable characteristic,
as 1s the fact that there is no "breakdown" of the
impregnated emitter comparable to that of the
breakdown of the alkaline-earth carbonates in an
oxide-coated type, The excellent life obtained
with an impregnated cathode in mapnetron applica-
tions (as discussed latter in the paper) make this
type of emitter even more desirable,

The applicability of poroug-tungsten, dispen-
ser=type cathodes (to which class both the "L"
type and the impregnated type belong) to magnetrons
has been predicted almost from the time these de-
signs were developed, A study of the "L" cathode
in a magnetron application (3) showed its advan-
tages, even though this particular investigation
was limited to operation of the tube (a 725A mag-
netron) within the scope of existing specifications
The present report, describing operation at extreme
pulse-lengths, should, in the opinion of the author,
help to establish the impregnated cathode as a
superior design for mapnetron applications.

DESCRIPTION OF TUBE; COMPARISON WITH LJS2

The 6507 magnetron is a 16-resonator, vane-
type, packaged tube utilizing double-cnded, double-
ring strapping, and externally identical to the
LJS2 tube, Tts operating characteristics (at
normal pulse-durations) are also identical with
that of the LJ52 magnetron (including heater
characteristics), so that the tube can be used as
a direct replacement in all equipments using the
LJS2, A performance chart of the 6507 is Bhown in
Figure 2, and is seen to be essentially the same
as similar charts for the LJ52 magnetron published
in the literature, (1)

But the 6507 shows distinct improvement over
the LJS2 even at operating conditions which are
standard for the latter tube.

# The work described in thig Paper was carried
out under United States Air Force Contract AF-33
(600) 23763,

## Developed at Philips Laboratories i
New York, » Trvington ,



These improved qualities are in three general cate-
gories, viz,, tube processing; stability; and life
characteristics.

In addition to benefiting from the immunity to
poisoning of the impregnated cathode and the sim-
plified pumping procedure, both of which have been
mentioned before, the processing of the 6507 diff-
ers from that of the standard LJ52 in another ime
portant agpect; the smoothness of the cathode sur-
face greatly facilitates aging. Exact aging times
cannot be given, since the normal aging schedules
call for minimum aging times even for tubes not
requiring the prescribed aging, particularly on
systematized production runs; but a typlical 6507
aging schedule is in the order of 10-20 minutes,
while a LJ52 may require aging in excess of 1 1/2
hours,

The stability of the 6507 is likewise related
to the quality of its cathode surface. The 6507
not only displays extremely stable operation at
long-vulse conditions, where L4,J52 magnetrons arc
excessively (see below), but gives improved sta-
bility and life at standard LJ52 operating condi-
tions as well,

LONG=PULSE OPERATION: TEST EQUIPMENT:

The 6507 was checked in a rather elaborate
test equipment designed for a variety of test
conditions in addition to the long=-npulse operation
of interest here, Even though the basic design
principles of the test equipment are conventlonal,
and the modulator follows the standard discharg-
ing-network type technique, the inclusion of ex-
treme test conditions, particularly the long=-pulse
conditions, presented a number of design problems,
some of which may merit a brief review,

With reference to the Test Set Functlonal
Block Diagram, shown in Figure 3, the equipment
uses a conventional d-¢ power supply, a control-
and-metering section similar in design and con-
struction to the standard Amperex Magnetron Test
Station, a driver whose pulse-repetition fre-
quency is derived from a commercial audio oscilla-
tor for ease of adjustment, interlock circuits in-
corporating a number of safety devices for the
protection of both the test personnel and the tube
under test, and a line-type modulator, shown in
block-diagram form in Figure L., High=voltage
switching relays are uged for rapid change-over
between the various test conditions, Sand loads
are used in the life test sets, while a water load
is employed in the operational test .set, The
equipments can be operated under the following
conditions:

(a) High duty cycle (,001 - approx, .01) at
1/L, 1, and 5 microsecond pulse widtha,
Standard LJ52 operates at ,001 duty
cycle.

(b) Long-pulse operation (5,6,7,5,9,10,12,

12.5 and 15 microsenonds) at 0,001 duty

cycle, Standard L4J52 has maximum pulse

width of 6 microseconds.
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(¢) Higher power input to magnetron (approx-
imately 50% additional input above
standard LJS52).

By designing for operation with linear, reson=-
ant, and subresonant charging, only two charging
chokes are used in the modulator (cf, Figure L).
Two sets of pulse components are employed, for 0.25
- 5 psecond and 5-15 psecond operation, respec-
tively. A design innovation is the use of a hy-
drogen thyratron clipper circuit, with the addi-
tional novel arrangement of a selenium rectifier
triggering the thyratron, Otherwise, the circuit
is conventional, as shown in the sketch.

Pulse-forming network: The problem in pulse=-
forming network design centered around the necess-
ity to compromise between pulse rise time and
acceptable pulse shape, (A fast rise time was de-
sired because of the sensitivity of the LJ52 mag-
netron to voltage rate-of-rise, and with a fast
rise time designed into the equipment, this para-
meter could be controlled by using an external
variable -high=vacuum capacitor.) The long-pulse
network, in particular, posed a problem, since the
long pulses, coupled with the fast rise times re-
quired, dictated networks comprised of unusually
large numbers of sections (78 meshes as compared to
5 mesh networks normally employed), which, in turn,
led to large values of dissipation the artificial
line and deterioration of the pulse shape. The
characteristics of the final network designs are as
follows: '

Network Rise Time Droop Pulse Width
(mIcroseconds) 4 (microseconds)
78-mesh 0,125 11,6 14,2
25-!!Bah 00211,4 7.7 1305

The networks were tested by replacing the
pulse transforter by a non-inductive resistive
load and monitoring the pulse shapes by photo-
graphic methods,

Pulse Transformer: Different approaches were
used By the various manufacturers in their designs
of the 15-microsecond pulse transformers, The unit
received from one supplier showed core saturation
effects, manifesting themselves in a narrowing of
the pulse at higher power levels. Thus, while full
pulse length (approximately 15 pseoonds) was re-
produced at power levels up to about 25% of the
rated value, the trailing edge of the pulse de-
teriorated at high levels, the pulse width at rated
power being approximately 9 microseconds, This
unit was not acceptable, The second manufacturer
used a low=current bifilar winding, the purpose
being to minimize the wire size used in the windings
and consequently the stray capacitance, leading to
faster voltage rise times. This required the
placing of the filament transformer at the magne=-
tron (load) side of the pulse transformer. The
third design was conventional, end proved even more
satisfactory. The characteristics of the pulse
transformers are summarized below:




Pulse X-Former Filament X-Former Rise Time Droo
- (" pseconds)
15 hsec . Mfr,A saturation - not acceptable
B high side 0,28l 10
C ground side 0,266 6

The method used for testing the pulse trans-
former was as follows: For rise-time measurements,
a 0,25 psecond pulse with a 0,08- psecond rise
time was used, and the rise time was considered to
be the total rise time (10-80% of the pulse) as
maasured at the output of the pulse transformer
when the latter was loaded with a non-inductive
matching resistor, The droop was determined using
a network of the full pulse length having a known
droop, the transformer droop being the difference
in the droop at the output of the transformer and
that of the network. The parameters involved were
measured on photographs taken of the synchroscope
traces,

LONG=-PULSE OPERATION: TUBE PERFORMANCE
Ao Test Conditions
(1) Pulse Characteristics - The character-
istics of the line-type pulser used for testing the

6507 magnetrons for long-pulse operation are
summarized below:

Rise time (10% - 80% of voltage pulse ) 0,35

microsecond

Fall time (80% - 10% of voltage pulse) 3,6l
microsecond

Pulse width (at 80% of voltage pulse) 13,5
microsecond

Droop (80% - 100% of vollage pulse) 13,7

The data given above are for operation into a
1000=-chm noninductive resistive load., With a mage~
netron load, pulse conditions are as follows:

Pulse width (at 80% of voltage pulse) 13,8
microseconds
Pulse width (at 50% of current pulse) 13,k
microseconds

The magnetrons are operated at a duty cycle of
0.,C01 for these tests,

(2) Aeing Procedure = The tubes assigned for
long=pulse testing are first aped according to
normal procedures for the LJ52 magnetron. The mage
nets are stabilized as for a L4J52,for tube operation
at approximately 15 XV, 15 amperes, The tubes are
subsequently aged for long-pulse operation at con-
stant duty cycle (0,C01) and pulse widths of 5,5,
11, and 13, microseconds. The normal aging time
up to maximum pulse width is 15-30 minutes,

(3) Cathode Temperature - The warm=up heater
vollage is 12,6 volts, Warm-up time is 180 seconds
minimum, At 1S5-ampere operation, the cathode tem-
perature at Ep » 8 V is recorded. (Provisions
have been made in the output waveguide transmission
line for measuring the cathode temperature by means
of an optical pyrometer without disturbing the rf
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properties of the waveguide,) For electrical
tests, the cathode temperature is set at 975°C,
(brightness temperature),

B, Tube FEvaluation
(1) MIL-E-1R Tests = All 6507 tubes are tested
to LJS2 ! ~-1F specifications, snd pass these

tests without difficulty. 1In addition, much better
stability, easier aging, and, superior life charac-
teristics result from the inclusion of an impreg-
nated cathode, All electrical characteristics of
the 6507 are identical with that of the LJ52 (power
output, spectrum bandwidth, pulling factor, etcetem)

(2) Power Output - The power output at 1l-
microsecond operation shows no drastic inconsis-
tencies as compared to that at JAN test conditions,
It 1s to be noted that the duty-cycle factor in
both cases is 0,001 and thus a drastic decrease in
average pover under long=-pulse operation would be
indicative of "cathode fatigue" (decrease of output
during pulse), No evidence of cathode fatigue can
be discerned in the measurements, nor was there any
indication of output "droop" in the viewing of the
detected rf envelope, Further proof of the equiv-
alence of the tube's performance at long pulses is
the 1k psecond performance chart shown in Figure 55
which 18 seen to be essentially the same as the
1- psecond chart of Figure 2,

(3) Cathode Temperature - The operating tem-
perature of the impregnated cathode is obviously of
great interest to the tube designer, FEarly reports
indicating the necessity of higher cathode tem-
peratures (as compared to an oxide-coated cathode)
were not borne out by later experiments, 6507 mag-
netrons have operated quite successfully with im-
Pregnated cathode at brightness temperatures as low
as 850°C, On this basis, a standard LJS2 heater is
used in the 6507, with excellent results, Table I
summarizes measured cathode temperatures on a nume
ber of 6507 magnetrons with the filament at 8 V and
oscillating at 15 amperes plate durrent, Although
the procedure has been to test the tubes at a con=-
stant cathode temperature (975°C, ), it appears that
adequate results would be obtained if the filament
voltage were reduced to 8 V. after application of
high voltage, making the procedure identical to
that now specified for the L4J52 magnetron,

(L) (4) Magnetron Stability - Cne of the most
striking advantages of the Impregnated cathode in
magnetron applications appears to be the stability
of the tubes incorporating this type of cathode in
their desien, This feature is particularly apparert
in long-pulse operation, where sparking of a con-
ventional cathode makes the tube useless for any
practical applicaticn, Table IT illustrates the
stability of the 6507 under long-pulse conditions,
Tt is to be noted that' MII.-E-1P specification
allows 60 arcs in a S-minute interval for a L4J5?
magnetror. operated at 200 PPS, or 0,1% arcs, The
corresponding number of arcs for a 6507 operated at
75 pps would be 22 arcs/S minutes, It is seen that
all 6507 tubes are capable of meeting this require-
ment, while both the control tube (#135; a 6507
with an oxide-coated cathode) and a regular pro=-




duction type LJS2 magnetron (#3031) show an arc
count exceeding that number, Another important
feature is the extreme care with which oxide-coated
cathodes have to be aged for long-pulse operation,
Thus, Tube #3031 was aged for 12 hours (prohibitive
for production-type testing) as compared with 15-30
minutes of aging required for 6507 magnetrons,

LIFE=TEST PRRFORMANCE

1, 5-Microsecond Life Test

The 6507, when operated at standard (S-micro-
second) conditions on life test, is characterized
by extreme stability of its electrical performance,
Mo evidence of appreciable change in frequency,
power output, rf spectrum bandwidth, and arc count
can be detected after more than 1,000 hours of op=
eration, A typical life-test record under these
conditions is shown in Figure 6 for a tube which
operated for 1,300 hours, after which the test was
discontinued, It appears quite reasonable to
specify for the 6507 tube a life of 1,C00 hours
under LJ52 test conditions.

2. Long=-Pulse Life Test

The performance of the impregnated cathode is
strikingly illustrated in Figure 7. Typlcal curves
of magnetron stability are presented in these fig-
ures for tubes with an oxide=-coated cathode and an
impregnated cathode, respectively., The parameter
monitored was the magnetron average plate current.
Tt was found that the oxide-coated czthode arced
considerably for the first 150 hours or so of life
test, A marked improvement was noted during the
later part of 1life (after 150-200 hours of opera-
tior)., Tubes incorporating an impregnated cathode,
on the other hand, started off with remarkable
stability, later showing signs of slightly in-
creased arcing, but after 750 hours of operation
the number of arcs was still within 0,1% of the
number of applied pulses, It appears quite feasi=
ble to specify for the 6507 a life of between 500-
750 hours under long-pulse operating conditions.

~ONSLISIONS

Tt has been demonstrated that by utilizing a
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Philips! impregnated cathode, a magnetron type was
developed capable of meeting all test conditionms
specified for the LJS2 tube with four times the
life expectancy of the latter; and of operating at
pulse lengths hitherto not attempted with tubes of
this type. The most striking features of the im-
pregnated cathode in magnetron applications appear
to stem from the smoothness of its emitting sur-
face, leading, in addition to its capability of
sustaining excellent emitting characteristics at
very long pulses, to remarkable stability and ex-
cellent life characteristics,
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APPENDTX

TENTATIVE TEST SPECIFICATIONS, LONG=PULSE OPERATION

tp: 1S-microseconds maximum
Du: 0,001
Average Anode Current: 15mAdc
Stability: 0,1% missing pulses maximum
Pulling Factor: af = 15 MC maximum
Power Output: 65 watts minimum
Life Test: 500 hours minimum
Life Test End Point: 50 watts minimum
0,19 mis3ing pulses max,

REFERENCES

(1) G.A. Espersen, "The L-Cathode Structure”
Proc. I.R.E., 4O, 3; pp. 28L-289; March, 1952,
.J. Lemmens, M,J, Jansen, and R.
Loosjes, "A New Thermionic Cathode for Hegqvy
Loads," Philips Techs Rev., Vol, 11, pp.3lLl-
350; June, 1950,
{3) 6.A. Fspersen, "Investigations Leading to
the Nevelopment and Fabrication of Type 725A
magnetrons," Final Technical Report NO,58,
Philips Laboratories, Inc.; 1L March 1952.
(4) 6.8, Tollins, Microwave Magnetrons,

McGraw Hill, 1948; p.780.




SV VAR
7 /A
POROUS TUNGSTEN - 7R
i
TABLE I AL z
TUNGSTEN 0
IMPREGNATED WITH Z\ZB7Z12
CATHODE TEMPERATURE (1) BARIUM ALUMINATE i
TUBE NUMBER DEGREES CENTIGRADE // A 4
yy :
BARIUM CARBONATE 7 V7
130 : 916 A YV
—— MOLYBDENUM - ’C'/ 9
138 932
A, B
140 975
143 1018
FIGURE I TYPICAL DISPENSER-TYPE
144 988 } CATHODES FOR MAGNE TRONS.

A IMPREGNATED CATHODE (6507)
o

(1) BRIGHTNESS TEMPERATURE WITH E42B V. A-C; B. "L CATHODE
TUBE OPERATING AT 14 ALSEC. PULSE, .00! DUTY
CYCLE, 15 MA PLATE CURRENT.

CATHODE TEMPERATURE- 6507
LONG-PULSE OPERATION

FIGURE 2: TYPICAL PERFORMANCE CHART
6507 MAGNETRON
(t MICROSECOND PULSE,I000 PPS)

-18 KV
TABLE I 150 KW
TUBE NUMBER ARCS/ S MIN. (1) REMARKS .
126 7:14; 11 (2) AR~ 125 KW
130 14
N ysuaL
138 15 {APPROX) OPERATING POINT
5000
140 5,8;4 Ly GRS
143 1
144 -]
135 30; 45 =0X1DE COATED CON-
TROL CATHODE
3031 76; 81 =PRODUCTION 4452 L
TUBE AFTER 12 HRS.
OF AGING
Ty
\.

(1) 0.1% OF ARCS CORRESPONDS TO 22 ARCS/ 5 MINUTES.

(2) SUCCESSIVE NUMBERS INDICATE ARC COUNT IN SUC-
CESSIVE 5-MINUTE INTERVALS.

75 KW

50 KW AMPERES
) 8 10 12 14 16 18
ARC COUNT-6507, LONG PULSE OPERATION H A ' L N A

(14-AL SEC. PULSE, .00! DUTY CYCLE, ISMA PLATE CURRENT)

26




Le

DRIVER MEASURING
DEVICES
HIGH VOLTAGE
POWER MODULATOR LOAD
SUPPLY
CONTROL METERING INTERLOCK
SECTION SECTION CIRCUITS

6507 TEST SET- FUNCTIONAL

FIGURE 3:
— BLOCK DIAGRAM.

MAGNETRON
FILAMENT

POSITIVE -
CLIPPING

HIGH PULSE -
VOLTAGE FORNM.ING
INPUT NE TWORK

THYRATRON
CLIPPER

SWITCH
(sc22)

HARGING TRIGGER PULSE - PULSE
ccn&is ||NpUT FORMING TRANSFORME
NE TWORK (S-15 ps)
(5= i5p8)— I I

OUTPUT
CHARGING ]
DIODE
® ‘ -~ —@
THYRATRON OUTPUT

MAGNETRON
FILAMENT

POSITIVE-
CLIPPING
DIODE

TRANSFORMER

FIGURE 4° 6507 MODULATOR -FUNCTIONAL BLOCK DIAGRAM

FIGU

-~ 16 KW

%
!”000‘10

GAUSS
~ 14(APPROX)

Fi2

F®

TYPICAL PERFORMANCE CHART
6507 MAGNETRON
(13.8 MICROSECOND PULSE 74 P.PS)

RE 5 :

125 KW

USUAL OPERATING

/ POINT

100 KW

75 KW

AMPERES
18

S



I 4% ,
6F l
15 !
10 FREQUENCY DRIFT (9338 MC @0 HOURS) ‘
0
0 |
-0 |
1
100 - POWER OUTPUT (WATTS) j
90 \ '
sof- ‘
T0L ‘
 BaNOwIDTH(MC) ]
3~ ‘
2 b J
|
- |
I e~y 1
RCSIY
ae|k ARCS(X)
08 - |
|
06 !
04—
02 -
) ] 1 1 L SR B SR N L 1 L - |
0 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 HOURS
FIGURE 6 : 6507 MAGNETRON - LIFE TEST REGCORD 5 SMLSEC OPERATION
20 MA - S o - S B
\
—“_.._, —_— ——— e ——— — — —
\ i
15— ——— ——————— — S ——
T 1
- R e UL —— —
- —~ 30 MINUTES
A. 6507 IMPREGNATED CATHODE
——— ——4«& —\ X \ S— — _— — — —
18 MA—— Sty o == e S - 3 —_— —
JET TR SN VWTL USRS T TRIVEIRTIV 65 5 BTV Y A ST
14— ——— e —— e — — — B hl
- = 30 MINUTES

B. CONTROL TUBE OXIDE-COATED CATHODE

FIGURE 7 TYPICAL LIFE-TEST RECORD OF MAGNE TRON PLATE CURRENT
AFTER APPROXIMATELY 100 HOURS OF OPERATION
{14 MICROSECOND PULSE, .00I DUTY CYCLE)

28




KLYSThous PUsoh adPLIFIcKS Fuin LONG=
nuP AIChOUAVL ralaY

L.orman b, :iiestand
.anager - Power [luoe aptlications wnyineering
Jarian aSuociates
Fulo alto, Culifornia

INTHCCLCTION

Lecert experirents oy Bell Telephone Lab-
orztories, nationul sureau of otandards and otners
4 ceronctratec the practicability of the trans-
. iccio-. ¢f ricrowave signals over the horizon,
~ne ir;lications of thic development are beprinning
+r pecome arparett throurh announcements such as
svat o° tre . 7. ann T,, Long Lines Zepartment
wiicr otater thut a Florida-to-Cuda (avout 10C
rile) sinFle-hop ricrowave link is oeing rrepared
fcr ser . hlso, the Canadian .linistry of
‘efernce nes just revealed that a ricrowave com-
mininations syster erploying 150=mile hops is
vein yleced in cperation.

. direncoion of tnese experirents and

it ro ic not rertinent to this presentation
~x22rt 4o roint out thet such long-dictance pro-
2*<ien ¢f ricrovtve sipnels renuires very hich

<

ik

tpecrivter power, feflex klystrons have long
cen s ctszna-uy of the line-of-sipht microwave
~c 1= 1links anc one wWay to incresse tne trans-
vicoion czpabilities of cuch links 1is to add a
+spe of power orplification o step up their

romer cutput frorm rilliwatts to watte or kilo-
Tne «lystron veower arplifier offerc a
rractical rethod of obtaining that power at any
rizrowave frejuency.

et .
43N 0E

Cne purpose of this article is to oring

trne rower crplifier klystron to tre attention of
tre corranicaztions tran:rdtier designer, to de-
cerive core of its wasic cnaracteristies, and to
@isz.se its aprlicztion s & nigh-power transr.it-
ting tuse,

Luch irportont consieerttlons at poWer
outiut, rain, ozndwlith, medulation, uistortion,
ncice, ctaoility, tunanility, tovwer -urply re-
y.irerente, effiziency, size, coolin,, life, and
rclianilisy ill be circusced,

I+ ic ncp=G “hat the materisl jresented

cope will ue of sore value o Lae engincer not
reacy esglotely fariliar wite ricrowave tuves,

c 4ot it will melp ctirulate further study
ooinvestipation of viat can he

r very useful
sne irportant corganlications tool,

In exactly tre ool way haob Lo triooe
tr i bevpode nonoun e, Tur o wariety of Jiffer-
ced eerroter it s oesrransestlons broosritter,

29

such as oscillator, multirlier, buffer zrplifier,
ane power znplifier, so too can the klystron,
Tubes are available to perform any one or come-
times several of these functions. It is rer-
fectly feasivle to construct transmitlers using
only xlystrons in the r-f stages, pBecause cf

its increasing importance in the field of
extended ranpge communication, the klystron power
srmplifier is emphacized here.

it will ve &zssumed tnat tne oasic micro-
wave sirnal nas been generated either by a
reflex klystron oscillator, oy a conventional
crystal-controlled ozcillator-rultiplier arrange-
ment, or oy other rcans. The choice will depenc
princirally upon tne type of service, The
balance of this paper is devoted to a discussion
of the stare of power arplification necessary to
raise Lhe signal to the level required for 100-
to 300-mile trancsmission, tctual power levels
will ve determined by frequency, distance, degree
of reliavility demanded, ana many other factors.
in genersl, power renuirements will renge from
one to ten kKilowatts.

LIAITaTIuno uF 0.V TIONAL TUBLS
Lonl TO JICHU.AVL Uoed

It is well known that tubes of conven-
tional wesign, that ic, triodes, tetrodec, etc.
reach an upper lirit of useful frequency range
e to limitations imposed by tne following
f-ctors: 1) leau incuctance, 2) losses from
1-4¢ one tube element radiation, 3) transit time,
and L) inadejuate heat dicsipation capubilities
of the necessarily small ctructures. Substitu-
+ion of the resonant cavity for lumped induct-
arces and caoacities, and zcareful attention to
tute design have extended the range of the tricde
.nd tetrode well into the microwave region, How-
rver, there ic a polnt a8 frenuency goes up and
;over is increased where the limitations of tran-
sit time and neat cissipation make it advisable
to tirn to one of the so-called microwave tubes,
cuch as the klystron. This tube combines the
cavrity resonator and the bunching principle to
ouvtain tae desired performance characteristics
at microwave frequencies, It utilizes the finite
transit t.orme of electrons in the generation of
jower and, therefore, has no fundamental limita-
tionc on the amount of power that can be produced.
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fhe simplest form of klystron amplitier 1o
the two-rcoonator single=stape type, Thic appli-
Uler pay be operated either as o small-oipnal,
Hiph=pain device or as o hiph=power ponerator, iu
aicn cane puin o relatively unimportant, oaloowe
o Wl 1l "low-noi:e" wly:stron ary lifier i
g 0284 I'l]_]_V waed ey "‘.’()an;jt‘ B it " to ol o=
Awee anooutjuat o nal owith o satufactors noioe
fipure,  The second or "power dmgp Litler” concition
12 the usaal moce of operation,  notlba-r cateory
of klysutron i:n the "corceade oy Lifier"” unich o
three or more resonators with o aco reconastor ofter

Tty

the first epavalent to o stoae of arplificrat ton,
Thece wre referred to as malti-reconstor klystrorn

wod o, have frors taree to Lix o or morce cavity
resonators,  Hi; h=piin low=noise klystron voltuye
arplifiers have ooen desivned cwad succesntully
dpedeted, but cende arplifler Lo ppertte
irincipelly as o pouer wrylificr, It ic the Llat-

bter type of klystron, the cascade power amplifier,
taat io comronl, uwexd in hiph-jower microwsve ro -

lay link wervice.

The jrincipal adviantages of uwoing rulti-
reconator tuoe instese of coveral single-stape
anpliticr, (two reconaturs) are 1) single vacuwr
ervelope - prester relizbility; 2) one electron
bean. = lems d-c power input; 3) only one addi-
tional resonator to tune per stape insteac of tee s
L) ne coupled resoantors preseat;  Y) nipher
¢ficiency of multi-resonator ties and f) ,ain
o an n-stage tube is 2" tirmes as Liga oo an
s avivalent numoer of cingle-stape orplifiers,
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tnan those whicn were decelerated during the

rposite half cycle, ~5 a result the fast elect-
rons overta-e the slow and form regions of high
and low density or cuncnes traveling at the velo-
city imparted oy tne oeam voltage. Thus transit
+ime is made to produce density modulation from
velocity roculation,

beam as it

r-f corponent
drift zction to
an r-f current

cnergy is reroved from the
acces taroush *ne last gap. The
r. tne oear, rov 2rrlified by the
~onziveraule zroportions, induces
imsulse in tue resonant cavity. Jucceeding cur-
rent ouncnes s.otzin oscillations, Pouer is then
withorawr., fror + e rescnator to the load vy a
ccupling retnon suca as a loop as snown,

[ R

Tn trne tricde or tetrode intended for use
at ricrowave frequsncies tae plate must ve small
if +ne *ude is operate satisfactorily. On the
o*ner ranc, it rust be large if it is to dissi-
rate a.rreciaole amount of power, In the kly-
-+ron the oear collection region is rermoved from
~icn in waicn tne r-f power is extracted
fror *he oeams nsfter passing turough the last
‘ay tne electrons cive up tneir remaining energy
‘o ;o ~ollector which may be as large as neces-
sary ¢ dicsipate “n required power without
ffecting tae r-f characteristics of the tube,

0

e
N

MEERRIE

Ir. tne cascade amplifier tne second or
~i~ule resonator sontricutes to incressed gain
v effiziency by eanancing the velocity modula-
+.or. of tne ueam, when “he bear. enters the
senond cap it -as a srall amount of intencity
wnd welocity moaulation, that is, it ic essential-

1, o a-c osear, The hign of tne sccond resona-
sor rakes i* rosiiole for even tne cmall inten-
city redulation %o induce a cuostantial r-f volt-
are across the rap, This aigh r-f voltage, in
surr, furtner velocity-rmodulates the oeam, The
ne* result is a nigner degree of den~ity modula-
“ior. in the output ;'ap. 1t iz approximately the
recult tnot wo.lu nave ocen exjected if the
second reoonator voltape existed across the first
img of a tuo=resonator arplifier, True multi-
resorator tube dces not prosuce greater pover
tran co.ld be outoired frorm a single-stage arpli-
fier but it does produce the power witn greater
effiziency and higher gain,

i

Trnere are, ther, two vasic innovations in
‘s zlystron amplifier w.icn cauve them to differ
from Sne conventional electron tuve anu wnich
vake trem uwseful at microwave frequencies, rFirsh
vrooprosess of welosity moaulation and bunche
ine owhich rakers uce of finite trancih time fo

comrert ar input r=f uolts; o o condactlon cur-
rert it sn r=£ cornenent, Laat is, Lo froduce
tie cenirco trontsoodrittance,  oecond 1Cobhe boam
ATTAanpeerent wnich meden porcinle the acceleration
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of the electron beam te tne full applied volt-
age before entering the r-f interaction region,
It is this latter feature which greatly rclaxes
size limitations and makes possible operation
of tne klystron at high cw porer uithout over-
taxing the heat dissipation capaoilitiec cf itz
conponents.

PJ e WUTPUT

The output power level cnosen for a long-
distance microwave relay link transmitter will
be determined -apart from tie demands of this
mode of propagation - by the availability of
transmitting tuoes, Jince this whole field is
so new, tne selection of standard of f-the-snhelfl
power amplifier klystrons is relatively limited
compared with the array of conventional trins-
mitting tuoes now availasle., Therefore, it is
important to know wnat sort of tubes are being
developed for +his service as well as wuat can
oe developed when a requirerent arises.

ks we have seen, there is no well-defined
upper limit on the power that can be obtained
from the klystron amplifier, Certain practical
considerations tend to estcolish what might be
called a "readily obtainable" limit. Further
straightforward development can produce tubes up
tc a "relatively easy" level and intencsive ad-
vanced development will result in tuves that can
produce power above the "difficult" level,
Figure 2 illustrates this as-a function of fre-

quency. Naturally the levels chown are somewhat
Woo——————"""7 —
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arbitrary and the repions between levels arce not

too well-defined, but tiwse curves should provioe
a reasonably accurate concept of the state of the
art. The dark bars represent units that are now

either in active tromsmitter use or in the final

stapes of development,
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Klystron yower amplifiers cither ace avail-
gvle, cr can, wit.in limits, o develujed over o
wide range of frejuenclies usna  caer levels,
erally, limitations on power w.ll ue et Uy eeonu-
ric factors ande the verform.nce of otner . youten
component o,

jene-

PU et GAln

Jain in tne klystron samplifier cun be od-
Jured to just aooul any ceoired level vy cruscad-
wn, reconant cavities. A rougn rule of thumb
welch can be used to deternmine ‘he pain of oyne-
chronasly tuned klystron amplific-rs 1o tist a
tuo-resonator tube has o goin of 10 vo or "lisht-
ly less and that eacn additional rceronator will
increase *nhe prain Ly slivhtly nore than 2
Thus, a tnree-resonator tube, sich .o the =42,
has a power gain of avont 3% duj; a fHur-r:unator
tube, cach as the Varian V.-PU0C or tie _imac
L-€55 has 60 db; nd so on.

BIR)GS

A5 stages are dired, yuin o rapicly in-
crezsed and is limited only by fe cusck and re-
generation and tiuse jrovlerms are nucia less Sovere
than in corventional circuits, Throuyh careful
design the creation of cecondary electrons woich
cause feeuvack cun ve ninimized witn tne recuwlt
thet tae high-piin Klyrtron is o very jractical
device, Tubes with jouwer pains of (0 du a1e¢ now
cemror, and 90-10C 1w ¢1in has been proviaed,

In ro:r U hiyn-power microwsve tronimitters
gain is ceterrirnsd . ‘he decirea jower outyut
level and *ae drive power ov-ilavle, There ic a
growing tendency to use a hiyh-gain final arg li-
fier rather than several low-pain staec in
cascade,
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arplificer cpe o o thore of Ly litier
with tuncd input sne out; 1t ~ircuits “re
often comjured *o *nou o of ‘e rultictape i-f
arplifier, Tnrowyn jucicious cnoize of input anc
output coupline, reconator o's, an: vear impeaa: ..,
e vondwidith can be aqjus bea over o wide range,
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Fractically, ,ain ang uvancwidth cannot uc
concliaurey indepenuently cince most. communica-
tlons Syctems reguire vanauictn ,rester tnon tuat
of & cyncuroncucly * .ned “1lystron,

pandirigth

Sun v Ancreacen Ly ChIgoer tundng ot tne sacri-
fice of riing  Ine *trnree-resonator Varian ¥ey2

<o b piel of tuis typ of ojuration wen wsed ‘o
tronerit ti viceo jortion of & television cignal,

o owanadiab, Of Loowt fore Loorequired one thio io
Yaning tie cunter resonator sorewnat
ALner in frequency then tne Cirst anc
The rain is recucea from 3L or cc do *o «tween
20 s 30, 4 typical failn-vandwidth curve is
Shown in rigure . Tue Va=t 00 ceries of 1ll-kiloe
“att oy, four-rescnator 200 0-rmg tupes ray be

ublained uy

Nalvi,
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S o 0g3® -mchroncusly tuned, the (uin is

2-:h puznavidtn ¢of aocut 10 re,
% to rerieve u 2l-nc oanduiditih re-
tt juct uncer LO du, Thece ex-
2 File 1 of tlLe erfo“ﬂ since f existiny

Lcea in q'c"ia‘ units if required for
0% " andlbichisilon SRS E IS n,oerous Lo
un/ ,ceneral riles, out another
P 3 0 ucetfals, Uery erproximately,
¢ & ”“uf“ c” a *cqroncu:ly tunce rmultie

nator kigystron arplifi of conventional de-
r. will oe ir *rc “Ql'hJOTJOOL nf 1/2 of 1 per
nt of “he center frequeacy, Tne limits to

.izn *nis opend carn be extended oy sta ger-tuning
111 o ceterrined oy the poin of tne syncaron-
1y tunec tube, toe L's of its rescnant cavitie
“nre sue inpub ena cutput coupling circuits,

nave tesn jroduced which
ter than 3C 4t bande
cent,

Zlti-reconztor tuves
nave ')ver rains grea
ridte of seversl per

oyer a

¥or ros* apjlicstions, then, it is entire-
1y 1ractical 4o c.oose a klystron power anplifier
taat c:Ticient pain snd vanduidtn to perrit
L ~f 4 cinple c*u e of power arplification,
n exargyle »% cuch a syster 1~ snown in figure A,
iere, tre output ¢ a conventicnal C-band (F5C0-
mrn, ricrewave relay c with a rower output ve-
taeen C,1 and 1,7 wat plified to the 1-
Zilovett level turovgn t © use of & four-resona-
sor xlyctron (Jurisn Yy 1e J.-rOFL),  Bandwidth
¢f 30 rc iz ineYent in tue tube, fnother "very
avyroxirate” rule is that “he galin-bandwidih
rro:izt of o “lystron arplifier, live *aat of a
renventional rulti-sto ¢ i-f anplifier, ic a
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anplifier is operated with tne full rated beam
current flowing at all times, Under this condi-

\

vVA-220 PAD VA-805 -
REFLEX
OSCILLATOR Ol-Iw GAIN 40db
Figure 6

tiorn the raxinmum theoretical beam efficiency of

2 tvo-resona‘.cr klystron is S0 per cent, wnere
2fficiency is cefined as Fout anc drive power
in

is neglected, Fractical considerations reduce
this fi;ure te close “o 25 per cent. Cascading
reconators incresces the maximum theoretical
efficiency, for 2 three-resonetor tube, it is
T4 per cent, This fijure increases minutely as
rmere resonators are added, In the UHF region
(around 1C00 mc), where circuit efficiency is
very high, it is possible to achieve beam effi-
ciency approaching SC per cent in a three-reson-
ator tuve opecrated at saturation,

iighest efficiency, then, is obtained at
saturation, This factor is another that rakes
tne “lystron particularly suitable for FM ser-
vice, Fulsed efficiency of the klystron is also
hiph, Uperation of the klystron as a linear
smplifier (similar to a triode class 4 amplifier)
poses certain efficiency provlers, Since with
Al tne average output power is limited to one-
half (or less as we shall cee) of the saturation
rower, efficiency is automatically one-half of
tne maximum obtairnalle, Limitations on linear-
ity, which will ve discusced shortly, reduce
efficiency even further, This froblem has led
to the developrent of several syctems for grid
or ancde modulation of the klystron amplifier to
irpreve efficiency as well as to simplify modu-
lation, but the transfer characteristics of
theze elements are not linear and consideraole
care must be taken in their application.

It can be shown that, by detuning the
center cavity of a three-resonator klystron
toward a high frequency and oy supplying enough
drive power to overdrive the tuoe, it is possible
to enhance the fundamental component of the




fundament 11 conponent of the vunched « lectron
veam na tae power outjul by an apprecioaole
factor., This improvenent in ctf'Uiciency e ob=
tained ot thee expenre of padn and st weunl
rode of operation wherd bongiasu charascterictic
and ovailanility of drave jerrat,
ol ULl Ton

There are tnree jrincipal types o modiu=
laticn in noo toaay in cor anics'ion. cork, all
of aich ray beo gplica toothe xklyotron,
are:  arp Litade, F'reoqaeney o or pha ana jaloe
mo f1lation,
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more of e tuwne clerecits . lles b oltern, gl
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i @ ooecuel tunction,  Lejenairs oG on 7w
of Lawearity repddred, the tv can ve ariven *
from ¢ Lo +u ;o1 cent of cat roticr,  ulle
proviaing e 'Lont lirearity in e e lirica-
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inoa seconn: rode of operation o cnnc bt
cw r=f drive io conreched L e Uirot
of U tabe ang tie: o latiine voltoge i
o o opria or romlatons anode,  Toe e sl curront
ntopower outrut ic varied oo function of

0 'wetion level,  tortantstely, 4t Crassfer
doerncterintics of tne  rid e roollating anooe
are non-linesr f.nctiono, 1rates fe
use of neprative foeaback to acnicve low istor-
tion witih hiphh eftacioney in the trsocoritter
cmployin: cuch moaulation, lepatlve freoutck
in the klystron trancsri’ter reo. ' in tre L
venefits that Lre obsorvel in the conventiongl
raiio=telephone Lo vitter, tntt i, 1 rletion
of amplituae, frequernc; .. rertion,
and noive romulation,  ™e reduction it Ji.t r-
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tion mikes it jo. ib1le ‘o Sucrifies liscxit ;o of
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tue ref drive ad,a.ted for optimun perforrance:
Wonatursbion ontput, Lhe bear current 1o turncd
on e of ooyt oaula b tignale Low=chpacst g
non-interce; tinge structurcs have been aeLlpned
whiicn conoume little power from thue momilating
Conrce.  inopeneral, klystron vondwidth is saffi-
creatlv broad to jerrit fronomisnsion of very chort
;ul:,~-“\.1 Hece or 1) without . tortion,
i~ thee prids, and andes are, for all jrectical
pal ooty non=intercepting, therce is no limit to
tor ity cyele walch Pay De used, Jrovided, of
Gariaey tnoat Lhe 4o itoelf 1L desipned for
averge Jouer.  oxarg ler of this tgpe of
Lirae Y=ftL, the fowr-relunistor
Letarat tuue mentioned earlier, and tne Jarian
four-re. ohator tuve, The forrer
crploynoa oo llating anoue and it a tube partic.-
larl  oirtatle for pulied racar or navigation
0p g The Ja=cl iu o equipped witn o non-inter-
prac e g for Liph o aut g eyele opert-
Lald beouova in pulse motula-
Jotemn, for exang le,
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vodllotiun t, ters wnaere o noaulation iooagpg liea
Co ot s woltayes Choor pulicd drive s oape-
slos Lo tne et meLonstor, ant wijisted tor
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breiaency or jasse roculetion hac feounc
e wo e, g licet ion in Lhe microwave
moomicstions trasratter tnosn any other type of

e 0 ~WBoa vlyc*ron arplifler 15 particu~
lareys well ons, teu to *nic type of modulation,
Al sat..uration level operation
reonlt in nich efficiency, oo anmplitule lirmit-
iy 1o ootulned, tnere tne r-f signal is appliec
Lo tre urut re.onator tie phoce relationship ve-
tween Ang o o outpubl r=f voltages 2o a functiorn
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o S § wof tios Caree as ‘uat of any amplifier
2 V8 8o TPINUTPA B LD U o o VTS S & 15 - S A

Elyotron roes not introcuce any greater phase
ust tortion thar o conventional arplifier.

A klatron arp lifier can, however, readily
ceiownlaten i derirea, A priven percent-
el rodulatlon of tue uew. voltage procuces
(s tuds percentape of rodulation of the d-c
‘roncit tire,  The lonper tne traasit time the
Lorper w011 oe b jnoce rozalation of the oatput
simele cince gain ic relatively insensitive to
“roll verastiont in oear. voltage there will oe nio

SO

amylituoe roullat.on ancompanyinge the phase modu-
lation.  Thi. roculation technigue is often uteu
i VUL racar o tronsitters and ray well £ine use
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‘oz :lation cie Jistortion are reclly the
~e 4 ingt cxcert ot one is aesired and tae

‘her unetireas Tz slyctiron arplifier is no
1noany other arplificr in that its
£.0Y %o rerroiuce ine input as the re-
v cy, erplituce, or rnace dittortion.

5 Lotertion ~rours vmen different fro-

e tonents ore ot trrlifiea e jually.  An-

Tiitueae CEREIOR MefxllbiS, SERF ULEER Hikss,

reos o the ron-linenr rcla*ionship between input

. Oubpat rower, Lol jpuase <istortion occurs

relctive raases of tue vorious corpon-
ing ~mplifiec zre rnot the care in the out-

Tu* as in the irgpat.

reyiency cistortion in tune klystron will
c.r vuen *aw overall vendwidtn of the armplilier,
laput . ooutput circuits as well as the resona-
‘ors, iz inadenuazte beciuse of either improper
<*ment or cesipn, (iven the frequency
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throicn routine care in transmitter design., In

1 lirear usriplifier, any factor causing the ampli-
tude of the out;ut si_ral or voltage to have other
tann o linear rcletionship to the input voltage
ic soild to produce arplitude distortion, &s we
rove alreosdy seen, tue usual relationship be-
tween input and output voltage or current in the
klystron amplilier is the bessel function of the
first order. Tue funciion is linear to within
sbout t L ver cent if the klystron is driven to
10 per cent of saturation; to within about 2 &
per cent to 90 per cent of saturation; znd if

¢riven to saturztion tae departure from perfect
linearity coes not exceed about 12 per cent.

Thus, for most communications applicatiocns where
cmplitude moculation is zjplied to tue r-f drive

cignul it is pocsible to oprrate the klystron at,
relztively hi b level without introuucing exces-
sive distertion, 'itn 100 per ot sinusoidal
rouulotion, efficicney is sli-hitly lesc than
one=half thu', obtainable -t caturation, Typical-
ly, thic mi ht ve 1Y per cent at 2000 rc, which
ic considerably vetter than one could ovtain in
eny otner linear armplifier opersting at a xilo-
wutt or oo @t thic frejuency.

ulier contricutions to arplitude distor-

tion ra, arise fror power ~upjly ripple, fila-
nt i, and otrup; nmagnetic fields, Tre smpli-
tude of t*..e power ontput iz relatively insensi-
tive to vezrn voltagc, so, agualn, only rouerately
well=Liltered cupplies sre requirec.  oince tae
filarent of Lhe power wiplificr Viystron is far

renoved from t.e r-f interaction region, it has
li~tle effect on ham, In unus.ully severe sppli-
cations, filaments ray o= operatec ot de, pre-
zisely os would be uone in 3 ronventional ~mpli-
Yier.

tirjle on *ne magnetic focucirny current,
s well as stray nagnetic {ieles Trom poorly
suielded componunts, con rroduce amplitude aic-
tortion in the klystron, vut only rezconcble care
i, required to “eep “hece ~ontrivutionc belcw the
nncesirsole joint,

sl

Any omplifier nas 2n inerent output noise

joder,  woire arives from several cources in the
blyctron snplifier., rirst, toere io tac thermel
rzice built up across the input gap. This is

well=knowm "Johnson roice" pro-
cuckd across tue terriralc of a resictor and is,
of eourse, the tirechold noice level, uther
neise sources in .« :lyctron include shot effect
cr ronom fluctustions in beam current, These
arice from tae ascence (or reduction) of spuce-
cnarge cnootuing at microwave frequencies and

sirdlar to the




thernal spread in electron velocity frow the rrovler. ic preatly rirplified since tne whole

cathode, woffects of there nolce sources can ve tqoc soay cun e raintained at e constant fer-
materially reduced throuph sjecisl design tech- perature uy controllin, tne uiter terperature.
nigues wiiich are ncceceary in order to use the wir--ouled *.ues require rore corcful ~ttertion,
lystron as a Jow-level r-{ =rlifier, Low-noice Trouule fron frequenc, <rift can ve elindnated

k1 strons show corsiderzble prorice as smell- Lo tenperatare (OHVPL«QL‘OA o1 wy jroviuing extri
sipnal amplifiers, with noise fi.mres lec: ti ndwiita b, accoryooate drift of f.o center

1C 4b, In yenertl, the rnoise fijure of the frequency of tue finhx unpljficr. Por moct corm-
average klystron pouer avg lifier may e expected rercial in.t:liuﬂLu'" Lo.cre eazinrent is opereted
to ve betwcen 20 anu 30 co, iasice meated  uwilaingo, Senperdturs clangel are

511 si6 wecur clowly no thnt no Ljecinl rre-

lecelling that noise fiyure is Aderined os et Lons need ve toien Lo scaleve satisfuntery
the rctic of #ipnal-to-noise =t tre inrut to j<rfortunce,
signal-to-noise at. the outrut, it “ollows trat
the noise power output in u one-rcgacysle wanc of & o aa e

a high-gain klystron am lifier operating in the

kilowatt repion is cf +he order of tenths of AR 5 2 B S R RS QPR TR O
ricrowatts, .icise ;0 to 1CC db velow tuc carrier K30 BTN Al < tre rlyitron rpli-
level will no* oe trcublesore in ary but the rost S, o o LA sl Acke ©@F Com LBHLIAR
critical a;;li:.ltio;:, ana if nuceolary, Tult Ul t N, 22 g gpEA ], o 98P A F ivwalent of -
attention tc¢ tile desipn caor jroduce evern lover R8P oo tes incmotont cr ot cornecity of trne

noice levels, ,errforance of cie

e g Tt e

In wny long :lectron w5t 45 thot sreLrC Ccortuin
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rossiaility - in fhet, certainty - that ionc will r Tirforeane.
te rresent, if tne bheur derign ls nor corefully coer o fre-
xecuted it is roiciole for dions to rezoie trogp- Se et ter 4onn
red ot stritegic rlaces wlon tie e, Tue icng, Sren e onar witoe
tich are rositively crarped, interf re wi*h e Linlt, padn,
le-ired v-locity modulation *aroucn cscillatior roree Tite.
al © sjace-cnarpe neutr-lizatio ., T Suffs HPS I
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.wo*o nold rer-
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1t in *re jroliction of icn noice 4t 1L crete
requencies and at orjrecicole yower lovel, Lor-
ately, teoe art of Leer dLL;Li LS con % ©8% O g
with care, tne aericner cen &voit ion 'r T enc
Irain t-+« iono euar from recions wvrere ‘el
ol ? L oujectlioncole,  Talo, lon noloe oo e
within *olersuvle liri*e 2o o ucll-
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tlystrons »re, & courte, wlue rul gt T
noises aricing from falld s Cun 2 o ftpes o Ut
as 4ne rore ¢ aventicnal tricde i tetr e oure,
dur, leakage c.rreatr, =n: rocrijnonics o 1l
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ne ~sthode heating suprly furnisaes the
1srert veltage 'nica rmay oe eitner ac or
upon tne degree to wnich hum must
Tne oorocrder cupply is generally
4afileered .c. Zotn of tnese supplies
rotentizl, In order tc reduce the

RSN

ack neating effects of *ne catnode, it is usuzl-
1 rescrrended thet a sirmple feedback circuit be
rrcvidec *5 contrel *he borwarding current by
reralating filarent voluare, Zuch a circuit per-
~i+c +he Cilament *o run terperature-lirited and
i1 pe, for itself in increzcec tuoe IEESEPS
Sp=cificztions on %ne dean valtase suprply

117 e ieterminec oy incicental nrplituce, fre-
Taerzy, sno rnese rowuletlon reqdirerents. o
<11 ir roct ccses ve adequate, For excrple,

‘ne - U0, *ne 1T-uilowatt, 2-krc arplifier, can
¢ creriten vitn a cear voltare riprle of slicht-
“# less taan C,1 per cen® while all incicental
roozlavtion iz kept -rell within ©U0 srecifications
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mize damage in case of arcs in high-voltage
cireuits. Installation and operaticn instruc-
tions for the higch-power klystron are similar to
those of any hic h-power transmitting tuve at uny
fre~uency, and because of their built-in tunea
circuits end freedom from frequency-power limitz-
ticns, klystrons are in many ways easier to
anancle tnan hig h-power triodes.

Unlike the triode end tetrode tnere is no
limitation pluced on the klystron in terms of
1life and reliaoility because of operation at
ricrowave frequencies. xs we have scen, the
fundamental properties of tue klystron provide
for the conplete separation of the three basic
refions - cathode, body and collector, This
reans tnat eacn of the three regions may ce de-
si,ned essentially independently for optimum
rerformsnce cheracterictics., Large size and
“reedom from close spacings in the power ampli-
fier relieve dissipation problems, Sturdy,
rucied construction eliminates damage from shock
and vibration, aAll of tnis results in tubes
naving a useful life ¢f many thousards of hours,
Jost klystron power srplifiers zre cecigned with
20,CCC o 30,000 hours' life as an objective,
oxperience has snown that this is a realistic
goal, .lany tuves now in service have been operat-
ing for well over 5,000 hours without signs of
deterioratien,

SusT

oince it, is not necessary to incorporate
highe=precicsion parts into the power amplifier
klystron in order to maintain close spacings
ang tolerances, it is basically a low-cost tube.
“hen proruced in quantities comparable with that
of conventional transmitting tubes witn equiva-
lent output power, cost definitely favors the
¥lystron, “hen tae fzct that one high-gain
xlystron can perform tne function of several
conventional amplifiers is consiacred, cost be-
comes even more attractlive,

Iost hiph-power klystrons are designed to
be repaired at end of life, Ultimate end of
life in any tvve results from evaporatior and
purn-=out of the filarer.'', ‘hen this occurs in
most klystron omplifiers they can be returned to
t.e factory and repoired at about one-third tne
original cost of the tube. A given tube body
can underpo repairs several times., Thus, the
*otal 1ife of one tube can be extendea for tens
of thousands of hours, On the basis of cost per
vilawatt nour of operation the xlystron power
smplifier compares very favorably wita any other
Lype of trancmitting tube,
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WIDE-BAND, HIGH-POWER TRAVELING-WAVE TUBES AT S-BAND
by S. F. Kaisel and W. L. Rorden
Stanford University
Stanford, California

This paper will describe three experimental
traveling-wave tube power amplifiers in the 100 w to
| -kw power range at S-band. The T-230 and the T-23l
are pulsed traveling-wave tubes which will give the or-
der of 1-kw output at 30 db gain from 2.5-3.5 kmc.
The T-231 employs a control grid 1n the convergent
flow electron gun, to allow beam-keying with low-volt-
age pulses. The T-351 is a cw power amplifier which
will give greater than 100 w of cw output at 20 db gain
from 2-4 kme. The electrical design considerations
for such tubes and the mechanical design details will
he described.

Introduction

I would like to describe today several wide-band
traveling-wave tubes that have been worked on at Stan-
ford 1n the last few years. The T-230 and T-231 tubes

/¢ 1 kw pulsed output 1n the 3000 mc region. The

- 351 tube has given a power output In €XCess of 100
» «w 1n the 3000 mc region. The paper utle "High-
P wer Tubes™ 1s somewhat of a misnomer 1n the case
o the T-230 and T-231 1n that pulsed powers at 3000
me 1n excess of 100 kw have now been achieved. How-
¢ver, at the ume that the work on the T-230 was begun
several years ago the 1 kw level was considered high
power for a helix tube. In the case of the T-351, the
100 w cw level represents high power as far as helix
tubes at this frequency range are concerned.

In the course of the work on each of these tubes
we ran nto certain limiung factors on maximum helix
voltage, on average helix dissipation, and on attenuator
characteristics which pointed up the hmitations on
power level that one could hope to achieve 1n the 3000
mc region with tubes employing the single wound helix.
By making these limitations quite apparent we hope to
have stimulated the investigation of vther structures
which will allow the extension of the maximum power
level 1n wide-band tubes.

I. The T-230

The T-230 was originally designed with an objec-
tive of greater than 1 kw pulsed power output at 30 db
gain, over as wide a band as possible, centered at 3000
mc. The important design parameters are fairly re-
stricted, as shown in Figure 1. In Equaton 1 we sec
that the power output of a tube 1s equal to the product
of the efficiency, the beam perveance, and the de beam
voltage to the 3/2 power, Experience has shown that
a wide-band tube will typically show ag much as a 3 db
power variation over a 2:1 band. Thercfore, let us
choose the maximum power output as 2 kw in order to
ensure a mimmum power output of 1 kw at the edges
of the band. Since the large signal theory of the tra-
veling-wave tube 1s still not 1n a completely reliable
state, we must make a guess at efficiency. Typieally,
efficiencies the order of 20 per cent can be expected
in the center of the band. The state of the artan con-
vergent flow Pierce guns 1s such thar sohid beams of
perveance 2 X 10-6 represent the current practice.
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With these assumptions one finds that the operating
beam voltage of such a tube shall be 7600 v. If we
consider the beam voltage rise due to large signal op
eration and the voltage rise due to space charge, a
tube which operates at 7600 v under large signal con-
ditions must have a cold velocity corresponding to the
order of 5000 v. Let us see if this cold velocity is
reasonable in terms of two other limitations. If we
write the ¥a of the helix and the ka of the helix as shown
in Equation 2 and take their ratio, we obtain an expres-
sion which only involves the voltage corresponding

to the cold velocity of the helix. Now, for wide-band
operation we typically choose a center frequency Xa

of the order of 1.75. Tien has shown that if the ka

of a helix is much greater than 0.2, the impedance
will be reduced due to the presence of space harmonic
components in the fields. These space harmonic
components may also lead to backward-wave oscillation
difficulties. Therefore, if we choose Ya = 1.75 and ka
less than 0.2, we find a cold helix velocity less than
3350 v required. This voltage is a little low for the
required power output. Therefore, one is faced with
the choice of either choosing a higher ka or a lower Ya,
If one chooses a lower Ya, say Ya = 1.0 then a cold
helix velocity less than 10,000 v will be satisfactory.
This choice of a low Ya requires a sacrifice in band-
width since the helix will be more dispersive over the
operating band. One would be tempted then to choose
a somewhat higher ka than 0.2 and a ¥a more like

1.4 in an attempt to preserve maximum bandwidth.
However, in our early work we had tried a higher ka
design before the results of Tien's work were available
and the performance was very disappointing. The gain
and power output were considerably lower than expecated.
This experience led us to be very conservative on the
choice of ka and to take the resulting luss in band-
width which went with the corresponding choice of ¥a.
Probably a somewhat higher ka and Ya could be used

in order to achieve 2.1 handwidth.

After this choice of basic helix parameters, the
further design of the tube resolves itself into solutions
of the following major problems: (1) rf matching,

(2) application of cold loss, (3) beam formation and
focusing. Let us look at each of these.

A. Rf Matching

At the time this work began, the only satisfactory
broad-band transducer from coaxial line to helix was
the so-called "cavity match” shown in Figure 2. Co-
axial input and output were chosen because of the
desired bandwidth and because the use of coaxial input
ard output would allow a simpler mechanical package
and simpler solenoid construction.  Another reason
for the choice of the cavity match was that we desired
that the coax to helix transducer be external to the
vacuum envelope and capable of adjustment to accom-
modate small variations in internal tube construction.

The VSWR-frequency characteristics of such
cavity couplers is shown in Figure 2. Typically, on a




number of different tubes, this type of match allows a
VSWR of less than 2:1 over an octave of frequency. By
means of external adjustments the VSWR can be held be-
low 1.2:1 over a 10 per cent band. The major disad-
vantage of the cavity coupler is that the diameter Is
generally large and requires a correspondingly large hole
in the focusing solenoid. If one were to attempt to ap-
ply periodic permanent magnetic focusing to such a tube,
the cavities would interfere with the magnetic structure.

B. Attenuator

In order to prevent oscillation in a traveling-wave
tube amplifier it is necessary to provide attentuation
between the input and the output of a magnitude some-
what greater than the maximum small-signal gain ¢x-
pected. The attenuator should provide sufficient mag-
nitude of loss, should be short in physical length, and
should be well-matched. In addition we chose to re-
quire that the attenuator be applied external to the
vacuum envelope so that its magnitude and position
could be adjusted after completion of the basic tube.

A lossy coupled helix was chosen for the attenuator
because it met most of the above requirements. The
attenuator 1s shown in Figure 3. It consists of a bifilar
tungsten wire helix, 1" long, surrounded by a glass
sleeve which is coated internally with Aquadag to give
the loss. The helix pitch was chosen to give an atten-
uator phase velocity approximately equal to the tube
helix velocity. The bifilar winding was chosen because
experimentally 1t gave a flatter loss-frequency char-
acteristic than a single winding. The bifilar winding
gave higher loss at the high frequency end of the band.
The loss characterisucs of thus coupled helix are shown
in Figure 3. The match into the attenuator was less
than |.1:1 at the high frequency end of the band, but
rose to 1.2:1 at the low frequency end of the band. In
order to improve the attenuator match 't the low end
of the band, tapered Aquadag stripes were painted on
the tube envelope at the output end of the attenuator.
With these stripes, the VSWR looking 1nto the attenuator
was less than 1.02:1 over the band.

With such an attenuator, the tube 1s short-circuit
stable and the fine structure variaton of gain with fre-
quency 1s the order of + 1 db at the 35 db gain level.
Several tubes have been operated with a klystron driver
connected to the traveling-wave tube 1nput and a klystron
input cavity connected to the traveling-wave tube output
with no evidence of 1nstability.

C. Beam Production and Focusing

The electron gun used 1n this tube 1s a convergent
flow Pierce gun of nominal perveance 2 x 106, An
oxide cathode 1s used which operates at a pulsed emis-
sion density of less than 2 amperes/cm2. This gun 1s
shown in cross section 1n Figure 4. As will be noted
in the subsequent operating data, we normally operated
the gun anode at a potential 1-2 kv above helix potenual.,
This expedient was necessary 1n order to obtain suffi-
cient beam power to achieve the desired power output
and gain. A slighdy higher perveance gun would be
desirable for this tube.

For Britlouin flow focusing 1t 1s necessary to shield
the cathode-anode region from magnetic flux, and to
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position this shield at the proper axial position with
respect to the beam minimum. Since it was desired
to keep the construction of the tube as simple as pos-
sible, 1t was decided to place the shicld outside of the
vacuum envelope. By carefully forming the front face
of the glass envelope 1t was possible to pldce the shield
close enough to the beam minimum to obtain Brillouin
focusing. This arrangement 1s shown in Figure 4.
The mechanical setup by which the magnetic flux is
fed from the solenoid end plate to the magnetic shield
through a radial air gap is also shown in Figure 4. By
shightly advancing the face of the shield into the sole-
noid beyond the solenoid end plate, the reluctance of
the radial air gap can be compensated and a uniform
axial field can be achieved at the face of the shield.,

The tube requires a 1000 gauss magnetic field,
9" long for focusing. A typical air-cooled solenoid
requires 430 watts of de power and weighs 60 pounds.
If one assumes that the beam 1s 0,090 diameter,
which checks rf performance fairly well, then the
calculated Brillouin focusing field is 880 gauss, 88
per cent of the freld actually required. If we assume
a beam diameter equal to the helix I. D., then the
calculated Brilloumn focusing field 1s 500 gauss, 50
per cent of the required field.

D. Tube Performance

Typical gain and power output characteristics are
shown 1n Figure 5. This performance 1s typical of
s1x tubes which were built. When the helix voltage 1s
adjusted for maximum power output at 3.5 kme, fairly
flat power output results over the 2.5-3.5 kmc band.
With this adjustment, however, the gain falls toward
the high frequency end of the band. By opumuzing for
highest saturauon gain at 3.5 kme flatter gain char-
acteristics can be obtained at a sacrifice in power out-
put at 3.5 kmc. By opumizing helix voltage at the
center of the band, better efficiency can be obtained.
At 2.3 kmc, where dispersion allows a much higher
helix voltage to be used, as much as 7 kw peak power
has been obtained.  Just to show what a “"good' tube
will do, Figure 6 shows the results obtained on one
tubce.  We auribute this good performance to having
been lucky 1nachieving a good attenuator which did
not do the usual mysrerious and deleterious things to
performance that power tube attenuators usually do.

Figure 7 shows u picture of the glass envelope
tube and the metat capsule in which the tube 1s mounted
for use.

II. The T-231

At the conclusion of the work on the T-230 we
were faced with the usual tube man's problem. Sys-
tems people found the rf performance of the tube use-
ful, but---. The “"but” was that some people wanted
to key the tube with short rise-time pulses, but did
not want to produce 7 kv pulses of the requisite rise-
time. We, therefore, decided to 1nstall a low potential
control grid in the gun of a T-230.,

The approach was straightforward, and we were
guided by some unpublished work of a similar nature
done by Dr. J. K. Mann of Varian Assoclates, Palo
Alto, Cahiformia. It was arbitrarily decided to use a



positive grid potential of 1/25 the cathode-anode potential,
on the hasis that 300 volt pulses with short rise time
were not too difficult to produce. The V. /25 equipoten-
tial was traced in an electrolytic tank in the beam-free
region as shown in Figure 8. [t was found that this equi-
potential line came so close to the former cathode poten-
tial electrode, that this same electrode could be used

as a posiuve electrode to which a grid could be mounted.
The ledge on this electrode which maintained the pro-
per potential at the edge of the cathode was replaced by
a close-fitung cylinder surrounding the cathode. This
construction 18 shown in Figure 8. The grid was made
of 50 mesh, .002" tungsten wire, spaced 0.040" from
the cathode, and was gold plated to reduce primary
emussion.

The first gun constructed did not provide sufficient
cooling to the grid itself, and after about 100 hours of
operation, evidences of grid emission were observed
at cutoff. The gun was then redesigned mechanically
as shown in Figure 8, so that there was sufficient radi-
atng area on the grid support structure to keep 1ts
temperature low. With this construction, no signs of
prid emission were observed after 400 hours of opera-
tion. The grid operates at a positive potentuial of 300
volts, when the anode potenuial 1s 7.2 kv, and cuts off
at 50 volts negative with respect to the cathode.

The rf performance of the T-231 was similar to
that of the T-230 with the exception that the power output
15 a hittle lower. The lower power output results from
two causes. First, the grid intercepts 10 per cent of
the cathode current, which reduces the current available
for interaction. Second, a shghtly larger beam diam-
eter was found with the gridded gun. This larger beam
reduced the space charge, which lowered the helix op-
erating voltage t0 5.6 kv and again reduced the beam
power. Typical rf performance 1s shown in Figure 9.

I, The T-351

The work on the T-351 1s not as far along as that on
the T-230 and T-231, but we have obtained some prehim-
mnary performance data 1n several tubes which I would
like to show. In the process of the work we have en-
countered and have had to solve some of the problems
that seem to be 1nherent 1in cw amplifier tubes 1n this
frequency range.

There are no parucularly difficult problems 1n
helix electrical design in a tube of this power level, so
no discussion will be given of this point.  The difficult
problems have to do with hehix cooling, backward-wavce
oscillation suppression, and attenuator dissipation,
These topics will be discussed 1n some detail.

A. Helix Cooling

It has been shown analytically by H. Cole at Federal
that a typical 3000 volt, S-band tungsten helix in vac-
uum, will be heated by its own rf losses to approxamately
800~ C when used as a transmission line at the 100 watt
cw level. Our experiments have confirmed these pre-
dictions quantitatively. Then, even with perfect beam
focusing, so that beam interception contributes no heat-
1ng, one can expect to be operating with a hot helix. As
a consequence of this heaung, the helix losses are fur-
ther increased and we have measured a drop 1n power
1n excess of 3 db from this cause in operating tubes.
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To solve this problem we have attempted to con-
ductively cool the helix through the vacuum envelope.
The helix support 1s a quartz tube whose I. D. is held
to a uniformity + .0001". The helix itself is wound
with 0.020" x 0.050" tungsten tape, and the O. D. is
centerless ground after winding to a diameter tolerance
of + .0001". The nominal helix O. D. is 0.0004"
smaller than the quartz I. D. at room temperature,
This clearance allows the helix to be inserted in the
quartz tube without distortion of the helix pitch. Then,
when the helix temperature rises due to rf heating,
good thermal contact results between the flat tape and
the quartz, and an air blast on the outside of the quartz
will effectively carry away the heat which is conducted
through the quartz. With the tolerances described,
we have been able to put 200 watts cw into a cold test
helix at 3000 mc, and have obgerved no increase in
helix loss due to rf heating. Helices with looser fits
will show color due to temperature, while tighter fit
helices will break the quartz. To date tests have not
been run at higher power levels.

B. Backward-Wave Oscillation

In early tests on this tube, strong backward-wave
oscillation at 7.5 kmc¢ was observed. With a 0.120"
diameter beam start-oscillation current was 12 milli-
amperes, while the desired operating current was 400
milhamperes. Reducing the beam diameter to 0.090”
raised the starung current to 200 ma. In order to
have a free choice of beam diameter, to satisfy fo-
cusing and rf considerations, it was felt desirable to
include some method of backward-wave oscillation sup-
pression.

The method of backward-wave oscillation suppres-
sion to be described was conceived by Howard Poulter,
formerly of this laboratory. This scheme consists of
applying a periodic dielectric discontinuity along the
helix to give a stopband 1n the helix propagation char-
acterisuc in the frequency region where backward-
wave oscillation occurs. The discontinuity consists
of a helical groove on the inside of the quartz helix
support tube as shown in Figure 10. The pitch of the
groove is chosen to give the stopband at the proper
frequency. For a frec-space helix an axial discont -
nuity along one side of the helix would give a stopband
ata ka = 0.5, the frequency at which backward-wave
oscillation would occur. With dielectric loading due
to a tight-fitting envelope, the discontinuities must
occur at a position shightly less than a helix circum-
ference apart. Hence, the helical groove must be
opposite 1n sense to the main helix. The attenuation
in the stopband is shown in Figure 10, for a 3" length
of groove. In the tube the groove extends over the
enure 8" of the helix. The groove has no effect on
propagation in the 2-4 kmc useful range of the tube.

The helical groove in the quartz is obtained by a
shrinking process. A 0.020" x 0.070" molybdenum
tape is wound on a tungsten mandrel to the proper pitch.
A straight quartz tube is slipped over this mandrel,
evacuated on a forepump, and then the quartz is shrunk
onto the mandrel by heating with a hand torch in the
glass lathe. The mandrel can easily be removed after
shrinking, and the helical tape unwound from the groove
in the quartz. Finally, the quartz tube is centerless
ground to remove the resulting ridge on the O. D.,




so that attenuators and matches can be slid onto the tube.
C. Attenuator

The attenuator on this tube must meet the usual re-
quirements--sufficient magnitude of loss, good match,
ability to be moved axially along the tube, and must be
a component that can be applied external to the vacuum
envelope. In addition, the attenuator should be capable
of dissipating the full ¢w rf output of the tube in the
event that a large reflection is connected to the output of
the tube.

The solution to these problems finally resolved it-
self into the use of a lossy coupled helix attenuator.
The attenuator consisted of a quadrifilar coupled hehix
in which the conductors were a thin platinum film,
painted on the outside of a thin quartz sleeve which
could be slipped over the main quartz helix support
tube. The thin platinum film provided series loss and
was capable of uperating at a temperature of several
hundred degrees centigrade in air. By passing a stream
of air over this attenuator, over |90 watts ¢w could be
dissipated satisfactorily. The quadrifilar configuration
was chosen because it provided whe flattest loss-fre-
quency characteristic over the band of interest. This
type of attenuator and its loss characteristics are
shown in Figure 11. In order to improve the match 1n-
to the attenuator, the end of the attenuator sleeve facing
the output of the tube is flared radially away from the
tuhe envelope and a lossy film of Aquadag or stannous
chloride is applied to this tapered section. With the
taper, the match into the attenuator has a VSWR of less
than 1:02:1.

D. Matching and Beam Production

The matches used on this tube are the “cavity” type
described before. The input and outpu® VSWR are less
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than 2:1.

In all of the tests to date, a parallel flow electron
gun, completely immersed in the magnetic ficld has
been used. It is interesting that we normally run about
10 ampcrcs/cm2 cw emission density on the 0.090" D
L-cathode used in this gun. However, the gun is only
useful for preliminary experimental measurements, and
work 1s under way on a convergent flow gun,

E. Performance

Figure 12 shows the sort of cw performance that
has been obtained on an early tube, which did not in-
corporate good helix cooling, or the movable attenuator.
In this case the attenuator was painted directy on the
tube envelope. The power objective was achieved in this
tube, but at poor efficiency. The low efficiency and the
large gain compression at saturation make one suspect
that the tube was saturating in the attenuator.  Also,
some of this luss n efficiency and saturation gain may
have been due to helix rf heating. Figure 13 shows data
on another tube, which apparendy had a better attenuator
m that the efficiency 1s higher and compression less.
Even in this case saturation in the attenuator 18 sus-
pected. Unfortunately, the cathode did not hike oper-
atng at 10 amperes/cm?2 cw, and 1t was necessary o
operate ata 10:1 beam duty cycle 1n order to obtain
data.

Figure 14 shows a picture of the tube.

The carly work on the T-230 and the T-351 was
done by Howard Poulter and the authors would like to
acknowledge his help. Much of the testing of the T-351
has been done by William Newman., This work was
supported by a Joint Service Contract administered by
the Office of Naval Research and sponsored by the
Signal Corps, the Air Force and the Navy,
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Fig. 7
T-230 and capsule.
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ABSTRACT
This paper will describe the application of helix as predicted by Chodorow and Chu has been
the contra-wound helix structure to a high-power, verified by cold perturbation methods and by beam
narrow-band pulsed traveling-wave tube amplifier measurements. Some comparisons are made with
for operation in the frequency range 8.5-9.6 kmc. performance and dimensions that would be pre-
Power output greater than 1 kw at 30 db gain has dicted for the single-wound helix. A novel method

been obtained. The impedance of the contra-wound  for the cross-wound helix will be described.
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Summary

‘v spaivsis is maie of the rec‘ification

- svzeterictics and the noise crarac‘sristics of

- -~ velin-e-wave tube rodified for use as a video
feectcr, The rurtose cf the analysi: is to de-

< smine +me cencitivity of such a device as limi-
srd s-2ely by neise ard te compare this sensiti-
-5t that of a video-crystal detseccr énd with
©. .+ ¢ a travelin--wave tube follewed by a viieo-
~rUEtAL eeCiCT,

The lLivh-velccity electrens in he velocity-
- 1ated btean at the cutiut of a travelin--ucve
., ¢ can be serarcted frcr the clcuer electrons
ceans of a velccity-censitive ieflectine field
o Ve wiavine the collector near catlode oten-
7, The current thus se:arated is a rectiried
version of the invut sirnal,

nith reascnsble va’ues ‘or the tule rara-
cters tae caleunlated "riniram letectarle st oopal”
“y¢= each a device is ar:roxira*ely =77 dbm, This

# s tstan*3ally lower value *Par ‘he riniroam
‘n-egtakrle sinal cttainstle at rresent with
vi<ec-cr-stal “etectors. It is s:-wn tc be of ‘he
sare order of ma-nitude as that ctitaina le vith a
©i-hecain travelin--urve ¢ he folloved bvoa video-
c:vg*al detector.

In{fcdﬂgtion

The idea ¢7 velocity-nertins the - lectrons

© a velccity-redulated bear. to r-luce lrtcction
wes 1reposed several vears azc by rarn and
tetcaifl, Travelins-uave-‘nhe vi-ceo ietecters
taved on “his rrircirle have since teer. construc-
‘0d?, he pur;ese cf tnis  &per is to :resent a
noise analysis of such a device, and to caleulate
its sensitivitv as limite ! by noise for corrarison
1Ith the sensitivitlies of a video-crystal de‘ecter
md of a travelin-uave-tube=cryctal- tefector
corviration,

+rcsorins en arbitrars law of delrctiorn, the
fcllowing exressions zre de‘ermined:
(1) the rectified si-nal vcltae irn terrs
¢ the inTut po''er:

(2) the ontrut mean-snuare noise voltage;
and

(2) the minirum detectable sirnal,
Tn *his treatment the minimum detectable sirnal is
defined as that sirnal jower for which the recti-
“ied simnal volta-e ejuals the rms noise vol‘age
(vith, the siznal jower off). Experimentally a
minirun detectable signel is detined as the input
iulse joser for the smallest-am; litude rulse im-
rediately seen on an A-scope when its rosition
alons the trace is nnknoim, rFron experirents in
connection with crystal rectifiers it arvears that
the latter definition is approxirately equivalent
tc tne former-.

n rlossary of symbols tc be used is ;iven

V.low. The (ks sysien of units is emloyed in the
calculations,
c = Tierce's travelinm-uezve tube gain !ara-
neter:
" = reak value of the rf elrctric field,
ot due to the sircnal, a* the helix input
. = rerk valre of *he rf electric firld,
- due tc tre signal, a‘ the helix outrut
< ﬂi? . = nean-s are value of electric field

fluctuaticn, due to noise, at the nelix

5 intut
rean-c uare value ¢f «lecéric fiel€
flictuation, due to neise, at the hLelix
output
the marnitude of the charge cr. n elec-
tron
= travelin--uzve-tube ncise figure
= power cain of travelins-uave tube
collector current
= low-frequency current to the cutzut

fil*er (excluiinz dc) due to noicse

o = dc¢ traveling-wave-tube bear current

]

— )
\

act

4

- = rectified cutjut current

t!

al(r
N (/O

[arp—
I

total low=fresuency current to the cut-
zut filter (including dc) due to noise
), 1"(Vy) = the first and seccnd derivatives,
réscectively, of collector current with
resrect to heli> volta-e evzluated at
Vo=V,
= hear

i()

current distribntion function

*Tve werk retcrted in thic rarer vas supjcrted jcintly bv the U.S, Alr Force, the U,S, Army,

and the U.S, lzvv, unier Centrect lonr 251(C7).

dicssertation subri-ted to the

Tre rarer is based in jart on a “hoD.

eczartrer.t of nlectrical En-incering,

Stanford Uriversity.
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Sunmary

ir. #nalvsis is maie of the rec*ifiration
¢ -vncterictice and the noise crarac‘eristics of
- -~ velin--w:ave *ube rodified for use as a video
frec-cr, The rurtose cf the analyvsi: is to Jde-
cmine o cencitivity of such a device as limi-
srd e-2nly by neise ard te compare this sensiti-
s sw =0 that of a video-cryrtal detectcr end with
-+ ¢ 4 travelinc-uave tube followed hy a video-
TUEtaL ce‘ecior,

The tivh-velccity electrons in “he velocity-
“ted tean at the cutiut of a travelinr-ucve
f can be cejareted fror he clcuer electrons
1 earns of a velecity-censitive deflectin: field
v Ve Wiacine the col ector nenr catlcde oten-
>, T e current thus se:arated is a rectitied
orsion. of the input sirnal,

«»ith reascn-ble va’ues “or the lube tara-

- 'ers the calevlated "riniram letectarle s”onalt
“y w ek a device is aiiraxira*ely -77 dbm,  This
& s hotantially lower value stan che riniram

. -pctarle sirnal -htainat-le at vrresent with
videc-cr-stal ~etecteors, It ic < ~wn fo be of "he
sare crder of ma ntude as trat cttaina’ le vith a
visho-a‘n travelin-c-urve ¢ he Sclloved byoa video-
crvs’al fetector.

Eﬂjffitftion

Tre idea ¢ velocity--.crtin- the «lectrons

© g welccity-rmecdvlatsd hear to r-iuce ‘~tection
wes 1roposed several vears asc by larn ana
tetcalfl, “raveling-wave-tube vicec :etectors
ta~ed on *his rrircirle have since teer. censfruc-
+nd?2, he purjcse of tiis &rer is to iresent a
neise aralysis of such a device, and to calculate
‘ts sensitivitv as limite! by no‘se for cornariso:
vth tne sensitivities of a video-cryctal de‘ectcr
2 d of a travelin-uive-tuhe=cryrtal-etoec oy
cerviratiorn,

,rsrine ar arbitrary law ¢cf letrctiorn, ‘he
fcllowing exirecsions are de‘errinei:
(1) the rectified si-nal wcli*a‘e ir terrs
0" the inrut ;ouer:

(2) the ontput mean-ccuare noise voltase;
and

(2) the minirum detectable sirfnal.
'n *his treatment the minimum detectable sirnal is
defined as that simal rower for wrich the recti-
“ied siwnal volts e ejuals the rrs noise vol‘age
(vvity, the sivnal jower off,, Zxperimentally a
minirun detectable sisnzl is detfined as the input
1ulse joser for the smallest-arjlitude rulse im-
rediately seen on an A-scope when its position
alons the trace is unknoim. Iron experirents in
coennection with crys‘al rectifiers it ajiears that
the la‘ter definition is a;proxirately equivezlent
tc tne former-.

n rlossary of symbols to be used is -iven
Y. lowe  The ks tysiem of anits is emloyed in the
calculations,

G = Tierce': travelinsi-iave tube fain :ara-
eter:
% = resk value of the rf elrc’ric field,
T due to the signal, a* tne hLelix input
. = rerk valie of *he rf «lectric field,

5 due tc tre sirnal, a* the helix outrut
< - )} = rmvan-s iare vilie of electric field
B A . q . .
flictuaticn, due to noise, at the relix

2 inrut
<Ero‘) y = mean-c uare value ¢f ¢ lec*ric field
v fluctuation, due to nrise, at the relix
output
e = the marnitude of the charge cr i1 elec-
tron
3 = travelin--ucve-tube noise figure
5 = power cain of travelins-uave tube
I = collector current
Iac! = low-frequencv current to the cuttut
filter (excluzinz dc) due to noice
:g = dc¢ ‘raveline-vave=tube beur current
Ir = rectified cutjut current
Itl = total Jow=-frruency current to the ocu'-

rut filter (including dc) due to noise

7'(VC), I"(V_.) = the firs: and seccnd derivatives,
rescectively, of collector current with
resrect to heliy volta~e evaluzted at
Vo= VO

i(+v) = hear current distribution function

Tre werk retcr*ed in ‘*hic rarer was supycrted icintly bv the U8, Air Force, the U,S, Army,

and the U,S, lavy, unler Centrect ' onr 251007 ).
erartrer.t of slectrical kn-incering,

e
dissertation sunri<ted to the

Tre ra'er is based in jart on a 7h.D.

Stanford Urniversity.
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= crarge-to-mass rati-
= rorrelation f nction for collector cir-

= Boltzmann's constant

the probability density of Hn
signal power to the helix input
minimum detectable input sipnal
envelope of Vn

output filter resistance

= room temperature in degrees kelvin

(290°K)
cathode temperature in degrees Kelvin

dc electron velocity at helix output

instantaneous helix voltage. (It is
useful in determining the static char-
acteristic of Fig., 3, and in the opera-
tion of the detector it may be thought
of as the helix voltapge enuivalenti to
electron kinetic energy due to the dc
helix voltage and rf fields on the
helix,)

helix voltare which corr«s:ionds to v _,
. 2 c
iee., VC = mv /2e

dc valvne of helix voltage

maximmm valve of enuivalent ac helix

voltave dne to siernal

instantarecus value of enuivalent ac

helix volta~e due to nnise

total mear-square voltare fluctnat on
across R duve to noise

<Vn32)Av’ <an?>Av = the mean-sq are

voltage fluctnatlions across R due to
the first, third, and fourth noise
scurces described, r-spectively
video siesnal volta-c develo. ~d across
R

electron velocity at helix output
critical bear electron velocity.
(Flectrens with velocities or-ater
than this 70 to the ccllector; less
than this, to tne s'. eld,)

ac component of electron velocity at
helix output

povier sjectrum of the collector ciurrent

the continuous portion of w(f)
Power spectrum of Vn

reduiction facter in detector ~at;ut
noise due tr handwidth of out-ut filter
elrctrenic weve number, n/uo

output “il*er ncise bandwidth
travelinc-wave-tube nr se bandwidth
tierce's increme:.tal rropa~ation con-
stant for the incr-asinc wave

nf an electron

rent
~orrelation fnction for Vn

m d-band frecuency of traveline-weve
tube
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Description of Detector

h siznal on the slow-wave circuit of a
traveline-wave tube prrduces velocity modulation
on the electron beam, The high-velocity electrons
can be separated frem the slower electrons in
e.ther of two ways:

(1) The beam is pa .sed through a velocity-
sensitive deflectins: field, such as a
transverse nagnetostatic field, and then
sorted by a properly positioned s-.ield,
The hi,h-velocity electrens pass beyond
the snield to a collector,

I'he collector is biased near cathode
;otential and only the hish-velocity
clectrens reach it.

ln either case, the collector current can be fed
to a low-pass filter to be developed into a recti-
fied signal.

(?)

The equations <derived below are equally ap-
plicable to either method of sorting (although
practical r-alization of the latter may involve
d'fficulties). Let us use the first method to
illuctrate the analysis, Concier the traveline-
wi.ve- tube video detector shown diagramatically in
. ¢e 1e An rf simal on the helix velocity-
rordulates the electron beam, The bean then passes
ttrough a de mernetic deflectins tield which de-
flacts slow ~lactr.ns more t:an fast ones, 3eam
s3.re1din: jue to siace charge is nninhibited in
the directicn p-rallel to the field, hut tne fo-
cusing action of tne field tends to prevent such
- reading in the perpenlicailar iirection, Thus,
.1st bh27%ore the beam reaches the shield, its crocss

cctinn {(at any instant of time) scmewhat resetbles
a fazzy line whose long dimension is .arallel to
t.eziam tic field,

The velncity rodualation causes a sinusoidal
5.17ting in the beum's position at tne rf rate,
Thus, the fuzzy line has motion at rizht anzles W
the rosaetic field and sweeps oul 4n area propor-
tionsl to te raanitude of the velncity modulation.
Tae s:ield nas a kn' fe edge which is parzllel to
the narmetic field, The knife edze is placed in
£ich a ros.tion that all 2lectrons having a velo-
city less than a certain critical velocity (say,
vc) are intercepted by the shield, zl2ctirons with

'reater velocities pass to the eollector. The

t me-interrated cross sect on o° the beam in rela-
tion t- t'e snield position is s own in Fic, 2,

A rectiTied ooirrent pmay be develonei at eitt.er tne
c 1loctir or t .o shield,

If bv some means 411 mod 1ation (includins
ncice moitlation) zou 1 be removed fron the bhean,
‘he beant's cress section weuld still be character-
ized by a finite width Jue to the hal®=Ma<wellian
velocity distribition of electrons and the inper-
fect foc.3int of ~amotiz “ield, If these faét?rs
#lso ¢ uld be elinin.ted, th~ crmss section would
A pear as an infinitesmally thin line havin- a




prosition parallel to and slivhtly to the left of
the knife rize in Fige 2.

A1l electrons woultd then be collected by
the s ield, In *he ;resence of an rf sienal, the
weam moves °r m side t- side at the ri rate, For
t<a ifeal case, the total hean c rrent wenld
nrctle shift frem the shield to the c~llector,
or vice versa, as tre velocity jasses tqroush VC.

However, heciuse of tre frctors -entined, the
act.al @hlft in currsnt iistrib tion hetween shield
ani onll~c'or is a mere -r:dual one, A plot of
collecter current vs helix voltage would a-rear as
s wn in Fi-. 3. The ideal case is indicated by
t-e intted line.

lgE_J‘\‘cn cf sxvression for
tectitied ‘1'na1 Jo]ta'e

The heam at the output of the helix con-
vains both enrrent modulati-n and velocity modula-
vion !1e to the siznal. For small sipmals let us
a-sme that cnly the velocity mojulition is injor-
tan® in croducinzy a rectified c.rront. An arryument
t~ justifv tris assunrtion is : resented at the end

£ this sectlon,

The effect of a signal »n the helix in
~van-n~ the kinetic energv of t'e bram «lectrons
i< emivalent te a ciange of helix vol*aze, Thus,
2 cnllectrr-cirrent vs reliv-v 1tave plot is use-
.~ in calenlatine the rectified sional c:rrent,

h

T the followinz derivation let V, ro.reseat dc
vilie o° helix vol'are somewhat 1;55 tnan VC. Yor
waines ~f Vopear V , we na’ urite
(V) = I(V,) + ELiXQE (V- V)
0 1Y 0 (1)
I"v,)

0
G oot (W o W g
TR )
where the rrimes indicite differeat “tion with
resiect to VO' Let V vars as Vo + V_sin t,

ye Tnen

v oere carresponds t~ t:e simnal frejuenc

far any instant of time we have

T _ Iz . .
) = I(VO) + I'\JO)Jm sin ot

), (2)
+ &= s.n 't oL,
2 mn
Tf it is assumed tnat Vn cnanes 4t the video
rate, the rectified video currsn* is tie time
aver.ze of (2) less tie dc temi., -oOr 5,411
Vj we cbtaein
V~2
1 - i "ni \ N
r i L (J’)) * \3)

Te it Ir in teras of the on. t simmal, ve

:.pod an ex, recsion for tie ac field at the helix
5u% ut which w1l have tie sane e”foct on elec-
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tron velocity as does Vm. Let

ror the case of V €4 Vy» we may write

. . 1/2
= [Zﬁ(VO + V_sin utﬂ /

v
., al/2 mo .
(2 VO] Kl + 377 sin 0;3 ,
9
or .

v
vo= P )Y B (1)

“rua travelinr=uwve-tube thneory (in which srace
charge 1is ne11hcted) we have

o9 15

. _ _ _so
v 5 ti:y?;I (5)

where B is tae peax wvalue of tue ac simmal field
at the 89t 1t 0of .o “elix, The cther symbols ure
tl.e far.iliar ones c¢f tie .ierce analjsisﬂ (Tiis

acsmes t.ab the travelin-wave an lifier nas rea-
sonidle cain co that cnly the increa-ing wave is

of conseq:nuce )

sociat~d with
mitude is n-eled,

% 23. (3) the -hise anile ac
v_ is unisortant, .nly the n
1

I'is “rorm -15e (L) and (5) we obtain
R 5 2
v < _ SO _ (6)
5 | -6 |2

.o obtiin “soin t-r.s of u.e simal ;ouer to the

elix i oat we may uce

shiers: ls‘ is *he peak value oI tne Tielz due to

tne s.-z.al =t the nelix in :t and 3 is tne rouer
sain 0 the trevelini-wmve tube,

wow the trasolic,
is siven by“

c-wave-tlube saln taraeter

>

L2
3 st Iy (2)
S sl A 2
=
ﬁe “si :

lere Ps* is
i

Combining zqs. (3), (6),

tie signal ro.er Lo e helix injut.
(7), and (8) zives

' 233
O myes
Ir r———Tjr- ) I (JO) 0 (9)

e video signal voltaze V is the projuct of this

carrent and the resistant d of Fize 1. Thus we



obliain

V( 203
V=2 _p IV (19)
5 IO |6 l? si 0
1

hs was previously stated, the rroceding de-
rivation takes into acconnt the velscity modula-
tion only, The bean 4lso possesses a correlated
current modnlation,  For shall siomals, the oor-
rent variations as a2 recnlt of t is rndolition are
sinall compar~d tc the total bea  cromt, Tt fcl-
lows, therefore, that tie c:rrent variations can
a®fect the instantaneous values of collector cur-
reat b only a snall rcentae, The rel- tive
~hacze botueen the carreat vuriatisng and tie velo-
city variaticns at the s.ield s a finction of the
dist:nce betueen Ue - eliv ind e Lhield,
ins an in-;hase relationtnip, the instantaneous
ccllector current is slightly increaced at the
peaks and slichtly decreased at tue valleyo ane W
the carrent variation, =~ince t.c rectivied cur-
reat depends u.on the tie-averased eclleclor cur-
rent, the e’fect is neoce s ril; crall, n.s ca.e
conclusion (of smll e -ect o. the rvctitied cur-
rent) holds for all ~ther r-l-:ive n« « o toren
current and velecity veriations, 'the e 'lect cun
ve t.ken into account Y nultinlyin: the 1ef't . lae
of %g, (10) by a factor whose linmit i .nity ac
the si~n.l stren:th a; proaches zero, e (10)
is valid withont alteration Yor c.i:11 ci-nale,

o 380 -
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Yerivation of rxurecsion Tor laise Voltawe

The sensitivity of the detector is limited
b the noise voltage across &, The "miort.nt noise
senurces are the followine:

(1) Velncsitr fluctictions a' ro *re::en~ies
in the electirens aruprcaz in- ti e s.3eld,

(?) Current Sluct .a*ions ~t r. “r¢ :.encies
in the beam ap|rcachin: 'ne shield,

(3) Additional cirrent “lict.iticns at video
fremiencies restltin: ‘v 1 jart tizn cur-
reat at the s-uield and 5.t l.ct:ations
(at “rose Treniencies) n the near,

(L) Thermal no'se at viden frejiencies in
the out:ut res’'st:.nce R,

Censider the rirst n ise source, Tne ejui-
valent nelix volta-e ray be written
VeV +V
ot Vs (11)

vhere Vn repre sents tie egaiivalent volta e fluc-

tnations due to this n ise, rop this analvsis a
convanient e ression for Vp is”

V, =R ocos (ot +0), (12)

n
where Rn is the envelope of Vn and u%/2n is the
nid-band fremiency of the traveline-w.ve tube, i

n

and € are relativelv slowlv varvins functions of
time, Usine Fas. (11) and (12) in Eg, (1), and
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neslecting third and hicher order terms in Rn’ we

s>t for the total low-frequency (including dc)
current
Iu(vo)
= \ +
V), = IV)) + ——

2

R <, (13)
n
where tze subscript tf stands for "total low"
frea.ency, In kg, (13) all hish-fre -uency temms
nave been sdropnped beca se of the low-rass output
filter, The dropped terms have frequencies in the
vi~inity of o;/?n »nd GW/”. ve may write
- 1 T

< - T
I(J)LI . Tdc *aek

2 2 )
(I(V)tl >Av - <(Idc * Lace ) Av
(1h)
I 2
dc

wnere Idc = (I(V)t1> 4y and <lac(2> Ay LS the
to‘al mear-s'mare fluctuation current included in
the lou-frequency siectrums (The £ in the sub-
seript asuin stands for "low" frenency.) In the
present apjlication part »f the low-frequency
soectrum is reroved by the filter, Therefore,
nly a fraction of <Iac;>kv appears across the

2
* <Iacl ) Av

sutput, The value of tne fraction is a function
of tne output rower spectrum and the filter band-

width. Tnis function will be derived later. From
bq. (13) we obtain
I"(V )
0 2
Iic - I(VO) * R <Rn >Av (15)
and
2 T"(V )
17 2 = O 2
g Vi = BOQY + 100) —== (1 2y,
'[n(v ) 2
=] <nly (16)
4 n 7/ Av*®
Combinin; b s, (1h), (15), and (14) zives
2
a2y, [T x
acy Ly ]
2
L 2 ]
[(un )Av - <nn ) vl (17)

?ho probability density og the noise envelope R
15 reqg ired at tis point®: "

it
e - n . - 2 n & &
) 7 7) oxp (- /2 (v >Av). St
n av
“reiooge (1°) it follows that
2
Gl =22y (19)




Froe . (1°) we rav write
p

G 2

o [
I Vv
0 <ln >uv

42 2
(VD ,.0)°

exy

2 2 -
(-2 /2 (vn > =8 (20)

'

s. (17, (19) and (20) yields

LG LOLNTN T

lu('J ) 2
- 2 0’ ,., 2
<Aac1 >v =[ 2 <\/n >hv] - (2D

The *raveling-wave=-tube noisc fiure nay be

syt ten in *eraz cf tie nean-syiare value of ~lec-
spric firlA4 flict ations at the helix r~utgut and at
wre elix “nout:

2
<E:no > AV

f ety o (22)
,<Lni>‘.\v
-. (4, and (8) may be modified as follows:
.2
CELLD
{12y, = —Dhofav (23)
n Ly 2 A2 2
RN
(u ®) 1
C3 - ni v 0 (2L)

2
ﬁe tha Afthvo

W.ere [\f+ s *i.e <ravelin:-wzve-tiabe bandwidth
and KT ZXft is t-e ncise ;ower input. Using Eqs.

(92), (7%) and (2L) in nq. (21) -ives

2
L(25)

1.2
o 20

2 : .
Coei Dt © T K FET Ar, 1 (vo)}

hs previously stated, the mean-syizre roct%fied
ise current i y i : 1
nn’se carrent is only a fraction of < ) hyt

the fraction., It
n-ise wnltave across

Let e¢ recresent the value of
~1llows that *he mean-stiare
R due to tris source is

?
I”(VO)R . (26)

s VO 2.)a
(w/nl >i\'l =dr—2 & oolt Aft
o 18]

]

Tre subseript 1 identifies this noise with the
firct nnise source previnusly listed. The deriva-
tirn of an expression for ol is reserved for Appen-

Aix A, The expression turns out to he
Af ANr
of = 2. - ——
AT, 2 AT, 5 (27)

wrere A i3 the outout filter noise bandwidth.
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The beam-current ncise fluctuations at the
helix out:ut constitute the second noise source
listed, The current fluetieiicnz are correlated
with the velocity fluctuations rfor noise as well
as for signal. The arguments tnat were previously
applied to justify neslecting the current modul: -
tion in lhe exprecsion for the rectified signel
vol’are also are valid here, Current fluctuations
a“fect noise and siewnal by precisely the same
armount. Thus, just as Bqe (10) has validity in
siall-signal theory, so also has Eq, (26) and ve
leave it unaltered,.

The third noice source is due to partition
current #«t the shield and shot fluctuations in the
beam. This noise ray be taken into account by
assuming full shot noise on the current to the
collnctor. (This is, of course, a pessiristic
assvmption, However, it is unimportant even so
becanse, as will be showvm in the sample calculation,
tFis source is small compared with the first
srurce.) OSince this ncise is uncorrela‘ed with
ihe ncise from the first scurce, the mean-scuare
volta ec corresponding ic the twc sources are di-
rectly additive in comfuting the t.otal roise.

Thus we have

2 ) 2 X
(vr13 Yy = 2¢1 AR, (28)

2 — a I o
vhere <Vn3 > v o mean-square noice voltare due to

these fluctuztions,

The thermzl noice in the output resistance
5 the fourth and fins] source to consider. This
noise is wncorrelated with the other ncise end hes
a4 nean-square value of

(V2D = LET AR (29)

Thus, the totsl mean-square volta~e fluctuation
acrosc R Jue to noise is

2 _ 2 2 2
<Vnt >/\v - <vn1 >Av * <vn3 >Av * <vnh >Av.(30)

Hinimum Detectable Signal

The minirum detectable signal as prsviously

A 5 Q 0t
jefined is found by equating VS and <vnt Ay

This eives

1 2
2 2 o 184
Psim =»d[FKT ﬁ\f;] + [?VBCCTﬁTVGT] X

[?n,T Af + _T.‘—I‘KT{AI"] ,

= minimum detectable input sirgnal,

and solving for Psi'

(31)

vhere P,
sim



Samy le Calculation of Minimum Detectalle
oirnal for Travelini-iave-Tube Jetector

A rough estimale of the value of P"im may

be had by assuming that the half-Haxwellian vele-
city distribution is solely responsible for limit-
ing the value of I"(VO). Assume that the current

distribution function for V { Vc is
. mv 2 .
= - - /2) - 4
i(v) I mr; s(v Vc) exp{ [(mv /2) eV]/x’Tc},
where
= electron_velocity
1/2

v ] Y

1l forv)v
slv-v) = €.
G} 0 for V(Vc
Then we may write

e “ i L exp( -[(mv2/2) = eV] /KTC} dv

0 KT
» nvgl/ ? c

= Ioe' e(Vc - v)/KTc

for v(vc

and
I =1, for J)VC.

Frcm this we obtain

(V) = (%)2 T, exp [-e(\’c - VO)/KTC]

- (K%‘) ¢ I(vy). (32)

C]

Now we are in a position to solve Fq. (31)
for Psim assumin~ reaconable values for t-e

travelinv-wave~tnube and cirruit parszreters,

Tet
F = 50 (1" db)
Z&ft = 2000 Mc
Af = 2 i
T = 290K
T, = 11609K
IO = 3 ma
l6 17 - 1
1
VO = LSO v
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Hate

@ = 0.03
0 = LOoO (36 db)
I(VO) = 0,5 ma

R = 10 kohms.

(™. travs lin-w.ve-thbe parameters are those of a
commercinlly availiole tube, ) Using these valuec
jn tas. (32), (27), and (31), wue obtzin

P, = [3.? e O €, V.99

sim

+ 0,99 x 107

1/2
o 10‘30] = 1.2 x 1077 w (277 dom).

Tre three vualues in the radical corrvs:ond to the
three terms in Eq. (31). The first Lerm, which
res' 1ts r'rom trezvelins-u. ve-tube noise, is by far
the lzrgest of the three for this set of para-
me'ers, If the =ain only is changed, this tLerm
w.1l continue to dominate until the sain is re-

d ced to the order of unity.

e sensitivity of a video-crys‘al detector
ran be czleulnted from the followirn.: equation3.

P lukr Ar] 172
sim B ’

(33,
wnere I is 4 criterion of tre excellence cf the
letector and is called its "fisure of merit", A
value of M of 1U0 is large but not uncoruwon. For
this value of M and for 2 bandwidth of 2 Mc (ag
in the urevious calenlation) Psim is 1.8 x 1077

wvatt (-57 dbm), Tivs tne traveling-uave- tibe de-
tector is considerebly rmore sensitive tnan is e
video-crystal delector,

Crnsider a system in which a travelin —w.ve
Lube ferds a video-crystal detector, Aprendix B3
#ives 4 e exjression for the minimum detectai.le
si-nal of such a svstem as

. (Zu)

: 1/2
S [at(FKT Aft)2 s Tar Af]

6.2

fsunin; the pirareters for the traveljn--iive
tube and "l erystal to be the same as in the
vious calelstirns we ob*ain

. re-

S1

1/2
Peim = [3.? x 107°% + 2 x 10725 ]

= 1.8 x 107 w (277 abm).

that the term ccrrespondine to the traveliro-
Wave-tube noise is still the dominant term in this
case, If the other tarumeters zre held ccnsrant,
tre triyvelini-wave-t :be noise ceases to dominate
when the gain falls below 100 (20 db),




Conclusions

For the parame*ers used, the czleulated
sensitivity of the traveling-wave-tube detector is
the sarme as that of a traveling-wave tube followed
by a video-crystal detector. It is only for low
values of -ain (in the example, -ains less than
20 db) trat the traveling-wave— tube detector
sn.nus trerise of rossescsins the greater sensi ti-
vitye octh detectors are considerably more sensi-
tive than the videc-crystal detector,

Trhe co.bination of traveling-weve tube and
v, .eo-crystal has the great advantage of simpli-
¢ ty. un the other hanc, this combination re-
5:ires a .id- nend match between the tube and the
crystal, a prcblerm not .resent in the travelin’-
ar=-tube detector.

~cknouwledgment
~ a autnor is indebted to U. AL eatkins for
125 .o -ections in the writing of this payer.
. sendix h: erivation of Touztion (27)
in deriving an e, recsion for the facter &«
st soive the followin. . roblet: jiven a
.1 linrar device obeying the law eX: ressed by
. (1) wrose in ut cenaists of noise alone, find
on*r1* cer STecirur.  ceveral rethods are
2va‘lable for solving whis ;roblem7. The one
..ged keare will be to deternine the correlation
ri-ction for the ontput current, and *o uce this
¢ netion in solvin- for the cutiut nower s ectrum.
™ o nerrelation S.nction is defined by

N T
\{f(t; = lir = / I(t)T(t + T)dt

Tew 5

+

(A.1)
= {I(4)I(t +t))AV .

"o iover srectrm (GI(f) ) of tne outjut current
ic related to ‘ql(l') as follous,

29
By = '1/ \p(t) ccs 2ufTAT . (i.2)

“inc oose (10, 11), and (i.1), aml nezlecting
tyire =nd n.ither order torrs, we have
2
' )/ .
N (L;)Mv]

I"(V )
& {(1(:0; SOCAYATIR

©)

[(I(Vf) + IV ) T (L T
) / n

(i)

e (1.3, ray be evalua'sd by notine Lot
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v (0)),, = V(e +T) Dy = 0,

G2y, = WA T = G

n AV

Jet

CADIACER DI

Ho).

From the tneory of twc-dimensionz} normal distri-
bution it can be shown® that

2

2 2 2 . 2
TR TR DI CEO PUILES St
and9

= B 1o : M Qe B -
<’n(”’n(t*”>Av=<’n(°)"n(“z)>zw'0-

Thus, (h.2) becones

\{/(r)

Rap § o " 2
I (»/O) I(VO) I (\/O)(vn )’_‘v

+

2
)

(V) 2
{ . 0 <vn2>A‘] ¥ #’(Z’) [-I'(VO]

I"(V ) 2
0
2[ . V(r)] .

Zauetion (AJL) contzins three dc terms which cor-
restond to the de cem, onents of 1(4)10, These
terrs are useful in calculating the dc output
current (and -ive the sarme value as ba. (15)) but
are of no interest as far as the "continuous"”
pover . ectrum is concerred. Let % (f) be the
centinuous vortion of W(f). Then

b[oo { @) Yo

lu(v ) 2
2 {——2—0— fr(r)] E cos 2ufT dT

» Lu(vo) 2 @
(V) wlf) + | =3

wlx)w(f - x)dx,

(A.L)

+

“ ()

+

(h.5)

where w(f) is the power spectrum of Vn and we de-
fine w(f) for ne;ztive f by

w(-f) = w(f),

nsoume that w(f) hac a censtant value w
over a bandwidth Aft centered at fIr and is

sero ove ryunere clse. Then we have



2 -
<Vn >nv = wOAft .

A ylot of ig. (a,5) under the.e conditions is
given in "¢, N, The area un er the Jow-
frequency jortion of the sjectrum must rive

2 -
<Iac1 >Av'

R rn(vo) 2 2
< 13(‘1 >/\V - ?2 <vn > av M (“.“)
note that bg, (A.4) ic Lhe sane ac bg, (01).

The factor o as :reviously ¢ fined is the

ratio of the cross-hatched area to the total low
frequieney arca, Fro- wcoretrical ecnsi ~rations
‘'t is reciily - scertained that

«. D [2-—A——1. (a7

by
AT, AT,

sppendix B:  Jerivation «f kemation (3h)

“ow (3L) can be derived by settins up the
ejuival  nt circuit for the videc-crystal and fol-
lowinz a ; rocedure quite similar to that in de-
rivins »q. (31). nowever, for the sake of brevity,
let 5 generalize from the ro.ults of tne preced-
ing wors in a wav which will allow us to arrive at
trne solution much more ra;idly.

The sijsnal voltase at the cutymt o the
video-crvstal is ~iven by
i = P R, (B.1)

where

™

= current sensitivity

= uP_, (siznel :ow-r cut of the
travelinz-tave tube)

= barrier resistance of tue crsstal

(ir this arrendix only),

9. (10) in the

&
)
—

Tne (B.1) corresponds to
developrent,

[revious

There are two scurces for tre niise at the
outpmt of the vider-crystal:
(1) Tre necise due to the crystal,
(2) The nrisc 1% the outjut of the travelins
wave tube,
The mean-square of tile niise voltase due tc the
cwswliﬁ

B

M2

< VNX2>AV = LT At
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The mr 2n-snuare value of the ncise vol &je due to
the second seurce can he arrived »t by comparing
e (10) with Bq. (26). ~ vrneralizstion based on
such a comperison indicates that, the nedi-square
noise voltare at the ovtint of tne videc-crvstal
due to the ncise from the travelinr-wive tube can

be written

<V::'r2>;\v - “[Bl..'r“]

«here r T = bhkﬂ‘[&ft (tre noice 4t the troveling-
Ll

‘ (543)

wave tibe output)s £ ste;-by-step analysis con-
firmc the ccrrecliuecs of (2,3) and cnows that for
s mare-law detecticn X nas the saae vialue ac in
(27)e

= o

. 0 & n L 2
By equating Js vith tio 5.1, of <de > .

& . . . .
and <V.T > and sclvins for Psi’ e okbtain
ls

nv

. 1/2
Foo= [M + (77 Ar )2} . (o)
sim <2 i

..
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Plot of collector current vs helix voltage.
V. is the helix voltage corresponding to
the critical electron velocity, i.e., the
velocity corresponding to the position
of the knife edge of the shield.

Diagram of a traveling-wave-tube video
detector which employs a velocity-
sensitive deflecting field.
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A TIME-SAMPLING AND AMPLITUDE-QUANTIZING TUBE

k., P, Stone, C. W. Mueller, and W. M., Webster

Kadio Corporation of America
RCA Laboratories Division
Princeton, New Jersey

Summazz

The possibility of a saving of
bandwidth - or of transmitting additional
information in a given bandwidth - by
means of amplitude quantizing and time
sampling is reviewed. The requirements
on a tube to simultaneously time sample
and quantize a video input, and to pro-
duce a residue output, are outlined.

Beam deflection type tubes were
successfully built and tested which
perform all of these functions. They
will change a continuous signal into
a quantized signal having six discrete
amplitude levels. The signal may also
be simultaneously sampled as often as
ten million times per second., A resi-
due signal is also generated. The tube
response is sufficiently accurate to
meet the requirements of the system out-
lined. The stability of operation is
such that after initial set-up no criti-
cal operating conditions or adjustments
are involved,

Two types of output structure
have been used, both of which permit the
external adjustment of the output ampli-
tude levels, The tube operat=s with an
anode voltage of 300 volts, While the
useful beam current is only 5% micro-
amperes, the signal-to-noise ratio of the
tube is computed to be 80 db,

Introduction

The portion of the electromag-
netic spectrum which can be used for
communication is limited. It is there-
fore highly desirable to reduce the re-
quired bandwidth of each communication
channel as much as possible, Until
recently, it was believed that the band-
width of a communications channel must
be at least as great as the highest
frequency component in the information
to be transmitted. However, recent
developments in communication theory
indicate the possibility of exchanging
transmitter power for bandwidth, provid-
ing one is willing to eliminate the
transmission of superfluous informa-
tion,1-8

Information can be squeezed into
a narrower channel than that convention-
ally required and thus save valuable
bandwidth providing (1) the transmitter
power is increased, (2) a coding system

56

igs included in the transmitter and re-
ceiver, and (3) some loss in accuracy

of signal level definition is tolerated.
The third condition is not severe, since
noise is always present and the indivi-
dual at the receiver cannot detect in-
accuracies providing they are sufficiently
small,

In order to facilitate the dis-
cussion and description of the sampling
and quantizing tube we will first describe
a transmission system in which it might
be used and which conforms to the condi-
tions listed above. This system will be
capable of transmitting two signals
simultaneously over a channel which would
normally only accommodate one,

Description of Transmission System

In order to separate two signals
which are being transmitted over a single
channel, we must do something to at least
one of these signals which will enable
the receiver to distinguish between them.
In this case, we will permit one of them
(Signal A) to exist only at certain dis-
crete amplitude levels. This is called
quantization in analogy with the energy
states of atomic physics. If the re-
ceiver finds that the incoming signal
has at any moment an amplitude different
from one of the discrete levels of sig-
nal A, it concludes that the signal A
amplitude is at the next lower allowed
level of the discrete set, and that the
difference between the received signal
and this allowed value for signal A glives
information as to the amplitude of signal

Obviously, to perform quantiza-
tion on a signal, a device whose output
vs, input characteristics looks like a
stalrcase must be used. As the input
signal varies continuously from zero to
maximum value, the output signal must
Jump from one discrete level to the next
in an abrupt fashion.

However, simply quantizing one
of the signals and compressing and adding
the other is not enough. Obviously, to
transmit the combined signal would re-
quire a very broad bandwidth, since any
rounding off of the quantum Jump of sig-
nallA caused by circuits with insuf-
ficient high frequency response will




result in an appreciable error in signal
B.

The problem is essentially that
of eliminating the effect of transients
produced by the quantum jumps of signal
A on the apparent value of signal B.
This can be done in several ways; one of
the simplest is used in this system and
is called "time sampling" or just
"sampling".

Time sampling amounts to a
periodic measurement of the amplitude of
a signal, such as the combined quantized
signal A and signal B. It has been
shown that if the resultant pulses occur
at the proper rate and are passed through
appropriate filtering circuits, a con-
tinuous wave results which has no fre-
quency components higher than the highest
frequency component in either signal A
or B. At the receiver, sampling this
wave at the same rate as before gilves
pulses proportional to the desired signal
(Aq * B).

Signals Aq and B are gseparated at
the receiver by a device which is nearly
identical to the quantizer used in the
transmitter. The combined signal Aq + B
is requantized. As before, only certain
amplitude levels are allowed and the out-
put signal is again the quantized signal
Aq. Subtracting this output signal from
the input signal gives a residue signal,
which is signal B.

Thus, for example, we may take
two television picture signals, quantize
one of them with some loss in accuracy
of half tone reproduction, combine them
and transmit them over a channel with a
bandwidth no greater than that which
would be required for one of them alone.
Furthermore, we are able to separate the
signals at the receiver with essentially
the same device as we used to combine
them at the transmitter, and display the
two television pictures independently.

A tube has been described by
Sears? which performs the functions of
quantizing and producing a coded signal.
lowever, to accomplish all the above
operations in both the transmitter and
receiver, a special tube was designed
and constructed., It may be used to
sample and quantize the 1nput signals in
the transmitter, or to sample and separate
the two signals in the receiver. It is
to be noted that in both the transmitter
and receiver a very wide bandwidth must
be maintained between the operations of
sampling and quantizing or separating
in order that the system work properly.
In order to eliminate very wide band
circuits, the tube was designed to accom-
plish both operations almost simul-
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taneously.

The Coding Tube

Fig. 1 shows the essential design
of the sampling and quantizing tube, or
coding tube, and its operation will ve
described with reference to this figure.
A cathode and beam forming structure pro-
duces a thin, flat electron beam which
passes down the length of the tube. A
pair of deflection plates to which is
applied a sampling signal sweeps this
beam back and forth across a narrow slit,
Only when the beam is centered on the
slit will electrons pass through to the
rest of the tube. Thus, short pulses of
electrons are formed. The sampled beam
passes between the signal deflection
plates and is deflected up and down across
the quantizing structure. As shown, this
consists of a flat aperture plate in
which a step-shaped opening has been
punched. If the beam is of essentially
constant current density across its
width, the current which passes through
the aperture increases in abrupt steps
as the input signal moves the beam down
the quantizing aperture assembly., The
beam current which passes through the
step-shaped hole is collected and con-
stitutes the quantized output signal.

A series of triangular apertures permit
a current which is proportional to the

difference between the input signal and
the quantized signal to be collected on
an electrode designated as the residue

collector. This signal is used in the

receiver.

In addition to deflecting the
electron beam, as has been described,
both sets of plates serve as lens struc-
tures for focusing the beam in the proper
fashion. This is accomplished by exter=-
nally adjusting the d-c biases on these
plates. The beam 1is focused by the
sampling deflection plates onto the slit
and by the signal plates onto the target
structure.

Parts from beam deflection tubeslO
were used to form the beam and accomplish
the sampling deflection. The beam thus
formed has a thickness of a few thou-
sandths of an inch., However, the width
of the sampling aperture determines the
effective beam width beyond that point,
and this was four thousandths of an inch.
Since the imaging action of the signal
deflection plates constitutes a lens of
a 1:1 magnification, the effective beam
thickness upon incidence on the output
structure was approximately four thou-
sandths of an inch.

It was noted that a small devia-
tion from the ideal quantizing charac-
teristic will produce a large error in



signal B when it is separated at the
receiver. Thus, it is important that the
steps be "flat" and that the amplitude
difference between steps be constant.

Due to the finite thickness of the beam,
a certain amount of rounding is to be
expected at the step edges. The amount
of rounding which can be tolerated deter-
mines the ratio of beam thickness to step
dimensions. The practical difficulty of
forming an electron beam which has uni-
form (or even predictable) current den-
sity across its width is such as to re-
quire some mechanism to adjust the current
collected by each quantum step indepen-
dently and externally.

Two methods were employed to
correct for non-uniformity in beam current
density. The first of these permits one
to correct the current gathered by each
quantum step in either an additive or
subtractive direction, by means of secon-
dary emission between the collector and
a set of correcting wires.

The secondary emission ratios
of the quantized collector and the cor-
recting wire were not always constant
along the length of the structure. As
a result, if one applied a saw-tooth
wave to the input structure, the output
wave could be adjusted for equal step
heights, but it did not necessarily have
perfectly flat steps.

A typical input-output charac-
teristic, such as recorded from a tube of
the sort just described, is rhown in
Fig. 2. The roundness of the steps,
which is due to the finite width of the
berm, is not excessive from the stand-
peint of the system accuracy. However,
it will be noted that the steps are by
no means flat,

The residue signal, i.e., the
current which passes through the trian-
gular shaped holes, is collected by a
small wire which runs through a U-shaped
suppressor electrode behind the quan-
tizing aperture plate. The current
which passes through the triangular hole
is proportional to the width of the tri-
angular hole at the point where the beam
passes,

In order to obtain flatter steps,
the correcting structure illustrated in
Fig. 3 was designed. 1In this case, the
correcting wires serve only to deflect
the beam toward or away from the aper-
ture fins which are attached to an aper-
ture plate similar to the one previously
described. Suppressor wires are included
to minimize the effect of secondary elec-
trons which are generated on the aper-
ture plate and correcting wires and
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thereby prevent them from reaching the
quantized output electrode. If the poten-
tial of a given correcting wire 1is the
same as the potential of the aperture
plate, the beam which passes through
that section remains relatively undis-
turbed and arrives at the quantized
output electrode, If, however, the poten-
tial of the correcting wire is negative
with respect to the fins on the aperture
plate, a large proportion of the current
passing through the aperture plate is
deflected and strikes the fins, thus
diminishing the current which reaches
the output electrode. In this way it is
possible to decrease continuously the
current through each slot. Notice that
the slots are of varying width. This
was done in an effort to pre-adjust for
non-uniformities in the beam current
density since the beam current density
would be the greatest at the center and
the least at the edges.

Fig. 4 shows the output of the
revised quantizing structure, and it will
be noted that the steps are of essentially
equal height and are extremely flat. The
rounded portion of the step is less than
10% of the step width. Since the beam
thickness was four thousandths of an inch
and the step of the aperture plate was
forty thousandths of an inch, this round-
ing was to be expected.

Some features of the tube can be
seen in the Fig. 5. 1In order to shield
the output from the input, all the leads
from the electron gun structure and both
sets of deflection plates were brought
out through one end of the tube and the
output leads and the individual leads to
the correcting wires brought out the
other end, The region of the electron
beam is surrounded by a cylindrical
shield, and a mesh shield surrounds the
output leads, in order to further shield
the input from the output,

Performance Data

In the preceding section des-
cribing the operation of the coding tube,
many of the features of its mechanical
design were discussed, In this section
typical operating conditions will be
described.

The tube operates under the
following conditions:

Heater 6.3 volts .3 amp.
Cathode O volts
Beam Porming Structure 300 volts
Sampling Deflection Plates 165 volts
Sampling S1it 300 volts
Signal Deflection Plates 75 volts
Aperture Plate 300 volts




Under these conditions of opera-
tion the total current drawn from the
cathode is of the order of 10 milliamps.,
of which about 7 milliamps. goes directly
to the beam forming structure in the pro-
cess of collimating the beam, The actual
current in the flat electron beam is of
the order of 100 microamps. At the point
of focus, this beam is about .004 inch
thick and .300 inch wide.

When the beam is not modulated
and is adjusted to fall on the largest
step opening in the aperture plate, a
~urrent of about 55 microamps. reaches
the quantized collector output,. This
indicates a current of 11 microamps. per
it step of the quantized output. The
current through the widest part of a
residue triangle is 10 microamps.

This largest step opening in the
aperture plate has a dimension of .190
inch parallel to the width of the beam,
The residue openings are right isosoles
triangles .042 inch on a side, The
neight of each step opening, in the direc-
tion of the thickness of the electron
beam, is also .040 inch. For the six
levels involved in this tube, the total
Aeflection required of the electron beam
is thus .240 inch.

The deflection sensitivity is such
that a voltage of about 35 volts rms
applied to the signal deflection plates
will swing the electron beam over the
whole 3tep pattern on the aperture plate.
The sampling voltage required on the first
deflection plates is of the order of 6
volts rms to produce pulses with a duty
cycle oZ about 10%. These signal voltages
are applied push-pull to the deflection
plates and are super-imposed on the ncC
focusing voltages applied to these plates.

The correcting wires were operated
30 that they were individually adjustable
over a range of 45 volts. They were each
adjusted in a manner to best equalize the
step amplitude in the output.

The tubes were operated success-
fully with a 5 megacycle sampling voltage
and a television video signal on the sig-
nal deflection plates.

Signal-to-Noise katio

If the predominate source of
noise in the tube is presumed to be due
to shot effect in the electron beam, and
noise sources following the tube are
neglected, the approximate peak signal
o noise ratio may be readily computed.
Por typical operating conditions, with
a maximum collector current of 55 micro-
amperes and a bandwidth of 4 megacycles,
the signal-to-noise ratio is about 80 db.
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This signal-to-noise ratio should not
cause appreciable degradation of the
signal.

Conclusions

Beam deflection type tubes have
been successfully built and tested which
simultaneously perform the functions of
time sampling and amplitude quantizing
of a video input, and producing a resi-
due signal.,

The tubes were operated success-
fully with a 5 megacycle sampling voltage
and a television video signal on the
signal deflection plates.

The work which has been described
was done at the RCA Laboratories in
Princeton, N, J. The project was
carried out on a research basis. The
tubes were hand made in our Laboratory
Tube Shop, and are not commercially
available, at present.
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Fig. 4
Quantized Output as Observed on Scope
With Optimum Adjustment of Correcting
Wires.

Fig. 5
Photograph of Time Sampling and
Amplitude Quantizing Tube.
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CATHOOE-RAY TUBE WITH SINGLE

STEP INT=N3IFIEK

Jenny L. Rosenthal
A. B. Du Mont Laboratories, Inc.

Passaic,

Summarz

This report describes the techniques
used in the design of cathode-ray tubes
with single step intensifier, The fields
corresponding to different elactrode
shapes are shown in terms of field plots,
In the experimental tubes built on the
basis of these plots part of the third
anode is constituted by & truncated cone.
Data are given on the tubes and it 1is
shown how pincushlon or barrel distortion
of the raster may be eliminated by suit-
able design and positioning of the trun-
cuted cone with respect to the other com-
ponents of the tube,.

This tnvestigation concerns the
following problem in electrostatic CR
tubes:

To form a bright picture on the
screen of a CR tube at moderate bheam cur-
r:nts, the electrons impinging on the
3creen must have a high velocity, nrefer-
ably over 10 ¥V, 1If g voltaze in excess
of 10 KV is put on the second anode, the
e¢lectrons enter the deflection system at
a high velocity and thus require a much
higher deflection voltage than is usually
practical. For example, to scan a 12"
face plate 16" away from the front deflec-
tion plates requires about 1.5 ¥V deflec-
tlon voltaze at & ¥V anode voltape and
twice that at 10 XV, To xecp the deflec-
tion voltage low, the beam mist be aceel-
orated after going through the deflection
system. which is accomplished by putting
the high voltage on a third anode, The
simplest arransement of this type shown in
Fig. 1 has a serisus drawback: If V, and
Va are the second and third anode voltages
respectively (referred to the cathode as
zero), then for V,3/V3>2 the raster {s no
longer rectancular but shows either pin-
cushion or barrel distortion caused by the
electron lens formed by *he two cylinders
at different potentlals. The difficulty
has been avoided in tures available at
present by using a multiplicity of accel-
erating electrodes so that the voltage
ratio between two successive ones can be
kept low even though the voltage on the
final electrode is at least 5 times that
on the 3econd anode. The rasters obtatn-
ed in this fashion have been satisfactor-
1ly free of distortion. However, for
certaln applications the multiplicity of
accelerating voltages is not acceptable
from the circuit point of view, 4 differ-
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N. J.

ent type of electron lens is needed to
eliminate the Jdistortion,

_Ji_f\

Van e

TEETILoGShorememmm—"T
gun and deflect-
ing system
Fig. 1 Simplest type of single

step intencifier.

The most direct way to attazk the
problem is to solve Laprange's equations
of motion for an electron !n an arbitrary
axially aymmatrical field, then find what
conditions must be imposed on the field
in order that a rectangular raster may be
formed on the screen, Unfortunately math-
emitical techniques have not quite reach-
ed the point where this could be done,
therefore I have been forced to improvise
approximate design techniques based on
the following analysis:

The potentfal field due to two co-
asial cylinders of identical radius kept
at different pot=ntials is well known if
the two cylinders are long and the spacing
between them negligible as compared to the
c¢ross-section, Fig. 2 gives the different
equipotential lines of this field in per-
cent Hf the potential difference, one cyl-
Inder being at 0 and the other at 100%.
The lines are not uniformly spaced, €.g.
the maximum 4istance bstween the 80% and
70% lines 1is conslderably larger than tha+
between the 70% and 60% lines. Further-
more, the field 1s quite spread nut, the
cistance along the axis between the 10%
and 90% lines being larger than the diam-
eter of the cylinders. T™is field 1is
equivalent to s thic' lens,
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Potentlal distribution 1n the
symmetrical two-cylincer lens.

From analogy with the optlcal case
we may conclude tha® in order to minimize
+ue dlstortion of the electron path In
the accelerating Cleld, and hence to min-
imize the distortion »f the raster shape,
the lens should approximate a thin lens.
™he *th'n lens condltion imposes the fol-
lowing dlstrlibution of eqnuipotontial
lines at the junction of the potential
reglons formed by the second and third
anodes respectively:

The lines corresponding to the range
of 10% - 90% of the accelerating poten-
t'al shoull cover as narrow a rangze of
space as poscible and should be as uni-
formly spaced as possible.

The basic problam therefore 1s to
tnvestigate the potential fields produced
ry electrodes of different shapes to find
the field most closely approximating the
~ne postulated. I hope shortly to com-
plete a mathematical technique, which
will permit to calculate potential dls-
tributions for axlal symmetry problems to
a satisfactory degree of approximation.
In the meantlme, since the stralght-for-
ward method of using an =lectrolytic tank
is sxtremely laborious, we have resorted
to 2-dimensional fleld plots. Of course,
these fleld plots give the exact poten-
tial distributlion only for problems where
one electrode dimension is extremely large
as compared with the others and where all
t+he cross-sectlons perpendicular to thils
1onz dimension are identical. Thus
strictly speaking all the drawingzs in
Fig, 3 represent potential distributions
where the electrodes are perpendicular to
the plane of the drawing and infinitely
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long in that direction. However, we pro-
ceeded on the assumption that the general
potential distribution features would be
the same 1f the plane of the drawlng rep-
resented the cross-section {(containing
the axls) through a system with axlal
symmetry.

The electrode shaves Investigated in
these plots were chosen on the basis of
the followingz considerations:

The rather extensive information
avallable on electron lenses sugrests
that the desired type of fleld would be
realized if at the junction of the poten-
tial regions formed by the second and
third anodes, the dlameter of the latter
anode were smaller than that of the form-
er. Probably the simplest deslgn to em-
body th’'s feature !{s one where the accel-
erating electrode terminates in a trun-
cated cone. Fig. 3 shows characteristlc
rield plots obtalned using this type of
accelerating electrnde. The shape of the
truncated cone and its position relative
to the other electrode 1s varied from
plot to plot. To make posslible a more
direct comparison witn experiment, the
low voltage electrode in every case fole
lows the actual outline of the dagged por-
tion of the tube neck. For the sake of
comparison the 1imiting case 1s Included
where the two electrndes have the same
dlameter at the lunction of the two poten-
tial reglons.

The data shown in Flg. 3 confirm the
nremlise that the use of a truncated cone
will result in a thinner and stronger lens
1.e. that the range correspnnding to 10% -
90% of the accelerating potential wlll be
shortened and that the lines corresponding
to equal increments of potential will be
spaced more uniformly.

It 1s Iinteresting to
potential distribution in
would be traversed by the electron beam 1is
practlically unaffected ty small chanres 1n
the relatlive position of the two electrodes
1.e. whether the two terminate on the
same transverse plane, or whether the
truncated cone penetrates inside the low
voltage electrode.

note that the
the reglon which

The results obtained by means of the
field plots were considered sufficlently
encouraging to warrant bullding experi-
mental 5" tubes embodying the truncated
cone shape for the third anode. The en-
velopes, gun structures, and deflecting
systems were the same as used In the reg-
ular 5" Iintensifier "multiband" tubes.

The factors that were varied In the con-
struction were the dimensions of the trun-
cated cones, their location In the tube,
and the height of the dagging on the neck.
The truncated cones were manufactured




Fig. 4
Experimental tube structures and
corresponding raster shapes.

100™
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Fig. 3

Field plots for various electrode configura-

tions. The equipotential lines are given for

each 10% of the potential difference between
the electrodes for the range 10% - 90%.




with special care to avoid any sharp
edres at the junction of the two poten-
1al regions.

Truncated cones with the following
dimensions were used:

height 5" 3" Lo
top diameter 4" a" 4"

The bottom diameter was 5" in each case
+o make contact to the dag coating. The
schematic of various tubes built is shown
in Fig. 4. The face plate of the tubes
was aluminized to reproduce the closed
cylinder condition investigated in the
field plots.

Alongside each structure shown in
Fis., 4 are photographs of two rasters,
each 2" x 2", formed on the face plate of
+he corresponding tube for the voltage
ratios Va/Vy = 2 and Va/V3 = 5 respective-
1y. (V; and V5 are the voltages on the
seccond and third anode). Any distortion
connected with scanning by the front
rlates will manifest itself in the depar-
ture of the sides of the raster from a
straight line, while similarly the top
ané bottom of the raster will be affected
by any distortion connected with scanning
ty the back plates. The photographs show
that none of the structures exhibit any
appreciable distortion for the lower value
of the voltage ratio. The following facts
have been definitely established as re-
gards the shape of the raster at the high-
er ratio:

As far as the distortion connected
with scanning by the front plates is con-
cerned, the most important factor is the
distance between the deflection plates and
the third anode, Placing the truncated
cone at different positions starting close
to the face plate and progressing toward
the deflecting system gradually changes
the raster sides from barrel to plncushion
The optimum position when neither distor-
tion affects the raster sides appears to
be very critical. No tube has been bullt
as yet where it i1s satisfied exactly, how-
ever, the structure in the lower left-
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hand corner of Fig. 4 is a falr approxi-

mation. The shape of the truncated cone

is not critical though every deslign has a
different optimum position.

Fig. 5 Shape of front deflection plates

The shape of the deflection plates
has r.o appreciable effect on the shape of
the raster, The standard front deflec-
tion plates used are dome-shaped as shown
in Flg. 5, which should allow for greater
sensitivity at the center. However, when
the truncated cone 1s In such a position
as to give barrel-shaped sides, cutting
off the domed portion nf the plates along
the dotted line in Fig. 5 does not dimin-
1sh +the extent of the barrelling. On the
other hand, when the position of the third
anode 1s such as to give a pincushion
effect, this i1s not corrected by accen-
tuating *he doming, e.g. by making the
plate conform to the dashed line in Fig.5.

As far as the distortlion connected
with scanning by the back plates is con-
cerned, if 1t occurs, it is of the barrel
type in all the tubes bullt. No pincush-
ioning has been observed on the top and
hottom of any raster. The factor that
appears to have the greatest importance
in controlling it and which is quite crit-
ical i3 the spacing between the end of the
deflecting system and the height of the
dag on the neck of the tube.

On the basis of the information ob-
tained from these experimental tubes we
believe that we know how to construct a
single step intensifier so as to eliminate
distortion. The problem is whether a tube
requiring such close tnlerance ls econom-
ically practical in production.




A NEW HIGH EFFICIENCY PARALLAY. MASK COLOR TUBE

M.E.Andursky, R.G.Pohl and C.S5.Szegho

Research Department

The Rauland Corporation

Chicago 41, Illinois.

Summary

Electron transmission througch par:llax
masks of present day tri-color tubes is no great-
2r than 12%, with a consequent low picture bright-
ness. This paper describes a new tube employing
2 parallax mask maintained at a potential much
lower than that of the screen and a collector
wesh maintnined at anode potential intermediate
to the screen and mask potentials; the brightuess
of the tube is increased 3-4 fold by virtue of
enlarged mesh holes and the ensuing post-deflec-
tion focusing. In addition, secondary emission
from the mask, which would dilute color, i3 mini-
nized. In contrast to other post-accelerating
tubes, the mask holes and fluorescent screen dots
are uniforuly syaced over the entire target area.
19" round and 24" rectangular tubes incorporating
the new principle have been built.

Introduction

Color picture tubes have run through the
gamut of size in a remarkably short time when com-
pared with monochrome tubest, thus creating a
brightness problem. Adequate licht output on a
250 square inch screen can only be achieved,cven
with three guns, by raising the anode voltage
well above the levels used in mcnochrome tubes.
With one gun, the brightness leaves much to be
desired. The reason for this, of course, is that
the custouwary shadow-masks have only approxinmate-
ly 104 electram transmission, 90% of the electrons
bzing intercepted by the mask. It has been sug-
g2sted early in the development of color tubes
to employ post-deflection focusing which permits
snlargement of the apertures in the shadow-mask
and so increases briihtness in the ratio of the
increase in electron transmission. The usuanl
practice in post-daflection focusing is to provide
an accelerating field between the barrier elec-
trode and the aluminum-backed tri-phesphor sereen.
The apertures in the barrier electrode followed by
the field form an array of tiny electron lenses
which focus an elecctron bean scanning this lens
raster down to a frection of the area of a phos-
phor element. Certain drawbacks of this custom-
ary scheme will now be explained and it will be
shown how they can be overcome by a different
configuration of the electric field.
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Post-Acceleration Tube with a Sinpgle Field

In a tube with an accelerating field be-
tween the shadow-mask and the screen, the beam
arriving from the center of deflection follows
a parabolic path in that field and is bent toward
the normal to the mask. As shown in Figure e
the electron beam appears to come, after refrac-
tion, from 2 point O' displaced from the center
of deflection 0. In tubes without post-accelers
tion the screen elements are usually of equal
size uniformly distributed over the screen aresa
and are laid down by methods utilizing straight
optical projection from a point which coincides
with the center of deflection of the electrons.
If tae degree of refraction introduced by post-
acceleration were constent, the screen for the
tube with the accelerating field could ctill be
made by optical projection using an optical cen-
ter different from the center of deflection. In
reality, with increasing deflection angles the
beam appears to originate from different points
(01, 011, etc.) because it is refracted by lar-
ger amounts; consequently, if the screen element
are of equal size, at large angles the beam no
longer hits the proper phosphor elements. The
situation is analogous to spherical aberration in
optics and may conceivably be compensated by
using an aspherical lens inserted in the optical
path during the photographic part of the process
of screen fabrication, to change the center-to-
center distance of the phosphor elements. Another,
but even more complicated method, is to utilize
electron exposure of the emulsions which are usea
in screen fabrication. One would then have to
provide the same accelerating field for the expoc-
ing beam as in the finel tube. In practice, com
plete compensation by this method is difficult ar.d
at large deflection angles color purity is bound
to suffer.

Another drawback of post-deflection focusir.-
with a single accelerating field is that secondary
electrons released by the bombardment of the mask
are drawn to the screen. As shown in Figure 1,
the secondaries which start out from the vicinity
of an aperture in the mask do not follow the angle
of deflection of the primary beam but are drawn
to.the screen orthogonally. In monochrome tubes,
this gecondary electron stream limits detail con-
trast’; in color tubes it also dilutes color.




The Principles of a Post-Acceleration Tube
with Retardins and Accelerating Fields

By providing a retarding field on the cath-
yde side of the mask, in addition to the acceler-
iting field between the parallax mask and screen,
the electron trajectories can be altered to make
the beam go through the same point on the mask
ind land on the same phosphor element as it would
in the straight parallax case for all deflection
ancles, since the center of deflection of the
slectron beam may be made identical with the cen-
ter of parallax. Consequently, the screen can be
Tabricated by the customary straight-line optical
arojection methods with the mask apertures and
screen elements uniformly spaced. The new struc-
ture then consists of an auxdiliary mesh electrode
at anode potential, Va, followed by the parallax
mesk ot a potential V, lower than that of the
anode and the screen, with the latter at a poten-
tial Vg much higher than the anode.

The electron paths in the tub2 with both
retardin: and accelerating fields are shown in
“irure .. The electron trajectory may be con-
siderad as having three parts. In region I,be
~w~ez2n the center of deflection and the mesh, the
rajestory is straight; in region II, between the
aesh and the parallax mask, it is a parabola con-
vex with respect to the tube axis; and in region
III, between the mask and the metal-backed screen
it is a parabola concave toward the axis. The
necessary operating relationships between elec-
trode potentials and spacing for the proper posi-
tion of the beam on the screen can be derived
‘rom geometrical, energy, and transit time con-
siderations. Definitions of the symbols used
in the derivations appear in the glossary.

Conventional magnetic deflection is used;
consequently, in region I the electron speed is
constant. Therefore, from the energy equation

(1)

2 B _ .
1l t Yy, = 2e Vg

m
1 L
Vg1 = (%g)‘ Vg® cos Y (2)
1 1N
Ty = (Ze)° Va© sin ¥ (3)

As the two electric fields between the
auxiliary mesh and the parallax mask, and be-
tween the mask and the screen have no components
perpendicular to the axis, the vertical compo-
nent of the electron velocity is constant in the

three regions. Consequently
2 2
v,
X,2,p *-vy’l - %Q_Vp and

(4)

2 2
v - -
2,p ie { Vp Vg sin Y’J

In a uniform field, in which acceleration
is constant and is directed horizontally, the
average horizontal component of velocity during
any time interval equals one-half of the sum of
the horizontal velocity at the beginning and at
the end of the interval. Therefore,

x,2 = %'(vx’l:a i vx,2,p) -
3 3 [ 2 13
=1/2 v - i
E( :) a cos? t VoV, sin ‘f] (5)

Since the transit time in region II is
equal to b the difference of the ordinates

x,2

of the points where the scanning beam intersects
the parallax mask and the awxdiliary mesh is:

sin¢
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= 2 b
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We require that the beam go through the
same point of the mask in the tube with the re-
tarding and accelerating fields as in the straight
parallax tube; consequently:

(r + b) tanf =r tan¥+ p=a
=T tan¢ 4 2b
cot¥ + Vp cscfyY -1]z (7
Yy

In region 1II, from similar reasoning
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The deviation, at the screen, of the point
of landing of the beem from the point of inter-
gection of 2 straight line through the center of
deflection and the parallax mask aperture through
wvhich the beam passes, is:

N=d tanB® - g (9)

If the expressions for tenf and the dis-
tance B-P are substituted from equations (7) and
(8) we obtain the desired relation for the beam
deviation as a function of deflection angle, tube
geometry, and electrode potenticls:

voltages were calculated from the paraxicl equa
tion (12). It can be seen thet up to a scanning
half angle of 30°, with certoin of the pareameters,
the moyimum deviation is .CO2". At cmall deflec-
tion angles the beam lunds somevhat below and at
lerger angles somevhat above the parallax point
but still well within the phosphor dot area.

Another importani advantage realized with
the new construction is the efficient collection
of secondary electrons by the auxilisary mesh
vhich otherwise contribute to poor contrast and
color dilution. The voltages Vo and V, for &
given screen voltage Vg must not only satisfy
equation (10) but must also be chosen so that the
beam is focused down by the fields esteblished
by the awdliary mesh, parallcx mask, and metel-
backed screen to a size smuller then a screen ele-
ment. For paraxiel rayc the well known Davisson

O= rd tang, 2b g . - 2d (10)
r+b t r+b v 2 12 T 2 2_1 v P ‘1:
ct®+ | L csce -1 _P esc Ay 8 escy _1
Va Va Vg

For asmell engles of deflection csc®¥ is
large so that the "ones" in the denominators can
be neglected, and further csc¥ ~ cot9 . With
these approximetions the electrode voltages can
be so chosen that the deviation ( in equation
(10) becomes zero. By setting /. = 0 in (10)
the resulting equation can be solved for the
screen voltage, giving:

s RS
VS2 ~ 2 (r + b} _v*
r 2b p
2 i vz V.2
va P + Ya® (11)

If it is assumed that the spacing between
the auxiliery mesh end the parallsx mask is much
smaller than the distence of the deflection cen-
ter to the awdliary mesh, then it can be shown
that, by neglecting terms in "b" the paraxizl equa-
tion (11) reduces to:

[

[Slad

1 1
2 ~ P
Vgt X2V, F - (12)

This relaticnship is valuable for determining ap-
proximate initial values for the various electrode
potentialc.

Celculation of the deviation /\ with the
ald of equation (10) shows that, with the proper
electrode spacings and potentizle, the beanm goes
with negligible error through the same mask aper
ture and strikes the same phosphor dot as it
would in the straight parallax tube with mezsk and
Screen at common anode potentizl. Deviation plots
for various screen voltages cnd spacings between
the auxiliary mesh and the parallax mask are
shown in Figures 6, 7, 8 and 9. The mesh and mask
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and Calbick formula provides u«n expression for the
focal length of the elementary lenses in termc of
the voltage of the aperture electrode and the
fields on both sides of it. For best focus, the
focal length must equel the distance between par-
allax mask snd screen; from the Davisson and
Calbick formule, this distence may be expressed
as;

d - A vp
VsVp V-V,
d b

for d = b, this yields

v o4 -
Vgt Va _6Vp (13)

The required auxiliary mesh voltage for a
given screen voltzge can now be estimated by sol-
ving the simulteneous equations (12) and (13).
IT "t" and "a" are equal, we obtain for the aux-
iliary mesh voltage Vg = .57 Vg and for the po-
tentizl aifference Va-Vy = .22 Vg. The auxili-
ary mesh, being at such a high positive potentizl
with respect to the parallux mask, efficiently
collects the secondary electrons originating
therz, which is an indispensable condition for
Successful operation of the tube.

Secondary emission woulid be complately ab-
sert if the parallex mask could be operated at
2ero or rear cathode potentiil as in the direct
view Storage tubes with elsctron-lsns raster sys
tens described by M. ¥noll.* In the absence of
perpendicular incidence (for whizh Knoll mokes
provision) this mode of operation is not possible
in the present case since with increasing- Scunning




angle the horizontal component of the electron
relocity near the parallax mask soon becones too
low to enable the electron to reach the saddle
point of the potential slong the axis of the aper-
tures, and they are reflected back to the cathode.

If ons disregards the penetration of the ac-
celerating field through the parallax mask aper-
tures, the eguation for the beam deviation,eq.{(10)
determines the maximum deflection angle at which
the tube «will operate for a given voltage ratio
%2) since if the sguare roots in the denominator

2

become regative, the equation loses physical sig-

nificance. Accordingly, the maximum deflection
angle is:
L
. ' <
sin ey = (vf) (L)

For the values of elactrode voltages actually used
o
9Qmax = 2=

which is a larger angl2 than necessary to scan
the tube complately.

Tube Canstruction

The new principle has been incorporated into
tubes utilizing 24" metal rectangular two-part
envelopes as well as 19" glass round two-part
bulds. A 24" rectangular tube is shown schemati-
2z1ly in Figure 3 and 2 photogrzph of it in Figure
.. The phosphor dot screen, parallax mask, and
auxdliary mesh are 31l planar and assembled as an
internal pack with a supporting framework and in-
culating spacers of uniform thickness. The perti-
rent dimensions and typical voltages applied to
the electrodes are given in Table I.

The phosphor dot screen for these tubes was
ande by the silk-screening process. As the par-
211%x mask which is normally used to produce the
stencil has in this case apertures of double size,
the reculting dots on the master positive must be
reduced. This is achieved merely by the technique
of successive exposures and dodging cuctomary in
photoengraving. In aluminizing the screen, a bor-
der is left as an insulating section between the
frzme and the phosphor area. Further insulation
is provided between the mask and ocreen in the
form of Mykroy insulator spacers.

The awdliary mesh used was a woven cloth of
.003" diameter stainless steel wire with 50 meshes
per inch. Thic particular size was chosen from
comaercially available stock since it has a high
trancmission {80%) and is quite strong even though
the wire diameter is sufficiently scmall that in
the operation of the tube its out-of-focus image
is invisible. The mesh wa3 stretched and bolted
between two rings supported by insulating bushings
at a uniform distance (b} from the mask. The mesh
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need not be precisely aligned with respect to ei-
ther the parallsx-mask or screen; however, in
these tubes it was oriented at approximately 45"
to the horizontal to eliminate moire between it
and the scanning lines.

Connections to the screen and to the paral-
lax mask were provided through additional buttong
in the case of the glass bulb and through insula-
ted comnector bushings in the case of the metal
envelope. The auxiliary mesh was directly con-
nacted to the metal flange and through the custom-
ary aquadag coating to the final anode of the gun.

As shown in the previous section, the auxil-
iary mesh voltage is .57 times the screen voltage.
The anode voltage of these tubes is therefore
twice that of post—deflectiog focused tubes having
an accelerating field alone.” Conseguently, the
conventional 3-gun assembly with mechanical con-
vergence which employs an immersion type focusing
electrode can be used. As a result of the higher
anode voltage, the focusing elesctrode voltage is
not inordinately low and current limiting in this
electrode remains at a permissible value.

Performance

In the tubes described the parallax mask has
a transmission of 50%; with the auxiliary mesh the
overall electron transmission is 40%. <hus a
brightness gain of 3 to 4 over that of the straight
parallax-mask tube can be expected. Figure 5
shows the measured brightness-versus-cathode cur-
rent characteristic of the new tube with 20 KV on
the enode, and it can be seen that up to approxi-
pately 1 milliampere total current a brightness
gain of almost 3 1/2 is realized. At higher cur-
rents the characteristic flattens because the fo-
cusing electrode draws a portion of the current.
The drives of each of the 3 guns were adjusted to
give a total current to produce illuminant C white
light output. In color pictures highlizht bright-
nesses of 60 ft.lamberts have been measured.

To determine how efficisntly the auxiliary
mesh acts as a secondary emission collector, the
ratio between the brightness produced by the pri-
pary beam and the secondaries still reaching the
screen was measured. This was done on a white
screen by first imaging a single line written by
the primary beam and by subseguently imaging the
line traced by secondary elzctrons onto a slit in
front of a photocell,yielding ratios as high as
70 to 1. If the auxiliary mesh is kept at the
same potential as the mask, this ratio drops to
10 to 1.

Secondary electrons not only detract from con-
trast but also desaturate color. For instance, in
an area where only a saturated red is to be repro-
duced, the green and blue dots also become slight-
1y luminous due to secondary electron bombardment.
This condition is further nggravated by the fact
that the red phosphor has the lowest luminous ef-
ficiency. An improvement in color saturation, over



what was achieved by the collection of secondury
electrons, can be expected if the phosphor effici-
encies are more closely matched.

In post-accelerated tubes there is another
source of stray light, caused by primary electron:
reflected al the screen and returned to it by the
accelerating field. The intensity of this stray
light was found, by the method of contrast mess-
urement described, to be down by a factor of 200
vhen compared to that of the useful primary-beam
light.

The markedly enhanced purity of the color
fields is one of the major advantages of this
type of tube. The accuracy of landing of the
electron beam on the phosphor dots was mepped,
with the aid of a microscope, cver the entire
screen area and was found to be in excellent
agreement with the calculzted deviation plots
of Figures 7 and 9 .

Moire due to the auxiliary mesh was not vi-
sible on a blank raster or on either hlack-and-
white or color pictures.

Conclusions

It has been shown that post-deflection focus-
ing with a retarding field preceding the ecceler-
atirg field extends the brightness range of the
purallex-mask type tri-color tubes considerably.
Up to now this principle has only been applied to
tubes with an internal screen pack. It appears
certain that future commercial tri-color tubes
will have the fluorescent screen deposited direct-
ly on the faceplete. This is desirable, if for no
other reason than to avoid the rather disturbing
sensation similer to "muscae volitentes" (fleeing
flies), to borrow an expression from Physiological
Optics, to which one is subjected by vieving a
picture through a glass which is never quite free
from striations. It is unlikely, therefore, that
the tubes hitherto built and described above will
be of practical importence. On the other hand,
the new construction, because it employs & paral-
lex mask is well suited for tubes with screens on
the spherical faceplates requiring sphericel par-
allax masks as masks can be formed into such shape,
while wire barriers can not. Indeed, one of the
principal motivations behind this project was just
this: to find a principle which will permit past-
deflection focusing in tri-color tubes having the
screen on the faceplate. Work on such tubes is in
progress.

Acknowledgments

The authors wish to thank T.S.Noskowicz for
stimulating discussions and J.VWimpffen for teking
measurements. The construction of experimentzl
color tubes involves arduous and painstaking ef-
forts and the authors are especially indebted for
this to J.Fiore and various members of the Re-
search Laboratory workshops.

70

References

1. R.H.Seelem, H.C.Moodey, D.D.Vz2n Ormer and
A.M.Morrell, "Development of RCA 21-in.Met:l
Envelope Color Kinescope", presented at
Winter Meetinz of A.I.E.E. Februery, 1955.

48]

French Pat. #866,065 icsued June 16, 1941,

3. L.S.Allard, "An Ide:xl Post-Defllcction Acceler-
ator C.R.T." Electronic Engineer,2z, 461,1950,

4. M.Knoll, "Electron-Lens Raster Sysieus",
Electron Physics, 329-337, National Burecu of
Stundards Circular 527, issued March 17,1954.

5. R.Dressler, "The PDF Chromztron - A Sinsle or
Multi-Gun Tri-Color Cathode-Ray Tube",
Proc,I.R.E., 41, 851-858, July, 1953.

6. S.H.Kaplan, "Theory of Parallax Barriers",
Jour.5.M.P.T.E., 59, 18, July, 1952,
Glossary

- Center of mzgnetic deflaction.

Distance from center of deflecti-n to
auviliary mesh.

b - Spacing between awdliary mesh and parallax
mask.
d - Spacing between parallax mask and screen.
- Audliary mesh voltage with respect to
a
cathode.
Vp - Parallax mcslk voltage.

Vg ™ Metal-backad screen voltage,
¥ - Deflection angle.

6 - Angle subtended by the phosphor dot and the
tube axis at the center of deflection.

a - Ordinate of the point where the beam tra-
Jectory intersects auxiliary mesh.

Ordinate of the point where ths beam tra-
jectory intersscts parallax mask.

5 - Ordinate of the point where the beam tra-
Jectory intersects the screen.

Vv, - Horizontal component of the elactron veloci-
ty.

vy - Vertical component of electron velocity.

— -~ Average velocity in the horizontal direction

& - Deviation at the screen betieen the point of
landing with tripotential operation, and the
corresponding point under unipotentinal paral
lax operation.

Subscripts 1, 2, 3 indiczate the region in which
Fhe.elcctron travels whil> the letter subscripts
indicate the electrode nearest the positiosn of the
electron,




Table I

9" 24"
Picture size 12n x 15 1/2" 13 1/2" x 18 1/4"
Deflection angle (Diagonal) 62° 62°
parallax-Mask to Screen Spacing (d) .400" 416"
Parallax-Mask-Auxiliary Mesh
Spacing (b) L3750 L3750
Distance - Deflection Center to
Auxiliary Mesh (r) 12.7 1,.8"
Parallax Mask Aperture diameter .018n
Parallax Mask Aperture Spacing .023n
Phosphor Dot diameter NO VA
Screen Voltage 20 kv
Parallax-Mask voltage 4.7 kv
Auxiliary Mesh voltage 10.5 kv
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THE TRICOLOR VIDICON
AN EXPERIMENTAL CAMERA TVBE FOR
COLOR TELEVISION

P, K. Weimer, S, Gray, H., Borkan,
S. A. Ochs, and H. C, Thompson

RCA Laboratories
Princeton, N, J,

A television camera tube capable of
generating three simultaneous color sig-
nals is now being developed., The experi~
mental Tricolor Vidicon to be described
is comparable in size to a standard mono-
chrome Image Orthicon and has Separate
output terminals for each color channel,
Color filter strips with associated con-
ducting signal strips are built into a
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photoconductive target., All signal strips
corresponding to the same primary color
are connected to a common output terminal,
Speclal preamplifiers have been developed
to obtain independent color signals in the
presence of the high interstrip capacity
of the target, Color fidelity independent
of the scanning process is obtained with a
single electron beam,




BLOCKING OSCILILATOR TRANSFORMER DESIGN

P. ROGFR GILLETTE,

KEITH W.

HENDERSON,

AND KAZU QOSHIMA

STANFORD RESFEARCH

Summary

Manv tvpes of electronic equipment, including
radar svstems, use low-power rectangular pulses for
various and therefore must contain

pllrpl\S(‘S, appro-

priate pulse-generating circuits. Most of these
(rvreuits are of a type commonly called a blocking
oscillator, consisting essentially of a vacuum tube,
4 pulse transformer, a capacator, and a resastor.
The theory of operation of such circuits has hereto-
fore not been sufficiently well developed to permit
‘ngineers to use other than trial-and-error pro-
~dures 1n designing the circuits and the transform-
for them.

ers This paper describes a recently-

developed analytical method of calculating the trans-

tormer (‘hara([orlsll(’s ﬂnd circuit param?lors neces-

sary to produce pulses of specified amplitude, dura-
and also outlines a straightforward

tion, and shape,

procedure for desaigning transformers with the re-

quired characteristics. Complete details of the
ref. 1,

led

transformer design procedure are given 1n
and the thearetical and experimental work whaich
to the development of the method of calculating
in ref. 2.

parameters is described

Introduction

As used in this paper, the term blocking oscil-

lator denotes a single-tube circuit designed to pro-

duce rectangular voltage or current pulses. A com-

mon form of this type of circuit 1s shown 1n Fag. 1.
More generally, a tetrode or pentode may be used 1n-
stead of a triode, the transformer windings may be
placed in the cathode and grid or cathode and plate
circuits rather than in the grid and plate circuits,
and the coupling capacitor may be placed in any of
several other positions instead of the one shown.
Further, there are other methods of shunt-feeding
the load, i.e., by capacitive rather than direct
coupling to the grid winding, by capacitive coupling
to the plate winding, or by means of a third winding
on the transformer. Or the load may be series-fed,

by placing 1t in the cathode circuit, grid circuit
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INSTITUTE

or plate circuit. Shunt-feeding is used for high-
impedance loads and series feeding for low impe-
dances or where there must be no backswing 1n the
output pulse. The most common method of series
feeding is by placing the load in the cathode cir-
cuit (or across a resistor in the cathode circuit,
which is the same thing); perhaps the most useful
method of shunt feeding is by means of a third wind-

1ng.

Jt can be shown that the various circuit ar-
rangements available for shunt-feeding a load can
all be reduced to the same circuit, provided leak-
age and stray inductances and distributed and stray
capacitances are ignored. These 1nductances and
capacitances will affect only the leading edge and
the first part of the trailing edge of the pulse,
and it can be shown that their effect will be least
for the arrangement shown in Fig. 1. This arrange-
ment was therefore chosen for analysis. Series-
feed circuits were not analyzed, but the procedure

would be simitar.

bb '
'
]
'

POSITIVE
ECC
TRIGGER

4-5245%-23

FIG. 1 Basic Blocking Oscillator Circuit

The type of analytical procedure required will
be evident from a qualitative consideration of the
manner

in which the circuit operates. The opera-

tion is initiated when, by some means, the grid is

raised above cutoff; in free-running circuits this
occurs by discharge of C0 through Rcc, and 1n trig-
gered circuits through application of a positive
trigger voltage to the point indicated in Fig. 1
(or of a negative voltage to the tube plate). Plate

current then begins to flow in the tube, and a vol-

tage drop appears across each transformer winding.




The volrage drop across the plate winding 1s equal
to the drop that would appear across an impedance
consisting of a parallel combination of the open-

circuit impedance of the transformer, the grid-to-

cathode 1impedance of the tube, and the load 1mpe-
pedance (all impedances bLeing referred to the impe-
pedance level of the plate winding) with a current

equal to the plate current flowing through 1t. The

voltage across the grid winding 1s equal to Vg VP
times the voltage across the plate winding, where
¥ is the number of turns in the grid winding and

NP the number in the plate winding. Initially the

open-circuit impedance of the transformer and the
grid-to-cathode 1mpedance of the tube are very high,
vol-

so a small plate current will produce large

tages. The voltage across the grid winding drives

the grid more positive, producireg a further aincrease

in plate current, and so on. As the action con-

the grid soon becomes positive with

flow,

linues, respect

to the cathode, grid current begins to and

the grid-to-cathode impedance begins to drop. Eventu-
ally values of plate and grid voltage are reached

for which the ratio (ig T obtained from the

P

loaa 1mpedance and the tule characteristics 1s equal

to Np’yg. This condition is reached before the

transtormer magnetizing current can build up to an

appreciable level, znd before an appreciable chares

builds up on the coupling capacitor. The plate und

grid voltages then level off at these equilibrium

values. If the capacitance of the coupling capaca

tor and the open-circuit 1nductance of the trans-

former were 1nfinite., the plate and erid volrapes

would remain at these values 1ndefinitely However,

the voltage across the capacitor gradually increases

as grid current flows, and the transforrer magnetiz-

ing current 1ncreases s lonp as the plate vaoltage

is less than [bb' As the magnetizing current in

creases, less curtent 1s avarlable to the prid, and

voltaege 1ncreases, less

The

can continue

as the capacitor voltage 1s

availlable to the grad, tute characteristics are

such that t'ese actions for some time

with the circuit remaining 1n a pradually shitting

equilibrium condition. Hewever, a point s eventy

ally reached at which the plate current beginsdrop
for the grid current to keep up, and

ping too fast

the equilibrium 1s destroyed. A reverse regenera-
tive action then begins, and the pulse voltage drope

rapidly to a negative value.
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MATHEMATICAL ANALYSIS

The amplitude, duration, rise tame, and shape

of the pulse can be predicted mathematically with

the aid of an equivalent circuit of the form shown

n2

e It may be interelec-

in Fig. noted that tube

trode capacitances and other stray capacitances have

| {IDEAL)

C
o o

4-324%1:24a
Fic. 2 Equivalent Circuit for Blocking Oscillator

been neglected 1n constructing this circuit. Tt

should also be noted that the source 1s represented

as a batterv of constant voltage Ebb in series with

a variable plate resistance rp, rather than as a

generator of voltage “Pg in series with a constant

plate resistance, and that a variable grid resis-

tance ”g 15 1ncluded 1n the circuit. The tube must

be represented 1n this manner because both grid and
plate voltages varv so widelv during the pulse that
the approximations commonly made 1n calculating the

effect of o tube on small signals are not applicable.

Thw

presented to a reasonable approximation by constant-

transformer, on the other hand, can be re-

valued e¢lements: this can be done because (contrary

to wide-spread opinion) the transformer core 1in a
well-designed blocking oscillator 1s not driven to

will be

1s represented an Fag, 2

saturation. [t noted that the transformer
1deal autotransfor-

An

by an

met, three inductances and a capacitance. ideal

reverso-transformer could be used instead of an

1deal

autotransformer, but 1t can be shown that 1f

this 1< done two additional 1nductances must be in-

<luded 1n the equivalent circuit to give a reason-

at Iy accurate

tepresentation of the transformer.

If the rise time and duration of the pulse used

to traipgpger a triggered blockine oscillator are srall

of the

pulse produced by the oscillator, and 1f the 1mpre

compared with the ri1se time and duration

dance of the

traigger source 1s low during the tray
ger pulse and vers high at all other times, the
shape of the top and tail of the oscaillator pulse

will not depend upon the characteristics of the




trigger source. The shape of the oscillator pulse
front will depend upon the trigger source charac-
teristics, but the characteristics of commonly-used
trigger circuits vary so widely that no simple des-
cription of this dependence can be given. Hence no
attempt was made to represent a trigger source 1n
the equivalent circuit of Fig. 2, and only free-
running circuits were considered in the development

of procedures for predicting pulse front shape.

Since the type of circuit under consideration
s designed to produce a rectangular pulse whose
rise time 1s short compared with its duration, the
transformer open-circuit i1nductance L0 and the grad
coupling capacitance ~0 can be 1gnored 1n calculat-
ing the pulse front shape and rise time, Similarly,
the transformer leakage 1nductance LL and the trans-
former distributed capacitance PD can be neglected
in calculating pulse top shape and duration. Sever -
4l simplifications can also be made in the calcula-

tion of pulse tail shape.

The first step in the analysis of the equiva-

lent carcuit 1s to determine the value of the load

voltage at the end of the pulse rise. This calcula-
v1on can be made most conveniently 1n reverse, by
assuming various values for the load voltage @, and

the

calenlating the value of load conductance G, for

then, with a1d of tube characteristaic curves,

which the load voltage will he equal to the assumed
The f

corresponding values of Gl to give what

value. values of ¢, may he plotted against the

may be

called a pulse-initiation curve. For a normal free-

running circuit the curve will be single-valued.

For a triggered circuit, on the other hand, 1t will

Le found that the curve 1s of the form shown an
Fig. 3. It can bLe shown that the upper branch of
200
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the curve represents a condition of stable equili-
brium, while the lower branch represents unstable
equilibrium. For a given value of Gl‘ the voltage

read from the lower branch is the minimum trigger

voltage required to initiate the pulse, and the vol -

tage from the upper branch 1s the amplitude of the

pulse at the end of the 1initial rise. The validity

of the mathematical procedure and of the interpreta-
tion of the resulting curve has been verified by
calculations and measurements for a circuit using a
6SN7 tube. The curve and experimental data plotted

in Fig. 3 represent the results thus obtained.

The detailed prediction of the pulse front, top,
and tail shape can be carried out by deriving a daf-
ferential equation from the loop and node equations
for the simplified circuit applicable to each por-
tion of the pulse and then plotting the solutions
of the differential equations. Since the differen-
tial equations for the pulse front, the top, and
that portion of the tail during which the tube 1s
st1ll which are not

conducting contain P and Tp

constant, these equations cannot be solved analyti-

cally. However, straightforward step-by-step pro-

cedures involving the use of the tube characteristic
curves have been developed and used successfully.

The prediction of pulse front shape has been carried

out for a free-running circuit using a 6SN7 tube,
and the result is shown with the observed curve in
Fig. 4. The discrepancy 1s ascribable to the fact
180 T
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F16.4 Pulse Front, Free Running Blocking Oscillator

that both core loss and winding loss (which may be

as amportant as core loss an blocking oscillators)

were neglected an making the calenlations. Caleu-

Jated and measured top and tarl shapes for a tog

gered carrcuat o using @ 6O6SN7 are shown an Fag. 5.



Curves of the type shown in Fig. 6 are used to

reoe I | | i determine an appropriate value for 7 . If a given
SN7 TRIODE. TRANSFORMER amount of pulse power is to be produced, the value
iBe 22, L =26mh, Co=tapupt, v
° 08 100 ' 1thi ©oré > f hich the cor-
= = st be within the range for whach th
0012841, R =10000, of n, mu .
+100 pp” 230 Ec =20 ] responding pulse-initiation curves are intersected
by the appropriate constant-power curve. If the ap-
+50 —
propriate constant-power curve does not intersect

the envelope of the pulse-amitiation curves, the re-
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ME ASURED

& (VOLTS)
=}

quired power cannot be obtained from the tube chosen
-50
Which value to use, of those within the range so

-too determined, depends upon several factors. Space
CALCULATED
CURVE

does not permit a complete discussion of these fac-

-150 }—
tors, but a careful consideration of them indicates
~eoob——L 1L 1 1 1 1 1 that for most purposes the bhest value of 7 will be
o] S 10 15 20 25 30 35 40 45 50 ) a
1lus) the one for which the maximum possible power output

s szes

1~ the preatest. (Figure 6 indicates that for a

F1G. 5 Pulse Top and Tail, Triggered Blocking Osciliator , B
P 99 g OSNT tube with }bb 250v and F“_ = =25y, T should

Again, the discrepancy is aserytoible to losses which  be equal to 2.0 that 1s, the numbers of turns 1in

were neglected in the calculat ons. the plate and grid windings should be equal.)
The values of ; ond vy specarfied by the cus-
DETFRMINATION OF RFQUIRFD

TRANSEORMER GHARACTERISTICS tomer will usually not correspond to the point at

which the appropriate constant-power curve inter-

The analytical procedures just described ray be sects the upper branch of the pulse-i1nitiation curve
usei to derive curves for determining the transfor - In such anstances a third winding must be provided
mer characteristies required to Jdeliver an oatput to step the voltage up (or down) to the specifred
pulse of specified amplitude, duration, rise time, value from the value piven by this point of inter-
and droop, to a load of specified 1mpedance. Figrt section.  The transformer core and the plate and
a family of pulse-initiation curves 1s calculated erad waindings are designed on the assumption that
for the tube with appropriate values of by ond the load conductance 1s equal to the value piven by
and varitous values of n, (where s defined as the the pornt of antersection, and then the third wind-
rat1o of the total number of turns 1n graid and plare tng s designed to pive the required voltage ratio.

windings to the number of turns wn the prid wind-

ing). This family of curves is plotted and ther It can be shown from the form of the equatiron
. » - . . N . T
envelope is drawn as shown in Fipg. 6. A wet of con- used an calculating pulse front shape that 7, the

t 1me g > . o ape 5
stant-power curves can also be plotted a1n the syee ¢ required for the load voltage to rise from 1

dragram, as shown in the figure. to S0 ot the final pulse amplitade, will be given

to a vood approximation by
250 . (

T T T T I T

200 EMVELOPE OF

PULSE -INITIATION CURVES
where ‘lr 1s a function of the tube chararteristics,

EISO ‘ 06t Cccr g ;l and ',I .‘l" but not of the actual
i ' 5 .

3 values of lL and f,,, Furthermore, 1f pulse front
N .60 WATTs shapes are calenlated for a given tube type and su;

ply voltages, fixed values of = and 71, and vara-
a

a0 wm’r‘s‘{

ous values of /L and 'p- and 1f these curves are

50 .
normalized to make TV equal to unity, all curves

for 4 e1ven value of "rL p w11l be of 1dentical

shape. A family of such curves for 4 free-running

o )
0007
G, (MHOS) crrcunt, usang a 65N7 tube and a transformer with
PRI 0 = e . . .
a ° <. are shown an Fig. 7. The corresponding
X i P Initiati @ b o q )
F1G. 6 Family of Pulse Initiation Curves values of £ are plotted against . IL p o bae
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Curves of the types shown in Figs. 7 and 8 can

be used to determine appropriate values for [l and

p- A number of factors may be considered 1n choos-

1ng an appropriate value for \Il (‘n. In most 1n-
stances, however, minimum rise taime will be of pra-

mars amportance, and the value of n[l/('n which will

|o[ —
os
o6
‘L 500 AND 12 50
l
04
02
oL 1 e -
10 -05 0 +05 “10 s +20
t
T,

s as 2
FiG.7 Fomily of Pulse Front Curves

cive a minamum value of & (and hence mimimum rise
time for a given value of »[l"n) should be chosen.
With this value of » [l '[\
the value of /’ ‘D required to give the

and the corresponding
value of &
r

specifired rise time lor shightly less than the speca-

fied rise time, 1f a thaird winding 1s to be added
later! can be calculated from Eq. (1).
50 7 e e e e e 9 B
40 {
30 ]
K, |
20 |

l |
ol. L B NS W G W 50 W S A_A-L__A_l_J
10 20 50 100 200 500 1000
Ly
\/a) -{OHMS)
e 3203 30

Fi6.8 Curve of K, vs.\'L/Cp

In similar fashion 1t can be shown that Td'

the pulse duration, will be given by

(2)

where Kd is a function of the tube characteristics,
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£ L4 n ., G

bb? cc’ a’ i
shapes for a given value of 'Lo""o

will be

and vL /C ; also all pulse top
o o

, normalized to

make T, unmity, identical. A family of pulse

top shapes for a triggered circurt

Fag. 4,

presented 1n
. 5 g
and the corresponding I\d"'s"‘[o/‘/o curve

1s plotted in Fag. 10,

02

o6 o8 10
!

Ta
FiG.9 Family of Pulse-Top Curves

The value of that wiltl give the speca-

fied amount of droop mav be chosen directly from a

set of curves of the type shown ain Faig. 9. However,

other considerations

enter includ-

()f

into the choace,

ing the si12es and costs the transformer and capa-

citor and the ease with which the pulse duration

In most

of . L C
o o

can be held within specified ITimits. cases

1t will be found that for whach

the value
K, 1s a maximum will
d

With . [

be a reasonably good compro-

mise. and ."d Lnown, the value of

‘Io(‘o required to give the specified pulse duration
(20,

can be calculated from Eq. and the required

values of [ ~and CO can then be determined.

oa — - T
03| 4
LY
02
[o}] 1
QL e S T W 't
100 200 500 1000 2000
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\/'c; -(OHMS)
s 324% -37

F16. 10 Curve of Kd vs. VL‘:./Co



If a third winding 15 added, 1t as placed over
the plate winding being placed

The

the grid winding,

next to the core, insulation thickness between

grid and output winding 1s chosen to make 'I’I. /(.I) for

this space, referred to the impedance level of the

output winding, cqual to the specified load 1mpe-

dance.

Now that the required transformer parameters

have been calculated, 1t 14 possible to proceed with

the actonal design of the transformer.

TRANSFORMER DESTGN PROCEDURF

Several methods have been suggested for desipn-
tng pulse transformers with specifired values of I,u.

b and (' One of the best of them 15 a method

L n:
recently desciibed by General Electric Company’. A

new method has heen developed ot Stanford Research

Institute! which 1s similar t the Geperal Flectrie

Company method but 14 believed to be superior to 1t

1n some r:-sps-cl S

The first two steps are the same an the GE and
SBI methods.  The first step is to choose the ma-
terral and general shape for the core, the type of
wire and insulating material, and the general wind-

ing arrangement., In the second step the margins 1e-

gquired to withstand the voltage are determined, and
insulation thicknesses and wire sizes are (hosen
that will withstand the voltage, carry the curtent,

and give the proper value of rVI,I /('D. The third step

in the SRI method is to express all core dimensions
in terms of the core huildup or leg width, the num-
ber of turns 1n the high-voltage winding, and pre -

viously-established quantaities, and the fourth step
15 to solve each of three pairs of simultancouns equa-

trons for values of these variables. The fiprst parr

of equations will give the values of core buildup

and number of turns that will result 1n the proper

value of the quantaty I‘o'LL(.I) and the maximum pos-

sible value of I”', the second pair will give the

values of the variables that will result in the pro-

per values of [u'[l,('n and Ia' and the third pair

wili the values that will result in the

value of Io' VL*LVPI)

of flux density,

Blve [\rl)p(' r
and the maximum permissible value
The

are used as guides in choosing an avail-

The

solutions of these sets of

equations

able core size that will be satisfactory. num-

ber of turns which will give the proper value of

Loy Ly, with that core size is then calculated, the

and R
m

resulting values of [ , LI' (‘D' are calcu-

ax

lated as a check, the transformer losses are calen-

80

lated to determine whether or not the temperature
rrse 1s within the appropriate Limit, and the core-
and-conl di'slgn s (um]nlv(w,

EXAMPLE OF APPLICATION OF DFSTGN PROCEDURF

The complete procedurs outbined ru this paper

in designing a transformer for use 1n

6SNT

has bheen used

a trigegered crrcurt with a tube to deliver o

t500v, 10 us pulse, with a 0.1 us rise time, to a

1Ok load.  The

were designed with the ard of the curves of Figs.

core and farst two winding layers

and corl losses

and

6-10. Allowance was made for core

in choosing n, and ;l (from Fig. 6), the values

mho.  Figure 4 was

chosen were n 2.0, 'l', = 0,00]
a

used 1n the calculation of I‘I and f'“, even though

free-running carcoit rather than a

The
. . /f'n = 140 ohms.

1t oapplies to g
indicates that .‘."

The

triggered carcurt, frzure

will be a minimum for va bue

ot '/I“Il calculated from the minimum value of l.’

and the speerfied rise time, with a reasonable al-

lowance for the e¢ffect of the third winding, 1s

1.0« 1078 gec, Figure 10 1ndicates that Kd will

be a maxaimum for vlo ’V'o = 400 ohms. This maximun
V('ll‘l" ()f Kd
L= 20T % 1075,

c o
and -/bf'o, Ia = 11 mh

1ng) and Pu = 0.07 uf.

and the specified value of Td give

o
3

to the graid wind

From these values of

o

(referred
The

wire si1ze, 1nsulation

thickness, core si7e, and number of turns obtaine

by the transformer design procedure are as shown in

the winding diagram of Fig. 11. Since the specified

0075" KRAFT PAPER
Ry 96 TURNS NO 41 HF

0042" TEFLON

0021" TEFLON
% o BT —o oo

0003" TEFLON

Eob o— W HE BT TTIETTTTVI——0 PLATE

COIL FORM 0035° THICK

T7777 77777

96 TURNS NO 41 HF

96 TURNS NO 41 HF

96 TURNS NO 41 HF

1777777

CORE WESTINGHOUSE | -2
OR EQUIVALENT

2 5248 30

FIo 11 Transformer Obtained by Design Procedure

load impedance 1y 10,000

ohms and the value of

for which the plate
1s 1,000

and grid windings were designed

ohms, a voltage step-up from graid windinge

to load winding of about 13 .4

requrred.  This was

obtained by adding two more winding layers and con

nectang them as shown 1n Fig. 11, The second and

third 1nsulation pad thicknesses have the correot




ratio to make J[LCD a minimum and the correct sum

e - .
to make »[, /Cp equal to the load impedance.

A transformer built to this design was tried
in the circuit of Fig. 1. The value of Co had to
be increased to 0.085 uf to give a pulse duration
of 10 ws. but the rise time was 0.1 us and the vol-
tage on a lOk load was 500v, as specified. The pulse

shape is shown 1n the photograph of Fig. 12.

Fi6. 12 Output Pulse Obtained with Transformer of Fig. 1

FXPERIMENTAL DFTERMINATION OF BLOCKRING
OSCILLATOR DFSIGN CURVES

Although the mathematical procedure used 1n
6-10

Fortunately,

obtaining the curves shown in Figs. is feasi-

ble, 1t 1s quite laborious. such

curves can be obtained experimentally for a given
tube tvpe 1n a saimple manner. Pulse-initiation
curves for a range of values of n_can be deter-
mined with a set of transformers built with some

arbitrary value of Lo, various values of 7 ., and

any conventent values of L and FD’ Pulse top

shapes are then determined with a transformer built
with this same value of [ and the optimum value of
" and with capacitors and loads of various values.
These pulse top curves are used to obtain Kq vs.

various values of load

! , rurves for the

con-
o

ductance. Finally, pulse front shapes are deter-
mined for various values of 4, and /iL/ﬁn, using a

oot of transformers with the chosen value of nos

81

PR
. and VLLFD'

Curves of Kr vs. /l;/nb for vari-

arbitrary values of Lo. C and various
values of V7:/F;.
ous values of Gl are obtained from these pulse front
shapes. The design curves thus obtained will give
more accurate results than curves calculated from
tube characteristics, since fewer approximations are

involved 1n making them.
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Introduction

Sharply saturable reactors serve 1S power
switches in applicitions where use may be made
of the large relative chanre in impe<ance from
unsaturated to saturated states, /i pulse gener-
ator circuit using a series of stizes of pulse
switching reactors was developed some yeirs 170
in £npland by W, S, Melville.l A basic form of
this circuit is shown in Fisure 1. The saturable
reactors (known as 'pulsactors' in this ippli-
cation) are designed with successivelv lower
values of inductance, so that the enerzy is dis-
charged from each successive capaci'.or more
rapidly than in the precediny capacitor. This
discharge takes place, for .nstance, from the
second capacitor inte the third capacitor when
the second pulsactor reaches its satirated stite,
The energy flow is compressed timewise from stuge
to staige and the current level is correspondingly
increased so that by the time enersy reaches the
Joad a narrow pulse is achieved.

Simplified Analysis of Ideai Pulser

Analysis of the basic circuit in Fipure 1
for the ideal case of no losses and ide:l puls-
actors is relatively simple, and yields informa-
tion useful for the desizn of practizal circuits,
As shown in a previous paper on this subject-,
the basic equation for proper circuit functioning
equates the time to charge the k th capacitor to
its peak voltage to the time requir-d to drive
the kth pulsactor flux throuch its oper:tinz
swing to saturation, This equition may be ex-
pressed in a form which allows considerible in-
sight into the circuit desizn. This expression
7ives the stare pulse compression ratio, /ok, in
terms of the kth pulsactor core volume, My, ind
the energy per pulse, Wpm, The kth stage pulse
compression ratio is defined 1s the ratio of the
time to chargze the kitn capacitor to the time to
discharee the same cipacitor. That is,

T"' = —/\—44—— (1)
[} GCWo

%This paper describes work suanFLed in part by
the Rome Air Development Center under contract
AF 30(402)-914. This paper contains part of a
dissertation submitted by R, A. Mathias in
partial fulfiliment of the renuirements for the
Doctor of Philosophy desree in clectrical ®ngin-
eering at Carnegie Institate of Technology.

Pennsylvania

where 7 is a constant for the pulsactor,

i 107
G= (DB (2)

zquation (1) states that the volume of the kth
pilsictor i directly proportional to the energy
per pulse for a given st.s7e compression ratio,
For a complets pulser, the over-all pulse com-
prassion ratio is tnen the product of the st.ve
compressior, ratios, Thus, the tot4l pulse com-

pression ratio for an n stage pulser is

P=T"F= I Me

T "1 W"’ "
ayNe

~0, for a specified over-all conmpression ratio irz
eners, oer pulse, the product of tne core volumes
is fixed. If the tot:l core volume required for
tnis n stage pulser is then minimized, it is

noted tnzt tne volumes of all n corws are equal,
«ith 11l cor= volumes equal, the optimum number of
stises, np, may be found for the least total core
volume of the pulser. This optimum numter of

st ey is

n=F + _{ EZ (1)

in which F is a constant depending upon the type
of input circuit andg the gefinition of output
Pulse width, oince enuation (4) proves to be
useful for desisn purposes, am4 it is plotted for
several types of input in fi-ure (2),

e

I

zore Volumes for Less Than Uptim:m Number of otizes

Me “ot1l core voiume required does not
viry much from optimum volume np for a number of
st-aes, n, -iven by n=g § Py In fact,
for n = 0.5 np, the total core mat-rial resuired
is onlr 1,36 times the optimum amount. This is
shown in fizure 3, where it may; be noted that the
required total volume is only doubled for
n = O.?7 Np. Thus, even hish power pulsers would
use n in the rance of about 0,3-0,% np. Any
addivional stizes would usuilly prove uneconomi:al,
and would not reduce iron losses to any noticeatle
extent, Actually, consideration:c such as high




voitare insulation of windings, low input fre-
quency, etc., would require possibly even larger
cores, and thus fewer stages.

calculation of Iron Losses

The rapid changes of maenetic flux in the
cores of the last stages of the pulser give rise
te large eddy currents even for thin laminations.
The distribution within each lamination is de-
termined almost completely by eddy currents, The
eddy current losses may be easily calculated for
~octanzular loop material by assuming that the
total flux change occurs within a narrow boundary
~ovinz inward to the center of the lamination.

ince the eddy current density betw:en the moving
houndary ind the outside edre of the lamination is
uniforn, the calculation for the eddy current
1nsses involves a simple integration once the
ipplied winding voltame is known. Because all
milsictors (except the first one for some types
of input sources) have similar wave forms applied,
*he 2ddy current loss may be found for the general
«*h stage. That is, the loss in watt-seconds per
pulse is

_ 0 -8 Vm /“-’2
W, g=0. 112 xi0 ——*—N£ //2 Tz ABgT; (5)

for B>

in which
mG = peak voltage on kth capacitor,
Nk number of turns in kth main winding,

effective mirnetic path length of kth
core in cm.,

£ -

thickness of kth core laminations in cm.,

ABk =

total flux swing in gauss for kth core,
conduc*ivity of core material in mhos/cm.
In *he case of a sinmle pulse per cycle of the
inrut supply, the eddy current loss for the flux
return, if appreciable, would have to be added to

equation § to met tne total eddy current loss,

“quation 5 may be written in a form which
is more familiar, as follows:

:o.4401/0"‘§_,/‘44@3)17710\/ (6)

£

Wey

in which
-1 = frenuency of current discharge through
the (k-1)th pulsactor, and
Mk = yolume of kth pulsactor core in em.3
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If the pulse repetition rate in pulses per second
is then the total eddy current loss in watts
is

-14 T 2
R = os s ﬁﬁ_ll‘@@&)u o,
fo A>1

r’

(7)

The total hysteresis loss in watts for the
static loop is approximately

By = 57200 f: My @B He,

in which

(8)

f; = input supply frequency,

Hc = static coercive force in oersteds.

Total iron losses calculated by means of
equations (7) and (8) were checked with the
results of some core loss tests made by
Westinghouse Air Arm Division. These cores were
tested in pulser-type circuits at a temperature
of about 105°C. ULome 2 mil tape cores were
tested over an effective frequency range of 1 to
A kc. and 1 mil tape cores over a ranre of A to
60 ke. The calculated values fell within about
15% of the experimentilly determined vilues for
the 2 mil materiil. However, at 50 kc., the
calculated value was ahout 50% over the measured
value. Thourh this is only a partial verification
of this method calculating the iron losses, it
should be pointed out that the method of meisure-
ment used was probably susceptible to error at the
higher frequencies.

Example of Pulser Design

In order to illustrate the effect of losses,
the methéd of design of a simnle pulser circuit
will be illustrited here, The specifications for
this pulser are as follows: the output pulse is
to have a peak of about 250 volts and width of
about 50 micro-seconds for a load of about 5 ohms.
The pulse is to have a repetition rate of 120
pulses per second and the power source is 115 volts
60 cycles per second. This pulser, for example,
mivht be used to pulse the isnitor for some types
of ignitron control systems.

From the output specifications, the energy
required per pulse is 0.625 watt seconds. Assum-
ing over-all pulser efficiency to be about 70%,
the estimated input power reauired is about 107
watts,

Detuned Input Stage

To find the size
Cy» information will be
charging circuit at the
it will be assumed that

of the first capacitor,
needed on the t:pe of
input. Forthis example,
about maximum stable de-




detuning of L,Cy from driving freouency will be
employed.
in _this first stage, In fact, for this case,

1 is 1.3R times its value for a)o = UJi since
here

W, = 1.79 w; (9)
where
. !
C'\)o - fr—— (1n)
/—.g C/
and the input supply voltase is
ezEmW W, T (11)

Figure 4 shows the effect of this detuning
upon first pulsactor volt-s-conds, peak voltase
on Cy, and first stape comoression ratio. For
the detuning chosen, it is noted from the curves
that the peak voltise on Cy is

Vi, = 1.72 E..

(12)

With an assumed 5% loss in the input stage
(this includes irnn losses of first pulsactor ),
Vpl = 273 volts.,

This detuninp of theinput is also of
value in cases in which there is reonuired a
specified phase ansle of the outnut pulse with
respect to the input voltare.

The value of Cy is determined by

2 W 2r095%0,893
- 2 - 2'731

my

= 22,8 uf
(13)

C

where Wp) = peak energy on Cy. To pick a
standard capacitor size near this value, Cqy is
chosen as 20

First Pulsactor Volume for Low Input Frequency

When input frequency is low, as it is for
this example, the volume re-uired for the first
pulsactor is usually much larger thar the opti-
mum value based upon pulse energy alone. This
volume requirement results from the problem of
the winding losses of this pulsactor, The
number of turns are fixed by the integrated volt-
seconds absorbed. When too small a core volume
is used, if an attempt is made to hold losses to
an acceptable value by usine large conductor
cross section, the winding build-up will be ex-
cessive. This leads to a reduction in first

This pives addit.ionil pulse compression
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stage pulse compression ratio since the larae
bui ld-up causes,/ﬂglto be large. M, is the
effective saturated permeability when the area,
Ay, and the mean mavn~tic pata length, 1, in
t%e following eqquation are the vilues for the
core miterial alone, Thus, the saturated
inductince of the fir.,t pulsactor is

NA e My 1077
Z—S‘/— A

The expression for the required minimum
volume of the fir.t pulsactor, as determined by
winding losses, wias calculated under these
assumptions:

(1)

1. Cor« cross section is approximately souure
that is, the core tape width is no more than
about twice the radial build-up,

2. Winding build-up is dir=zctly proportional
t.rn the snuare root of the core cross section.

fixed. The
way since it

3. The first stuze efficiency is
efficiency can be specified this
ic determined almost entirely by winding
losses, (The iron losses are usually nesmli-
7ible in the first staze when the pulser is
driven by frenuencies low enough to require
larzer than optimum volume for the first
pulsactor). If the winding resistance is
fly) and the winding energy loss per pulse is

EAm then
T 1}C1
_&ﬁéli.——tz Egii;z?: %%%uw/ ZZZT— (15)

\4/rn/

Thus, this congition specifies that K shoulc
be dirzctly proportinnal to the square root
of le/\:l.

Mese three conditions leid to the following

result,
W,

/«/71 giz }lec.l/z\Z- )

where K is a constant of proportionality.
Toroidal cores with rood proportions for this
type service roughly obey this equation:

A, = 154/A,

This equation combinad with the assumptions of
about 90% efficiency for the first ctage and

a‘/égy of about 5, cive a value for the first
pulsactor core volume in cubic centimeters of

(16)

(17)




%

/\/Z ii: 4 x /673[T;5242L—~ 7

(18)

Inserting the vilues of pulse energy and
input frejuency into eauation (18) for the
exarnle ~onsiiered, it is found that Ml should
qave a volume at leist about 114 em.” A
«taniard core si-e of 4 mil, 50-50 nickel-iron
~aterial very close to tnis value has a 90% core
space factor (about 50f space factor for both
~ore nd vrotecting core box). This core has a
2,57 1.D., 4L,0" 0.D. and 1,0" tape width.

Now thit the first core is chosen the
nmber of turns for its winding may be determined,
Fro ficire 4, it is noted that for the amount of
4et:ninz previnusly chosen the volt-seconds to
he absorbed by this winding are about 1.63 X
sm/W3i . Thus, the number of turns required is:

AJ:=

where tne input stice efficiency assumed is
ab~ut .95, Usinz No. 1A copper wire for this
windins -ivas Hy] = 1.1 ohms ind taus the
assumed efficiercy of about Q07 fer the first
stare. The reak voltise on the secid capacitor
Wil be abeut 235 voits if 1 circuit of the type
shown in fimure 1 is utilized. However, the
autout voltive is speciied to be about 250
volts. o 1 wnltis: step-ip is needed since 1k
©qe load resis tance drops as low as 5 ohms, the
peak volta-e on the last @apacitor should be
about 1.3 times 250 volts (this is case of about
critical dampine of output sti~e), This re-
quired voltise step-up of about 1.4 may be
achieved by the circuit shown in figure 5.

163 En10° 0,95

=530 Tinwe
WA E)

(19)

Since tne fir .t stame pulse compression
r1%in is ab- .t 15,5 the remnainder of the pulse
cempression r=omir=z1 is less than this amount.
Twere is, therafore, no need t use a total of
more than 2 stizes and in fact the sec nd core
can be somewhat sraller., This core volume can
b= expressed as

M,= /2 W,

Assuming — 3
’ /42;2 = 4) /L71 = 66 o

The nearest standard core size is one with

2,0" 1,D., 4.0" 0.D,, and 1.0" tape width,

Since L mil mat~rial has a better space factor
and is less exsensive than 2 mil material it
wonld be advisable to check the iron losses

usinz 4 mil material. Applying ejuations (7) and

2 7
.5 8iIr. 43 )0

4_ (A B)z . (20)
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(8) to determine the eddy and hysteresis losses,
it is found that these are about 0.83 and 0.45,
respectively. Thus, the total iron loss is about
1,28 watts, whicn should be dissipated through
the core box with little temperiture rise.

Change, in Impedance Level

The two windings on the second core, as
shown in figure 5, serve both to chanze impedance
level and also to zive electrical isolation, if
necessary. In this type of configuration, the
secondary winding should usuilly be the inner
winding next to the core box, and well distributed
so as to give as low a saturated inductance as
possible. The first pulsactor could have had
two windings (or auto-transformer cornection) to
sive voltage step-up. However, in this case,
space for conductors is at a premium on the first
core, so the second core is used since build-up
is not excessive, even with two windinzs.

The number of turns required on the second
core primary winding is

Ms™ ZWZ A, (5B)I07°

Aép = 75 turns.

(21)

A standard size of capacitor for C, cor-
sidering the voltage step-up requirements is 10
micro-firais. Hence, the nurber of turns on the
secondary is about

/bg_szz Mrif-/vép - /696’

(22)

and the peak volt:ze on Cy is about 330 volts.

The current in the primary winding is the
same as that in the winding on the first
pulsactor, so this winding can be of No, 16
copper wire also, witn lit-le increase in first
stare losses. The secondary winding, however,
must carry the output pulse current. 1f No. 14
copper wire is used, the winding resi,tance is
about 0.10 ohms. Since the resistance for
critical damping at the output is about 4,8 ohms
the copver losses in this stage are only about
2% of total energy.

At critical damping the peak voltage is
about 245 volts and the peak current is about
50 amperes, witn a pulse width of about 45
micro-secaonds. If the load falls much below
about 4 ohms in this case, a tendency for




unstible operation of the pulser results, since
not all the energy on C, is dischirged in each
nulse,

There is a difference in the output
current for the circuits of figures 1 and 6.
The output stage in figure 1 has the magnet.izing
current of the last pulsactor flowing through
the load in the same dir-ction and immediately
hofore the current pulse. lowever, the trans-
former stage of the circiuit in fipure § ~ives a
somewhat different current just before the main
pulse, In this cise, the current flow is the
charzine current of the capacitor, Cp, and is
in opposite direction to the main pulse when
Lo saturates, This charginz current is usuilly
larqger than the magnetizing current that flows
throaza the load in fipure 1, If the last stage
pulse compression ratio is small, the capacitor
chariing current of the circ.it in figure 5 may
be lar-e enoush to be troublesome,

The over-all pulse compression ratio of
the twc stiae pulser calcul.ted for the example
was ahout 186, From curve No. 1 in fieure 2
it may be seen that the opt.imum number of stages
for minimum total core material is about 10,
~ince only two stages are used, it may be seen
from fiecure 3 that about 10 times the opt imum
total core materinl is used,

sffect of Peak Magnetizing Force

In the calculated example it was assumed
for both pulsactors that the actual iron
saturated to a permeability of 1.0, This is
only true if the peak menetizing force is above
ahout 150 oersteds. Below this peak value, the
averape saturated inductance over the entire
current pulse starts to increase. This seems
to be due to a steady decrease in the actual
incremental permeability of the material to a
value of 1,0 at about 50 oersteds as the knee

BIAS

e

POWER
SOURCE

(PERIODIC
VOLTAGE)

of the saturation curve is rounded,

The peak magnetizing force for the first
pulsact.or is

(23)
= 4-40 oersteds,

This is well ahove 150 oersteds, so the AVerape
saturated inductance of Ly is probably clese
to the calculated value,

The ceneral expression for the peak
mienetizing force is

_20By)
H.., 7 frr > |

vince this peak value is inversely proportional

to the stage pulse compression ratio, it is
usually advisable to keep the stage pulse com-
pression ratios each below about 20, 1f larger
corpression ratios are used, the avera-e saturated
inductances will increase, and result in waste
amounts of core material and the pulses will have
both sides roundirg considerably into the zero
level,

(24)
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Fig, 1
Basic Magnetic Pulser Circuit,
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MAGNETOSTRICTION RESONATORS AS CIRCUIT ELEMENTS

R. T. Adams
Federal Telecommunication Labs.
Nutley, N. J.

ABSTRACT

A cocmpact magnetostriction rod resonator is
described, applicable to a number of tone generator
and filter circuits for carrier telephone and tele-
metering systems. The unit has properties of a
single resonant circuit with independent input and
output coupling. Frequency stability is + 2 ppm
per degree C, with typical Q’s of 3,000 to 4,000 at
24 kc.

In addition to conventional applications as a
“single-frequency” filter or as a frequency deter-
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mining element, analagous to a quartz crystal, by
suitable adjustment of maznetic bias, the resonator
can be made to respond to sum and difference fre-
quencies in the input and/or output circuit. A
single rod can thus be used as a filter-modulator,
as a modulator-filter, or as a complete heterodyne-
tuned filter (modulator-filter-demodulator) tunable
by means of an external local oscillator signal sup-
plied to input and output. Efficient frequency
doubling can also be performed by the element.




WIDE-BAND ELECTRICALLY TUNABLE OSCILLATORS

John L. Stewart
Kermit S. wWutkins
University of Michigan
Ann Arbor, Michigan

Summar;

This paper describes several recently ex-
plored low-level electronically tunable oscil-
la*~rs which illustrate techniques using conven-
tional components and tubes for achieving rapid
electrical tuning over relatively wide frequency
ranges. The mechanism by which voltage (or cur-
rent ) control of frequency is achieved for each
of the oscillators is described with particular
atiention being given to a most promising tech-
nique defined as parallel-network tuning. Typical
circuitry as well as experimental curves relating
output voltage and frequency as functions of the
control voltage for the tunable oscillators are
rresented and practical limitations are discussed.

Introduction

Various techniques employing conventional
t_ves and components are available for achieving
wide-range electrical tuning of low-level oscil-
lat rs at frequencies below microwaves. It is
~he purpose of this paper to present experimental
results on several oscillators which illustrate
previously unexploited techniques in achieving
rapid, wide-range electronic tunability.

Division of the various tuning techniques
according to (1) reactance tuning, (2) resistance
tuning, (3) pulse-circuit tuning, and (-)
parallel-network tuning seems appropriate for
+this d.scussion. Resistance tuning and reactance
tuning are achieved through the use of electrical-
1y variable elements, including the equivalent
parameters of vacuum tubes. Pulse-circuit tuning
can best be illustrated by the multivibrator whose
repetition rate is varied as a function of a con-
trol voltare. A new technique, parallel-network
tuning, is achieved by varying the relative gains
of several parallel channels, each of which con-
tributes to the cover-all gain of the system.

Electrical control of reactance elements is
perhaps the best known and most commonly employed
“uning method. Reactance variations obtained
through electrical control of ferro-electric and
ferro-magnetic materials permit frequency control
for many applications. The conventional
reactance-tube modulator best exemplifies the use
>f the vacuum tube as an equivalent inductive or
capacitive element. Oscillators utilizing a
reactance tube have been built to operate at fre-
quencies well above 100 mcs! and are suited to

1. R. Dennis and E. P. Felch, "Reactance Tube
Modulation of Phase Shift Oscillators" BSTJ,
Vol. 23, No. 4, pp. 601-T, October, 1949.
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applications which require tuning ranges twenty
percent or less of the center frequency. Since
reactance tuning and pulse-circuit tuning are
quite common, specific examples of these tech-
niques are omitted. Rather, exphasis will be
placed on parallel-network tuning and simple, but
relatively uncommon, resistance tuning.

Parallel-Network Oscillators

A parallel-network oscillatorl is one having
two or more variable-gain, parallel signal paths
which have appropriately different transfer func-
tions of frequency. The outputs of the two paths
are added and returned to a common input with
frequency tuning acc-mplished by varying the
relative gains of the contributing channels.
Theory inv.tes consideration of systems involving
an; number of channels; however, the modulation
~f more than two channels simultaneously appears
.mpractical. The typical two-channel, parallel-
network oscillator is shown in Fig. 1. The
particular choices for F1, Fy, and F, control the
oscillation frequency and amplitude character-
istics depending primarily upon the functions
¥y and Fp. It is usually desirable to make F
as independent of frequency as is conveniently
possible. BRoth resonant and non-resonant (phase-
shift) types cf parallel-network oscillators have
been explored experimentally. The phase-shift
oscillator employs artificial transmission line
high-pass or low-pass filter sections as illus-
trated by Fig. 2 and its approximate equivalent,
Fig. 3. The frequency coverage ratio for this
oscillator is roughly two-to-one. The resonant
type oscillator represented by Fig. L employs
parallel-resonant circuits operating off-
resonance as leading and lagging networks. How-
ever, simple R-C lead and lag networks may also
be emploved in a similar fashion to achieve the
proper phase relations.

Practical Desizn Requirements

The theory which has been developed for
parallel-network oscillators permits reasonably
accurate analytical design for the narrower tun-
ing ranges. However, for frequency ratios larger
than about 2-to-1, the design results obtained
analytically represent only first-order approxi-
mations. The particular characteristics desired
are more practically obtained experimentally.
Several characteristics have been presumed desir-
able in all the oscillators presented here.

The theory of parallel-network oscillators is
the subject of a paper by J. L. Stewart entitled
"Parallel-Network Oscillators”, to be published,
Proc. IRE.




First, and foremost, the frequency should be a
near-linear (or logarithmic) function of control
voltage. Second, amplitude variation with fre-
quency (e.g., control voltage) should be a func-
tion that permits easy compensation if the appli-
cation should require constant amplitude. Finally
reasonably good waveform should be maintained over
the desired tuning range. Practically, the
compromise of these various factors requires

sone experimental design.

Experimental Results

The experimental circuits and curves to be
presented represent only a fraction of the possi-
ble useful circuit combinations. Particular
requirements will invite a variety of modifica-
tions. In these examples, it should be noted
that push-pull modulation has been employed to
obtaln tuning, although the number of tute
sections modulated has been varied.

Figures 5 and 6 show the circuit and experi-
mental behavior of a phase-sLift type oscillator.
Curves A and B of Fig. 6 were obtained with L =
3.3 and 5.5 microhenries, respectively, where C
of Fig. 5 was adjusted i1n each case to give
"compromise" behavior. The practical tuning range
In each case is In excess of 30 percent. Figures
7,8,9, and 10 are variations of the oscillator of
Fig. 4. The respective tuning characteristics are
shown by Figs. 11, 12, 13, and 14. Note that in
Fig. 7, 12AT7 twin-triodes are used with modula-
tion applied to only two of the tube sections.

In the circuit of Fig. 8, all four triode sections
are modulated. PFurther, in the oscillator of
Fig. 8, back-to-back diodes are employed to
provide more symmetrical satura‘ion character-
istics. The resulting improvemert in tuning
behavior is marked. The circuits of Figs. 9 and
10 are similar, both employing R-C low-pass
filters as one of the two signal paths. The
circuit of Fig. 9 was designed and ad justed for a
particular application requiring the linear fre-
quency coverage shown in Fig. 13. The output,
usually taken from the common grid, was padded
with a capacitor for load simulation.

Except for the oscillator of Fig. &, no
monitor of wave shape was made while obtaining
the experimental characteristics. It should be
noted that for the higher frequency circuits,
sufficient harmonic filtering is present to assure
reasonably good wave shape. On the other hard ,
the oscillator of Fig. 8 (which tunes over an
approximate ten-to-one range) exhibited consider-
able wave distortion below about two mc—between
two and three mc the waveform was acceptable,
and above three mc the waveform was excellent.

Whenever a parallel-~network oscillator is
made to have a tuning ratio appreciably greater
than two-to-one, grid and plate saturation will
have profound effects upon the waveform and cause
considerable disagreement between linear theary
and practice. In order to make theory and

1

Op. cit. pg. 2, footnote 1.
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experiment agree at all, it is necessary to limit
the amplitude of oscillations to a small value.

The amplitude of oscillations is theoretical-
ly most constant with frequency at the output of
the adding device. If the tuning range is small,
a band-pass filter can be used at this point such
that the harmonics are attenuated. Then, not only
will the output have good waveform, but the feed-
back voltage will be a single-frequency signal in
which case the agreement between experiment and
theory will be good. However, if the tuning ratio
is large, harmonics at the output cannot be ern-
tirely avolded. When such a distorted signal is
fed back to the input, the agreement between
theory and experiment may be quite poor—in the
extreme case, discontinuities in the tuning
characteristic may result. Further, a distorted
signal, if too large, will not permit a reasonably
linear addition of the signals from the two paths
of the oscillator to be made.

If the tuning characteristic is satisfactory
even though there may be considerable distortion,
the waveform can be improved by passing the
oscillator output through an electrically tuned
tracking amplifier (which might also serve as a
limmiter). The tracking of this amplifier need
not be crictical nor will moderate hysteresis
effects be important as, for example, when the
tracked amplifier is tuned by means of ferro-
magnetic materials.

In order to minimize distortion, the ampli-
tude of oscillations must be minimized. It is
generally overly critical to minimize the open-
loop gain in order to accomplish this; rather,
some amplitude limiting device (other than the
natural limiting characteristics of the amplifying
tubes necessary to the oscillator) must be employ-
ed. For example, an automatic volume control
circuit can be applied to a tube that carries the
weighted sum signal. Another procedure that can
be employed is to establish a symmetric saturation
characteristic which effectively removes all even-
order harmonics from the signal. A device common-
ly used to accomplish this is a thermistor. How-
ever, devices dependent on thermal behavior are
not satisfactory when fast frequency modulation is
desired. A less effective method, but one that
can handle fast modulation, is to shunt some
signal path to ground with crystal diodes connect-
ed in a back-to-back fashion such that large
signals are amplified less than small signals.

Whatever the saturation characteristics may
be, it can be expected that the tuning character-
isties will be dependent upon them because the
phase and magnitude characteristics of networks
subject to saturation are generally dependent on
the amount of damping furnished by grid loading
and similar phenomena. If the saturation charac-
teristics are determined largely by back-to-back
crystal diodes, then the characteristics of the
diodes will affect the tuning characteristics
depending upon how important is the phase shift
of the circuit in which they are located.
Certainly, no general rules can be set down in
this regard.




Electrical Resistance Tuning

A variety of common oscillator circuits
utilize resistance as a primary frequency-control-
ling element. By the substitution of electrically
variable resistances in such circuits, it is pos-
sible to obtain frequency variations in a manner
somewhat analogous to reactance tuning. Resist-
ance tuning appears to have been over-looked in
the general search for tunable devices which is
rather surprising considering the simplicity of
the technique and its ready applicability to many
existing oscillator circuits.

The basic three-mesh oscillator circuit of
Fig. 15 adequately illustrates the technique.
The frequency of oscillation for this device is

given by Jg

0 ° 2mRC
In Fig. 16 the conventional resistances have been
replaced with a series array of crystal diodes
which, because of their roughly square-law behav-
ior, permit the oscillator to exhibit a near-
linear voltage-versus—Irequency characteristic.
If the diode resistance Rp varies as

kK —

Bp = kg,

where EA is the voltage applied to the crystal,
ther. the frequency of oscillation may be expressed
in terms of Rp as

1

. Y61
0 2nC RD
J6
= —— k'E
2xC A
which shows fy to vary linearly with the control
voltage Ej. Furthermore, the ratio of frequency
tuning corresponds directly to the obtainable
ratio of maximum to minimum resistance, which for
crystal diodes in the forward direction may be
five- or ten-to-one. If more complicated series
and parallel crystal arrangements are employed ,
even greater frequency ratios may be obtainable.

The circuit of Fig. 17 illustrates the use
of vacuum tubes as the variable resistances. 1In
the arrangement shown, the output impedances of
the cathode followers represent a resistive
array which is controlled by the electrode volt-
ages applied to the tubes. Since the output
impedance of the cathode follower is approximately
l/gm, the oscillation frequency varies directly
as gp, which in turn is dependent on circuitry
and control voltages.

Resistance Tuning Circuits
and Experimental Results

The experimental oscillator of Fig. 18 was
designed to operate at broadcast frequencies. It
is basically the diode type oscillator with the
crystal current being fed from the cathode follow-
er. The cathode follower not only isolates the
ocelllator tube from the crystals but also has
added virtue in that additional tuning is obtained
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as a result of its changingoutput impedance. The
filtering provided by the low-pass R-C sections
(i.e., diodes and capacitors) preserves good wave-
form at the plate of the oscillator tube. Oscil-
lations are maintained with as little as five
volts control applied to the cathode follower
plate. Figure 19 shows the tuning characteristics
The "A" curves show the initial experimental
results. The "B" curves were obtained with a
second oscillator with its rectified output pro-
viding a small amount of automatic gain control.

The experimental oscillator of Fig. 20
utilizes cathode follower sections. A pair of
back-to-back diodes at the oscillator tube grid
provides some amplitude control but slightly
contracts the tuning range.

Both the diode and cathode follower oscil-
lators are inherently suited to rapid modulation.
The diode oscillator with unstablized amplitude
was modulated at a 6 kc rate with no evidence of
instability. Higher rates were not attempted.
While several milliemperes of current are requir-
ed for modulation, modulation is single-ended and
easily applied. The tuning capabilities of the
cathode follower circuit could possibly be impro-
ved by controlling the tube bias while holding the
plate-to-cathode voltage fairly constant. Screen-
modulated pentodes operating as cathode followers
may ease modulation requirements.

The cathode follower type circuits should be
practical at fairly high frequencies—up to about
one half the gain-bandwidth product of the tubes
employed. It should be stated that little effort
was directed towards optimizing the various
circuits; consequently, the curves, except where
back-to-back diodes are employed, should represent
the characteristics predicted from analyses,
although the analysis itself may in some cases
prove quite burdensome.
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FLUOROCHEMICAL LIQUIDS AND GASES
AS TRANSFORMER DESIGN PARAMETERS

L. F. Kilham, Jr. & R. K. Ursch
Raytheon Manufacturing Company
Waltham, Massachusetts,

heduction of size and weight in electronic

type trans{ormers to keep pace with miniaturiza-
tion in other phases of electronic component de-
sign has led directly to higher temperature oper-
ation, Temperatures in this region of 185°C re-
quire inorganic materials throughout, including
where used, the dielectric ¢oolant. In addition
to materials that can operate at 185°C many other
problems confront the transformer designer, Ma-
terials performance with respect to corona, heat
dissipation, ability of liquid dielectrics to
"self heal”, toxicity, cost, thermal expansion,
availability and other numerous characteristics
are constantly under surveillance. Under BuShips
Contract NObsr/€3239 entitled "Development of
Transformers Utilizing recently developed Gases
and Lijids, specifically Fluorochemicals", the
Transformer Departments of the Raytheon Manufac-
turing Company have endeavored to develop design
information and techniques resulting in reduction
of weight and size and improvenent cf electrical
characteristics of five specific Raytheon trans-
forier designs, Although relatively expensive at
the outset of this development, these new 1iquid
and gaseous fluorochenricals have many character-
istics of consideratle interest to the transfornmer
designer. A survey of fluorochemical suppliers
2,4,5,6,7,13 and a compilation of existing data 2,

indicates that these materials, in general, are
stable, chenically inert and that they possess
higher specific gravities and lower boiling points
thar 1liquids comnonly used in transformers. Data
indicates Liquid Fluorochemicals have low dielec-
tric constants, power factors comparatle to hydro-
carbon transil cil, relatively high dielectric
strergth, self-healing abiljties, non toxicity and
most important, excellent high temperature charac-
teristics,

Liquid and Gaseous Fluorochemicals have cer-
tain properties which would seem to make them good
heat transfer agents 10,11, The more volatile
liquid compounds with their low viscosity and high
volume expansion offer interesting heat transfer
possibilities by excellent convective cooling.
has beern indicated that this convective cooling
tendency coulc be related to various properties of
the compounds and a characteristic assigned to the
liquéc which is known as the auto-convection modu-
lus, >

It

Most Applicable to Magnetic Components.,

To apply these characteristics to electronic
tyre trarsformer designs it was necessary to de-
velop, investigate and enlarge tre scope of exist-
irg data, Specific pointc on which detailed in-
vestigation and tests were undertaken are as
follows:
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1, Compatibility of Liquid & Gaseous Fluor-
cchenicals with Transformer Materials,

2, Further purification (where necessary)
of fluorochemical liquids,>

3. Thermal stability of liquid & gaseous
fluorochemicals,

4, Dielectric properties of liquid and
gaseous fluorochemicals,

5. Pressures anticipated in transformer
designs using liqu:d and/or gaseous fluorochem-
icals,

6. Heat transfer data with simulated trans-

former design using liquid and/or gaseous fluoro-
chemicals,

& Gaseous Fluorochemicals
with Transformer Materials,

Compatibility of fluorccherical liquids with
materials comronly used in the manufacture of high
temperature transformers has been determined,
Three cooperating vendors ran compatibility tests
with comron transformer construction materials
sealed in ampules togetrer with thelr specific
liquid fluorcchemicals. These samples were run
for a consideravle perjod of time at high temper-
atures. A most corplete report was received from
one of these suppliers, Tabtle 1I shows a conden-
sation of the kesults of Compatibility Tests,

Initlal testing of the volatile perfluoro
liquids showed little or no effect on most trans-
former materials with the exception of silicone
rubber, Interim reports on second round compat-
ibility testing with the further purified liquids
indicated that tre compatibility problem was mit-
igated as a result of thre extra purification. 10

Further Furification_of Ligquid Fluorochemicals

A consiaderable number of commercially avail-
able liquid fluorochemicals have been checked
for dielectric properties in the "as received”
state, A sirple means of furtker rurification is
as follows: Samples are mixed with a solution of
caustic soda, separated and then run through a col-
umn of Fullers earth, Following treatments, the
liquids show a marked improvement in their dielec-
tric qualities, (Reference Table I,)




Thermal Stability of Liquid and Gaseous Fluoro-
chemicals,

The method of testing was to purify all sam-
ples by the Fullers earth treatment and to mea-
sure insulation resistance. Samples were then
kept at elevated temperatures for a period of one
month and again readings were taken of insulation
resistance. (Reference Table 1.)

The insulation resistance tends to average
slightly lower after the test, However, some of
the 1iquids proved very stable and entirely suit-
able for transformer use.

Dielectric Properties of Liquid and Gaseous
Fluorochemicals.

Test results of the dielectric properties of
the tested fluorochemicals are shown (Reference
Table 1) and compared with transformer and sili-
cone oils. Dielectric strength as shown by the
table, is generally higher for the liquid fluoro-
chemicals. The compounds are able to withstand
repeated arcing without scrious injury to their
breakdown strength. The dielectric constant,
power factor and loss factor were measured over a
range of frequencies and are tabulated for 50
cycles and 100 kilocycles. As shown, insulation
resistance is tabulated for the measurements be-
fore purification, after purification and after
the thermal stability tests. In general the di-
electric properties of 1iquid and gaseous fluoro-
chemjcals compare favorably with the conventional
transformer materials,?+10.

Pressure Developed in an Enclosed System Using
Liquid and/or Gaseous Fluorochemicals.

To obtain additional information for design
use, tests have been run to determine pressures
likely to develop in transformers filled with
fluorochemical liquids and gases, The fluorinated
liquids differ from conventional transformer oils
in several important respects.

1. They have unusually high coefficients of
thermal expansion, several times that of mineral
oil or silicone oil.

2. They are volatile in varying degrees.

3. (In conjunction with gas.) The absorp-
tion by the fluorochemical 1iquid of a fluoro-
chemical gas present in the expansion space may
differ very materially from that experienced in
a transformer filled with conventional transil
oil,

Reference to Fig. I shows that pressures
anticipated with fluorochemical liquids appear
to be considerably greater than normally ex-
pected in a transformer filled with mineral or
silicone oil. However it has been found that the
pressure problem is mitigated by the solubility
of the gas in the expansion space into the liquids,
Proper selection of this combination may further
help the design. A typical curve showing the re-

duction in pressure that may be obtained by using
a more soluble gas is given (in Fig. 2) for a
specific gas to liquid ratio (at room conditions).
For a design purpose a curve similar to Fig, 3
which shows the pressures that may be developed
when the gas-liquid ratio is varied, is useful.

The above-mentioned factors must be taken
into consideration in the design of units utiliz-
ing fluorochemical 1iquids and gases as dielec-
tric coolants,

Heat Transfer Data wilh Simulated Transformer
Design Using Liquid andfor Gaseous Fluorochem-
icals.

Heat transfer characteristics of the fluoro-
chemical coolants were compared to usual trans-
former fill liquids whose characteristics are
known, Using a transformer enclosed in a test
cell with the liquid dielectric coolants under
investigation, the cooling efficiency of the var-
ious liquids was tabulated as shown in Fig. &4,

It should be noted that this is a plot of coil
temperature rise above case temperature versus
watts input. Observation of the upper curve for
silicone oil (100 cstks.), shows that the gradient
between the highest measured coil temperature and
the case temperature is about 859C (at 60 watts
loss) and that for fluorochemical B (lower curve)
the comparative gradient is only 20°C,

Additional test information shows that the
temperature gradient existing between various
parts of the transformer is very small when using
fluorochemical liquids as compared to conven-
tional transformer-fill materials. (Fig. 5.)

Design Techniques

With the data developed as shown in the pre-
ceeding portions of this paper, several methods
of using the gases and liquids are apparent, With
the realization of sufficient dielectric strength
protection, low 'k' for higher frequency response,
self healing properties, minimum corona problems,
high temperature characteristics, etc., the
attempted solution of the problem of reduction of

size and weight of magnetic components is as
follows:

Several design techniques using fluorochem-
lcals have been developed in detail. The most
promising techniques are listed, followed by de-
talled explanations.

1. Volatile Fluorochemical liquid fi11.

) 2. Combination or "tallor-made" Fluorochem-
ical liquid dielectric coolants,

3. Partial fill and use of wicking action of
Liquid Fluorochemicals.,

4. Liquid Fluorochemical fill with gas

Fluorochemical at reduced pressure in expansion
space,




5. Liquid and/or gas fluorochemical fi1l in
conjunction with heat conducling tabs.

Volatile Liquid Fill

The 1iquid fluorochemical i1l technique pro-
vides a means of transferring heat from the heat
source to the case surface in a rapid manner.

This method places the transformer in an enclosed
system together with a sultable fluorochemical and
expansion space. Cooling by this method is obtain-
ed from the high auto-convection of the fluoro-
chemicals and from the heat transfer ability of

the volatile liquid vapors as they come into con-
tact with the container surface in the expansion
space, The dissipation of heat through the expan-
sion space, which in ordinary transformers is not
too effective, 1s considerably lincreased,

The effectiveness of this method is demon-
strated by Fig. 4. This figure shows that the
more volatile 1iquids give more rapid cooling, how-
ever, they present greater internal pressure prob-
.ems to which a transformer engineer must adjust
his design.

Combination or "Tailor-made" Liquid Dielectric
Coolants,

Since these fluorochemical liquids are inert
and volatile in varying degrees, it is possible
for the design engineer to calculate an optimum
liquid mixture for a specific transformer at a
specific operating condition. By reference to
Fig. 1 the value of this approach can be observed.
If the hot spot temperature is 200°C and a gradient
of 40°C is assumed between case and hot spot the
resulting case temperature will be 160°C, If the
allowable internal pressure is arbitrarily set at
a maximum of 45 psig, the characteristics of an
"optimum 1iquid" is shown in Fig, 1, It can be
seen by examination that this "optimum liquid" is
a compromise between the volatility of the liquid
desired for maximum cooling and mechanical con-
siderations that 1imit the maximum internal pres-
sure,

A method of calculating the "optimum 1iquid"”
is as follows: For a given transformer design
and its operating ambients, the case surface tem-
perature may be determined., For mechanical design
an allowable safe value may be established for the
internal pressure developed. The internal pres-
sure due to the expansion of the optimum liquid
(assuming two liquids have nearly the same co-
efficient of expansion) and Lhe heating of the gas
in the expansion void can be taken from a curve
similar to Fig., 3. In addition to the pressure
data taken from Fig, 3 the vapor pressure must be
calculated. The allowable vapor pressure of the
optimum liquid, Po, is the maximum safe case
pressure less the pressure determined for the ex-
pansion of 1iquid and the heating of the gas. The
following equation may be solved for the ratio
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B = (Po - Py) MB

WA PB - fo Ma

WpA - Wt, of less volatile 1liquid.

WB _ Wt. of more volatile liquid.

MA - Molecular wt. of less volatile liquid.

MB - Molecular wt. of more volatile liquid.

Py _ Vapor pressure of less volatile liquid,
at the operating temperature.

Pp _ Vapor pressure of more volatile liquid,
at the operating temperature.

Po -

Maximum vapor pressures of the optimum
liquid at the operating temperature,

A 1iquid mixture of this ratio should give
maximum cooling possible consistent with pressure
considerations for the given operating conditions.

Partial Fill and Use of Wicking Action of Liquid
Fluorochemicals,

In some transformer designs where the dielec-
tric strength is not too severe it is possible to
fi11 partially the transformer container with a
volatile fluorochemical liquid and utilize the
exceptional wetting action of 1liquid fluorochem-
icals by the use of wicks to carry the liquid to
the coil hot spots.

If the temperature of the hot spot is above
the vaporization temperature of the liquid, the
liquid will vaporize upon contact with the hot
spot. The vapors complete the cycle by condens-
ing upon contact with the cooler case surface. In
this manner considerable heat is transferred to
the container surface. A transformer of this type
has been built,

Fluorochemical Liquid and Fluorochemical Gas
Combination as Dielectric Coolants,

The use of a fluorochemical gas at lower
than atmospheric pressure in the expansion space
over the 1iquid (while being approximately equal
to air at 1 atmosphere as a dielectric) offers
advantages in relation to heat transfer. With a
transformer container having a large surface area
at the top to facllitate condensation of vapors,
any air or gas present in the case at the time of
sealing displaces a portion of the vapor during
operation, thus reducing the effective cooling.
By reducing the quantity of gas at the time the
unit is sealed, the entire upper surface of the
container provides condensing area for the vapor
and the heat dissipation is increased., The use
of this technique is also a practical means for
the control of internal pressure within mechanical
design limitations.

The use of fluorochemical gases in such a
combination may give necessary dlelectric protec-
tion when the liquid vapors are inadequate (i.e.)
low temperature starting conditions, etc.




Liquids_and/or Gas_Fil1_in Conjunction with Con-
cdu n

ction_Technicues.

Presently, many dry type transformers are be-
ing produced with copper strips (Raytheon Fat.
Application #114€) placed at strategic places in
the coll and around the core to renove heat from
a transfornmer, Considerable heat can be removed
by this method, resulting in a reduction of size.
The application of the "dry type conduction”
appears limited to transformers of moderate volt-
ages. In applications where high voltage and
corona is a problem it is possible to enclose the
unit, seal it under fpressure with & fluorocarbon
liquid and/or gas, and to utilize conduction tabs
to transmit heat to the case which serves asc a
radiator. When a cold sink is grovided this be-
comes more effective. This technique offers in
many instances, a deslgn of less welght and less
cost. If fluorocherical gases are used under cer-
tain conditions in such an application instead of
the liquid gas combiration, grester savings in
weight and cost may be realized,

_Typical Applications

Although the application possibilities of
the above techniques are numerous it is beyond
the 1imits of tris parer to detail more than tte
followir.g representative designs,

Two Raytheon transformer designs have been
chosen to demonstrate the use of the above design
data in actual practice. Techniques using Fluoro-
chemicals are applied to these existing designs to
show reduction in size and weight.

A. kedesign of Filament Transformer
Faytheon #2G2-13&9G1

Transformer A, is a low-capacity, high test-
voltage Magnetron Filament Transformer with spe-
cifications as follows:

Primary voltage -115V. F.M,S, 400 cycles

Secondary voltage - 3.7V R.M.S, with prinmary
tapped tc glve 4,3V,

Secondary current - 43 amps,

Capacity between secondary and prinary tied to
ground to be less than 20 MMF,

Prinary test voltage - 1.7K.V. R.M,S,

Secondary test voltage - 43 K.V, Peak,

In addition to the vusual high temperature
electronic type transformer calculations other
design conricerations becorme significant. A
transformer of this tyre has a certzin capacitance
to ground associated with the high voltage wind-
ing. For a given air spacing from windirg to
ground, there is also a maximum high voltaie which
cannot te exceeded without inserting additional
dielectric insuiating media in the spacing. If
the dielectric material has a dielectric corstant
greater than the air which it replaces, the caja-
citence of the high voltage winding increases
accordingly. With tkis type of transforner, the
design protlem calls for a dielectric materijal
which has high dielectric strength and reasonably

low dielectric constant, i1f there is to be a re-
duction in size. A fluorochemical gas or liquid
fulfills tltece requ.rements provided a non-
metallic enclosure is uced,

The uvse of fluorocherical gas at high pres-
sure (30 to 49 psig) with a dielectric constant
of practically one is a possibility. However a
fluorochemical liquid with a dielectric constant
of 1,8 could glive satisfactory results as far as
capacitance is concerned, and in addition, would
"materially reduce the size" because of its
greater heat disslpating properties,

To the previous electrical sypecifications a
transfcrmer ! as been developed using a fluoro-
chemical liquid as a dielectric. A special cer-
amic enclosure of high dencity alumina serves
both as a contalner and & high voltage terminal,
The resulting size reduction is shown in Fig. €.

Teste of this design indicate that the unit
is capable of operating in ambients of 140°C with
a hot spot temperature rise in the vicinity of
35°C. The high voltage capacitance measurement is
less ttan 15 MMk, Electrical Ferformance is ex-
cellent including a consiceratle reduction of
corona. The reduction in size is over 4 to 1 by
volume,

b. hedesign of Ultratonic Output Transformer
haytheon #292-2059G1

Transformer B is an ultrasonic output trans-
former to which the tectnigue of a "tailor-made™
liquid is applied. Its specifications are as
follows:

Output Frequency - 19-29 KC,
limpedance - 4800 obms CT to 1500/1100/890/450
Test Voltages - Pr:. 25000 V, I.C.
Sec, 16,000V, D.C,
kesjonse - Flat within + 11 DB
Output - 2 KW continuous or 25 KW (35 milliseconds
rulse) 74 duty cycle,

From tre method previously outlined the op-
timum liquid was czlculated for this specific
design. These calculations indicated that under
the conditions of 45 1b,/sq. in. gage max.,, Am-
tlent 125°C max., 200°C max. hot spot temperature
that a mixture of two parts Fluorochemical A and
one part Fluorochemical B is the requirerent,

The resulting reduction of two to one in vol-
wrne: of the redecigned unit is shown in Fig, 7. In
addition the "K" of 1,8 of fluorochemical liquid
as compared to a higher "K" of the previous trans-
former o0il resulted in conciderably less distric-
uted "C" and better high frequency response.

Flectrical perfornarnce including corona was im-
Froved,

Conclusicns__
Fluorochemical liquids and Gases have become

e:téb]ished as transforner design parameters.,
Their ability to operate as stable ang neutral




materials at terperatures in the vicinity of
200°C allows their use as high temperature trans-
former materials. Their electrical properties
which parallel "Transil Oil" make them useful in
transformer design. Their unique characteristics
---elt-kealing urder arc-cver conditions, low
dielectric constants, thrermal stability, excell-
er.t heat transfer ability and minimum corona
preblems-- lead directly to the reduction in size
ard weight of variocus types of electronic trans-
forrers.

So efficlent is their transfer of heat from
tre hot spots of the transformer to the case that
it appears that the emphasis of further trans-
forrer minjaturization may well rest with the
equipment designer. Optimum heat dissipation
metrods such as "heat sinks" or turbulent alr bld
cor furtrer reduction in size and weight of such
magretic components. Frelininary tests on this
suciect bear out this contentlon.

To speak only of the imrmediate present, it is
apparert that it is no longer practical for
“re equiprent designer to be content with specify-
ir.g an ambient temperature alone. Such improved
reat trarsfer mechanisms as have been just de-
ccrired demand a statement of Amblent Temperature
plus a statement of the Capacity (of the surround-
‘ng med.um) To Transfer Heat. Such a modifying
"Cocfficient of Heat Transfer" would consider the
rauical difference between say still air 100°C
ancient and a 100°C "cold plate", Further saving
of size ard weight in transformers 1s of great
importance., Let us consider this appreoach.

now
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RESISTIVITY DIELECTRIC
C FACTOR
IDENTI- Dc'ghﬁ::‘r POWES’;:C L0353 FACTOR OHMS/CM3 .o KV/CM JTRENGTH
CHEMICAL AFTER A.5.T.M
HCM'PN FORMULA 5orc°vcu:s 100 100 50 100 AS RECEIVED AooAnf:rTgSAL THERMAL D-877
LETTER 100 kC |cveres| xe cvcLes| ke SAMPLES | pURIFICATION| AGING
PERFLUORO COMPOUNDS .
4
A |(caFg)3N| 1.89 0.0025| 0.005 |0.0025]0.0095/0.75%10'* | 6.3x 10! 6.3X10 > 40KV
B CgFi160 1.84 0.016 | 0.029(0.118 | 0.053| 2.5 " 6.3 0.3 " > 40KV
C CoFi20 1.80 0.0024| 0.0048/0.0043| 0.0086| 0.21 " .3 == > 40KV
D C1F s 1.7 0.0045)| 0.0005| - - -- |o.93 " 1.5 --- & 35KV
| % o 14
E Cgfle 1.7% 0.0098| 0.0010 - -- 0.08 6.3 1.5x10 = 35KV
0 0 14
F C2F20 1.8 -- - - = 0.9 1.9 2.0x10
CHLOROFLUORO COMPOUNDS
G (cFcFc) ;| 2.5 0.022 | 0.005 | 0.023 | 0.012 | 0.03 " 06 " 0.09 " > 40KV
H CFCFC)n|  2.¢6 0.0017 | 0.0017 | 0.007 | 0.005| 0.14 e 0.5 =» 2 22KV
J |(creret)| 275 0.0008| 0.008 [0.0043| 0.022 | 0.62 25 v 0175 v 5o
K CFoCFC)n| 2.80 |0.004| 0.04 [0.0046| 0.115 | 0.08 = 1.4 o 2.5 o --
L cFcFa) |  2.80 [0.0002|0.0024| 0.0022| 0.0067 0.25 2.5 u 075 » --
M [(cFpcFe), |  2.80 -~ -- = 017 0.8 0.5 --
CONVENTIONAL OILS
0 TRANSIL 2.2 0.0i4| - - - ~- [resxi0'*| 6.3 x104 - - == 25KV
P SILICONE| 2.7 0.0l | 0.0 - -- |e3xi0'* -- = = == 30KV
Table 1
Electrical Properties of Selected
Fluorochemical Liquids.
TRANSFORMER FLUOROCHEMICAL S
ATERIALS TESTED
LU 5 LIQUID A LIQUID H LIQUID M
FOR
A A
COMPATIBILITY wT APPEARANCE ;T APPEARANCE o\;T APPEARANCE
o 3
TEFLON MAGNET WIRE|[*0. 6| SLIGHT DARKENING 10 | SLIGHT DARKENING(| — GRAY COLORING
COPPER FOIL — | DULLING OF COLOR - | WHITE COATING - GRAY COATING
SILICONE RUBBER || - 2 LITTLE EFFECT *50 | BAD SWELLING |[+30 SPLITTING ¢ SWELLING
SILICONE GLASS |- 3 | SLIGHT DARKENING |[*+20 DARKENING ~0.2l DARKENING
- NO CHANGE. NO CHANGE NO CH
T EET + + . ANGE .
EFLON SHEE > |(PCASTISIZER acTion) f| 5 (PLASTISIZER AcTioN ) [+ © (PLASTISIZER ACTION)
SILICON STEEL ||*0.3] SLIGHT DARKENING (| +7 GRAY TARNISH - NO CHANGE

LIQUID A" AND OTHER L1IQUIDS OF THIS TYPE
FROM THE STANDPOINT OF COMPATIBILITY

Table 2

Results of Compatibility Testing of
Fluorochemical Liquids.
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APPEAR TO BE THE MOST SUITABLE LIQUIDS
WITH TRANSFORMER MATERIALS
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THERMAL PROPERTIES OF SEMICONDUCTOR DIGDES

J. N. Carman and W. R. Sittner
Pacific Semiconductors, Inc.
Culver City, California

Summary

Methods for determining steady state and tran-
sient thermal properties of semiconductor diodes
are presented. Comparisons of power dissipation
constants and thermal time constants of various
diode package designs are given.

Curves of measured junction temperature rise
as a function of power dissipation are shown
together with effects of dissipated power on elec-
trical characteristics.

Operation of diodes at elevated temperatures
and power derating considerations are discussed.
The relationship between the package dissipation
constant, the mount dissipation constant, and the
combined dissipation constant is outlined.

Introduction

The power handling capability of a semicon-
ductor diode is dependent on the design effective-
ness of both the device development engineer and
of the application engineer who uses it. The user
has often been limited unnecessarily by a package
design with inherently poor thermal transfer
capabilities.

The power handling limitation set by the
diode package design can best be evaluated by
considering the package alone; that is by placing
the package in a heat sink so that its external
pin or lead is held at a constant temperature.
The other part of the problem, the dissipation
properties of the mounting arrangement, can be
analyzed separately.

Diodes produced by 11 manufacturers were
analyzed and found to fall roughly into three
classes. Figure 1 is a schematic representation
of the three classes showing the elements essentlal
to a heat flow analysis. The three diagrams are
to the same scale; however some averaging was
necessary for both A and C types since there were
minor variations between designs within each of
these classes. Type B is a diode of new design.

Anaiytical Treatment

Theoretical analysis of the heat flow problem
is very difficult unless one makes some simplify-
ing assumptions. Figure 2 shows a schematic of
the model used where the simplifying assumptions
are:

1. All the electrothermal energy conversion
takes place at the diode junction (radius ro).

2. The metal-to-solder junction is an

isothermal plane.

3. The thermal conductivity of the solder
and the semiconductor are equal. The thickness
of the solder layer may be increased by the ratio
of thermal conductivities if more accuracy in the
results is desired.

4. Heat losses by convection and radiation
mey be neglected.

The flow within the metallic pin and whisker was
analyzed in cylindrical coordinates whereas the
flow problem inside the crystal was solved by

the method of images. Solutions for the power
transferred through the crystal pin and through
the whisker are shown in Figure 2. The power
removed through the whisker is negligible except
whenconsidering the transient situation in & short
time interval. With diodes of Type A, the term

(—i23—) is of predominant importance and with
( ndg K3 )
Type C about half the thermal drop is due to it.
However with diodes of Type B, its coitribution
is less than 10%. In this case the = becomes

o
a critical factor. Clearly ry varies considerably
between point contact, gold bonded and alloy
junction diodes.

Metallographic sections were made of several
gold bonded diodes so that the dimensions could
be accurately measured. The dissipation constants
were then calculated and compared to previously
determined experimental values. Thermal conduc-
tivities of materials shown in Figure 1 which
were used for calculation are:

( Copper .9k cal/sec/cm/oc
Pins( Brass 2 - .3

( Dumet average

( about 4o .5

( Solders .07~ .15

Mounts( Conducting

(  plastic 1-.3
Semicon-{ Germanium L1k
ductor ( Silicon .20

( Gold .71
Whiskers( Tungsten .48

( Moly. <35

Figure 3 shows a comparison between calculated and
measured dissipation constants for several diodes.

The agreement is good; however all of the
deviations are in one direction. This can be
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accounted for by noting that the junction is not
really a complete hemisphere but a segment of one
and that since W is not extremely large with
respect to r , the solder interface is not exactly
an isothe plane. This is particularly signi-
ficant where the pin is of high conductivity
material such as copper. Diode No. 10 was of that
type -- others with thinner crystals might show
still further disagreement. Diodes no. 78 and

no. 79 were of Type B construction using brass-type
pin material. Diode no. 26 was gold bonded and its
r was assumed to be the same as numbers 7S¢ and T9.
Dfode no. 75 wdas a point contact type and so r,
was estimated, giving the range of values 6 to 13
milliwatts/ C

Experimental Method

The method1 used to experimentally evaluate
the dissipation constants was extremely simple,
although it did involve considerable care and
technique. A diagram of the circuit employed is
shown in Figure 4. The constant voltage generator
was used for forward power and the constant
current generator for back power. While this
relay is normally make-before-breek, by very light
excitation, the relay will break before make with
an effective transit time of from 10 to 50 micro-
seconds.

Figure 5 shows an example of the back current
as a function of time as it was observed on the
oscilloscope. This Type B' diode (a Type B diode
with a brass type pin) was dissipating 1.12 watts
before being switched to the 12v back bias. The
scale of the upper trace is 100 microseconds per
cm. In descending order, the remainder are 1, 10,
and 100 milliseconds per centimeter and the bottom
line is the quiescent current at -12v. The two
frames in the photograph were taken under identical
conditions to demonstrate the reproducibility of
the method.

In order to relate back current to tempera-
ture, each diode had to be calibrated by measuring
its back current at -12v in an oven. Such a cali-
bration is shown in Figure 6. The principal
precaution that must be taken in this calibration
is to be certain that there is no diode drift.
Therefore, measurements were taken going up and
down in temperature so that a diode which did
not retrace could be eliminated. A second scale,
power in wztts, has been added to the horizontal
coordinate in Figure 6; in this case the particu-
lar diode dissipated 44 milliwatts per °C indicated
rise.

Figure 7 shows diodes of the A, B, C, types
as they were actually mounted in the heat sink for
measurement. The temperature of this sink was
measured by measuring the back current of the
calibrated diode on a 1/4% microammeter. This
wvas used as the quiescent, or starting temperature
for each measurement.

Figure 8 shows plots of the equivalent
junction temperature rise as a function of dissi-
pated power for the different types of diodes
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noted. The indicated dissipation congtents for
the various diodes in milliwatts per C are as
follows: Type A point contact, 4.5; Type A gold
bonded, 6.5; Type C point contact, 16; Type B'
gold bonded, 25; Type B gold bonded, 46. Type B'
is identical to Type B in every respect except that
the pin was of a brass-type material vhose thermal
conductivity vas about one-fourth that of copper.
A greater range of values was found for Type B

and B' diodes because other factors were low
enough so that small variations in r, and crystal
thickness became significant.

If the heat is generated by reverse current
rather than forward current, one finds a dissipa-
tion constant to be somewhat lower. Figure 9
shows the power vs. temperature rise curves for
a typical diode vhen dissipating either forward or
reverse power. The second derivative of the
forward curve is seen to be negative and that of
the bacx curve positive. This was generally true
for most of the diodes examined as was the fact
that the "forward K’ was generally larger than the
"back K,” particularly at higher power levels.
This differeace is attributed to a change in
effective r for, when forward current flows,
carrier 1n58ction modulates resistivity near the
Junction sc that electrothermal conversion takes
piace well into the bulk material.

Non Ideal Beat Sink

Let us now consider the non-ideal heat sink
situations. Tvo thermal conductances in series,
K1 and K2, add to give a combined thermal conduc-

tance Kt such that:
( KK, )
(1) ( K, - 12
(°* K1+K2§

If Kl is the diode constant and K. the mount or
sink constant, it is clear that fgr K., mch
larger than , K is essentially K_, or if

is much larger, ag in the case of a“good heat
sink, K _ is essentially . For typical circuit
installgtions the value for will normally be
found in the range from 4-12 fiilliwatts per °C,
depending on lead size, clip dimensions, and
effectiveness of thermal contact. If cooling fins
are actually used, they no radiate fram 6-3
milliwvatts per square inch per C. Discussions of
povwer dissipation characteristics of various fin
arrangements or radiating areas have been pre-
sented by several authors, particularly Paul
Richards of Transistor Products, Leroy A. Griffith
and Howard T. Mooers of Minneapolis-Honeywell.

This oscillogram of back current decay shown
in Figure 10 was taken on a Type B diode held by
an ordinary pair of citips. The top trace was 1
millisecond per centimeter and the lower one 1
second per centimeter. The bottom line represents
the quiescent current at -12v. Here the effects
qf K% and are clearly separable. First the
Jun? ion temperaturg dropped from its power dissi-
pating level of +33°C above ambient to the tempera-
ture of the diode pin. The temperature decay from




that point on is dependent on the dissipation con-
stant of the pin and mount in air. This K iso
clearly much smaller. about 12 milliwatts per °C.

Figure 11 is a plot which combines the effects
of K. and K.. The first curve, asymptotic to .210
watts, is £6r a K, of 7, typical of the Type A
class of diodes. “The next curve, asymptotic to
.LOO watts, is for a K of .0, representative of
the Type C diodes. The third curve, which would
eventually be asymptotic to 1.35 watts, is for a
Type B diode having a K. of 45. These curves are
for a temperature rise of 30 C.

Here it is evident that for a given tempera-
ture rise, small values of K, limit the pover
dissipation to a very low fi e. Unless values
of K. are large, the addition of fins or other
spec%al mounting techniques would contribute very
1ittle to the dissipation of large amounts of
power.

The temperature rise of 300C, though not an
abso.ute limit, is a reasonable figure to expec
of germanium. However, for silicon diodes, 100°C
iz probably acceptable. gf Kl is equal to 50, and
a temperature rise of 100 C wére allowable, such a
d:o3e could disgipete 3.3 watts with a K2 of 100
-._.liwatts per C rise.

Transient Considerations

Up to this point we have considered only
static power dissipation. However, it is evident
+hat the problem of the transient situation can be
>f considerable importance.

Figure 12 is a plot of the decay characteris-
+ics of reverse current as a function of time.
The Type B diode drops 10% of its current increase
in .2 milliseconds, 33% in .6 milliseconds, and
€3% in 5 milliseconds. Figure 13 summarized the
same .nformation. It shows the thermal relaxation
times in milliseconds after removal of heating
power for diodes of various types imbedded in the
heat sink. A rather wide range of values is
evident, particularly in the 33% and 63% values.
The data for Figures 12 and 13 were taken from
photographs similar to those of Figure 5. Figure
14 shows a relaxation curve of indicated tempera-
ture vs., time for a Type B diode. This curve is
arrived at by use of a temperature calibration
curve similar to the one shown in Figure 6 and a
typical current relaxation curve.

Power Rating and Derating

It does not appear unreasonable that a forward
povwer rating on the diode, or the diode and a
particular mount, can be reached directly from an
allowable effective temperature rise and a K value
for the mount and diode, For example, the new

107

Type B copper pin diode in an ideal heat sink
gould have a combined K of about 50 milliwatts per

C. OWith an effective junction rise of 30 C above
a 25°C ambient, the indicated junction temperature
would be 55°C. Under these condition, 1.5 watts
of power could be dissipated. For a typical
circuit installation, the combined K of a Type B
diode and mount would be nearer to 10 milliwatts
per C and a permissible power of about 300 milli-
watts would be indicated.

The permissible indicated junction tempera-
ture is of course dependent upon the allowable
deterioration in the reverse characteristic as
well as a yet undetermined relationship between
indicated Junction temperature and diode life.
Arriving at a power rating in this manner for a
specific ambient temperature of course suggests
power derating for higher ambient temperatures
using the same approach.

Reverse current produced powver will present
similar considerations in regard to change in
electrical characteristics but will undoubtedly
require a somewhat more detailed approach when
life is considered. This is expected due to the
fact that the junction is much less likely to
arrive at a uniform temperature when heated by
reverse current. This assumption is borme out
by experimental results wherein diodes underwent
a permanent change in electrical characteristics
at moderate.y high reverse power levels but at
an indicated junction temperature which would
normally be considered safe.

Conclusions

Methods for determining the dissipation
constant of a semiconductor diode have been dis-
cussed and comparisons between various typical
diode packages have been made. The manner in
which the diode dissipation constant and the
constant of the mounting means can be cambined
to determine the effective operating temperature
of the diode junction has been outlined.

Comparisons of the relaxation time of various
diodes have been presented showing that diodes
which have a high thermal conductance are poten-
tially able to recover fram elevated junction
operating temperatures much faster than those
whose thermal conductance is lower.

An approach to the power rating and derating
problem has been discussed together with factors
of concern in such an approach.
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GRAIN BOUNDARIES AND TRANSISTOR ACTION

by

H. F. MATARE
Sr, Member I.R.E.
Sienal Corps Engineering Laboratories, Fort Monmouth, N. J.

Sunmary:

Dislocation models in the form of prown
grain boundaries between two crystals of a spec-
ific mutual anrle of misfit may be considered as
zones of special electronic behavior. The mechan-
jcal stress field in a prain boundary zone is the
oricin of a field-dependent trap-mechanism. The
P-tpe behavior of tiis zone mays be used in
structures similar to N-P-N-devices. The main
difference lies in the fact that the height of the
blockins laver is stronsly dependent on the cross-
polarization since the number of extra-electron-
states increases with field strenstr., Furthermore
tre thickness of such zones may be limited to some
mjicrons for the case of disturbed twins., When
carrier-injection into the g.b.-field is used to
modulate the cross-current throurh the r.b.-double
carrier layer, saturation of the cross current oc-
curs and current multiplication factors as hirh as
£9 and more may be measured.l) Grain boundaries
ma’ be used therefore in filamentary tyme of tran-
sistor structures, as well as in other arrange-
ments to be described.

I TRODUCTION

4s a result of the work of Pearson?) and Fan
and his co-workers3) it is known that a erain-
voundary zone has special electrical properties
such as: p-type-behavior in an otherwise perfect
n-type ¢r -stal-structure and a blocking double
laer which permits a build-up, at the p.b.-inter-
face, of abrupt jumps of the potential, often cor-
resnondir.~ to 95% of the total potential differ-
ence applied to the sample.

It is known, furthermore, that these proper-
~ies are, in most cases, not dus to impurity se-
~reration in the p.b,-zone since the effect dis-
appears when *he boundary zone is cranped to
p-t--pe, either by nuclear irradiationbs or by
heating and subsequent que “1unp.2)  The hirh-
blocking characteristic reappears when the speci-
men is reverted to n-type by annealing,

From these facts, and other indica'ions, the
sonclusion may be drawn that the principal rea-
sons for the presence of the acceptor-t pe crhar-
acteristic of the material and the hirh-blocking
laver are:l) elastic deformation of the lattice
in the g.b. repion and 2) the number of locked
lattice points in the g.b. line. A simplified
demonstration of a cubic lattice anpears in Fir.1,
In other words, we mas corrclate the ;.b.-shress
field or the mec.anical enerrv localized in the
F.t.-zone to the blocking layer acronss such a bar-
rier-zone.

lne electronic betavior of r.b.'s ma’ be var-
ied wit? tie relative orientation of thre two
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prains. The grain-boundary, as a center of hirh
enersy, has been investirated by several authors,
C.G. Dunn5) measured g.b.-ener-ies as a function
of difference in orientation © . The dependence
of the energy on the orientation of the grains
boundary, with repard to the x-direction in the
plane perpendicular to the g.b.-plane, is neg-
lected. In fact, ¢ has little influence on the
f.b.~energy. In reneral, the stress field of a
.b. between crvstal grains will be a function of
the relative orientation of the two prains (three
degrees of freedom) and the orientation of the
boundary surface itself with respect to the two
fFrains (two derrees of freedom), bu® Read and
Shockley6)7) have shown that a rood approxiration,
in tie case of small orientation differences, is
reached when we consider the two prains joined
with a suitable arrav of dislccations which lies
in the g.t.-plane.

A further analysis leads to the assumption of
two main parts of energy. One part is due to the
elastic deformation of thé lattice in the neigh-
herhood of the 7.b. (Fig. 1). This part extends
over a certain area. The other part is due to the
enerpy of the locked lattice points in the g.b.-
line.

The total energy per unit area is:
E=F,0(A-A4n &)

é;d@qrepresents a constant enerry per dislocation
and E;G,&..é represents the elastic enerry. In
the simplified case of an array of dislocations in
the r.t. plane or, small anrle of misfit between
the two prains, there is a weak dependence on the
~.t, orientation. Ko is a function of orientation
and elastic constants:

E =G alcap+ Jeﬁ///w?/r-w) (2)

where:
G = ripidity modulus
a = lattice constant
G = Poisson's ratio
¢ = orientation

For small anrles: &s = Ga/4ga(1—0)
The constant A may be put 0.3. For more detail
see footnoteb), Dislocations in the ferm of

mall anple boundaries may nave tie electrical
properties of rows of closely spaced acceptor cen-
ters with enerries slirhtly above the middle of
the rap.8)

An occupied acceptor may act as a hole trap
and an empty acceptor as an electron trap. Mea-
surements made by Pearson et. al.9) on deformed
samples show that deformation stronsly influences
mobility and carrier concentration in the case of




n-type, but has little influence on p-type Ge,

This is one reason for the assumption that the
boundary states act in tie sense of incrzased elec-
tron density, which will be discussed analytically.
Furthermore, the ¢.b.-states, or acceotor-tvpe lat-
tice disturbances, may act like discreie cnergy
levels with localized wave functions near the mid-
dle of the geapo.

It is known that in this way r.b.'s act as
zones of increased traprins, and thus a deformation
of the energy levels in the band scheme resultslO)

"Boundary surface states” have been supposed
to exist in the forbidden band and were introduced
in a theory explaininy the measured non-ohmic be-
havior at the surface of such boundaries.3

The increased tranping probability, however,
must be a bulk material effect also where a :rain
boundary crosses the otherwise perfect crystal
structure. In the following analysis, first the
surface mechanism will be discussea.

Measurements of the ™ locking" voltape of such
grain-boundaries at the surface have given high
values. The boundary resistance may be about 200
k ohms at 100 volts potential difference and more.
This means that specific resistivities jump to un-
usually high values. Probe measurements reveal
this effect.

Fip. 23) shows a dnuble-seed arranrement used
for the growth of oriented bicrystals. There are
three angles 8 of misfit. Fip, 2b) shows the re-
lative grain boundary energy as a function of the
anrle of misfit ©), Fip. 3 shows the case of
cross polarigation and the corresponding resistiv
ity values. The boundary is located at O, These
results were found on a bicrystal (100) with 6,
50, 6o% 00, 83 « 0. (Ge, n-type, 12 ohm cm).
There is a very high resistance jump due to a
cross polarization when the potential is measured
across the g.b. line.

The heipht of such jumps should be dependent
upon the boundary energy as discussed previously.
In this way, it is possible to define the elec-
trical behavior of p.b.'s in terms of 6 and ¢.1)
First conclusions which may be drawn from this
work so far are:

1. Twinning in the proper sense pgives low
energy boundaries.

2. Boundaries with angles of misfit 6 e 202
300 pive a high probability of high stress fields
and large trapping rates,

3. Disturbed twins with Frank or Shockley
partials7) might also give high g.b.-energies and
disturbed zones in very thin layers.

The resistivity vs. x (crystal dimension)-
diapram reveals in general the character of a p.
b. Two probe resistivity measurements across the
surface of a cryrstal show typical jumps when the
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boundary zone is inciuded in the current patr. A
characteristic of a r.b. (silicon, 5 olms . n-
tvpe) is shown in Fijqure 4. It is symretrical in
the nepative current ranre. Rectifrins proverties
are apparent. As Taylor et. al.3 oointed out,
the boundary states act as acceptor levels located
in the rap between tre valence and conductiorn
bands, sliritly below Lie Fer—i-level. In equi-
librium these states are occupied 57 electrons and
cause the curvinyg up of the bands. Under aoplied
voltare a stroncer defor-ation of the band scr.ece
takes place ard accurulation of electirzns is in-
creased. This enhancerert of the trarpine-rate by
potential c-.anre in tre ;.t.-layer #ill be dis-
cussed furtrer and trarnsistcr action based on tre
injection into tre r.b.-zone will be t*e ultimate
scope.

GRAIN BCUNDAY BAIXL ZRS

The electric beiavior of zrain-bcundaries as
investirated by Fan and co-workers, Pearson, and
the author, indicates trat tre potential drop
across the barrier is camparable to ike benavior
of t*e backward characteristic of hi~h volta~e Ge
diodes. (Fip. 4) We may understand -his behavior
by the assumntion trat electron concentration at
tne boundar: increases w:.ereas the -ole ccncentra-
tion decrcases when external voita-e is applied.
Under the assumntion t-at ihe nurber o~ exira elec-
tron states in the boundary zone is constan., ap-
plication of tre Gauss-Theorem applied ion electric
field-strenprth % and potential V across the c.b,
rives a value of the critical potential (break-
down) of the r.b. as Vo = 4, §. ¢ = work function

1l e Volt. This could give barrier volta-e of
onlv a few volts,

Since the actual voltare drop is far freater,
the inherent assumption of constant elazctron con—
centration at the boundary surface cannot be true,
Tarlor and co-workers3) aprlied Schottky's bar-
rier layer theoryl2) to the ro.b. fizld and found
indications that the number of bound elecirons at
the p.b.-interface increases with apolied voltase
while the number of holes decreases. The Schottky
type current equation for the r.b.-barrier layer

isg:
= e/iéng%@ - ‘%”(3"'665/607');7
' (3)

(1~ ep(7 %,/irj
Subscript A refers to the bottom and B to the top
of the barrier., The minus si-n refers to elec-
tron, the vlus sirn to hole current. Since the
concentration of electrons at the bottom (A) is
equal ne, and for barriers in an n-type semicon-
ductor ¢ 48 D kT , we get

e Vals 5[)':(5 ~ e, exp(~ ¢ by /éry (4)

a current equation similar to that in the case of
a cur?ent tnrourh a P-N-junction. Introducing
the fields on either side of tre barrier Ey and




Ep and the relation V, = V; -~ V,, (see Fip. 5)
one obtains for electron and hole currents by el-
imination of nep:

= et 51:%4‘(.“7”/"‘{/"7)//""/"6/"727(5)
4 rA

i o ctbr) = s el kb
f-‘, Lxp [~ € V//ET) ~ £, tap (- ety fer)

/

/ (6)

=456

wivr, the Notations:
21 By = electrical field strength on either
~.b. barrier side
neutral-carrier density
electron, M, = hole mobility.
electron charge
Soltzman constant
abs. temperature
external voltape applied across the r.b.
= voltage drop on either side of the p.b.
barrier. (Va = V1-V, )
M, ML, = hole densities on either side.
Te -lectron current-voltare relationship (5) is
suc-. that with increasine external voltare Va ap-
pliet the electron current is dependent only on
Vp. dith V5 increasing this current should dim-
inisn since the barrier heierht would increase.
It is, nowever, important to note that the poten-
tial on one side of the barrier is practically not
only dependent on q, the number of electrons in
tre r.b.-states. While q depends on eVa, there
is a dependance of both, eV  and eV, on eV,. In
arinciple V3 = Vy (Va)-V, (va), for the signs,
chesen in Fir. 5.
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The role current (6) could tend toward the
vale:

6 &
4G o=
EL

(7)

AL 7Y,
for V1 more ranidly increasing with Va than vs.
Tr.e dependence of q (electrons bound to the g.b.

interface, q, beinr the original equilibrium nua-
her) is apparent.

The next step is the evaluation of the elec-

tron eoncentration at the top of the boundary:

Ney. Equaline a current-voltage relationship ac-
zording 30 (L) for both sides of the barrier
vlelds:3
£
~ —a — L eV [£ ‘)
", o B2 pleh/er) ®
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for applied voltage V, > kT/e. The hole concen-
tration becomes:

Wy = 2o, (Vs /kT) (9

E) - E2 = - q is the number of electrons on the
boundary states. When we put q = q, constant the
differentiation of Nep and Nhy with Va gives:

/3 Ko, e 7[%6‘{/&7‘;—; (10)
2.

&r

ey _ .
7 AT 12

o

D44
A

pIA
724

(1)

o~ 24‘0 f—r— ex/,(ef,,/gr)

for V5 % kT/e (10) is positive while {11) becomes
negative, indicating an increase of Nep and a de-
crease of ny, with Va. As pointed out before, and
what is apparent by the conclusions, q is not con-
stant but a function of Va and thus V5 also is a
function of Va. In principle, the increasing num-
ber of electrons trapped in g.b.-states with in-
creasing applied external voltape enhance the
buildine of a steep interface-barrier until there
occurs a Zener-break through the inversion layer
#hich limits the blocking-voltage. In absolute
values V] and V, increase with Va for q ¥ ao.

In a first order approximation q may be put
constant to evaluate Neg as f (va) and since v2
increases with Va

e z
Hp, = 7—5_. A hp/e/é//er)d/%/( )
12
= he, d/V‘"/[.L/‘////Z__
27— o & K /'a
P -//u —-J/Z
)" g
o« = Yhr
For ° #2 >> {Zi a ()
~ P, I/l— “/‘/G/
Ny = 5 K[~ 2

This equation shows that the limit for strongly
increasing ne_ is given by the fact that q = £{IK)
and by the Zener effect i.e. quantum mechan-
jecal tunneling of electrons through the barrier
layer. 'The transition processes between the dif-
ferent energy levels will thus tend to inérease
the number of electrons on the boundary states,




Therefore, the behavior of the r.b, is similar to
that of a P-N-junction. It mirht be said that:

The hole current is carried by material of higher
hole conductivity outside the boundary than inside.
Thus the rradient is much preater in the boundary
rerion, Here, as in the case of a P-N-junction

the cross resistance is much rreater than t-e in-
tesrated resistivity of the material comprisins

the ¢.b. Thus polarized prain boundaries hav«: rec-
tifvine properties.

It is rowever, important to not- that accord-
ine to equatien (13) the number of electrons in
boundary statesincreases vhereas tle number of
holes decreases. This means an increase in Vp
with Va as pointed out. In this respect the ~.b,
double laver behaves different t-.an a p-n-junction
double layer. Polarization across the line of
dangling bonds is thus influencins the rumber of
extra electron levels built up in the ~.b. line.
This mav cause a strong increase in travping rate
or hirh current multiplication,

INFLUENCE ON GRAIN BOUL2ant Barnil.H3 IY CAit-
RIKR INJ=CTull ALD LIGHT

The aforementioned assumptionslead to the
concliusion that there must be a stronr influence
on the r.b.-resistance or the p.b.-cross current
by carrier injection into the f.b.-rerion itseif.
Several different forms are nossible.

a. Filamentary t,/pe surface modulation by
injection throu~h a polarized electrod~ on the
boundary zone. Fijure 5 ~ives a descriptive view
of the p.b. surface modula*ior and t-e sci.eratic
equivalent in the band schem2. <uite indenendent.-
ly from the external volta~e, annliad to tn. -~.t.
injected minority carriers, (ho'es), may recom-
bins with electrons, ovresent in ~.b.-states, thus
cansin~s a barrier lowerin,s and stronr c anres in
curren® across the ~.b.-rerion, As an add.tional
effect there should be a sat:ration r~+v.on in
w-ich t:e cross current becomes str n-iy indeven-
dent from the cross volia-e., DBoth zases rave been
obgerved as tre diarra~s show.

b, Modulation by lirht injection. Tne same
effect can o: course, result from 1li-ht quanta.
Lisnt injection in the proper frequenc: ran-e in-
creases the nuiber of excitons in tre boundarw
zone. Under the applied field, electrons dr.ft
to tre collector side and the holes increase the
minority cirrier dencit: In t-e r.b, re-~ion. Tne
iniection of li-ht in'® a vr.b.-la-er has a :irner
efficienc with rasract to carrier release and lr.-
fluence on the cross current than injection into a
normal crrstal str.ctire (photot:iansistor,. The
~.b.-stress field Las a hirh capture-cross sectisn
for ca'riers and, w.th external field a-vlied, the
influence on the cross-current may be extraordi-
narily stronr, This is aprmarent also b “he ex-
tremely hirh current multiplication fac'ors which
are found by injection into ~.b.-zones. ror a
definite nunber of injected carriers, the fluctua-
tion of the Quasi-Fermi level is stronrest when
tr.e carriers are in’‘ected into the r,b, zZone it-
self.
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c. Modulation of a current across a bulk-
crystal in wnich a r.b. is interposed.

The structure of the g.b. may easily have a
line-shaped form at the surface (see Fir. 2) and
mav be arranred in such a way that tle r.b.-plane
chsses the otherwise perfect crystal structure in
a definite or;entation, perpendicular to the cut-
tin --plane, e have seen that the boundary zone
is characterized by an ener:y state hirher than
Lie one of the surroundings lattice. In normal
cases, and especially in the cascs of hirh resis-
tance-‘umps, wnich are characteristic for hLirh
boundarv ener ies, there is a rirh number of car-
riers (electrons) present. inside the r.b.-rerion,
This plane-shaped recinn is therefore surrounded
sn both sides by nirh resistivity inversion lavers
and may be put on a specific potential with
respect to the rest of the crystal.

f..cent investirations of otier authors on
~rown ~.b.'s using (100) seeds bound symmetrically
on either sidz of _a molybdenium wed-e confirm

these assumpt;onslf).

ne wedre an-~le :as 5° to 15° and lay in a
(119) plane common to the two seeds, Contacts
wer-: made on wafers cut from the bicrvstals. Ir
tre case where t ese contacts were on tre ~.b.-
zonz, the measured resistances were 2.17)° to 1ns
mms.,  1f L-e rcontacts were made on tne normal
cr s*al material, resistances lav at 10° ohms.
This behavior and especially t+e potential-d ran-
dent carr.er-density in the r.,b, zone maxe possi-
vle a bulk modulation ejual to that by a P-tvie

la er wvet+2en two li-t-pe varts of a crvstal.

ue ener.cy level dia-ram {or a f,.0, across
t.¢ bulk =r-stal straclure must be defined by - e
array cr dislocatiorns, wit. the stress field and
L5 suhszjuent hiener carrier dens_*r, The tard
cieb: 13 fiven, ac was diccussed, Irr the sur-
ac.  W0. (Fice 3,. Fi-, 6 rives a sz eva*’c c.r-
L L. Oince tine current Il is suprorted
b 2l ctrons (ma] ritv carriers; ard Ip
moaulates tie barrier el -t oy an injecticn of
2cles whlch do net necessarily appear as a hole

cusrm-rt turouw b t:re srecimern, freguenc;s recvcnse
sicil: be bett-r tian inoan. N=F-junction devi-e.
Lereover, e b,-stress-field mav ‘e concentra-

Disturbed twin bour.cda-
ray be as thin as a fev micrens,

terl at a vervy t in laner.
ries

e - . T T
Al LT LAV AL Pos T TRIT AL D TS

iwo and t:ree prote measurerents and exvers -
ments with =rain bounrd2ries in bulk material hrave
been carried on whisn corlirm tite atove deveioped

“rers, It is fairly nessiile to make elec'r.c
~entact Lo ' ¢ ~.b,-none itselr sipee the t ick-
ress of this zore is under polarizatior in -erneral

b
lar-er ¢ ar t)  diam-ter & electrolstically
pointed Tun sten-prches, protes are
placed ou*sidr tie .b.-rcrion a weak traisistor-
act.on can be nrasured because ¢f ".re normal minor-
itw carrier .nfection. Care was taken thLat r.o
ontact forma*ion occurred durin- measurevent

sher, b




- which would have falsified the results. When the
specimen was moved 8O that the medium whisker was
placed or the c.b. a very different electric be-
ravior could be measured. Fig. 7 rives an example
of such measurements for a germanium bicrrstal.

It is aptarent that tnere is carrier injection also
cutside of the r.b. zone but the higher & - values
(current multiplications: 0I,/4T, )
and the saturation of the cross current I, show a
rronounced ~.b.-action. Fif. 8 cives another typ-
jcal result for Germanium . 9: " Chm Con .

Snecial cor.sideration was eiven to silicon.
initia.ly, samples were studied which had been cut
from polvcr-stalline material so that onlv one
boundary crossed the otherwise perfect crvstal
str-cture. These bicrystals had very different
properties conforminr to +he relative orientation
of tre cr-stals on eitrer side of the boundary.

™o probes are put on eitrer side of the r.b.
T.e c-aracteristic is srmmetric and extends in the
same m—anner to tre third quadrant. A three probe
measurerient with nerative polarization of t.e r.b.
r=-.-n of silicon with 5 ohm-cm resistivity is
seowm in Firure 9. Hieh current amplification was
fourd in samples of the kind represented in Fir.
13.

As we have seen before, the efficient current
aultiplication at a proper f.b. interface may be
exrlained or. the basis of the Ligh trapping rate
and e-n=equent carrier density in the g.b.-zone.
Wnile the hole density decreases stronily with ap-
plied field across tlre 7.b., the electron density
increases.

At t..e other hand, hole injection into the 7.
b.-laver cranges the o.b.-pctential barrier and
causes a shift of the Quasi-rermi level as a con-
secuencs ~f the barrier lowerinr.

Thus t.e electron current:

/‘6 = 74,_5[02% - M, &x/ofe% %f)](zl)

c-ar.~es stronsly, since Nep and Vap underpo varia-
tinns by rarrier injection into “re r.b.-field.

An evaluation nf the chanee 'n corduction of the
barrier rerion ov Vp - variation can be made as
follows:

/}266 = —mea .EL
£-£,

/

exs /—eVz/kT) (22)

witi. tr.e notations already used.
28w P P 0 )
3ince 5] - 52 = - nqand by = 722
V,”L
~ E A
Aoy, = Heg

s 7

erp (=<h k) (23)
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with = @& =

94145 e //Z /

Since /2 M

:7/&,5 2 Ha
€o V _a __“V (25)

corresponding to:

hj - o
=2, “x (/ Y )
4%‘ A o /6 (26)

= —

We may now introduce these carrier-density varia-
tions with V, into the equation for the conductiv-
ity-chanfe due to trapping:

46\'—"2/(?/13’}1? +/_]/11€,‘)+C/(A_ (a7 f-A’hAr)

Since we may consider the injection into the r.b.
as a variation of V, independently of Vj and in
this way change the actual nunber of trapped holes
(4% .) and electrons (A ney ) in the p.b.-zone,

The result is:
A
45\"—‘¢/‘e[£"e - %0‘ K oexpl~ “4)]

7+ f/‘Aﬁa‘A_ *~ 22, X l«/y[x@,}](m)

Thus the conductivity in tie p.b.-zone increases
by a chanpe of 4 ney with V, and increases expo-
nentially with Vp as far as hole trapping is en-
hanced.

The normal case is, that under the applied
barrier voltare the actual number of electrons in
the ;.b.-zone is so much hipher than the number of
holes that only the first part of equation (27
has to be considered. This decrease in
(resistivity) is equivalent to a hirher cross con-
ductance or hirher current-density as is found by
trne injection experiment.

The explanation of hish current multiplica-
tion -values may be based at first hand on the
situation known from the case of the Filamentary
Transistor and formed point contact transistors.lb)

Here the explanation can be given on the ba-
sis of the induced charre of the extra-electron
layer. (see Fipure 11). The current will be sup-
por ted mainly by electrons. Holes from electrode
1 are kept af tie r.b. and thus the electron cur-
rent flowine from 2 to 1 is much larper than the
hole current flouing across the r.b. to the col-
lector electrode 2. Here we have realized the




ideal conditions for high & -values which have

been defined by W. Shockley.l®

"If a concentration of centers which had the
property of bindins holes tiphtly could be pro-
duced directly in front of the collector, then
the holes could tend to accumulate there with a
resultant increase in space charge"., In other
words, if aI, =.4al,

/é’z/ﬁay/ I, = electron curreant
fald

Ip = hole current

mobility ratio, the current multiplication could
be O%"z [+ 6

In the case of a p.b, this is easily possible
since:

1. The ratio of mobilities (b) is affected
by the hipgh fields near the collector point at the
g.b.

2. Holes and electrons do not flow along the
same current paths,

3. Holes accumlate easily at the g.b. where
higher electron density is produced under apnlied
field across the g.b.-junction or prowth- junction.,
The increased trapping in the p.b. repion causes a
hole to spend a fraction x of its time in a trap.
It moves (1-x) of its time with normal mobility,
The net effect is that its mobility is reduced by
a factor (1-x) and b is raised to

Ay = /(1= x)
If (1-x) is smalz?this leads to larpefégﬁ values
and hence to high «;-values. The theory for the
e.b.-transistor has yet to be worked out in detail.
Sxperiments are beinf made, at rresent, in the di-
rection of useful application of the p.b. field.
Equivalent forms may be worked out, using P-N-
Jjunctions as well. For instance a P-N-g.b,-N-
structure nay prove effective. (Fir. 12) Hirh cur-
rent multiplication in a base to rround cornection
may pive new possibilities to combine high fre-
quency response with hirher current multiplication.
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boundary energy (relative) as a function
of angle of misfit 6.
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Diagram for the dependence of resistivity 5
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HARACTERISTIC OF A GRAIN - BOUNDARY SILICON, 5N CM
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Fig. 4
Characteristic of a silicon g.b. (symmetrical
for negative voltage and current),
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Fig. 5
Surface measurement device for a g.b. and
modulation of quasi-Fermi levels by
carrier injection.

I, [mA)

Fig. 6
Bulk-effect measurement of a g.b.-field with
injection of carriers into the g.b. field.

I
6

54

4

24

oV N rh

OUTSIDE
68 REGION

q (((<2 /

e |
)@Q R <05
AR \ “x‘/‘i/o
ol =<
SRR Vo §\4 '
y /(\ﬁ":\”x/ GERMANIUM

G.B -TRANSISTOR

v /<\/)' -\\_‘““\
/)/f/ 1 105"“A]
’)_% 4’____,__——
. - Al v - v T - T v - —T—"
10 20 30 40 50 60 70 80
V, (VOLT)
Fig. 7

Three-electrode characteristics of a g.b. on
Germanium S~ 1 ohm cm. n-type. Striped
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Fig. 11
Energy level diagram for a g.b. under applied
voltage V, with electrodes showing Hook-action.
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SCHEMATIC ENERGY LEVEL DIAGRAM
FOR N-P-N-G. B.-STRUCTURE
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Fig. 12
Energy level diagram for a N- P-N-g.b.

structure,

124




DEVILOPMELTS IN SILICON JUNCTICH DICD=S AND POWER RECTIFIuRS

H. Gunther Rudenberg
Transitron 2lectronic Corporation

Mdelrose,

wew silicon junction rectlifiers are
creszenteld., UDirferent alloyinz technijies
provide p-n juncticns of smallzr as well
as muzn larger areas tran formerly avail-
asle. Types now davzloped handle kilo-
watcs cf alternating current, others mil-
1iwatts of nich-frejuency signals. Tney
vure low forward voltage drops, excellant
pectificaticn efficiencies at rated power,
inverse currents of mlcroamperes or frac-
t'ons trersof, and inverse woltages from
19 tc 1,700 volts even at high ampient
tumperatures.

SI_ICCi DETICES

Jer conaidaranle improvzments in
<*1icon technolosy nave recently led to a
realizaticn of many practical devices
whirn rai seen gredict=1 only from theor-

~vt-nl analyses. Ferfection of single
crrzzal sllicen and metallargical control
5% allcyins and junction formation have
121 to the dsvelopment ooth of large area
souse reciifiers and of small area high
frz3iency junction diodes. 3Zach of these
n

vs inherent advantases wnlch make them
tanle for certair spscific applica-

It 3zems pertinent to review the
vasic cnaractzristics which can be ob-
tuined from single crystal sllicon rectli-
fiera of wvarlous raesziativities, iIn order
to compiare these with otner power rechl-
fiesps ll«e selenium cells. Figure 1 shows
th.e cell voltagzea plotted agalnst current
dernsities sxpressed in aaperes or micro-
amperes per sjuare lnch. Thus a single
cz1l silleon racsificr may have a voltage
irnp of hunirezds to trhousands of volts.
iere hthe comparison with -iry disc ractl=-
< ep3 1g vlsiole. Cnese nuvs only 56
volts rm3a cor 1°0 unlt DO peak inverse
voltare per c2ll. Thus on a unit cell
hagls, -2 Inverse rharacteristics of
3ilicon s-ow a muen sharper current and
voltage aaturation, az well as currents
one-tenth a3 large and c2ll woltages ten
%5 4 hundred timzz hichar. A6 tne 3ame
time, the extremely »ool torward char-
acterigthica of a 3llicon rechifler are
apparant, 3lnce sillicon junctions are
cannole ot carrent densttiss of tns order
of one tacusand tilmes hicner Lnan selen-
tum colls of ejpual ares.

Fower dlssipation may 32t an upper
limit to hLrhe currents and voltages at
whtieon ea:h cell myy operatea. levertne-
1314, 4 teomendous Loprovement in rectl-
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vagsachusetts

fier poerformance may be reallzed by using
silicon diodes or rectifiers instead of
dry disc unlts. Another conslderable
advantaze of sllicon 1s tne fact that 1t
can bs operated at junction temperatures
of 150°C and higher wlthout any aging
effects. 250°C operation may be obtained
through further development, and the de-
vices described here are based on 150°C
operation of the junctlon in 125°C ambi-
ants.

Iive types of silicon junction diodes
and rectifiers are described. These are
a high current developmental rectifier,
a medium current power rectifier which is
in quantity productlon, a developmental
high voltage silicon rectifier, a junction
diode having very low inverse currents,
and a small area high frejuency bonded
junction diode. The last two types are
also in production. All units are he rm-
etically sealed with ceramic or glass-to-
metal seals. Filpure 2 shows the diodes
of small size. These are manufactured
elther in a ceramic cartridge with axlal
leads, in a developmental subminiature
glass package, or In a welded miniature
metal can. ripure 3 shows the higher
power rectifiers wnich rejquire cooling by
conductlion to a chassis in order to per-
mit tne highest power ratings. Thus these
rectifiers are manufactured on a copper
base with a stud which can be screwed
tigntly against a chassis to insure intim-
ate thermal contact.

SILTCON POWER RECTIFIERS

Both the medium power rectifiers and
the develovmental high current units have
forward and inverse characteristlcs as
shown in Figure 4, curves B and A res-
pectivaly. The high current unit type
PS-1 is rated at 15 to 30 amperes current
with a peak inverae voltage of 125 volts,
and 1s sultable for the rectification of
kilowatts of power. The medlum power
rectifisrs such as the 1N34l or li332 will
handle tens of watts, a bridge circult
capable of supplylny 200 watts of recti-
fied power at an amolent temperature of
125°C occupylng a volume of only one cublic
inch. The temperature characterlistics of
these units are excellsnt, as even at
1259¢ tue medlum power rectlifler will
draw inv:rse currents ranging from 10
microampores to L milliampere. Thls ex-
tremely low Lnverae current at high temp-
arutures contribates to thelr hlgh




efficiency, and provides for higher volt-
age output than could be obtuined from
conventional dry disc units,

'wo factors control the power conver-
sion efficlency of a rectifier. At low
current levels, the Inverse leakuge cur-
rent produces an appreciabls power loss
compared to the load current. At hilgh
currents this i3 small, but the forward
voltage drop reduces the voltayge and power
avallable to the load. Both these factors
are very small in these silicon power rec-
tifiers, leading to the high efficlency
shown in Fipure 5. This shows the power
conversaion efficiency of a typical silicon
rectifier 1N341, which is 96% at its rated
output current of 400 milliamperes. The
dotted line at the bottom of the figure
refers to the efficiency of a represent-
ative selenium rectifiar of similar ra-
tings in single phase service. This 309
greater efficiency of silicon has a very
important practical aspect, because trans-
formers and generators 1esipned for use
with silicon power rectifiers need be only
70% as large as those designed for selen-
ium rectifiers, and only 50% as large as
those designed for copper oxide or mag-
nesium sulflde units in single phase ser-
vice. For polyphase rectifiers the re-
Juction in size of transformers are also
appreciable.

A number of rectifier types have been
developed from the generic type discussed.
The specifications of the types designed
for power supply applications are s rown in
Table I. Current ratings rsfer to resist-
ive or inductive loads, those for capaci-
tive filters belng somewhat less,

TABLE I

Silicon Power Rectifiers

Power SuEplz Types
SPECIFICATIONS AND RATINGS AT 125°C

P.I.V.| Igc |Ep Avg. | I, Avg.
B Vplts\l mA Volts mA
1N341 | 400 ' 1
400 3.0 .5
1N342 [ 200
1N343 400
| 300 3.0 .5

% IN344 200
IN345 400
200 2.5 5

1N346 200
C1nza7 | |1000 | 1.0 1 1

1N348 100 400 | 2,5 | .5

1N349 200 ( 2.5 |
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Typlcal of the advanced characteristics

of thede silicon rectifiers 1s the 1N341.
This has 400 volts DC peak lnverse voltage,
thus allowing dlrect operation of a single
cell rectifler from a 135 volt AC power
line to a capacitive filter with proper
surge limiting resistance. Lower voltage
unlts are manufactured from silicon cry-
stals of lower resistivity. These have a
higher forward current rating such as the
1000 milliampere type 1N347.

MAGNeTIC AMPLIFIER TYPES

By means of special processing tech-
niques, the inverse leakage currents of
some types of silicon power rectifiers may
be held to extremely low limits even at
slevated temperatures. Figure 6 shows the
maximum averaged inverse leakage current
of such units as a function of tempera-
ture. At voltages below the "zener"
breakdown voltage, this current ranges
from fractions of a microampere at room
temperature to tens of microamperes at
125°9C, and is almost independent of volt-
age. Thls inverse leakage current is so
small, that in magnetic amplifier appli-
cations it is too small to saturate the
iron cores. Thls extremely low leakage
current, corresponding to megohms of in-
verse resistance, makes these types of
rectifiers especially suited for use in
magnetic amplifier circuits,

Magnetic amplifier designs are fre-
quently limited by the characteristlcs of
conventional rectifiers, since the gain of
a self-zaturated magnetic amplifier is
limited by the ratlo of forward rectifier
current to inverse rectifier leakage cur-
rent averaged over a cycle. It is evident
that rectifiers with forward currents of
amperes and inverse currents of micro-
amperes allow very large stable gains to
be obtained from such magnetic amplifiers,
Here also the increased efficlency and
highsr maximum temperatures allow very
compact design of cooling structures.

The relatively small change of for-
ward voltage drop with temperature 1llus-
trated in Figure 7 is another feature of
the silicon power rectifiers which makes
their use attractive in precision elect-
ronic equipment. This curve shows the
average forward voltage drop as a function
of temperature for some of the magnztic
amplifier types whose specifications are
shown in Table II.




TA3LE IT

Silicon Power Rectifiers
¥agnetic Amplifier Types

SPECIFICATICNS AND RATINGS AT 125°C
8 . _ - -
| P.I.V. I,. Ep Avg. I, Avg.
‘L Volts mA Volts mi
1N332 400 1.5
400 .100
IN333 200 3.0
- . . . .
1N334 : 400 1.5 |
300 . .100
1N335 200 3.0
- —4 - -
1N336 ! | 400 1.3
200 .050
| 1N337 200 2.5 |
i -—
1N338 |1ooo ¢ 1.0 .100
]
1N339 100 : 400 1.3 .050
1N340 200 2.5 .050
|
t . S

This table illustrates the forward
and inverse characteristics obtainable
with various rectifier designs. These
medium area rectifiers rarge from types
allowing one ampere average current with
one volt average forward drop to units
kaving 400 volts peak inverse voltage.

WGUNTING AND COCLING

Even with their high power conversion
efficiercy, rectifiers providing 50 watts
DC output per cell nave losses of a few
watts in trke silicon wafer. This heat 1is
generated in the Inherent electrical res-
istance of the semiconductor, and is con-
ducted away from the junction by the cop-
per base. The sillcon power rectifiers
are designed for conducticn cooling, as
this affords a major saving in rectifier
size and weight for any given power re-
quirement. Sufficient surface area can
gererally be prcvided by proper utiliza-
tion of the chassis to aid in dissipating
the rectifier power losses.

Figure 8 illustrates the mechanical
arrangement and the thermel clrcuit of
these power rectifiers. The silicon wafer
is mounted on a copper base, which in turn
conducts the hLeat thrcugh an insulating
washer to tre metel chassis. The thermal
resistance of the rectifier from the
junction tc the copper base is of the or-
der of 5° to 10°C per watt. Mounting on
a chassis or heat sink with a total ther-
mal resistance of 7.5°C per watt to the
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ambient environrent will allow operation
at 1.5 to 2 watts of dissipated power
even at 125°C. In cases where the copper
base can be operated at chassis potential,
and when using a large chassis, units may
be opersted at still larger power dissi-
pation.

Actual ratings are derived for aver-
age chassis sizes, about 5" x 5" x 1/8"
with a mica washer insulator. A few
drops of siliccne c¢il will insure better
contact by preventing entrapment of air.
I'crced cooling can naturally reduce cool-
ing fin areas by a large factor in cases
where forced air is available.

On the basis of the current ratings
described, Figure 9 gives the heat sink
thermal resistance which, at the various
ambient temperatures shown, will not ex-
ceed the 150°C juncticn temperature per-
missable with these power rectifiers,

The use of conducticn cooling to a
chassis or large plate, which in turn is
convecticn or forced air ccoled to the
ambient surroundings, allows a full real-
ization of the excellent characteristics
of these silicon power rectifiers. It is
through ¢ areful mounting that continuous
service at 125°C with Ligh power handling
ability and negligible leakage currents
can be obtained. Also the utilization of
a conductive cooling connection permits
the use of a hermetically sealed recti-
fier cell to provide complete environ-
mental protection in a miniature package
of less than .2 cubic inches in volume.

HIGH VOLTAGE RZCTIFIERS

Development is proceeding on high
voltage rectifiers, exceeding the 400
volt types described already. Voltages
of 600 to 800 volts have been obtained
from production type power rectifiers,
and developmental high voltage units have
been assembled with breakdown voltages in
excess of 1000 volts as shown ia Curve "C"
of Figure 4. In all of these cases the
increase of breakdown voltage with higher
tempereture is of considerable advantage,
since it permits full voltage rating at
elevated temperatures, which is not gen-
erally possible with other types of recti-
fiers.

Units may also be placed in series
to obtain higher voltages. It 1is recom-
mended that a parallel equalizing resist-
ance be placed across each rectifier in
the series string such that each 600 volt
rectifier would be paralleled by a 1 meg-
ohm 1/2 watt resistor. This provides
somewhat better balancing of the series
rectifiers than is generally obtained




from the inverse characteristic alone.
Units having higher back currents should
naturally have somewhat lower valucs of
stabilizing resistance connected across
the rectitier. 1In thls manner high volt-
age operation can be obtained from stan-
dard units with forwara and inverse char-
acteristics as ,ccd as those from the
single cell hirh voltajye rectifier.

SILICON JUNCTION DICDLS

Sililecon juncticn diodes hLave been
developed for some tlmel, and ench new
development in technologyz, procduces some
furtler Improvements in threir speclfic
characteristics and ratings. The ex-
tremely high inverse resistance of these
silicor junction diodes, even at 150°C,
makes them ideal tor exactiny high temper-
ature applications such as low level mag-
netic ampliriers. New techniques have
allowed the development of units having a
somewhat hicher conductance tran previcus-
ly avallable. The curves marked "D" in
Figure 4 illustrate the range of char-
acteristics obtalned from one particular
group of such diodes. These diodes are
tested at 125°C to previde satisfactory
performance at high temperatures. Since
these units as well as the pcwer recti-
fiers have exceedingly sharp voltage
suturation curves with a sharp zoner
break, they are well applicable for volt-
age regulators. The Zener voltage chnanges
cnly of the order of 10-15% betweon 25°C
and 1250C so that their stability 1is as
good as that of gas fllled regulator tubes.
Minimum currents are very small, simpli-
fying low level regulators.

HIGH FREGUENCY BCNDED JUNCTION DIOD.-S

Techini jues for obtsining very small
area junctions in siliccn have oecen dev-
eloped to provide units with excellent
high frejuency craracteristics. These
small siliccn dicdes have about 0,1
micro-micro-farad junction caracitance,
to which must be added the capacitance ot
the ceramlc or rlass case of about 0.5 to
1 micro-micro-farad in most practical
circuits, Figure 10 shows the 100 me ga-
cycle rectifications efficiency ot such
units, but tnese diodes will rectifly
efficiently up to 500 meracycles.,  Some
ol these diodes have pulse recovery char-
acteristics below U.1 microseconds to a
80,000 ohm impedance with driving pulses
of 20 volts. As always, exact comparisons
with other types of diodes depend upon the
measuring circuit, but these sonded 3ili-
con junction dlodes perform extremely well
compared to ccnventional high frequency
whisker diodes or speclally processed
units?,
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I'he hi;t. t'rejuency dlodes have tor-
ward currents ranging tfrom 1 milliampere
tc 4 milliamperes at 1 volt,., ['1.-ure 11
shows the lorw:ra current characteristics
of varicus grades ol’ these high frejuency
sflicen dlodes. In viewing this curve,
it must s.em somcvinat of a parudox thut
units with such low lorward current cun
v1ve excellent hirh trejuency recjponse,
ﬂowever, both are due to tne extremely
small arca ol Lhe rectitying junction.
rijure 12 shows tle inverse character-
istics o! the sume xrades o! hifh fre-
juency junctlon dicdes., Althoush thelr
inverse currents are not us minute as
thcese of the somewhut larger junction
dlodes already described, it should be
rcalized tnat these units were specifi-
cally lcvcloped to obtain good high fre-
juency periformance. At 100°C these
diodes s*111 have extremely low Iinverse
currents, oclow 10 micrcoamperes for the
S5O ana 37 types.

Une objection to all silicon devicez
as hlgh frejuency rectif'iers can be resd-
1ly avcided. Tris is treir high impeuunce
at low signal levels. 4 small forward
bias current applied trrou,h a high res-
istance, even as small as 1 or 10 micrc-
amperes, 1s sutficlent to bias any sil ccn
Junction diode to a point where optimum
sensitivity can Le developed for the ium-
pedance level desired. Under these cor -
ditions more output power can be obtainsa
or a ¢ lven input power with silicon
Junction diodes than with germanium dic..s
or microwave pcint centact silicon cry-
stals up to 500 or 1000 megacycles.

SUMMARY

Five types of silicon junction diodes
and power rectiflers have been descrised
whick have been developed to various
3tages of production. These units are
capable of operating at ambient termpera-
tures of 100 to 1259 at full ratings and
will withstand 150°C in lower power ap-
plications. All units are hermetically
sealed to provide excellent stability
under all environmental conditions.

High power rectificrs with areas ex-
ceeding 1 sjuure centimeter of silicon
heve veen operated at currents above 1GU
amperes. Such units can handle kilowatts
ol rectified power at elevated tempera-
tures. omven with the low forward volte,e
drop ot a few volts, such units must oe
extremely well coolea to prevent their
exceeding a junction temperature of 150°(.
iiie hizh current and peak inverse wvoltage
ratings of such production ana develop-
mental units, as well as their extremely
minute inverse leakage currents even at




elevated temperatures, make these recti-
fiers attractive for a large number of
critical applicatlions which must function
reliably at high temperatures. i‘urthrer-
more, the high rectification efficiency
of 90 to 98% obtainable from silicon pow-
er rectifiers provides power and weight
savings in electronic ejulrment, as well
as permitting extremely compact rectifier
cesign. 3i/nificant is the complete ab-
‘sence of any aging effects even after
lorng time operation.

Vedium power anits scaled down in
aree from thnese high power typcs range
fror. 100 tec 4CO volts peak inverse volt-
age and forward current ratings from 1
arvere to 200 milliamperes. The design
of the mountine structure rejuired to ob-
tain full rated rectirfier power at 125°C,
cr to allow increased ratings at lower
temperatures have been described. Such
units have been in dally operation [lor

ver a vear, illustrating their excellent

e
L111€ 7.

The lowest power diodes are charac-
ser.zed by minute junctions of extremely
~: :11 area. These diodes have back cur-
rer.ts of small fractions cof microamperes
i:. room temperatures and a few micro-
amprres a% 10C to 125°C, various t pes
z1lcw operation at very high frequency
or s% vary rnigh iapedance levels, with
vcl-: e oreaxdowns from 1C to 300 volts.,
Javzaral types are ussiul as voltage regu-
lators Ln the breakdown regicn cf treir
craaracteristic,

Ctrner types witft. somewhat differing
craracteristics may ve interpolated oe-

tween the units shown, in order to take
full advantage of the amazing character-
istics of the silicon junctions. 3ince
rectifier characteristics can be so read-
ily designed, the electrical engineer has
a further dimension at his finger tips
which allows adjustment of rectifier per-
formance beyond those permitted by pcrmu-
t9%ions of cell area and number. In all
cases these units illustrate tne really
phenomena’ly low inverse currents and
higr. forward current densities which ars
achiaved throush careful processing of
singles crystal silicon.
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