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VACUUM·TUBE AND CRYSTAL RECTIFIERS 
AS GALVANOMETERS AND VOLTMETERS 

AT ULTRA·HIGH FREQUENCIES 

1 N T HI S ISS U E 

5 .-\111( TI~I'(; \.,TH TII~ 

STIIO IIOI.U '; 

• UNTil RECENTLY, the crystal de­
teetor of rallio's {-arly days has had litt le, 
if any, ,.:o ll1ll1o:r"i31 lise s ill t.'e the introduc­
t ion of mass-prodlll'e(1 vacuum lubes. h 
has, however, ah'lI~ 8 (ound oollsirlcrable 
application in ull ra-high frequency re­
scarc;h! and lawl), has again become COIII-

merciallyavailable. 
Toda) 's ('r)slal uni ts are more stable Ulullllore uni form t han those 

of 30 }CUrii ago, although in nei ther respect are the) as yet comparable 
1(:. c. So .. "" .. ,,,,.,", "&,'00<1 tboo: Uh<.,<;bor. 11' .... :' /'",... I .H."',. \,,1.31. No.7. J ... y. 19U, "11, 319-
J.JO. G. C. :<. .. ,,10 .. .,.., ..... Uy, ...... t· .... , ..... ",·y _ •• e Cuioko G~_.I C .... Id..-• • "'"" and t: ..... i .... n'.' 
" .. "h •. ·· 1I,~1 ~.....- l '..cIuoi."J J_,...,J, \ .. I. I.'>. ,<>. 2. ",,,",I. 1'136. 1'1" 2ftl-m. ". 1.. n."', .... "T .. n.· 
",i .. Ooo, ", 1,. I .... In.n' • • "e'''' " •• e. in ""'''''' T",,",- of M<'.~" / '" • .,. I .R."'" , ·,,1 . 24, /100. 10. 0.:'010" •• 
1936.1'1'. I2'JII·13211. 

,", IGt"" I , CrYlilul dClec lol'llO( 30 yeprII Pgo amI (in circle) a present " lpy unit, Ololer 
1\ I"'" ""r~ (,,,,,,Ioer ... ,,,,. ",,,I ul lj"~ l n l .le. 'I'O(I ... rll "Jli~ are "mull, pnt! the IIdj,,~ tlnel1l 
. i~ 5/),,1.,.1. 
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I CRYS TAL I 
FUSI BLE METAL 

FIGUIII> 2. S;n'I,lilicti ,Iingram of the conlltruc· 
tion of a crys tal rectifier. 

to vacuum tubes. They perform well as 
detectors and mixers in u-h·f circuits 
and offer considerable promise as rectify­
ing elements for high-frequency volt­
meters. The capabilities and limitations 
of tbe crystal as a vol tage measuring de­
vice can best be shown by a considera­
tioll of ill! characte ristics and Il com­
parison with those of the vacuum·tube 
rectifier. 

Nature of the Crystal Rectifier 
The crystal rectilier depends for it s 

non-linea r behavior on the very interest· 
ing properties of the class of materials 
known as semi-cOl1dllctors.~ This class 
ioclurles silicon , iron pyrites. galena. and 
many other crystals, which have the 
characteristic lu sl,er of mel.als hut are 
not quite metals. When con tact is made 
to olle of these crystals by a metal, elec· 
t roos can Aow across tbe boundary, of teo 
referred to as the barrie r laye r. more 

FIGURE 3. Diagralll ~1 1O""ing the resonnlit cir­
cuit formoo hy lead inductance and shunt 

capacitance of a cry"u.1 rectifier. 

2 

readi ly ill olle direction than in the other. 
and thi s behavior is used for rectifica­
tion. As rectiller element s, the units are 
usuall y cOll structed wilh the crystal 
held in a fu sible metal a lloy, which 
SCrves as one terminal of the rec lifier. 
The other terminal is a "cat whi sker," 
sllch as a line lungstell wire, whiel. 
10llellcs Ihe crystal as shown in Figure 2. 

Owing to its inheren t sim plicity, li le 
cr) Sial rec tifier call be made in a unit 
of e):tremeiy small physica l si7£. Very 
slIl all vacuum tubes also have been con­
structed for use al high freq uencies.' 
bUI the need for un evacuated SpUt'C sur­
rou nding the diode elements makes its 
manufact ure extremely di llieu!t in auy 
size smaller than tbe fa miliar acorn tulx;. 

Re so nance Effect s 
T he ruaiu reason fo r reducing the 

physica l Si7£ of a recti lic r is to increase 
the lowest reSOIlBllt frequem:y of the 
circuit fonned by its element s. Below 
tbis resonant freq ueucy the voltage that 
appears at the rectifying elemenl . which 
is the plate-to-cathode space io the 
diode and the barrier between whisker 
and crystal in I.he crystal rec tifier. is 
grea ter tban the terminal voltage be· 
cause of series resonance belwee n the 
lead illduetancc a!ld the capaci tance 
across the rectifying element. 

When Ihe rectifier is used for measur­
illg lhe voltage at its terminals, II cor-

' 8 . J. Th""'l_o a~d C. III. R_. h .. "Vacu"m T,,1,n ,,{ 
S",. II O i.uuoi<>o. l.w I).., at En~m.lr Wlh .·"", ..... citoo:· "roc. I.R.E .. Vol. 21. No, IZ. o..o.mt-. 1933. I'P, 1707· 
1121. Leon S. !'Ierl .... I. "Eleo.r>e-I M ... u"' • ...,n' ••• Wne 
Lenl'ho t.e.. Than 1'''0 M ......... I '"",. I .H.B .. Vol. 2 1. 
No.9. S.,"crnb ... 1936, I'~, 1207_1229. 
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.-eolion IlHisL therefore be lIIade (or res-
r onallce . ,As the fre(lueocy of the applied 

, ·oltage approaches resonance the re­
tluired correction becomes greater, and 
ncar resollanoe the accuracy of measure­
U1ent becomes ve ry poor because the 
la rge (:Qrrection cannot be accurately 
determined. 

A more serious e ffect of resonance, for 
which no numerical correction cao be 
matle, is the CUI phasie of harmonics 88 

compared to the fundamental. When the 
a pplied vOlt8b't (.'Olltai08 harmonic com· 
I>oneols tbat are in the vi('inily of the 
series-resonant fre<lltellcy. the indicated 
"oltage lIIay he almost completely de­
termined by those componcnt iJ eyc n 
though tile fuudamental componen t is 
appreciahly 10,", er in (relluency than tbat 
of reilOUBnee aod is many liUles 88 large 
in magnitude at the voltmeter lermiunls 
as the sum of all other components. 

The resonant frequency can, there · 
fore. he considered as a first upper limit 
to the frequency a t which a gi\'en recti. 
fier caD be used as a voltmeter. Com· 
mercial diodes are availahle with res· 
onant frequencies in Ihe viciuity of 
1500 ~1e, and the resooaut fre(luelwies 
of commercially available ca rtridse crys· 
tals are considerably higher. C ryslal 
rectifiers can reatlily be built "i~th res· 
unanl (reqoencies II ljIJ hi gher dian tbose 
of tbe ("()mmercia ll)' available crystal s. 
'rims, ill tbi ll respect , the crystal reGti . 
fle r has a marke(1 advantage o \'er l.he 
rliode. 

\Vllell a rec tifie r is used as an imlicator 
of relative vohage level, that is. all all 
r.f galvanometer rather than as an ab80' 
lute ,'ohmeter, the resonant £re(luenc), is 
not 80 important a limitation, for res· 
onance (Joel! Dot pl'Od ll(''«: by iuelf any 
effect on voltage ratios. 1I0,,'evcr, har· 
monic eoml>onents ill the vici nity of res· 
ooanL'«: Dlay cause con~derable error. 

MAY.19H 

aud the reduction of s tray pickup be· 
comcs more diOicult a L frequencics near 
and beyond the 6rli l resonance. 

Transit · Time Effects In Diode s 
!oother reason for reducin g the size 

of a diode rectifier is to reduce the effects 
oC the finite lime of trans.it or tbe elee· 
tron s £rom ca thode to plate. When tile 
period of tbe applied voltage becomes 
comparable to this transit time, the 
\' HCllum tube character.istics are modi , 
fied rrom the low.freque ncy ones. While 
for some spceiaii r..ed measurement s tube s 
with adjustable transit time are used, 
the result ant sySIC10S are inhcrently fre' 
qucucy dependent. 1.0 the vcry useful 
diode peak-type vol tmeter. such as the 
General Radio TYPE 726·A Vacuum· 
Tube Voltmeter. the effect of t ransit 
time is to retluce the indica ted voltage 
for a given applied voltage as the fre· 
quency of that. applied volt age ill raised. 4 
Thi s behavior might be characterized as 
a reduction in rectification efficiency. 
Furthermore, since transit time depen~l s 
on the al)plied voltage. tllis red uction is 
tlepc llucnt on voltage leve\, wi th Ih(' reo 

suit that volt age ratios are not prese rved 
inderleodent of fretlOOlley. This behavior 
is II seriou s limitation (or lhe diode ree· 
tifie r. not onl y for its use as a volt meier 
but also II..S a gal vanometer where ac· 
cura te measurement Qf ratios may be 
important c,'en though the absolute 
level is nOI . For acorn.type dindes, the 
reduction in rectification ef1ieiency is 
noticeablc at 30 t.l e fo r vollagc!! of the 
order of one.hlM \'011 or les&, ami a t 500 
~ I c at the same \Ollage levcl the reduc­
tion is of fhe order of 30% . 

The effect of transit lime in a crystal 
reef ifie r is negligible for its present ap(l li , 
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l.'atiOlls. bu t another limitlltion appears 
,\hose eff~c t is similar to thai of t ransit 
time. 

R· C [!leet In Crystals 

The l'r)l'tal reclirlCr "ilh its semi· 
conductor cr)stlll anl l mctallic "lIi!>kl'r 
is a Larrier. la) e r reel ifle r like the copper­
oxide rectifie r allli 1188 in common wi lh 
Ih a t rec tifie r II dccrease in rectification 
effidenc} "i l" increasing freque ncy, ­
Jlo"e\ cr, owing 10 Ihe whi ~ke r - I)'IJe of 
oonlncl a,,11 thc uRtu re of the material , 
the fre<lucllcy limitations of the crystnl 
are not nearl y 80 se rious as those of con­
ven tional cOP l)I' r-oxiue rec tifiers. In fact, 
the frt(I IICncies li t "hieh thcn- is an 
apprecinLI~' drol' in rectiflcalion efli · 
ciency for a suitably constructcd cryst a l 
uoit can be thousands of times the cor­
responding freque ncies for copper-oxide 
jnslnlwent, rectifiers. 

As an illustra tion of the decrease in 
rectification cflicicncy, Figure 4 silo,"!! 
the result s of 1101111' measlln'ments malic 

.0 

• ~ 

~ 
.S 

'\ 
4 

•• 

0 o 1000 1500 

FREQUENCY IN MEGACYCLES 

• 

R, 

f'WUUi: 5. EquiVil len l circuit for inl"rpn::ling 
t he (l·C "fJ«;t of the C?·~tli rectifier. The reo 
~;;lIa n.-e R. of the I.lllrru·r hirer i~ 11011·li .. ear, 

on an iron.pyrit.e!! c r} slal rc;·tiflcr. The 
crystal in its holder had it!! IO\\esl res­
onant (requcucy at about 3500 !'I'l e. The 
in put volt age 10 the crysla l rectifier wn !! 
standurdi1.ed by mean s of n bolometer, 
lind t.he effec ti ve volt.agc indica ted by 
the crystal as a fUll c tioll of fnHluency 
was nOled. The result shows a llIurked 
drop in the ind ica tion of the crysta l as 
the frequency is ruised , 

T he equ ivalent cireuit I!ho\\ n in Fig. 
ure 5. de,'cloped by Schott ky and 
J)c utsdunann ,' can be used for intc r­
preting this llccrcase ill I"CI,tifll'a tion 
efli eienq. Ln Ihi s circuit n. repre!!ent s 
the Iloll: li llf'a r resistunee of Ihe hnrrier 
layer of the whi;;:ker .(·ryslnl junct ion , R. 
represt !lts the resislan(.'e of the !!emi · 
conductor bet\\ cen the burrie r laye r ami 
the fusihle metal alloy that hold s tile 
f·ryslal. and Ct is t.he ca pacitnnce Ill ul 
exists directl y across the harrier larer , 
Al high fre(ll1eJlcics this l'u pacitunN 
tend !! to shunl out the !Ion-linea r cle­
ment eo liI ul on ly 11 frU(' lioll M the 

FICUlU> 4. 1'101 810m, ; .. !; dec-.. ·u~ i t! rl:('liliclI­
lion enide .. c), of lUI iroll'I')'riI Cii rco;lifi~ ... at II 

f .. nction of fre<:tuene,.. 
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c llc rg} going into the cfy 81al IInil ap ­
pears in the lion-linea r clement "here 
the rec tifiealion occurs. The result is 11 
red uc tioll in rcclifiClI oulpllt 11.1 high fre ­
(jlU' llcics compared 10 that 8 t low fre ­

que ncies for III€' sa me e ne rgy inpll!. 
It is important 10 note 111111 the a bo,'C 

reduelion result s f'"OIl! lillJ increniICd c ur· 
rent flo" in the resisti,"c ele me nt N. \\-jlh 
II result ing increase in di sail}ution of 
energy " here it isor 1)0 value . . \ capaci­
tance across Ihe comple te unit and an 
induc lrulce in series do no t upset tlw 
energy rdatio llsll ip;;, bel-SUs.! o f the ir 
non-di!!sipali \'c nature . Thus they lin 
nOI inherent!) a ffec t t he reclifil-aliOIl 
cOiciency, O, 'C II though they do modify 
the im pedance rela tionships and the 
relative voha/,re appearing a l the barrier 
layer .. ,'o mpared to that a t the input 
te nllina ls. 

A rough measure of the relati l'e c llc rgy 
contributing to the rectification as a 
fuuction of frequency is given by 

I 
1 + (wC~):U~U. 

Siuce R. is nonlinear, the ex pression in­
,Iieutes olily Ille order of llI agllitwte ami 
Ihe b'Cneral natu re of the yanalioll o f 
rectification e ffi ciency ....-ilh frequency. 
Tht: rela ti ve rec tified ,'ohage l' aries with 
frequency approxi mately as the i!{luaN' 
root of the above ex pre ssioll . 

Consequeolly, for gllll~1I departuN's 
from uniformit y the reduction in Olltpl1t 
ya nes as the i!{luare of the freque ncy. 
The departu re is in u llircc tion oPI)Osit t' 
to Ih al for reSOIHmce. and the t" oe lrce ls 
II'nd 10 ('an~ 1 a t low frellue ll c i e~_ so 
thut the apparent re!l()fllllli frcqucncy i ii 
ruised . 1I0wc ,·c r. sinec the l.a rrier-la)C'r 
rcsislan('e depend s 011 the vollagc level, 

~· . ccal> 6. Si"'ll lili ;·.I bl..,:lch "r t h~ ... h i. kcr. 
cryah. t contac i gn:ally enlargeJ 10 @h.) ,"" Ihe 

location of the elemen, or Figure 5. 

MAY , 194 5 

the amount of ,I.c reduction in redifica­
tion Cffi eil' ILCY is a function of the l'olt­
age, and hence. Cl en in the c rystal. the 
measurement of voltllgc ra tios is no t 
comple tel) independent of frequc ncy. 

Fortunate]y the Illagnilllric of Ihin re o 
duction ill 1'C('lificll tioli e ffic ie n cy can be 
ke pi slIIaLl by prope r tlcsign of tite 
crystaJ unit and Ly the choice of tilt' 
recti fying ma terial. The COUlmercial 
I N2 IB -t) pe crystal s are milch bette r in 
th is respect t han is the crystal whose 
characte ri stic is showil in Fig1l re 4. 
Actually this I'fyela l wa il o lle o f the 
poorest of a large group measurell , allli 
the I N2 11l"rpc crysta l exhibit s no 
apprccia hlc reduction in rectificln iou 
efJicicncy up to LOOO ~'1' c ami in lIlaoy 
cases e,C Il higher (reljl lCncies. Thi s fre· 
que ncy is fu r higller than that at which 
transit · time e lrcct s begin to appea r in 
diodes. 

Reverse Rectification In Crystals 

,\J though the recti fi er ac tion ill erys­
lal s is norm ally cX I)Cctc ti to be confinc(] 
to ,he wlii skf' r-cr),stal junc tion . recli ­
fi cat ion lil so call o(:Cllr in the jwltJlion 
be lween tile c r) ~ I.a l and the olher con­
laCI.1 Thi s reclilication is in the oPrlosite 
sense to tlte dcsircll one, li nd might be 
called a re, erse recti fica tion. Normally 
Ihc resislal1l.'e of Ihis secOIHI cont a" l is 
\'cr} s.ms ll compare(1 to that of LitC 
" 'bisker I'ont ael @O tha t the lles.ircd rcf"­
t ifi Cll tion llom ina lell, But when the 

'J. T . " .n~.II. -.'h" R ...... fj ... , 1~""'J'''fC..oo..u''d .. ''','' 
/'"",. I ·~y ........... lol. <;b, I'" :!. " ... -It I. \ b n:fo I . 1911, 
rt),123.129. 

WHI$I<ER 

R. 
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crystal is IUcrely cmbelillcd or soldered 
in its retaini ng cup. lhe revcrse rectifi­
ca tion lIIay be \'cry iml'orlanl. 

The effect of this rectification at the 
second contact is highly depcndent 011 

frequency. The capacitance across the 
contact is SO large that it s reactance ra p· 
idly becomcs very low compared to tJJc 
impedauce of the main rectifying con­
tact as the frequency is raised. Tbis 
causes the ,'oltage across the I!Ccond con­
t.act to decrease and the contribution 
from its rectification to disa ppcar as the 
frequency is raised. TIlU S onc would cx­
pect to observe an increase in rectified 
output for increasing frequcncy for a 
crystal with a noticeablc reverse recti­
fication. Thill behavior is exhibited in 
Figure 7, which shows the results of 
some measurement s on an iron-pyrites 
crystal used a8 a Yolander. 

Even more marked cffect s of revcrse 
rectification havc been observed. One 
crystal had an output which was re­
versed from thc normal at low (re· 
(Iuenctes (thc reverse rectifieatiolJ dom­
inating) , but 1I0rlllai rectifica tion at high 
frt!11IIClwies. Another shu\\ cll 110 appre­
ciable rectifietl output al low fre-

lJucncics Illt t had fairly good OU lput al 
high freq ucncies. :Most crystal s show 
only a mode ra te effel' ! fro rtl revcrse roc­
tiJieation, lind the re"erse rectification 
can usuall}' be madc ncgligible by plating 
thecrys!lIl before mounting or by fu sing 
'he crysl.al in place. The IN21B-t YIJC 
crystal seeUl s to exhibit no appreciable 
cffects of reverse rectifica tion . 

Othe r Limitation s 
] n addi tioll to the frequency charac­

teristic_ other factors lIlust be cotl sid · 
cred in ~ Ie terltlilljng whetltcr or not the 
crystal is satisfactory for use in a given 
application. One o( the 1I10St illll>ortallt 
of these is inpu t impedance. , \1 high fre­
quencies the cryual and the diode have 
comparable impcdances. The input CII ­

pacitance of a probe contai ning a cryslal 
unil is usually com para hie 10 tbat of 
one using a ((jode. While the input con­
ductance of a diode voltmeter can be 
made very low at low frelltlcncies, the 
oonductalH.'c increases wi lh increasin g 
frequcncy. and lit ultra-high rrequellric~ 
the cond uclallt:e bccolllcs llcllrly as great 
liS that of II vcry good .:ryslal IInit tl OI.'d 

liS a peak voltmeter. 

fo'~Cl1R I! 1. FrttlUency eharacteri~ lic or an iron ' I'yritl':ll rectifier i ll ...... ing tbe increaiM" in ,,,, ll' ut lhlll 
OOCtt nl as a rel!ult of the large capaci tance acroo!ll the tJeC()nd COfllllcl. 

I. 

51~, 

/' 
/ 
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The crystol unit is seriou sly limi l,etl in 
voltage range. with a 1.volt r_lI\oll lilllit 
for a IN21-lype unit 8 S a peak rectifier. 
When the crystal is overloaded illl char­
acteristic! are changed, 80 that grea t 
cllre must be exercised io mau y 8y8te ms 
to avoid permanently damaging tbe 
crylll81 contact. nigher voltage call be 
measured, uo\\twer, by using ca paci ­
tance multipliers. 

The cbaracteristics of crystal rec li· 
{jers ore somewhat dependen t on the op· 
c ra ting tempe ratu re, 80 tba t they shou ld 
be calibrated at approxim ately the um· 
bient tempe rature at which they will 
be used. 

One im portant di sad,'antase of tile 
ilioJe compared to the crystal is the ueed 
of maintaining a constant cathode tt m­
perature 10 assure constant thermionic 
emill8iofl . Conse(IUentiy, the crystal. he· 
cause it requires no heated cathode. h a~ 

MAY , 1945 

a considerable ad,'aflt8b'C in simplicity, 
and can be used at lo ... ·c r voltage levels . 

lu ally measuremen t system which 
uses \'8CIIUIlI-tlll:w or crysta l rectifie rs th~ 
uniformity of charll t; lcri Slics of d.ifferent 
units of the g llle tYI>C is an important 
consideration. If re place ment of a unit 
necessita tes recalibrutiOIl of the mea s_ 
uring device, the ge neral usc fulness of 
the device is impaired. Vacuum.tube 
diotles. particularl y the high-frequency 
types, are 1I0t 80 uniform as is often de­
sired, bUI e \ 'CIi 80 they are appreciably 
be tte r in th a t respect than are the com­
lIIen::ial crystal tlllitS. Por instance, the 
replace mcnt of the acorn diode in the 
TYI'E 726-A Vncullm -'r ube Voltme ter 
does 1I0t appreciably lIm:ct the calibrll­
tioll of the voltll1ete r with its 2% ac­
curacy rating. Jf a crystal rectifie r is used 
in a sim.ilar circuit, howe lTer, the imlica. 
lion of the mcter is appreciably de ­
pendcnt on the particular crystal used_ 
Fignre 8 showlI the average characte r­
istics and maX'imum departure from av­
erage of a group of 20 crystal s of the 
same type llsed ill a peak-reading volt _ 
meter. T he exten t of the variatiou ill rec­
ti fied output is appreciable. F urther_ 
more, since the shapes of the curves are 
differeDt , a sioglecalibratioll-check point 
will correct only approximately for tbc 
variations among the cr}'stals. Thus for 
accuracy of the order obtai ned witb tbe 
diode voltmeter a comple te calibration 
lIIust be made for each crystal. 

The o\'erall slability of moden. c rystal 
ull i ts is remarkabl y be tte r than the ar_ 
ranl,.'eJllCDI S used in the early days of 
radio communication and fu rther im­
provemcnt can be expected. While lack 
of uniIomlit y between crysta ls is a t 
present au important lim.itation 8S com­
pa red to diodes, this disadvantage isout _ 
""cighcd by thei r better high-frequcncy 
charac te ri stics. - All NOW P ETERSON 
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SPARK TIMING WITH THE STROBOlUX 
• AT THE AERONAUTICAl RE · 
SEARCH LABORATORV oflhc Uui­
,cuily of KCliluck). n:SC.'Hrcb on air_ 
craft engine fuels is ellrried 0 11 under Ihe 
IIponsorshi" of Prall and Whitllc) Air­
craft. Dunng a long series of tcSlson an 
engine 10 e,aluatc it s Iloedormam'e " ith a 
givcn tnle fuel, it iSllcl·e sSl.lry to have an 
exacl kuowledge of the degree of spark 
advam:e with "hich Ihe e llgiue is ope r­
atillg. 

Usiu g tbe General nadio Strobotac 
and Strobolux. Profel>80r A. J. l\le)cr, 
director of lbe laboratory, and his asso­
ciates have developed It spark.indicating 
system thal gi,'cs ul'eurute and liepeml­
able results. Figure 1 is a stroooSf"opi c 
photograph sbo" ing the indicator dia l, 

F' II;1.;JlII 2. I)iagran, Rho"'in" connections for­
the'I,ark indicator. 

.­-'-

FIGURII I. I~hotograph of the drum and &eale 
takell ",ith str1lhoac:opie liShl . ThiB ill a mullil,lc­

nu h f'S1'()&L1N!. 

"hi le the ,.iring dillgram of Figure 2 
shows the principle of ol:lera tion. TIn: 
high.tell sion magne to current pasIIes 
through the secondary " 'indin g of Ii 

standard automoti,'e spark coil , while 
the pnmary \\'indi ng is connected to ti le 
contactor terminal s of the Strobo ta{'. 
The Strooolux is flashed from the ~ 
Strobotac circuit in the normal manner. 
rls lamp illuminates the fly-wheel, 
which carnes a scale. When the li ght 
flash initiated by tbe ignition slla ri.. oc­
cu rs, tbe angular position of the 11)­
wheel at that instant can be accurately 
relld from the scale. 

In F igure 2, connections to both fronl 
and rear plugs are sho",I. with a switch 
ill the low_tension circuit to select either 
plug. 
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