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INTRODUCTIOX 

H E  use 01 tightly coupled indttctive ratio arms 
rather than resistive ralin a rms  in a 4-~i-ni hridgr 
for the comparison 01 imperlxnces was st~ggested 

by RlumFeinl i n  1928, and t h e  use of a 3-winding trans- 

- former itl, such a bridgc circuit was described by Starr? 
i n  1932. Other hriclgcs using Blumlein's principtc hnvc 
been described by several workers3 in the past 30 years. 
Historically, i t  is of interest to notc that  conjugate 
b r i d ~ c s  making use of 3-winding ~ransfosrners were de- 
scribed by Elsas4 in 18RX Tor resistance comparison and 
by Trowbridge' i n  1905 Tor cnpacitnncu and inductance 
comparisons. 

Thus tIlc hasic.principle of operation and tllr ~ene ra l  
arsa ngerncnt nT ~sansforrner b r i d ~ e s  have hecn Itnown 
for many !.ears. Ilowever, tlle possibilities of such 
bridges Cor the precise cornparisou of very low value 
capacitors had never beell bully rxploitecl before I hc 

work 01 Thompson and his group at the National 
Standards Laboratory or Australia. By combining the 
best tcchniqucs for constr~rcting ratio tm~>siormers, 
completely shielded 3-terminal capacitors and detec- 
tors of his11 sensitivity, togetlAler u-it11 a cylindrical cross 
capacitor as a calc~ilakle standard, there is now promise 
o l  being able to assip1 values to capncitar~ce standards 
comparable I\-ith, or prrhaps cven better than, thc ac- 
curacy assigned to our present standards ol eIectro- 
1710 tive force nncl rcsist ance. 

'Thc prcscnt pxpcr describes a transinrmer bridye con- 
structed at the  \-ational Bureau ol Standards for meas- 
11ring thc direct capacitance of 3-terminal capacitors 
rnnglng In values t ~ p  to 1 pi i i i i ~ l  lia\~irg a least coui~t: of 
1 ppl. -1lthouph the tmnsformers and ~ ~ e t r ~ o r l c  cnm- 
pnncnts describerl hcio~ir wcrc designetl specifically lor 
operatioil r.t 1 kc, ~ I I C  opfration is by 110 mcxns limitccl 
to this Irequency. \:oltngc olitprlt of the ratio trans- 
formers constitutes thc nrost serious limitation at: IO'WC~ 
frequencies, h u t  it is reaso~~nhle to suppose that,  with 

* hlanuscript received by the PGI, August 14, 1958. 
t Xational Standards 1-ah., Chippenrlal~, N.S.\fr., Australia. relatively minor modificatio~~s, sat idnc~ory operation 

Cenpral Ratlio Cn., Concorrl, llsss. should hc possible over thc  alldin-frcqucncy range t o  nt 
# National B u r e a ~ ~  of Stanrlards, \!'ashingtor~, 11. C. 

British Patent No. 32303;. lcast 10 kc. 
a !\, r. Starr, '+-A note on impedance rneap~lrrmrnt," ITf- '.q. and IVhile some of the present bridge coniponents d iffcr 

ET$. IlT., vol. 9,  pp. 615-617; horrernber, 1932. 
a U. 1-1. Young, " l l rasur in~  intcr-electrmlr capaci~ances, " Bell substantially iron1 their rou ntcrparts at NSL, it should 

Lnbs, Rec., vo!. 24! pp. 4334311; Drcen~hcr, 1946. he understood that  no  more is involved genrrally than 
11. ;\. 11. Claw and 1'. 13. I~anrlerlvn,  ":I. C. l>ridgcs with indnc- modificrtsions i n  some inlprovernents de- 

tivelv colinlcd ratio arms." Proc. IEE. vol. Oh. nn. 365-378: \1av " . c  . . ,  
1949: signs already proven by Thompson and his group 

C. I!'. Oatley and J. G. Yatcs, "Rridgrs with coupled inductive i n  sydney. ratio arms for the cornparison ot siai~tIanls oI resistance or capaci- 
rancc," Frat. IEI':, VOI. 101, DD. 91-100: March. 1954. There has  been little detailed information nrrhlisherl - ,  - .. - 1. 31. Thornpion, '4 biidpe for the measurement of permit- Up to nOIv Conce rninS these components, and present tivity," Proc. IEE,  vol. 103, pt, E, pp. 704-707; November, 1956. - A. I<Isas, "Lleher n' iderstar ids~l~esst~n~n mit dem Differential- paper must be considered primarily as a discussion of 
inductor," Ann. PAys., vol. 35, pp. 328-8331 1888. 

6 A. Trowbridre, "On the differential translormer." Pltys. Rm. the constructional clctails and performance of the NBS 
vol. 20, pp. 65-76, 1905. transformer-ratio bridge. 
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The translorrner bridge \vith closely cotipIecl ratio 
arms may be considered as an arrangement of two low- 
impedance generators supplying I<AII;'s o l  opposite 
phase, and of a known ratio, to two completely shielded 
3-terminal capacitors as s h o ~ v n  schcmntically i r l  Fig. l(a). 
The capacitances Cr,, CI, between t Er F cncIosing shields 
aiirt the Yine terminals 1 1 ,  b oi capacitors Cl, Cp will he 
in s h u n t  across one or t h e  o ther  ol the t ~ v o  Kcncsators, 
as s ' t~orvt~ i t 1  I?ig. I :b). The cxpncit;~nces C,I,, Cd, b ~ t w t e r ~  
shields and rletector tertrrinxls d l ,  IET o[ Cl, C! \i-ill he i n  

Z2 
shul~t  across the detector. Hcncr, I Y ~ I C I I  tlie brirlge is 

12 

I balanced and there is no curl-ent ~hrou~; l i  the detector, ( ;1 

the currents throtgh the direr-t ca~,at i ta l~ccs Z1, Cz must 
be equaI in rnag~liturlc, nntl t hc  br~li~rlcc relatior1 Inlist: he 

IT1 Cz 
- = - .  
172 C1 

If  no\^^ the impedances EL, Z? are nc~FigihFe conrpni-ccl t o  

1 1 
I I 

~ C I ,  wCr, 

thcn, to a vcry close approximation, 

el Ct 
- - _ - .  % 

e2 CI /h) 

I Fig. 1-Transfr3r111rr-r:~tio l r i t l ~ e  erlreinntir. 
TR.~SSFORVER DESIGN .%SD COXSTR~-CTIOI; 

By careful rIrsigrl of i h e  transinrmcr, tI~c impcrln~lces 

Z1, of its rntio arms car1 be made VL'TJ. ~nli111, and thc 
ratio of t h e  induced voltages cl/r? can Ise made stahlc 
and prccise. In  a 3-1vi13rling trnnsCormer, arr;~liged as in 
Ic iq .  2 ,  the sole function of 111c l~rirnary ~vinding P is to 
pmvide f t l~x  in the cornmntl corc, linking t l ~ r  srcclndasy 
~vindinqs SI, Sz. The rntio o i  thc  terminal voltages T ; L  / T-2 

of thr: ratio arms under 10atl is ,jffer:tetl b ~ ,  the resistnilres 
arrtl leakage reactances of the secar~dary wi7rlin~s, I I L I ~  
t he  resistance and Icalcage reactance associated ~ i ~ i t h  tlie 
primary rr-ill in 110 affect the bridge 1,aIanr.e re la ti or^. 
I f  tlie two secondary ~vind ings could be so constl-uctc.tl 
t h a t  a common !lux wcrc confi11ed rntirely rvirhir~ the 
wi-iltdi~lgs, the ratio of their i~~r l i~cc t l  voltilgcs ~voulrl rlc- 
pcnd only upon their tlrrus ratio, ant1 this rntin nro\~ld 
be stable ancl exact. I I ,  ill addition, the cletnci~ts ol tilo 
two ~viudi~igs Sl, S z  couIcl h e  Lrouqht illto elrac:t ro- 
jncirlci~ce, turn Iui-11, so ;is to liltk i(!c!ztic,rl flux at Ally 
loacli~~g, the scric3 imperlnncm, protlucirig c I ~ ; ~ n ~ e s  i l l  tlte 
terminal voltrlqcs 1'1, TT2 when loxtls arc  npplirrl, waulrl 
1.w nnIy the resistances nC t h v  windings. 

Thc Inxtling error O F  t he  hritlgc ratin can I)e mnrlr 
small by rlccrensij~g t l ~ c  size o i  the rt~cistxnccs of ihr 
secondary ~v ind i~ags  nnrl h!~ reducing 3% Car ;IS po~sihlr 
their crCectivc 1e;tkaqc i~lrluctnnccs. T I  slinultl I>r ol-r- 
served that the ~eIf-capacitance of the sc.t:ondnry 11 i r l l l -  

i r r~s  of the  transformer constitlttes ;I loatl iirl~icli i s  nl- 
ways present, so that  the trrnlirl:~T voltages nl ilir: 

transforiner diffcs from the induccrl vo l tn~cs  cvt.t~ on 

Fig. 7-Equiralent cirr~rit of i L  loarlcd 3-ruinding transiornlrr. 

oprn circuit. The amouilt o l  t h i s  diflrrence a l ~ d ,  evepi 
niore i mportnnt, the  a~nou  nt 114' 1i.h icJ1 the ope11-circu it 
ratio tlificrs lro~rl the turns ratin will rlepenrj on the 
rnagrii~rdch 311rl ilistribu~ion OF thesc sel t-cnpncitnnccs. 
l'lic. transformer- rlcsigt~ should he such xu to Irccp thc 
self-capacitancrs of the sccotldnrics as small a s  possible, 
ant1 ideally these rnpacitar~ces shotrl~l l ~ e  s!*mrnet~-ic-all!. 
rlistsibuterl. 

111 the design aircl c-onstr-i~ctiorl ni t l i t .  tl-artsformers 
~ i w t l  for ~ i l t i ~  arms of the brirlgc, the  iv;itures i;~vr)mt,lc 
to goocl perlorinancc have l ~ c e n  c-arefully co~isirlet-erl. 
\-cry srnall ratio errors, even Tor I;~rxe Inads, h n v ~  been 
nclii~ved by ~pecial  construction. A yoorl approximation 
to unitv coupIir~g has hcrn ol>[nincrl b ~ ,  thc rrsc oi n large 
toroidal core OC high pcrnrcxhilit!~. \ 'o l tn~cs from sources 
other t l ~ a n  the core flux have 11ee11 c.xcl~~cled h! carefull!, 
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t h e  winding strips, but the ~ v i c l t h  ol t k c  nthcr three sirIrs 
05 111c turn can be incre~~serl  ICI inc-h tn rr.11i1cc ~ h c  sc- 
sietance. Thc tu rns  are cn~bstrucrcrl from this cnppor 
strip by tisin): a C-sh:lprtl 11ic.c:e to c.~~closc thc.  top, i n -  
side, nnrl bottom of the turoirl and curvcd s ~ r i p s  iittir~g 
t h c  cotitotlr o i  t h c  outcr ciscunzierence to s p x e  t h y  C's 
a t  intervals of -+ oi the c i r ~ u n l t ~ r ~ n c c  (sec Fit. 3 ) .  The 
strips arc conrrcc-c~l Ily soIdr.ring wit 11 n s p ~ ~ i n l  c.l:irnp- 
type rvsista~~ce l i r a  t e r  h:llei IIR yxpli i l r  int\-s t h i r ~  clIrnig!r 
to lit the sm:i1F gaps I~ct\j-ccn titrus. .\Ftcr nsso~nlrl!. the 
strips itisicle ~ h r :  tornit1 .ire sepxrL~ter l  h!, i ~ l s ~ i l a ~ i n g  strips 
oi 2-mil mica and o n  t h e  outer circ~~mfcrct~co I)!. s~r ips  
of 6-mil i rnl~regr~at~cl  class-liher in~ulat  i r>r~ .  

'The translorn~er is erzclused i n  a llu-rnctnl rnli 11 ith 
the ends oi all ? O  sectio~ls of the sccourlary, ant1 thc cn- 
axial prirnag. and shield leads, brougl~t outside the ran 
through slors. Thc connectio~ls of the s~contlary scctions 
i l l  series and in parallel ;ire made ti-it11 adcli~ior~al copper 
strip outside the can, whcre the str:r>' held rll' the tmns- 
former shoultl be negligible. ,411 outer brass case covers 
the 3111-metal shield and connections and is used to 
mount  the BP07 corinectors through which the trans- 
former leads are brnugli t out  to  tlic tlridge and driving 
amplifier. 

The characteristics nf the transformer cat1 be d c ~ r r -  
mined in the capacitancr hridgc. by the  ir~tercornpnrison 
and sun~rnarion ai a group uT clusel> r~~:itc:il~tl c:~l,nci- 
tors, as  described by Thompsonns l'lle ratio error- (lor 
light loads) was n~casurecl us in^ 100-pC (piroi:~rncl) ca- 
pacitors. The ratio,  delined as ITlo; 1 - 1  = lO( 1 +n+j/3), 
has a magni tude  correction a = 0 . 3 X  10" ; i i ~ t I  ,i phase 
corrrctien 13 = 2.7 X loL6. The effective 1e:tk~ge incluct- 
ance and series resistanre or thc two secor~dnry wind- 
ings havc been determined by nleasuring tlir ratio 
change when kno\vn Ioacls arc connected across one sec- 
tion. The equivaIen t circuit thus determined a t  the DPO 
connectors lo the trnnsrormcr is shown i11 Fix. 4. 

.A secot~d trarzslarmer, hnvin,: n toroiclal core of a 
somowhat smaller cross sectinn (0.94 in?) a i d  with nn 
R0-turn primary. was built i n  a sirnililr rnnnncr. This 
transformer 113s t~vo  equal 80-turu scconrlxric*~ in X-turn 
sections around the  tnroicl, ~ v h i c h  arc intcrrr~inglerl as 
described abovc. The  ratio of illis transformer a t  f I<c 
has a magnitude correction at light loading or 0.1 X1OVfl, 
and a phase anglc of 0.8 pr. The Iealcage inductarice of 
each secondary winding is about 1 ph and its resistance 
is 0.030 ohm. 

DESIGN AKD CONSTKI~CTJON 01: CAPACITORS 

An unknown capacitor supplied by olle secondary oC 
the transformer (see Fig. 1) niay he baIanced ill thp 
bridge by a capacitallce of appropriate ~riagnit~tde sup- 
plied by the other seco~dary. 'This is nccomplist~erl 
through the use of two 3-terminal decade capacitr~nce 

7 These coaxial m~lnectors are of British manufactl~re anrl may 
be described as British Post Ofice h t t r rn  8. 

A. M. Thompson. "'I'he precisc measurement of small capaci- 
tances," this issue, pp. 245-253. 

F~F.  3-'rrnnsforir1cr cnn~truct io~ l  dc-tails. 

Fig. 1-10/1 transfornler clinracteristica. 

I>oscs cover ill^: a rallgc. o l  13 or~lers 01 t:~;tgl~itt~dr 11-om 
pr to I pl'. 

The rntige rrom 1 pf to 1 pi is cor.c.1-erl irl a 6-clrcarlc 
110s having a special switching system that  aIlo~vs thc 
selecriori ot ally individual capacitor separately lor cnli- 
bration and the additionor the capncit ors in pnrallel to 
balance a n  arbitrary u r ~ k n o ~ v n .  l'he switchil~g system 
is such that  each capacitor is either con~lccterl rlirectly 
between line and detector, or is grounded at both 
trrminals. The switch decks corltrolling line and detector 
connections, respectively, a re  completely sllielded lsom 
rach other, so that switch and lead capacitat~ces are 
connectecl to  the shield svstem rather 11.ian to the other 
active electrode nZ the capacitor [see Fig. I (b) 1. \Yi t h  
this system and wit11 the complete shielding incor- 
porated i n  tBle desigt~, ihc residual direct capacitatlcc 
with all switches on zero is not observable anrl is cer- 
tainly less t h a n  10-0 pf. Each decade consists of ten 
equal capacitors, permitting quick intcrcomparison o l  
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thc various trtlits in r l ~ e  c1et:atlc. 'l'llr nrrancemcnt i4  nlsn 

cnnvenicrr t ill  meiisurinq t h c  ratio3 oi tmnsforniers uscrl 
~ I I  the I3rirIyc itseli, or in other mtio rluvicc:. 

'l'lle t ippcr thrc~x clccnd~s r ~ l  thc h i q I ~ - r a i ~ g ~  hns con- - 
sist precisio~~-qtiality rilvcrecl-~nicn c:~pncitnrs, covt*r- 
iitq 1l1.e I-nllgc O.001 tn 1 pi. The loner thrcc rlccnrlt.;, 
rnvcring thc range 1 131 to 10"' pl', arc. air cnpac-;tors ol ;I 

c!.linclrici~l dcsiqn o i  AIcGr~qor. -. I llr 10-11' unit is t!.pit-al oi 1 1 i r  :~ir c;~paoitors xllrl is 
s h o ~ ~ n  i l l  crvss srctio~i i t 1  I'iq. 5. -l'hr crntrr post :I i s  

grou~irlcd, 2 n d  r he  enlirc x>cjcrnbl\ i s  iastcrlcd i n  a l ~ n l r  
i r ~  a g r o ~ ~ ; ~ c l c d  brass 1,lnr.l; hy Incnlrs oF r hc fli~nqc.. 'l'llr 
11r:l~s hlnck srhrl-rs I x ~ t  h ;ts shield ,111d :is a h ~ n t  sink tn 

minimlvc elu. ~-nlc. o i  t crnpcr-,I t trrc \.;~ri:~linn i r ~  1 1 1 ~  c,lp;~c- 
itor. C\.linrlcr- 13 i s  r-rl~iricrtrrl In.  nlcntls ul a \\-ir(b 
~ l ~ r o ~ l z l i  n 11olr i l l  [he grcr~inrl !Ins[ tn tllc rfctcctns juilc- 
t ion oi thr!  1~1i~lg(-.~ I t  is ~~louirtcr! nn thc ~ r m l ~ d  pc~st I)! 
ii~c>,~~bs or two Ili~h-(lensit!. ~rnl!.c.th\.lcr~c washers I>?- 
twecrr ~ l l r  dct urlrx t-lrt.trnrlc R ;tnrl the qrnunrl pn$I. 
'I'hrsc 11 ;ishcrs arc nlachi~icd aboti t (J.002 inch ovcrsizc, 
rnal:inx nri in  ~crlcrcl~c:c* lit n.hicF~ con~prrsses thc wasFlors 
and r c s ~ ~ l t s  it1 a siqirl and nlerhanically stcll~lr nssctnbly. 
EIrcirodc C is also supporterl on  polyethylctle \v;~shers 
,111d is cn~liiected to a line trrminnl or the bridge. I t  
shnuld I3r nntcrt t l~nt  n o  solicl instifation appears in t11~ 
fieldh~twcct~ rPlc rIcctrodcs R and C or the direct 
capnc~tancrr r n c x s ~ ~ ~ - c d .  In  addition, tl;r clec~rodrs are 
colrFl)lnt cd LO I-etluce losses arising from oxide films oti 
their sttrlncrs. I n  the al,sence a l  both solitl rliclectric and 
surfare osirlc iil~rls, tlie phase drfcct oC th rsc  capacitors 
should he s t ~ b l e  and qi i i tr  small .  

Fi11e : ~ c l j n s ( ~ n ~ n t  rrC thr: capacitance I ~ e t w r r n  clcc- 
trndcs R xncl Cis accnrnplis71ecl I)!- drilling t ~ v o  I~olcs on 
;I rfiamrtcr ol' ~ ~ L ' C I I . O ~ P  C. Field from clccttorlc R pasqes 
fhmugh ~he;c Itoles anrl t e r ~ ~ i n a t e s  011 thc ortter sl~irlrl, 
tlrcr~bi~sinq tlie rlirct-i r,lpacitnr~re I>crn.cr-n R ii11t1 C nnrI 
sliqlttI! i~icl-c.,~sir~g t l~c sl~ield cap:lcitar~ce 10 3. :\ 5l~cvc 
wit11 nintclliny 12olt.~ tits nvcr t'lcc'lrnde C, nncl rot;ll ior~ 
( ~ j  t h i s  s J c P \ - ~ ~  1j.i [ 11 rr-.rprct to the elect rodr op rns  (11- 

closes I hr  rfrrcr ivc ;tptXrturc tl~rouah ~vhicll r-lcctrodc. R 
"SCCS" the r~llt:r sl~ic'ld, thus cllar~gitlq tllr cap;~cita~icc 
B-C I+. n small amount dcpcnrlin~ on t ht- sizc oC t h e  
hnlrs. 

7'tlc. 1-IIE ~r ni t h ~ s  P S S C I I ~  ;;tlly i l ~ r  sa171~ C O ~ S ~ I - I I C ~ ~ O ~  

h t t t  is slior-tci-. 'I'hu rncnil.; n i  hnr. n d j u s t n ~ e r ~ t  o i  its valur: 
is simi lar .  ' l ' h ~  IOII-pi unit m;tkcs use of q r o ~ ~ p  oi 
t~esterl ro:~ui;tl cylinrlrrs ot c:low q ~ n r i n q  i n  orrlcr t n  01,-  
I a i n  thr  Inr,qrr capncitnrirc w i t h i n  ;~pproxirnntrIy I hc* 
samr ph~rsicnl vol~rtnc. Flcrc the f ine  nili~iqtrnrnt is nc- 
rnm~~l i~ l i r r l  by a sliding sl;irt, l i t t ~ t l  fo thr  shiclrl, whic;~ 
appronrlirs t lira nut cl- a c t i l r ( ~  clrrlrotlc ant1 intcrcc1.tts 
LclrT, ~.h;it u o ~ ~ l r !  nth~rwise contribute to 11ic rlircbut c ; ~ -  
pncitnncc, nt  its cltd. Thus t h e  rlircct capacitance of 
MC~I oi t he  air capacitors is smo.nthlv a~rcl cnntinttousl~. 
acljrrstable over a smaI1 sanqr, ~ n a k i t ~ g  it possible to 
match cEosc!y the  vnlucs of all t h e  un i t s  in a decade. 
Rccnuse oC thc syrnmrtricnl clesic11, small dcparturcs 
i m m  radial alignment have very little effect on the ca- 

pacitnnce ol t he  ~ ~ r ~ i l ,  ancl t hc cny~ncitor~ call be takcn 
apart and  rcnsscml~lrrl ~vitlioul xpprecial>lc charlce i n  

their vn1ur.s. 
'fhc lo-\\r-~-anqe rIc.c:~tlo llov (lo-= pd tn 1 pi) Jiffcrs 

from i h c  Ilig11rr clt,r;~rlrc: i l l  t11~t  it ilsrs Fis~rl value capac- 
i tors cnnncctctl tn a ~1ria1, lc  voltnq,. Thi? vnItage is 
ohtninccl f r on~  a tcipprrl ir~tlz~rtor, 13-11irh i.; c n n n c c ~ ~ d  
across orie side ot t l ~ c  brirIyc t.rnr~qlorn~er to tlit~icle t h r  
tl-an~torr~icl- volr~rre inin 1O cclual st('17s. 1'Flis t~prl?(]  
iurturt or is conqrrr~ctcd 11v 1 ~ i n r l F n q  50 turns  of 10-wirr 
tap? of 30 .Z\l-(_; rvirr- nt1 , I  ~tnal l  Sill-jci-innlln!~ cnrr, n ~ i f l  

its irnprilx13rr i q  h i q l ~  ~.l~u~rqI=i to i t np~sc  nceliqihlc lnarl- 
in: nn thc hridyc r ratisfnrn-ter. I F  x cnparitur- r ) f  :I giver1 
value is cnnncctrd l~utnccr~  thc tirct t a p  ol tlrc rlivicler 
and the dcir.cror junc~ior~  point, t l ~ c  crlrrcnt wlricll it 
injects into the junction \\.ill bu o~ll?, 1 "0 nl' t l ~ c  ~:~1111r 
i i  ~voultl h:ivr t lcrl~ hntl thc cny,;~ritor 1wr.n ronr~ur tc~]  
dii-ectly ,u-rr>sq ( I i ( .  ~mt~sloi-mcr seconr l ;~r l - .  On tli r n t h  
t ap ,  its rlTrcr nti t l ~ r  hrirlqe I n l a n r r  wiII l ~ c .  n / l O  o i  its 
arrlunl ~ - n l i ~ r .  ' T l ~ r x  !nu-rnnyc (nr rnicmpir:o!:~r:~rI~ c,?- 
paritnncc. hos cnr~sists ol sir sl7parntu cn17,lcitnrt; ot' 
rL~l r~rs .  10-j, 104, InL3, lo-", nntl 1 pi, s~\itchc>d 
i~~rlr~prnclcrltl!- alnnr: t h r  tnppccl indilutor. rl'l~r cntir-e 

rritlgc a{ 6 dcc:~clcs, Irt~ln In-" ]IS to I pi, i h u s  ronsis ts  

rrl ;I s i n ~ l e  rapprrl ind~ictor-, h s~ritcl~c:s, n11tl 6 cnr>;~citors. 
Thc nrrangernclit witll its shiclclii~a is shnn-n i t 1  Fiq. 6 .  

The six capacitors havc. ~!.li111Irical rlcctrorles spacrrl 
with polycthyIene ~vasl~ers. The I-pf unit is like thc 1-pC 
capacitors in the highrange boy. All the lower valucrl 
capacitors nee of the Zichner diaphragm t!+pe, having a 
grounded cylilldrical shicId extending bet\\-een t l ~ c  t i ~ r l r o  
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through the  rcsistar, ; l i ~ r I  t he  itldltctnr sccrion is at no 

I 
t imc SIT iintcrl l,y :ill irnpvrla~ic-e l r s s  I I I ~ I I I  t11;11 OF t l i ~  
resistor. 

'The rapacitors in thc  uni ts  sr, T;tr dcsrril)crl a re  scalccl 
-10 T~IHSHPRfq 

S F C C ~ P ~ F ~  
t o  reduce clnnnges in vrtlur rcsult i~lq Cram vnr ia t ior~s  ol 
hun~idit!.  a ~ ~ c l  n~mosphcr i c  prc~.;urr-. l intlcr these cir- 
cumsi ;r nces tlie 1)rinrip;kl r,%ust. nf short -lrsrn rlriit irr 
thr i r  values is v:~ri:itir~~i i l l  amF)ic.nt ~r~inpct - ;~t r r r r ,  ;IS 

t h c i r  Icmpcr,lt urc ccbefficiu~lts ot r..ll~n<.ir,~r~i.c. arch .111 
r~on~inrl l lv erttrnl t o  ~ f i v  r r ref f i r ic~al  o i  l i ~ ~ c ; ~ r  c s ~ ) a t ~ ~ i n t ~  
of I ~ r i ~ s s ,  a1~p1-osirn,~1ely 2 0  X 1 0 -  "(-. 

; ~ c ~ i v c  elcctroclcs. 1F this t l i , ~ p l ~ r , ~ q i n  n'c.sc sulirl, ~ l i c  di-  
rect r ap ;~c i~a r~r . c  w c ~ ~ ~ l r l  1~ zero sirlrc i f  nnul(1 i c ~ ~ i ~ r - c . r l ~ ~  
all the ficlrl I~efn.ccr~ 111u clct-trodcs. l - l o ~ ~ - r ~ - r ~ -  t ~ v o  rlii l-  

me1 rictill? nlrlrtvitc licblcs ol ;r pprr)l,r-i:lfc six: arc rlrilled 
in t l-le dinphr:1yr-1. ;111(1 t hc  iitmItI n-IiirE~ j>cnc~rntcs  rhea? 
hnlv? nt~cl roll1 i n ~ r . 5  i rnm tllrz i t ]  nr.r 10 t h c  011tr.r clcr-troc.Ie 
11r-orlucrs t h r  dirr:c.t cnp:~c.ir;~nc.r. ol a1 rprnl)ri;ll r. m : l y ~ i -  
turltb. ; \nothc~t I ~ L I - S L ' T  pail- ( ~ t  ~ I C ) I C ' S ,  (11-illctl i r ~  t11c nutot' 
clccrroclr, i11 l i ~ ~ c  n'i l l ~ c  cli:~phrnyi~i I~oles. allows .;c)nll: 
ot 111c f i~ l i l  lrorr t l lv iil~icr- elvrlr.r)clc., nl~irl~ perlcrr:~tcs 
thP  rli:~phsagm npciling.;, i o c o t ~ t  i n i ~ r  o t ~  ; h r o u q \ ~  I ht: 
nl~coinqy i n  thg: nurc,r rlrctrnrlc and t r~rmi! i ;~ tc  nli ;III  

nuier g~-otlnd~-rl slii{alrl. Th i s  rlccrcascr t l ~ c  i aluc ol ~ h c  
direct c;~rbaci~nnrc.. I iotat ir~i)  CJI t l~c '  011 t rjr elect roc. Ir. \\mi t h  
respect 10 r h v  diapllrngtn I T I U I - ~ S  tllc sets 01' 1101~s t v i ~ l ~  
t-csptbct to each or11t.r- , ~ r ~ c l  c i , r i~ri lutcs t l ~ c  fine ; ~ ( l j  rrsr - 
mcbnt o i  capncitn11r.c Inr I 11c u ~ l i t .  

? - llrc s~vi tchcs  ir)r t h r  lolv-rxi~xr rlrr.~ilcs rlcscrvc 
slbccial mcntinti l~cc,,iusc of thr i r  litlrar I-nthct- t h a n  
rotarj '  motion and I~cca r~sc  ~i tlic s~)~?c.-inl i n u ~ i t ~ x -  
ron tac t  I~r~ishcs   hat are u s t ~ f l .  -1 l i r ~ r i ~ r  t n t l ~ i o ~ ~  nVas prc- 
(erred over- the  tisual rntar!. n~otic~ri  lor thcsc sclcctor 
s ~ k t c h r s  to Inr-ilitntc: rhcir n~nnipula t ion c-ithrl- s i ~ ~ g l y  
or i r l    so ups. 'l'hit: i ca tur r  i.: pnrticul:lrl!. llsclul in the  
I O I V C ~  rlccatlrs, as it mnk(.s I mssihlc x mnrr rapitl : ~ p -  
proach to t l~r :  l~rir lgc hnlanrr .  'rhr lrsc oC these switrhcs 
with ail inrlucrive \.oIr ; I Q ~  divirlcr rccllr ircs tha t  sl>vc-ial 
consirlcmtion he ~ i v r n  111u prnl3lcn1 o l  rnnkinq :lnrl 
hrc:~l;inq co~ l t ac t .  CIearl?-, whatever slyitch is tlscd for 
this applicatior~ sho~ilcl iiot be of rhe  shor-tin< t!,pr, or 
R sec t i c l~~  t h e  indlirtor ~ v i l l  IJC murllc.~itaril!. sht~rtcrl  
rliiriny s i - i t   chin^; nos  sholrlil i t  I>c c r i  3 r ~ o ~ l s l l o r t i ~ ~ q  t!.lle, 
or the  rlrtrctnr will hc rnnme~~tn r i ly  floafil~g, c:tusing 
thc  in~l ic~i t i t ig  d c ~ i c c  tn go nfi scnlc and pcrhaps c a u s i n ~  
the prcamr1lifier to n ~ ~ v r l r ~ n r l .  TFic s i ~ i l c h e s  can hc: toll- 

sidt.sccl a s  t l o ~ l s h o r t i n ~  ~ ~ i t h  nrl nclclcrl rnovii~g contact 
llrush adiacerilt to the  main I ) rus l~ ,  t he  two hr~itlg rot>- 
rivctecl b!. a resistor oC appiwpsiate value (svc Fig. 6 ) .  
I 11 t he  normal prrsi tion the aaxiliai-1- ljri~sll is Ilna tin?. 
\\'llcbn t l ~ c  switrh is ;iclv;~~~r-crl to ar~nthrar  p o s i ~ i o i ~ ,  t h e  
a l ~ s i l i a r y  hrrlsh 1n11chcs thc :itlj:~crnt s\vitck. s t ~ i ~ l  Ijeiore 
the mait1 cnntnct is hrolrcn, nl~cl i I k r  n-t:~in h711s11 l o ~ r r h ~ s  

S t ; i ~ ~ c l ~ ~ r ~ l s  [or 11ii1ii11 i~init ic i 41{= 111ii1 or t * ; \ p ; ~ r i ~  : 1 i i 1 ~  
I I ILIS~  1)c ~ I I ~ I ~ ~ C T I L I C I I T  rtf V I ~ V ~ ~ ~ [ I I I I C I I I ; I I  co11~l i t io11~.  '17hr 
fir-h1 s t .~l>lr  1.~1p;rci t rji-s rnrnl i l (~t~~r1 at \' 135 n thrr  ;I stht ni 
Irrlrt. tcrn~,rrnturr-c.c1~1111(:11~.~1~'(3 ~ ~ i ~ ~ ( J i l i ~ . i ~ i i o t ~ s  O F  t l i r .  

I -pi t i ~ ~ ~ i ~ ~ i  11wr1 i l l  t I I C  l l~,( .~tt lr  I > O X ( . ~ .  '1'11r c ~ ~ l i n ~ l ~ ~ i r ~ ~ l  
st ructurc nT i t 1  is clcsiq~i \\-.IS ~ V I I P ,  t i~c r~c ,d ,  ; ~ ~ l t l  :I oii~~cI(>cl 
L ) u ~ - , ~ l ~ i r n i ~ i ~  >lc.r\.c.+ \vci-c it~irt-tt.cl l)c~(\;.rrn 111c' ar-li~rc 
r~lct*rrrrclcs (rrlrn ri ~11r.r rnr l  of i 11r ;w~c.mE)lr., I r , ~ ~ i l l ~  cy,~ 

~ ; I I I  i l l  t hc rcrltvr t h , ~ t  rlcli,rtnit~r~rl t hc  acl i\-(\ 1rng! 11 rr6 

I I I ( &  r ,~pa( . i tnr .  T h e  r e ~ ~ l : ~ i ~ ~ d e ~ i ~  of 1 lit* I > I ~ ; I C ~  ( r c ~ l > ; i ~ . i  I or 
7 t r ~ ~ ( , t ~ ~ r ~  11;1[1 :I I ~ I I P : I T  t r ~ n p t ~ ~ - : ~ ~ ~ i r v  rop~-br iv~i  s ~ ~ l ~ s t ~ ~ j i -  
ti,~ll! lrhss that] t h , ~ t  nT ~ h r .  I$~ii-nlurnij~, .l'hc. Ic~iqfli (11 
I hr. s1cc l . c~  v-crc sn chnscr~ I I I L I ~  I hc. c : ip ;~ci~ ,uncr~ W,IS i l l -  

~ l ~ ~ ~ ) ~ t ~ i l e i i t  ni t c~n>pc~- i~ tu rc .  T I i ( b  s t r ~ i r t ~ t r c  nt 1 1 1 t h  t*i~\~;nri- 
tr)r is s h n n ~ i  in sertion in I-ic. 1. 

Tl~r. rnml,lcterl c ,~p ;~c i~o~-+ .  l i ;~ \ . r>  tcrnplar;iturc, cnrt - 
f icir t~ts i n  t h r  t~c.iglll)nl-lic+o~l 01' 1 IjTHn [ ~ I ; I I - L  Iwr million) 
pci. "(:. T h y -  ilre rluitr ~ ~ n s i t i z - c  to t~rnylc.r;~t uril qr,lili- 
t>111s a11c1 nlusL b ~ .  ~vcll isol;~t cil I sttm rnpirl t rr-nprrnt u r r  
clnt~nges t o  es l i i l~ i t  this  Ion cocfficiriit. I n  111r lin;ll as- 
scmhfy thesc c:ap:~{-itor-s arc  rncjLrr>~crI in  n in,t~sivc. I)r,iss 
crrntaincr n-i-11 ,;-i~tcll ~r-alls ,trlrl st.illetl i r l  ,In ; ? l m n ~ p h r r c  
of dry n i t r o ~ e n .  'l'his c:e~~tnirlcr i s  s u r ~ - c ~ ~ ~ ~ l r l e d  w i ~ h  t ~ o a t -  
i~ l su l i~ t iny  ~na tc r i a l  n ~ ~ c l  is mo~~~ttc. .rI  i l l  n Imx. D u r i i ~ q  t h ~  
first rnni~tli nrtcr ~ h r i r  cnrnplrt ion,  I l7c v n l u ~ s  oi 11-t1dt.c 
oi t l~t 'sc capac i tn r~  rli(l not rlriit rrlativc In  cnch other Ily 
ns rn~ich a s  1 ppln. -1'11~~ Ixhnvinr nT the  lourth 11 nit 11715 

Iwen sornc.\i~hat ~ C S S  sxtisiartnry.  I t  11.3s rhatigrrl 
iienrly 3 ppln duritrg thc  sarnc pc~rintl. 

Stable r:~pacito! s wilh low tu1npcrn:urc cvcflicic~~tq 
covering the range Frnri~ 10 tn 10"d ;;re l win< b u i l t  but 
havc not l v c t  bee11 cnmplc.tc.rl. 

It a si~rgle frecl~lericy nllhr pI1! sir.ally rcnlizaljlc cnl>ijc- 

i t  o r  nlny he rcprrwntrrl  t 7 ! -  I he parallel cnrnl~i~i ;~t io t i  
nf l ru r r  calpncitanrs an{l lli~i-c r c~ i s t ancc .  'I'JI~ currc.rIt 
t l~ rnuyh  it, in rwponsr  to  nn impt-rssc-rl ~ o l t : ~ g c ,  ni;l!. 
t l~uli  lrcatctl as Ihc rrsultxnt ol' x mninr co!iil~crr~crlt 
n ~ l i i c l ~  IcnrIs ~ h r  voltnyr by n;:! rxrlinn.: nrld :I nlinor 
cornponcnt in phnw with ~ h c  volragc. Ilven ior air- 
rlielectric c:al,acitors the i t~- l>l~nsc  C O I ~ I ~ U I I I ~ T I ~  ni ctirrcnt 

Dunlutnin is a class oE coppcr-beaririq a l t ~ ~ n i n u m  aEkny5. -2 
typical analvsis is Cu-4.5 pcr cent, 11 n-0.X pcr cent, IIg-U.4 ppr 
cent, Si-0.8 prr cent. 

tllc I>VJ\- stlirl bcinsc. t hc  auxiliary rontnct  is h r o k r j ~ .  
T h u s  tllrre is always ;I c o n ~ ~ c c t i n n  cithcr clirrc2 or 
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Fir. 7-Scrtion of telnperatlrrr cr~nipet~satrtl I -p f  capacitor 

n ~ u y  hc or~l!; lour or Iivc orrlcrs of ni,zgni~utl(~ s i r~ :~ l l~~r  
tl1il11 tlic . C ~ L I ~ I ( ~ T ~ ~ I I T C  (:omponellt, and i t  is nccess;lr>. 
~licrrfai-c that  any ~-lc\~icc Tor t h e  prccisc ct3rnpiu-ison 0 1  
capnci tors hr proviclcd I\-i t 11 .i m m n s  of ro~npc i~s ; l t i  I I ~  

t hcir loss roi~ipoiiertts of current. 
The hnlnnce condition for the bridge ~~e twor -k  is satis- 

fivd  whet^ the current lrorn one c,lpacitnr to the cletcrtnr 
ii inoti(~~l is cql~nl in magnirucle aurl phase to that  Imm 
the clctector jurlctian lo the olhcr cnparitc-r. Hc.~lce a n  
u t ~ b a l a ~ ~ c c  which rcsults irom lnclc ol equality be t~vee i~  
tlir in-phase cnrnponeiits of these c ~ r r r c n ~ s  Inn!. bc cor- 

I rect cd by iiijrcting an ill-phiisc current of proper sign ant1 

I 
r~iagniturle a t  the det rc tnr  j unc t i a~~ .  This  is accom- 
plixhetl ;is shown i n  Fig. 8. 

The reactance of the parallel co~nbination nl Ci ant1 
C2 is SO small relative 10 X t h a t  thc c~irrent  id is w r y  
nenrl?~ in  ~ ~ l i n s e  rvith 1I1c voltage c,. J t  is brought exactly 
i n  phase b! nlcxns of a small triniming capacitor C', 
ronncctccl frnm thc mitlpoint of R to grounci. TIlr mag- 
nituclc o l  id is rlctcrrnint.rl hy the  voltagc applied to I?, 
t h c  value of I?, and the relative values of C, and C?, whir11 
act a s  a current r l i r7 id~r . '~  

T l ~ e  rlrrxclc v c l t a ~ c  ddiider is :I t a ~ l ~ u d  ~ ~ ~ I I C I O I -  \\.it11 
iour separate windings col~nected to lil~ear s~vitchtas of 
t tic t \-pr rlcscril~rtl i t1  the preceding scrtion. T h i s  i s  

s l ~ o n  n it1 Fig. 9 H ~ K I I  nrcriracy of voltnyr rlivisiot~ is 

Fir. %-T3;1sic r t )n r l r~c t ,~~~re  Ilnlnncc rtrl~tnd circui~. 

MICROMHOS 
OR 

EQUIVALENT PICOFARADS 

MULTIPLYING 
FACTOR 

pmho Eg.& 

lo lo3 

r roi: 

16' 10 

I@-= ! 

IO-= ,,, 
ro-A 1 6 2  

FREQUENCY 
SELECTOR 

SP(Kn) gvi) 
40n A +-eo so 635 

EQ 01 199 40 

POOM pmno 5 0  159 
Eg p.l 99.5 00 

IDOOul p m b o  50  1 0 1 . 5  
Eu p i  79.5 40 

1200- +mho 5 0  70.5 
Eo p1 6 6  40 

Fig. 9-Details of contl~rctnnce balance control circuit. 

obtained by wir~ding all tu rns  011 thc samc I~igh 
permeability core. 'Thc Suprsrnxlloy 1 --nil tapc-n.orrncl 
core has a scc~iun of (1.25 in' ancl an outside r l ia~net t r  of 
2.5 inches. A\YG no. 26 capper n-irc was used for all 
~j,indings. 

I i  the conclurtnnce b,rlxncc control were to provide a. 
measure of thc loss characteristics of capacitors cs- 
pressed in  the con-lmon u n i t  of rot~c'luctsncu, tl lc .  micro- 
mho, small changes i r ~  thc l ~ h a s r  t r imming cap;~citor C, 

"' Thr v:~l~re of C, is qo small se1ati1.r to tlic suln of CI and C2 that n~oulrl suffice to adapt t h c  [ ]ni t  For use rr.ilh v;~riot~s fre- 
its clfrrr is ~~rb~liqible on thc mapnii~rclc r ~ f  thr current iniectrd a t  I h r  clucncies. Mo~vcvcr, i t  is often conwcnien t to cxpress 
rletccknr I)rarlc-h point. If =linr~trl Ile note(\ chat the u s r  oi a 0.0589-pf 1 lIc loss c l r n r n c t e s i s ~ i c  a cap;lci tor in ((cqLliva~ellt ca- 
caparitnr as t hr fitla1 strp ol t l lc cz~pncitancr ru r ren i  rlirirlcr results 
i n  a multipI!ing f ~ c t 3 1  0:) the highrst T;PIIXP 1vhicl1 t i e ~ a r t s  10 per pncitance" units. 11s the cnnrluctancc. and "crltiivalrn~ 
cent from its lu?rnilt;~T x,alt~e. T I T  n 1atc.r construr(ion a 0. l-pF capacitor capa(.itallccT) arc rclntecl the etlrlnliorl ceq = G J ~ ,  
bas hern user! rrntl the vnlrles of R modifier! so that the nomftml ratio 
ol 10 is preserved fnr all multiplying factors. change in freilue~lcy changes the relative magnituclps of 
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lcrrlnuln for tlrc given length. ,A second hridqc halance 
c:111 he ntnrle 11sing 6 as t h e  tlctcrtor bar, I nnrl 3 irr pnr,ll- 
lel as [lie linc knars, a n d  the  rcrn:kining l>,~rq. 1, 4, 5, 7 ,  S, 
togcthcs 1vit11 f he end sccriotls of f ;  grounclcrl. I n  this in- 
stnncc t h c  capacitnnces of 1-6 a11d .?-h aclcl i n  pal-nllel. 

'I'lir cliffcrcncc t,ct~vcc.t~ the halnaicc ~ - c . ; ~ r l i r ~ ~ s  ~xl;otr 
v i ~ l l  2 ~ r t ~ t l  6 ; ~ l t r ~ r ~ ~ n t i \ r c l !  us<-tl as dctet-tor I~;lrs is ;I 
I I I~TIFLITU 01 *111!. 1;~cli 01  s!-inmc.tr~- i n  ~ 1 1 ~  a\srn~hl>..  T h e  
rnearl  of t l~r  vali~cs is vcry rTnscI!. ccll~al to tile \ ,o Iur  
C C ) I I I P ~ ~ ~ P C ~  I or t h~ C ~ P ~ I C ~ I  ~ I I C C .  l R  .I closr app rox i~~ i ;~ t io~ i  
to s!-nlrnr=ir!- is ~1rco11~~~lir11c.d by ttsing hars of cqunl nncl 
ur~iCorni rlii~tr~etcr anrY h?; separating thcni with rqunl 
insulating spaccri nrnr their cnrls. The spztcrrs arc ar- 
rntlged ir i  thc cncF sections oC t h r  asscrnbl!. so tha t  there 
i s  no solitl diclc-ctric i l l  the rlcctric fieEd of ehc calculable 
r e ~ ~ t r a l  portion. The elltire assembly rests on n granite 
surface plntr and is ericlosecl i n  ;L stcsl housing. T h i s  
r-ontaincr call be ev,~ruatcrl to a pressure belo~v 0.1 mrn 

Hq, eliminating the nrcrl lor a n  air correction tcr the 
cornpuled value nt rnpacitance. 

.-\ sample set of measurements on the cnmljutable 
citpacitor is givcn i n  Tablc I.  The individual obset- 
vations arc slated i11 Terms of a11 arhitmry  nit, the  
Inenn of thc four tempernltirc-compensatccl capacitors. 
'I'he value of the c s o ~ s  capacitance i~ computed in pf, 
from the measured lengths of the two 10-it~ch gauge bars. 
Tlre iliffere~ice I J ~  twoerr th is  computcd capacitance and 
ilrc measured value gives the departure of t h e  arbitrary 
unit from the nbsolrltc u n i t  of capacitance. Thc uncer- 
tainty of t h i ~  value is beIieved to bc less than 3 ppm. 

-2 tmnsformcr-ratio I~ridgr Tor tlic prccisc conlparison 
r ~ i  3-trrminnl capacitors has bee11 descriherl. TI-te con- 
struction of ;I c~lindricxl crnss capacitor as a cola~putxhle 
standard has also been described. This absoIutc statid- 
3rd or capacitar~cr is of such n nntlrrc as to ~nalrc fuII use 
nf the sensitivi~y and precision available in the bridge. 
Pt is expcctrrl that the cornbinatiorl of thr bridge and 

' T o r  ruarnple. if the ~Iiffereltce in rcndinas aniolriits to  0.1 prr 
cent, it can sl1on.n t h n t  the mean value of the capacitors differs 
From the compote(! vnlr~r- hv l rss  than  0.1 ppm; more prprisely 

Cl 4- C2 
-- 

In, 2 C1 - G a 

2c0 -y+a(c,) 
where G ,  C2 are the ~ n e n ~ u r e d  values anrl Co is thc computed value of 
the capacitor. 

Difference between 14-inch and 4-inch asseinl3lies -0.9934165. 
Computrrl cross rapxitanre at 20DC =0.f1024 1 !7 pf. - - I rue mean or temperature cornpensaterl capacl tors 

= 1 (1-0.0000,:38) pf. 

tlie cornpu tnblc stand:~rd ~ v i i l  nl:lkr: possihlr: assigt~mcnt 
ol morc accurate values to cxpacitors in t l ~ c  rangc beln~v 
10' pf than has brcn poss;l>lc in thc past a t  tlic Satiional 
Rurcnti of Stan(lards. 

I t  is almost invnriithly true thnt the pcriorrnancc of 
rneasurenrent apparatus of high precision dcpcr-lds on 
the skill and ingenuity of the mcn \1~11o nlnlcc its me- 
c h n n i c ~ l  p ~ r l s .  T h e  present bridge is n o  exccptior~ to 
this rule. T h e  authors wish to xclinonIcrlge their in -  
clebteclncss i n  this essential matter to the d lop  personnel 
working under the clirrrtion of D. Kennedy, and espe- 
cially express their appsecintiora of the skills and pa- 
ticnce o l  Clhiclester, G~ratnev, Graef, Matn-e~r, Pararas, 
nnrl Stadler. 
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