
New Fused-Silica-Dielectric 10- and 100-pF Capacitors 
- 

and a Svstem for Their Measurement 

rll7sslract-Dew instruments have been desiwed tc. bring to 
standards laboratories the improved accuracy of capacitor c a b  
brations developed by the National Bureau of Standards. The new 
10- .and 100-pF reference standard capacitors, based upon an NBS 
design, use n fused-sitica dielectric with ~ n l d  electrodes to provide 
the time and voltage stability required for cdibrntions ta parts in 
10'. To maintain the capacitor temperature constant to within 0.01 'C, 
one model of the capacitors is designed for use in an oil bath, the 
other model is  fitted with a new, stable, themostaticnlly controlled 
air bath. The system to measure these capacitors with a precision 
of parts in lO+consists of a brid~e,  detector, and oscillator. For these 
special lneasure~nents and for the ~ e n e r a l  calibration of a wide 
range of capacitors, the new trmsforn~er-ratio-arm bridge has 12 
cnpacitmce decades and a rmRe of 10 pF-10 ' pF, and f ive conduc- 
tance decades nnd a range of 101-10-lo prnhn. The new phase- 
sensitive detector and power nscillator provide high sensitivity to 
bridge imbalance over the frequency range 10 Hz-100 kHz. 

]:IT' iri<tlnnlrnts h a v r  brcbn tlcriqnrtl to h r i~ lg  lo 
< ~ , : I T I I I ; I ~ I I <  l : t h n ~ ~ f o r i ~ <  i 1 1 ~  ~ D I ~ I * I I Y ~ ~  : IPVI I~ : IC~  rjr 
t ' n l ~ ~ v i l  rrr r:! lihrnt ions rir~.clnpnI by tlit: S:itionol 

Rr~rian~z (IF St:ln~lnrrl+. I1iqllr.r. ncclir:bchy ilr t11r i rn r~s l ' r~  :\ncT 
stt>i-:~~tl t> f  l l w  inlit C I ~  ~:il~fi{~it : i t ic(~ lt:iq h r ~ n  pr(lvid(:(l h!- 
l , \~r  rar,~~.;lrurlitrn r d  10- :~rirl 100-117' rr.rc.l.r,ncr xt:t~ulni-cjs 
~x-i t l l  tllcl l1rovil11 111rr1~:~itir:~t :i11(1 el~~trir : : t l  .st:thilify O F  
filced-silic:~ clir*lcdl-ic. :\ ric>\\- t~:tii.;fctrmc?r-r:ttio-:t~-n~ !>~-itlg,.e 
1171.. b r ~ n  h ~ ~ i t t ,  t n  rn r r t  t11c n~c 'dc  For Fiiglr prrri,ir>n in t l ~ c  
Entprctrml~nri~un nt' t l ~ ( . ~ t %  st:~r~(l:irrl.; :tntl for lliy11 : ICCIII ' : I (~~ 
in  th r  calit~r.:~t ion fi~id nlp:t-.rit.cllnrarit of fi n i d r  r.;itlge O F  
rl[llr.s t:rrjrncitim. Tt ,  +u l~ l~ l i r .  kF~c rr.rll~irr(E rstlxn(lrtl y;lnr_lrs 

r r i '  c:~pncil:lnrrl :~nrl c*or~tliirt:~nr~c~. :irlcl tl lc rxlrr~clrcl 

srr~si tivi t y, p r t  iculnrly 1~1lc:n usrr i  wi t l l  f h r  cnmplr- 
tnrutnrj7 new ~rh:1sr-srnsi1 ive rlotcctol. and powc.~ osciIF:~t nr. 

l~ l -s1;1~-s l l , l~  1 s \P.\clrrons 

Thr tlr.;igi c,C t l ~ c  tlcn- 10- nr~rl 100-pF .<t,nr~{l:~rcls is 
bnsrtl 1rpoll t Iw rlcvclopmrril fit S13S by Cutl;cr+l<y nn~l  
Lvc: 111 or n 10-pF rnpnritor wit11 tllc timc st~lbil i ty :~nd 
sm:h l ~:il.i:it,ir}rt.: due t n  ~-tilt:~g.r cllnl~gr: or sl~nrli  tl1:lt 
permit rnlihmtinn tn p:~r ts  irk 10'. Tlir: dirlr~ctt.ir: nkntrrinl 
usrurl for queli +t:ihilily i3 :I .qwr.i:il grnrlc or ruvd s i l i c~ .  
1 t I I : ~  tlw r11rt I L P ~  : ~ ~ I ~ ~ : t l ~ t : i ~ s s  of IOIV Iw-,GP.> ant1 I O V  
f r c t p ~ ~ r l c y  c l rp~~nr lcn~r .  nf il.: dirlrctric cntid ant i n  t l ~ r  
:> LICI i ~ ~ - f ~ * r q l ~ t > ~ ) r y  T:~IIEP, 

The lirnt mnrlifirntirrnr r,T tllr S 13s c l r s i~n  For ron1mrrri:~l 
prorllict i t ~ n  Ij:\d r1crt~oclr.s :~p~l ir(T ttl tllr c l i ~ l ~ ~ c f  rir 

> ~ i l ~ q t r : ~ i ~  1vii11 t l w  ~ o r ~ I i y ~ ~ - r ~ ~ t i ( ~ n  -!ICIIY~I i11 IGz. 1. Iri ~ I I C I I  
2 r l t~~ i :~ ) .  1 lip ~ : \ p %  V : I U  thikl~r~r ~ I P  g r ~ ) ~ ~ n { !  v it I L  :I rli:tni1~11~1 

l ied : ~ l ' t r ~  t11c s ~ ~ l ~ t r : ~ t ~ >  1  IS b ~ ~ i l  ~ 0 : t t  (4 11 it11 qilver or 
gold nr. hc sr~:i+lird c~ut clrt7irtg t l ~ ~  rtr:lti~lq rtl.nrrrF. Jn 
Imt11 c:l-vs 1 1 1 ~  { I ( ~ ~ I L ~ ~ ~ I > T I  (>I' t l ! ~  c d g ~  of t!m ~ : I - I  i c  I I O L  ~ r c l : ~ t ,  
nnrl tllis cr~ultl c:ulqr {l(>prnd(.t~rr o f  tltls c:~lr:icit,:irlce cttl 

voit:ig~ : ~ ~ q ) l i ~ t l  if t!bcr~ IT PT(* isnl:~t ~ ( 1  1):irt i ~ l w  of ? n ~ t : ~ l  
rnnnrrtrr l  t o  1$11:1rd m. c~lcctlnrlc.: h ~ .  r l r c t ro~ lo t i c  ~IISPFL. 

. \ r I j~ iht rnr~~t  crI' c:lp:~citnncc i s  ( l ~ h l ( '  133' ~rindir ir :  n\\-:iy 
m:~trri:il. rtbt7tj:tf  in^, : i~vl tcstinq; :i.i m3ny fir t l~nbr :~ l j u s t -  
~ m ~ n t ; :  rn~ilrl he rllbrrGs:lry : ~ n d  tllcl tiin(> invr19vcrl in c l o i r ~ ~  
tliis \\-oc~lrl co~~rit lci- :~hly incrroscb ill(! (TWL rlf ~ l ~ o t l u c t i o ~ l .  
~Inrlf l ~ c r  sligllt. rlis:i(lrnntn~r: r1L' f l i r b  clr4gi1 i': thnt  the 
clil-~~ah F,'IF>,'LL'~~:)IEcc is riot, ~ ~ r l n p l l ~ t ~ l y  n.il,Ilin t l t p  fl~srcl 
silica but, i ~ ~ c l ~ ~ d e s  c:~pnrit:lncr f r r~m tE~e tnp of nn rlcct.roclc 
f llro11~11 t,Iw gnl? to  t l ~  ntllrr c>lcctrorlc. Tl\erefnr~, rnotint~ 



TEFLON SUPPORTS PLA-c0 SUeSTRATC \ 

5 P R l A G  'I PLATED SUBS TRITE^^ 

L ' l  I I 
S B A I N G - L O ~ E D  
SUPPORTS 

of the suhstr:~te in tho crll, cllnnging tllc rclnt,irc position 
nf gunrd nnrl eleetrorlr: irr tltc vicinity of thc finp. n-011lt1 
rh:lngc! tllc direct cnpncit:~ncc. 

Fig. 2 sliou-n the  rlrsigu u s ~ l  t n  try t o  allr.~i:rtr th r  
prnblcms first tncountc-.rrl. Pil~ce the rlcctrndc: wcns nre 
not  (:qua1 nnd  the cnl):~rit.nnce is delined mmtly by the 
:ir.cn of  tlic ~ ~ l ~ n l l e r  clcctrodr, only onc g:lp is now cs~~ci : l l .  

T l ~ c  <uhst,rn t e i* rinw liclrl bet.~vcrn spring-londcd 
support.;, which arc. S I I : I ~ P ~  FD f l l n  t PVCII il t l ~ r  sllb~trntl: 
mnl+rs, tllc q,.usrrE i n  tlte ~- i~i t i i t .p  of the gap rrrnnins tllr 
mmc. In this design 1Iic rlvctrorlcs :~nij, guard are in the 
~fimt: pEnnc on each f:lcc, :,~ltl pI~otrrct,clliri~ tccl~niqne.: C:UL 

1)c usccl hnt,h t o  gcn~rntc  the gnpa ni~tl to adjust, tllr 
rap:~citnrrce by cl1:~n~illg tlic nre:i of an rlrrtl-odr. Thrhe 
tc4cllniclucs Itnrrc provcrl more pl-rilirtnblc nnt2 relixblr 
tlmn nnp grinding trchnirllre 114ed wit11 the iir.>t desi~n.  

17ig. 3 ~IIOTTS twn ro:ltrrl nnrE ct,cl~crI s u b c t ~ i t c ~ .  I'hp 
co:itiriji consists of :  nil of pzlrc gnld. Tllr thin snb5tr:itc 
ior t , I i ~>  lOO-pl: u t ~ i t  is :jO tnil- t l~iclc~ I Y \ I ~ I P  ~ I I P  tllick 
s\ll>str:ltr. frlr tlic: 10-pl.' \init i~ :<00 mil.: tllirli. 130th I t n ~ c  
:I ~li:~mc~trbv of 2.7" iinrlltl.. Orwr t l ~ c  c:lp:~rit:~~irr I I ~ . ;  brpn 
: ~ i l ~ i ~ ~ s t ~ d  to  & 100 p1>n1 o f  I I ~ I I ~ ~ J I ~ I  I - ~ ~ I P ?  t l ~  P I ~ ~ I P J I ~  ie 
~,r:trrrl irt n hrns.: I~olrlrr ..;hol\.n i l l  j ' i~. 4. Contact f o t11v 
c~lt~rtrorlrs is inndrl t>,v golrl-co:l trtl ~ ~ l ~ o ~ p l ~ o r - l ~ r o r ~ x c  slll.i~~.y*. 
I'ig. +j <how:: the Iioltlrb~ rr:uly t o  bc 1)1:icrd in n st,ni~llrsx- 
~ t r t ~ l  c!ont:iir~rr nncl tlic :~sscmbletl :111tl srnlcrl crll. This 
rnt nitsiner i s  IT-plclt~rl sl~rlt, r\-nc~l:~t,~rl.  b:ili~tl, hack-GIlr{l 
~ ~ ~ i t h  cE~y nitrogmi, :lnd qcnletl; coi i t~rct io~~s to thr cnpnritor 
:lrc made via ~I:i..;~-l.o-mct:~I I"r*ccI-tl~rozlgl~~. 

The d i ~ l ~ c t  r ic  constant nf fusrd silic:~ 11:~s n tcrnp~rat~nre 
cocfbcicnt, of approsirfin tcly 10 ppin i°C, nritl to mnlce 
mc~tlingful mcasurco~cnts a t  tllc p ~ t  i n  lo7 level one has 
to 1cn011- the trrnprratlire to ~\-ithin O.OtaZ1. This can 6c 

i 5 Rmqr Irolrlcr nnd xeslrrl 4?it1lcc~-.stc~l container in which it 
is mn~~nted. 

:~ccompli~l~rtl in :tn oiI h:itl~, : i r ~ r !  I'irl;. f; ~11nw.: tl~c: oil-l>flth 
vrr4on of tlir c:~l)nrit~ir.. 'I'Irt, ( ;R% 1 rnrillcctori I ~ n w  hecn 
rniqcd G incl~rbs :xhorv t l ~ ~  r * ; \p :~c . i t r ,~  t,r, nllnw con~hectic)n 
:~bove t11c oil IPVPI :11it1 i I : ~ I - P  i>i~11 yol(l-pl:~i,c~l for IOIYRI~ 

7 7 cont:~ct, resiht:~ncc, l llr ~ . : I ~ J : I C ~ I - I ~ C P  r l tmc~l t  is 11crt 

sym~nct,r.ic:ll wid f n I<tlrp trficli r r f  tl ~e c o ~ ~ n c c t i o n ~ ,  tlic: 
1:lrger elcctrodr is t:on~irrbt c ~ l  l,n tl rtulrlr:ct or innrlcvrl JT 
~rh i l e  thn sm:illcr (.I( rt rrrrlc i.; cnrlrrrctcb~l tn the one msrlrrtl 
T,. Tile simple tm~n.ur(~n~~!~~t,  nf t l ~  is ~*:ip:icitar in nn :~dc- 
qu:~tc oil hntll i ~ ,  I ~ u ~ ~ c v P ~ ,  ro1nplic:ttrcl by the ~~ddit iannl  
prrcision app:lr.:ltus rcr i~~ir.rtl to innkc thr, accurate 
ternprlntul.~ rnunm~rai-re~l t s ~ r ~ t l e d  ill order t o  define the 
cnpacitrtnce value. For tIi;~i, rcnson, nn sir bnth mTnT 
devclopcd thnt can provide one o r  twoc apacitors wit11 



their own cnvironmcnt, a l ~ I ,  thcrcfore, eliminLlte trmpera- 
turc m~asilllr.rn~nts cxccpt iti  the c:lse of highest, xccurrlcy. 
The nir bath, *l1o1v11 opcned in Fig. 7, is tl~crrnnstnt~icull~- 
controlled fit n nr,min:11 30°C find has n long-tcrm stnhilitj- 
of 0.0l0C; it clin1~ge:~4 by less t l ~ n r ~  O.Ol°C for n 8°C change 
in ambient tcmpe~nturc firid is eorltrolled by n 15-volt 
system, tl ie~eby nllowing tlie wsc of Ihatt,rrics rIulhin:: 

r* CoIInOC- trxnsportntion. Tlre golrl-plntctl GRS74 lockin, 
tors, i n  tk r  nnrrml position on the fmnt p:lnel in I'ig. 7 ,  
can be nlovetl t o  t l ~  rear of t,hc instrnment for use in a 
re1ay r:~cli. 

P~1.!0l"n7(1?1 CI? 

The cvalllntion of 111~ fusrd-silic:~ capncilors ~r -3s  
difieult ~CC:L\ISC s tani i l~~ds n11d mmsusing equipment 
cnpflble oC the required rtccllracy and rc:~olut.ion fire not. 
a~rnilable. Tliis cq~~ ipn l c r~ t  h ~ r l  tjo bc developed con- 
cnrrrnt,ly with thc a~pncitors. 

I t  w a s  found that the  volt:~qc rlcgendc~~ce of n fiaed- 
siIicn cnpncil.or is 3 jinod irlrlicator of  it,? qr~nlit~y, nnd it is 
the iirsL t,est imde on fi new tii~it~. Tlir cnpnritancc clinngc 
hns to bc l e ~ s  I h n ~  oric p:wt, in 10' \ T I I ~ F I  the vo1t:~ge applied 
is chnngrd from .TO t o  2.70 vnlts. 

Fir. 7 .  ;\ir rmtn ior rnpncitolx. P:~!!ern or) irlrirlv 1 j . r . r ~  is efirhtbtf 
henter cnvrrirlq $111 six xirles. 

rlirpctlv rclnted to tllc dielrctric ancl were cvnluntai bv - d 
compnrison ~ ~ i t l l  t ~ v o  types of air cnpacitors. It 11-a5 found - 
that thc  fi-~q~ic~icy dq~e~tdencr: 11-2s 4 + 4 ppm hrtiveal 
I and 10 1cHx ~ r l r l  t l ~ c  dissipation fnclor \\-as nlso 4 f * 
ppm a t  1 kHz. 

The cflects of meellnnic2l stnd therrnnl slioclcs \\-ere F 

investigntrd. Oil-F:it,l~ vnwions were dropped q t  dil'fcrent 
angles from hrigl~ts of sercrnl incllcs; the cnpacitnncc I_  

dirk not c11:~ngc by Inow thnn one part in 10'. The cnp- I 
~c i to r s  wcrr also cycled betn-ccn 0 and 50°C and the - - - - - - 
hysteresis piTcet IV:IS ICQP t h n  4 ppm; however, some -- - 
of t\his cllnnge might not be rral but rlr~e to cl-rnngrs of 

1 

tcn~pernturc in t.lic- oil hritll. I? 
As for long-term staF~ilit!-, it could only be checker1 F? 

mm 
indirect,l~-, nnd t l ~ e  diffcrence bet~vern t ~ ~ o  c:lpncitors 
in an nir bath n-nq not more t , l~nn one pnrt it1 lo7 during f 

I 

one year of obscrvntion. I 

r.-.- 4.- . 
St-STRU . . - .  

One couscquence of the impw~cd  quality of the new I - 
cnlmcitors is thnt bot,l~ the tests required to  demonstrate 

1 .  
their stnt~ilitv and the cnliI>rations to be made in their - - 

ultimntr rise ns standrtrds require more precision than 
tliut, to h~ found in the rnca~uremcnt systcrns of most 
labzbol.:ltorics. Tht! need for such measurements during 
tllr: rlcrrloy~ment of the cnpacitors led to the extension of 
tllc rnngr nnd rjn:ility of our measuring instruments. 
Thr res~ll t is tllc IICW cnpacitancc-measuring system 
sbott'n i n  Pig. 8, consisting of an oscillntor, a detector, 
and st precision capacitance bridge. The design of this  
system has trvo main objcctivca: irr particular, t o  provide 
the p~ecision tha t  permits int8ercornparisons of the  new 

c:~pncitars to pnrts in 10"n the fl-etlurncy region ncns 
1 k H z ;  in genernl, to ~ ~ r o v i d e  high dircct-rcarling nccurncy 
in thc mc:ls~tremr~ilt of n n idc  rnrlgc of enl):~cit~nnce at 
audio ircquencies. 



L--------------------A 
STANDARD CAP&CITORS 

Fig, 9. Sirnplilierl I>ridm circuit for mpncitnnrr rncn~urrm~n t,. 

The nerx- bhr l~e designed t o  meet tllesc ohjeetiv~s 
usrs the bn~ ic  t rnrisformccr~tio-arnl-bridge circai t, of 
prrvinns prevision hridgw 'I?], [RJ. Tlw csqerltinl com- 
ponents for cnpnritanre rnensurcinentq are shown i n  
tllc sim~~lified circl~it of Fig. 9. T l ~ e  three-n-i~lrling rnt,io 
tmnslnrmpr c~nsists of  R 2OO-turn l~rirnnry nn n Itigll- 
permenbility tnllc-wound toroidal core, 2.7 X :3.5 X U..i 
inches, over r ~ h i c h  is n cclpprr sllidd; for tlie ratio firms, 
t w  sysnn~clrical 200-tm.n sccernl:>ry i\+incIinjis tnpl~erl 
every '70 tun19 rnnrle hy winding 20 t11i-n~ of n, 20-wire 
cable n~ounrl the ioroid. Tlrr mnsirn~lrn voltnge to which 
the tr:msformrr cnn bc rIri\rmc?u is 150 volts :~t 1 TiHa and 
iq 1>roportinnfil t o  frrquericy. 

C:~ch cfllmcit:irirr tlrrnde 11:i.c; 3 fisctl sinutl:~~cl cnpacitor 
t l i ~ t  cnn be connrctecl tn nny one or 11 t n l n  rrn onr tmn- 
former sccc~ncl:iq+ to  g ive  the r l e c ~ c l ~  step3 frorn 10 through 
n to -1, To y~rnvidc 12 clccndcr; r ~ f  c : I ~ R ~ ~ ~ : I I ~ c c .  ~ ! I P  
bridge lzns 12 inttarnal stJnnclnr{l cnpn~it~ors. 100 nF-1 nP. 
II7icn the uppcr three cnpncitors are not needcd, they 
can be discorlnccted, one nt n t,inle in scqucncc, by the 
C,,, ~rri t~ch to  redace the slinnt cnp:~citnnee across the 
tIctector and, thr:rrby, to incressc hl~c sensitivity of 
the bridge to irnbnlancc For mnximurn re-ol~~tion. The 
r:l[~ficit,ors are of thrce ~ J . ~ P S :  waled lorv-loss mica-rli- 
rlectric cnpncitors for In0 and 10 n F ;  sefllecl ~ir-dielectric 
c:lpncitow, nit11 Invnr plates for l o r ~ - t e r n p ~ ~ . : i t ~ ~ ~ r ~  co~IFi- 
vietit, 1 OOn pl'lll fF; nnd nir-rlirl~rtric ihr~e-trrrninul 
trimmer c:tpncitors for the rprnninin~ folly rlrcarlrs. J2nr 
the t herma1 stability required in prrr~isinn intrrt.crmp:~ri- 
c o n < ,  the upper eFglit irit crnnl $1 nntlnrds arc ~r~ountrcl 
in a rompnrtmp~lt 1 h:11 has ~nfFici(11lt f 1l~rrn:il i11su1:1f ion 
from the bridqe cnbirret to ~ ~ r o v i d c  n timc cnnstflnt of (i 
Iiours for cllnnges in tllr: ~rnbicnt, tempurntllre of thc 
bridge. ,4 constant-tcrnprrnt~~re oven for tllcse cnpncitors, 
simi lnr to tlwt designccl for I lie tie~v rcf{:~.r:~ice c:xpnci tors. 

ra.: concidcl.crl, hut thc Inrge size and cock of fin o-r7erl 
wit11 ~uficicut, ly corlstnnl ternpcr:iture nlndr: the use 
of tl~crnml I~sg ing  prelmhle in  this P~ridge. 

Thc rfingo of unlar~on-n c:ij):ir:it:)ricr tlmt c:ul bc bnInne~c1 
hy t11r I S  hritlgr drcntlr~ iq  In0 1rl.'0.1 :IF. Two multipliers 
of  10 niirl IOU E r r  tlicsr: iIec:~tlr~ m*c provictcd h>- t ~ p ~  
nt 2 O  ant2 :! tn7-n~  on t l ~ r b  1~1lil10\\1i sitlr. C I ~  t,llc r:ltin 
t mnsfolmrrq, so tl I:I~, t tlin range cnn h~ extended l lp \~ '~~ ' i I  
tfo 10 PI?. 'b'Fic cIircct-r~:trling nccIImcy of tllc h r idq~  is 
determined 111-imnrily 1 y r  the f c~npernt~ure rocflicient s 
of the intern21 stnnclnrds. TT'hpn thc cncfficient is of the 
orsler of 2 pprnlaC, 2.: in t l ~ e  l-n17, 100-pP: and 10-pP 
~t~nndnrds, t he  nccurnny can he as goocl xs 10 pp11-r nt 
1 IcTTz when thc  ronm tcmperature i s  held to +lac 
of the t ~ r n p e ~ ~ t u r e  nt  wlrivl~ the bridge mns cnlihrltted. 
7'1-11en thc other s t ~ n d n r d ~ .  \\-it,I~ coefficients of t l ~ e  o ~ c l ~ r  
of 1.5 pprnJ0C, arc required for the lint signifirnnt ligttrta 
in thc l~rilnncc, thc tvrurtrcy must br: rrrIurcd to nho~it~ 
.in ppm. Tlic bridge nccurtlcj- is nlnintoir~crl to frcqurncicr 
jrcll bclo~v 100 ITa,  hut i:: limitccl rvcntunllp by thr. 
retluced sen.:itivity t o  irnbnlnncr: c:iuscd by thc lo~rrer 
output-voltngc limit of ihn tml~~Frrmmcr, e.g., 1.5 volts 
:~t t O  T-Ix. -\ccurnry :1t frrqucncirs d l  above 1 1cBx 
and for enpncil,ance ICFS t,h:~n 1 n l;' i.: lirnitctl by reuiduzll 
irilpednncrr in thc tmnsforinrr ~vinclinys 3 r d  in tile 
Gridze ri-iring nncl decrenscs fippn~simntrly in proportion 
to the  srlnare of frequency tn fibout 0.: perrent at, ln0 
1cFJx. :It h i ~ h  capacitnncc and high I'I-cqt imcy, the errors 
from f r:lnshrmer and wiring impcda ncrs in series with 
t>he unlino~irn rnrlse n, f1u.t licr r~rlur,tiun in nrcurflcy. 

Thlnnce of the  loss compo~lent jrt tlw mlkno\\-~~ :~tl~niG 
tnncc is ~~rovirlecl in this hridqe by clecntlcs of cuntlur:ta~lce 
similar to  thnse of rnpnritnnce, : I %  slinn-1-n in the circuit 
of [pig. 10. One difference is t,I~nt thr vo1t:igcs for tllc 
rlrcadcs rome not from t l ~r nl : l i a~  2C)O-tlirll ~eco~r t l : !~~.  
rvirlrling but. Fmrn :I rpl,nr:lt c *  2 2 - t ~ r ~ ~  windjng t o  nvnirl 
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5impIifir1l 1 1 r i c I ~ ~  ~irruit,  for rt1~1r111vt~ncr n~ea.eilm-n~rnl. Xt~n~irini re4+l(w V : I I I W -  ~ \ N I \ \ - I ~  :> t ib ill n t ~ n ~ ~ .  

Ionding of that  wincliti~: b:' t,Ilc ~ t c s i s t ~ o ~ .  For tlic fire 
decncles thcrc a r r  fivr! intcrnnl concluctnncc stnr~darcls: 
met,nl-film prt:raisinn rcristt~rs For 10 IiQ, 100 I;!?, nnrl 1 319; 
and cnrbon-film rraistors fc~r I0 91!2 f i t i r l  100 3112. ]'or 
slnnller conduct,nnec r:ingcs, mu1 tiyrlirrx for t8!lcsc rl~cndes 
rrom I tl~rorrgl~ lo-" 2rc prnvided by qimiln~. re~iqtoss 
conl~cctcd to fllc rlccwdcs tu Tiwn 'I' ~lr t imrhs.  Iior higl~cr 
concluctnncc. thc rn~~ltiplirrs rnT 10 and 100 I'mm t:~ps 

nrr. shown to jndic:itc or(lc~- nf rnnq~hit~ltlc; for tllosc 
resistors u w l  ns niultiplicr~ tlic r : ~ l u r  m~rst; be U ~ F P ~ ,  

..;ligljtly from t,lre indir:itcd no~ninnl to nlnlie tllc cull- 
ductnnce of t,l~r: 'T n p t ~ ~ u ~ l i  rorrcct,. T l i~  re~istors ~ T C  

nrIjustcd t o  mnlce t l ~ e  conrluct:l nct: ~ C C I I I - : L C ~  +Om 1 per r~r l t  
of  thc  sending a t  1 kHz o r r r  most ol t l ~ c  m n q .  For 
qlnnlF phnsc c ~ r t ~ r ,  i,Ir r ~-esi*tnr.s n l r  mn~int~cd t ilrougl~ 
holes in ~liielrl 111:1tes tn rcrluce t h p  clir~ct, c:lp:~cit:lnrc 
nrlrrps t l i c ~ ~ i ,  nntl  trimming cnpncitors, not sllown in 
thc circuit, n1.e proriilcti to srljust cnpncit.nnces t o  gronnrl 
nrrtl. t,hcrchy, to :~djust  rlired, cnpncit:incc in thc erluix-nlrnt 
7' nct~vorlr. 

For most rnpn.~urmn~cnts ~ I I P  \ ~ n l i l ~ o ~ n  cnpacitor i s  
connerted t o  tllr britlga i\-itFi co:isiaI c ~ b l c s  at t11e pnir 
or T;l?S74 cnnsinl c r r r ~ n ~ d  ors on tlic pnncl. Thcsr: con- 
~ ~ ~ c t n l ' s  ~ ~ I T - P  ~l)rr,ifil gold-plntrtl conrl~~ctors to providrl 
tltr low find rty)entnblr ront,nct rrs i~tat~cc rcquircrl by 
the Iliglli'st pr~risiori m~ns~~rr~rncntx. X mntchinp pgir 
of connrctor~,  conncrtrrl t l ~ r w ~ g h  :I dccndc .switch to 
tho s:lmr trnnxlormrr t:~ps usrrl by t , l~c intcmnl standard 
rflp:icitnr$, perruits t,Irc use of gny cstcrnsll stnndarci ns 
nn ndrlcrl rIecfit1~ or the direct compnrisoa of tn-o ext,cri~aI 
c:lparitors. Thr: bridgc aleo Iins s two-tcrminnl preciuion 
(; 11900 com~rlector OIL its pnnel for the  nie,wurernent nF 
ronxinl rfipflcitance stnr~dards or other compnnenta 
Gttcd v i th  t,llir ennncet,or. Thc t,hree-tel-mind bridge 
circuit memure3 only direct capncit9nce connecterl 

bcti\-\-rt.rl inucr. 2nd outer contlur tcna ot' the crmncctol.. 
iucludina nhont 2 p 1: inqidc the cond~~ctor, :~nrl psolurlrc: 
a11 rnpneitnncc t o  gro~~ncl;  neithcr tcnnirrnl ot' the unknnnn 
c?nn br groundccl. Sincc t l ~ c  n t ~ t ~ r  uoridur.tor (I1 i,ermin:~I) 
9s well 3.: thc rxsr of 9 1 1 ~  c:\lmritor rnnnrctcd tn i t ,  i. 
conncctrtl t o  tlkc trnnsfmmrr 1%-inilir~g, its iml~rcln~~rtx 
is Eow hut it,s ~ ~ o t r ~ ~ t ~ i n l  to grol~nil c o ~ ~ l t l  I-rc ns hidl :ic: 

the : ~ p p l i r ~ l  rrsrill:~tor i -o lhgr .  To protcct. 211o opwttor  
from :I t lnn~ero~tx sl~nrli  i f  4 l ~ r  nsrlillnt clr vnltggc i s  hic.11, 
the volt.:~gr: th:it cnn hr : I ~ ~ ) I I P ( I  tn t h ~ ?  O I I ~ P T  ~ ' ~ ) n d u ~ * t  THO 

or t , l~c C:I:!)OO vonrlrctnr is Iin~itc.(l hy Zt>~lrr diorIc~ i r ~  
the hridge fo  nhout 2.7 rmlt 5 .  I'or rrrr~vr~tic~icc, t lie r:111:1ci- 
hnnce o l  tlrr oprn C:ROOn r n r ~ l ~ r c t r ~ r  cnri bc h3 l n i ~ r ~ r l  
by n v:lri:il~lr intrrn:ll cap:~viior cont,rollctl by tlic: zr3ro- 
:~rFj ii~tme11 t Icnnl~ O I L  tllr ~ m ~ ~ r l ,  so t,I~:i t C J I C  bridgc ilctantlc.: 
re:~d zero ~ ~ l i r r i  1 1 1 ~  ~ n n n w t o r  is iq)rlli :IIIC~ t11m rc:~(l 
rfirertly t,Itc arI(lct1 ca1,nrit:irict: xvllcn tllr nnknoiw! is 

{:onntbckcd. Tllc sralrctior~ of tlir iypt or corlncctic~n t o  t l ~ c  
u n k n n ~ ~ - ~ i  : ~ n r l  nl tlir rnltltiplicr lor t,llc clcc3tEcs is rnn~lc 
w i t l ~  tl jp t~l~mi~l~I-~cErr : t  01, sn-itrl~ at1 tlir p:inrl. 3Iultiplirr- 
of I :~ntl 10 arc nmilablc ~ ~ = h r t i  t 1 ~  GRS7-I trrmin:>ls :ircJ 
nscrl, multiplirrs of 2,  10, nncl 100 nlwn t11c GR9r)O i.; 
used. A c:~libr:ition ~>orititlrl (IF thc sivitc11 tli~cnnnccts :ill 
t lie U T I ~ ~ ~ O ~ V U  tcrmirl:~ls fur tcstjng and irlt crcompnrimti~ 
of thc! inturrlnl ~ tnn i ln r r l c .  If trimmer. ncliustmnrts f n r  t l ~ r  
13 intcrr~al cfiy~acit~nnec ~t~nndxrcls nre requii-ed, t h q -  r:ln 
bc mndc wit11 cnse I\-hen thc  corcr a t  the upper left siclc nf 
t l ~ e  brirlxe is ml1ocl;etl t1,it11 :t key. 

The output of t h e  hritlge is o n l ~  a f c ~  Iiunrlrcdt8tls ;:i 11 

microvolt atlien tllc inptit i o  the  briclgr is 100 vnlts :tntl 
the  imhnlanrr is one p:trt, in Ill" nf 10 pF. Tile nr1v 11~tectr1r 
developed tn  extmr.t tllis fim:~ll signnl from nnisr, ~t tlir 
high-impedance level of the bridge output, i~ a combina- 
t inn uf ir. Iiig11-impcdanrc Inw-noisc prcnrnplificr, a tuncrl 
nmplificr wit11 130-dR gniri, nntl two pl~nse-sensitive 
dctcctor circuit?. T11e input irnpcdnnce is t h a t  of 1 Gfi i n  
p:lmllcl wiDh 20 pF; tElp noisc voltngc nt  1 kHz  with :I 



to a slrr~rt cirrl~ie :lnrl is, thcrcby: RIPO protcctcd :tg~rinst 
ncc idc~~fn l  short C ~ I ' C I I ~ ~ A  during rn~nsurmmei~ts with thc 
bridge. 

A1 1 cni~lrcctiorir bet ~vrcn t l ~ c  systcn~ i l r~ t~r~~rncnt~s  :wr 
rnadc nt ronsia1 trrmi~rnlq or1 t l ~ r  rear pfln~l*. l'rtcfi~rtionh 
hnrc brcll takrn tn nvoirl wvor ~oltvgcs in thc q.at,el~i  
from ground Inops. including, Snr exnmple, ttre use of :I 

conxi:11 choke i r l  the illtel.r1:11 Ic:~tl fl-om bl-irlqt t,o d~tec tor .  

/ \*lCS:\I11 4 S Y  111:1l111 : K ~ I ~ I h ~ l L I C I  DIIm.LFt"rUIC ~ ' t l ' \ C l ' I m C  

1 somce i r n p c r i ~ n r ~  iquii7nlr:nt to tile o\~tpt i t  i m p ~ t l h l i c ~  of 

I 
the bridge in the mtrisnrrnicnt of 10 pI', i.e., 100 AIit in 

, pnrnlIcl mit.11 500 pF', is ahortt 30 nV Jroot Hz. Tlie nmpliiicr 
ran be turletl from 10 Ha to 100 li1I~ hy tllrcr dera t l~  
s\i-itches r~llrl n r:trlgc q~iitclr. To pnrmit cnsy, 3s wrlI n.r 
very precise bsI:lnce rrf t-llc bridge, orle p:l~lel mrtcr 
displays t,Ilr! rnagnit~tdt. of tl-tc imh~Iancc ~ipn:~l ;  trrc crf,llcr 

1 r n ~ i o r ~  SIIOIV s i r r l ~ ~ l t n ~ ~ e ~ l ~ s l y  the i~l-ld~xs((: 2nd q o x l n t e n ~  

Covcr,r-srov 
Thc new refcrcrlc~ ~tn1id:~rd 10- nrid 100-pl: c : ~ P : I c ~ ~ o ~ s .  

t o ~ r t l ~ c r  wit11 tl ~c rnenGurrnrnertt s ~ . s t ~ n ~ ,  aIlouId h~cilitfitc 
thr  irnprnvcmerlt of :iccus:~cg in many Inhor:ltorirs in the 
~ ~ : I I I P ~ C C  : I I I I ~  st,nragc of f h ~  unit of cnpzritnnre. Test,s 
[luring the rl~vulopmrnt o f  tl~esc jrlsirurn~nts, ::~tlrl tlie 
espn.ipr~cr: ol SRS 1vitI1 sinnilnr o:~l):lcifors indicnte 
uncrrt:~iut.ic:: of t,lw crrdcr of 11:u.t~ in 1u7. I?urt,l~er txs- 

pet-irncr: nit11 production qunnt,iti~.r of tile instrumrnts 
:~nrl ~vitlt t,hc problems of normnl trnli~pnl.t, is certninIy 
rcrluircrl to  estnhlisl~ the ( * H ~ ~ t i t - P  limits of' nnccrt airat!.. 
The nva mrtnsuretncnt system 11-ill ~ )~ .ovidr  good, dirrct- 
rcntling :Iccllmcy, t r r  10 ppm ~ u ~ ( l e l .  linlitcd conr!itintr~, in  
t he  cnlibr:ltior\ : ~ t  :uldio I'wqui:nries of n \tide r:lriq:.c nr' 

c:~[):lcitrrm, from I fl p E? t o  n111cbF1 Ir3;s t11:rri TL I~POF:IY:ICI .  
'Tlrr +?.stom, %-it11 rr<oluliim trr ln-' 1'1''. \\.ill ~~rovirlc vrl-j. 
grmtl prc~isioil, tn p:1rt5 10' : I I I ~  b ~ y o t ~ f l ,  i n  t l i ~  ititm- 
cn~npnti~onn R F  n r n .  a ~ l t l  oft1 stnrwlnrcls. I t  m:ry he ckspcclrd 
tn qrjlvr ~ n r n ( >  menstlr.~mrnt ~>l.c~hlrms, n. \~rl l  :IS to r r ~ a t r .  
snrn.c.. \i Flrrl tlrr irlc~.c>:~wiE prcciion rksy)oscs diflicultirs 
t ha t  I1:lr.tn hcrctolme brcn I~irltlcrl Srom   no st rnt . troIn~i~ts.  
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corn~~onents ,  u-l~ioh can hc mnrIc to eunr.spond ro tile 
rnpacitxncc mirl cnn~111ct:~r~cc imb:~Innrc! componmts. 
Phnsc :ldjust,mcnt is pa*oriclc{l from 0 t o  360' for tl~rse 
~ignals to mnIie the rnrters inclicatc indt*llenrlcnt,ly tlic 
dcsirrd cornl)orl~nt. Tlir= hnnd\ridt31l can he r r ~ r r n ~ ~ c ~ l  fr,~. 
lrrluction of noirc, nt tlir euprhrl.ce of sloncr response tinae, 
by adjustrnrnt of the irltrgmtion timr coi~st:~nt over fivr 
* t e p  from 0.1 to 10 ~ccnnil.~. Two ~ > t l ~ e r  p:inel s~~i t~l ic~: :  
~wlouidc for the in+rl.tiun or rcmornl of n line-fl.cryr~r~~c~- 
notch filter aftd for tllc: CIIOIC{~ of l i l~~f i r  OT rornj)~ea*~l!  
~nr t e r  rrigousc. it f~i l turc of vn luc to both thc csprl-t n i ~ d  
tlre nmateur user of the system is tl~tli, thr: vcry wnsitivr 
iny,ut st:~gc is so \ ~ r l l  protectrtl by rlincles thnt t11c f u l l  
bridgc input voltage, erctl 1-70 volts, c:~rl hc fipplirrl ~r-itli- 
o ~ t ,  dnm:igc to the clvtectcn. ir~prlt; for ~xarnplc, h). ncci- 
cIrnta11 discol~~lr~rtion of thr  u~11;rion-n. 

?'hc two ctinstnnt-I-ol.t:~ge rrfel.cricr siRn:lln for thr 
lrl~ase-snnsitivr detcctorx, \\it11 fi ~ ~ h a s e  diffc~wncr: of !lo0 
ittnl wit11 one sigrinl apprwsi~~intcl~ i ~ i - j ~ f i : ~ s ~  wit11 ~ I I C  input  
siyinl to t h e  bridgr, :we nht,:linrrl. I'rom tllr? nsciIl:ltor 
circuit of tlie ncw 11on-cr os~ilIfitt~t. i n  l,11e systrrn. .,I pol\-cr 
xnlplifirr in thr, irrst~ument wit,h t n  1.6 n-nltr o11tput 
I ) I ' O I ' I ' ~ P S  fi (!riving .<iKrl:il for thr  briclgt! nf ni, 1cn.qt- 12: 

Its. 'rim frequency i-: ncljrrst:ibIr~ over t l~e 10 Hz-1013 lcHx 
rrge hy colltlmls m:~trl~ing tl~osc of thr  dctcctor. Tllc 
t put volt,xge can bc : ~ l j  ~ i ~ t ~ c t l  by :t livr-positinn I ' : I IF~C 

itdl and n vernior c~r:ltml, atld R n~etc r  iudicxtcs t h r  
1t:l~r >kt, blie nutp~lt, terrnirinls. T l ~ c  circuit is tlcsignrrl 
~pmvidr :I sigr1:il of I{,nn- (Iistol-tion, t3-pically Its.; t l~nn  

3 percnnt, to nny InnrI irnpctlance from an npcfk circuit 


