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linearity.of the detector,the,current.meter ,,A’should.intrd~uce’,i~~gligible volt?ge $-op 
in’tlie ‘circuit aii$ ,have. ,high sensitivi,ty, n&li&ble’tke. ,constant and ‘negligible drift. 
The ‘usual method of ‘measur+ig the ioni’zation~cur&nt is’ shown in Fig. rb where the 

‘-‘, _ ,: ‘. 
/‘,\ ,. ‘.‘. 

voltage drop across the load re,vistqr XL is measufed,,with a2:high impedance voltmeter 
V.: ~l.ectrometer. amplifiers are commoni$ used, for this.$urpose; ;ICesistor Rs introduces 
an’:appre”ci~bleirol~ige &op”Ath, c&nsejuen’t.iion_linQiritjr:‘.. : 1.: :’ 1 : : : “_ 

_‘,’ _’ 

tiay be seen from Fig, 2 which shows 
tl!e,ioni,z?tion 'current'bbtaixied for different,flow rates of ethylene as a function of the 
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~bj V for an’ ethylene flour rate of 4.10~7 
,, .i 

g/see: Frofri’~Pig~ ‘2 it can be seen ‘that. the 
voltage”drop~across the 1oad;resistor is proportional tb the,othylene flow rate only if 
the;load line intercepts the horizontal portion of the appropriate curve. As soon as 
the.,~oifage~~~~~s~t~e;.detector, falls bel;o,w that re~~~~e~~f~~‘dom~lete,collecti?,~i:~~,~~ons 
tIrei @p:$t-pf;the 
g/sec:with I&_= 

de t$ctor J&c@res &n&near. ,Tbe $&,r, re&$ki ,ektknds,:,up @~:$oLs 
19” $2,’ 5 :i$o:~?!g/sec ivith XL’ 

&. ti.lo~>~;:'~t.R~.&: &Q, 'h ',f 

= .r~l~q.?irrrcl.to.aij;'d~tj3‘;1o-,~,g/sec;iirith 

:,:t _e ,LJmearity, ektends to ab,b&-: Id-bl’&sec?vhich is the, limit . . . .._ _,.I, ,..l*... I.._ 
of the in,$e&& hhear%y of, the/‘detectorfor an,ap&iect voltage’ of ,206 J7. : ,‘y, ‘l’, ,:i;j,,’ ‘.:“:, 

In selecting a load ,resistor,’ a’ co$iprdmise~m$st’be made bdtiyeen’ the, con’flicting 
requirements of,, output ; voltage:,‘which increases’,Miitl~,.‘incre~si~g resistancei and 
linearity which decreases:.with increasing ‘resistance; ,This difficulty, is. avoided ,if ,the 
applied voltage. E, ,is #arranged! tb ‘vary: k:such :~a”mari&r~ that ,,it always cancels: the, (. 
effect of the voltage’ drop,in RA. This is shown in Pig. 3 where, an additional v$a,ge 
El is continuously adjusted to ,be: equal to the voltage dr,op ‘3I. Undek@$k’ conditions 
the; potentjdl:,acio& ,the,.,~iode’:re’mains’,.:aqual? td ~E;,~~i@&&& :6f~~:.the,,..iotti~~ti~~ 

‘crirront; ~lle..effective:,load,iline~;~h,d’n:,beco~esj.~~, =,: d $2;’ independent %‘f~~~theg&tu~~, 
‘valuq of: R&:,.Tf~is, permits:,a: large outFjut ivoltage: tobe obtained k$ihoutithis’.voltage: 
being. subt,racted-:from,the potenttab b~~ngiappliod,:a~ross t@liode:,:;: .~y) :;.1, .:i;i F. ..t$ ;:.‘2,. 
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,,output .impedance: is,, negli&ble; lf .a.P.U.GiA; is connected as, in. Fig:, 4b,,,the :e,ffect 
-:produce.d: is&he: same !as:shqwn ,.in Pig. ,3. ,The output lvoltage.,V .of, .the ,P,U.G;A; ,.is 
equal to:thc,input :voltage:V := RI and:is:connected so as- to. oppose it ; consequently 
the output voltage is.‘equivalent to,!B1:.of Fig.:3,and the. voltage across the,diode,‘will 
remain. at 2, volts. : Note !that ,any.’ point on .this circuit may be earthed, .A ‘typical . 

‘3 . ;,,..;; : , I, “’ ,, ‘,I,, a, . . .,‘,, ‘, ‘. .:. .’ ” ‘:: , .‘..:“’ : 

V=RI 

‘. ‘. ; 
:: ‘_ 

. . 
i  

,: . . .’ ; ,I Fig. 3. Constsnt,pote.ntiql diode. 
‘, 

‘I.: practical circuit employing this principle is shokn in Fig. 4c. The,earth,point chosen, is 
;; ‘at one side,,of :the P.U.G.A;, so that .ivith no ionization current the’ anode is at earth’ 

p$e,ntial,; as the current in&+.@& the anode and, cathode 
frpm ‘earth potential by the ‘same anidunt viz. RI. 

simultaneously move .tiway 
,.‘,,‘.’ 

:: 4 
‘, ,,.’ / ,.,,1.‘, ,,, . :. )., ., I. ,. ,’ ,(, ,. ,. 

,: ,..:” ,’ ‘. ._ , ., I. _ ,:, ., ‘, .., : ,‘,;, 
,, ..; ,,.’ :,,. . ., , ..( . . . . I_ I, ..,. ,.I .-’ -,-.. .’ 

4 &.A. o 
~. .’ ‘. : ‘.,), I_c -’ ,;, 

.’ - 

Ein . . ,Eaut: 

*!I t,_:: I : ., 

., .’ 

,’ .:.. .‘, ‘) 
., 

:,: ‘; ,: ‘_ ; ‘. : .“,..! ,‘:I,, ,! j,, /‘,, ,,;I, I ,,,, : I :. ?. : I,~’ “. 
,’ 

: 
,, .: ,: I, * :. .: :; :,I;,. 

;’ ..; : ., 

“, : 

., “.’ 

,: I .;,;:,, I;; .’ ,, ,- ;., ,‘. , “. 3 
:Fig.:,&:Constqntpotential diode.,, a ‘.;’ ‘, :) ,.:: ,.:,., 

:The connection from the anode’of. the detector to. the input,of .the P.U.G;A.; (or in fact,, 
.:any,~mplifieror .electrometer)ihas a-c&pacitance C to earth. Xt is-usualto use atcoaxial 
‘~,cable;for~this;connection~ and. a,typical valueof Cfor 60 cm of, c,able is.40 pl? (40 ~~0~12 
“:I?) .?If ‘there ,,is an increase in I the ioxiisation j current, this ca.pacitorL chargesi:,u$:, Tlxi : 

‘time’i.constknt Y7’,;vhichiis ,the.~time.,.requiye’d:!~o..charge; this capacitor. .%o. ,63:?/,:.iof its, 
,~final.value,~i,sgiven.by +.:G &C;iIf &.-A.. IO!? Q..and C; &’ 4~ 
.::fbi Ri:iz&L &~y~;:,:$ ,:+‘ih’&k&,$, mdslfor ,:Ri, = .~ol?;Q, ,,,7,: =:” 

IO-+? :P then 1+70~4.sec; 
401 sec.-The, time Grequiredto: 

“:cba~~e-;.to~~.9g’,“/~:1:of, &nali.value .,is about 5 : + :so ,. fh&:the,::use: .o4$ &igh va,Jye ..&&zoq, 

%ven&th~lo_w. :capacitance~c.aMe;Sleads to~‘iriadmissibly long time: co:~sta~t~~,~he-~~i~~ 

-~i’,j.:.“i,!,;:.:‘, ;<,.*~yi:, i,, __;‘:‘,“,‘“‘.“,‘.‘~ ,:, i ‘., ~.Ch'OtWtO&,.iO (I&) 294-302” 
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cbtihmt bI:the input circui,tcan.be reduced.by alarge factorif the shield of, the co,a$ial :, 
c+bleis donnected:not ‘to”earth;i but,.to,th~,‘outi?ut”of the l?;U:G;A$;,as in~.l?$g;;~$ N’oi$l, 

the. $ffeotive’~capacitance ‘Gijf :=T* c. ,(I.: -& ;g~i?);ja~d,ifor,~,~lgain,,., efi :o~ggg'6'cs,::~e;~,I,~, 

O.O@A+ C::Hence,7..=:o.z :ms’oc for’;& + iol?Q; 7r-A i2,msecYfor_.Z$i !r .I&Q~and.,~, y 
~0; msec i fo,r. Rz .:= .IO~ .Qr Since .the: cathode rofi the diodei,is[:also.: connected:.;td :,t.he 
output, through battery I5 the anodeFcathoxde c.apacitance is calso :reduce,d!by:a,ifac~oS 
of 0.0004.~ :: ,, :.. ;‘,. ‘:, , :1 ! ,:. .,:,:‘,. ‘.:,,- :,,,,,. ‘. ,; :.I’;,;< I’ u.: :i : ,,., ‘c’,d:;“‘: ..,, I: ;,,,a, 

I, ‘Y’,,, ! ‘, ,:, . . .*, ,, ,,., i .) :,,.s ,. I. I 1 
1 ,.;j. ,‘: :: ! ;. ;‘, / i’, ‘ 

,, ,_ : : : ; , : .’ y i I’ ; i : ” :’ .,,,: I, : ‘;,i (’ 

II’:’ . . ,: ,Pig. 5; Reductjon of .$ink constgnt ; ca,nce&Aion_ qf !cFble c?pa+t+,ncc. : , .>,, i :,,: I. .,I s,,, 
.., . : *‘_ .’ ,, t..,: “’ ! 8, ,, ;.,::_ ;;_ ; (._ ., ,:: ;:y, _:;j, -I r: :‘yc -,:.:, ,!,,‘;.x;; . . ’ 

: ‘.‘, : :If,$he self: ca;acitance of ,resistor ‘RL. is, not~~negligiblej <it, is:,also redudei :&:‘,a 
factor..of% :0.0004 by returning. it. to, t,he output, of ;theil?,U.G.Ai I-Ioweve’r,:.t,he effective 
resistancc~,is:nou!‘~~~n by:&jf__+?~ (I 7g+n)-1;,jF 250o.R~~ so to obtain,an:effective 
input &sistince,: of IO? 52 ;an $.ctual.resistor ,of a + 9 10s $2 is’,used. : ,. ; : i :. . . I. I ,,, T, ‘. .,.,:. 

The.;design of< the; 
which meanshigh stability. can ‘be achieved and’drift ratescan be.as,low as2 yO:of full 
scale, per! hour, ,which is. adequate ffor. many :gas chromatographic applications. ,I : . . 

Tlie:sources of ;m%e which’s& the~final~li_mit of detection of the,diode.:are:.:> I- + .:, 
.,,Q’, @).‘:Ch em&al, .&&se ihz. #ze $anzei .This arises,,from stationary phase., eluting, from 
the. c,olurrm :and’;fro~~.impurities*:present .in,ithe carrier gas, hydrogen and. air.. ,: 1. ‘1’ ‘! 

- “’ ~(+vz~,, sical k&e im ,t/ze flame. The ionization current consists of .discrete charged 
particles which arrive at the(,ano(de i,n, :a random.fFhion, producing what is known’ as 
“&hot’? no&&The root mean square value of the shot noise current is given by in,& :+ 

‘$3.i+r0+~~Z, ,+++ AC> who,& Z;; =Y,D.C.‘,current ‘in A‘.‘&& 7, = time constant;& sec.’ 

The-noise,toltage,p;od;lced’,~cross;the load, resistor is E&MS I L’ l, ti3.20 IO-19-Z. i:!“V, ., 
For,iRi$+ 1012 :@,‘i:“+ ,l set ‘an’d, Z. =’ 41 Io, A’ (tyjpical’value of the ionization current 
prod@+ ,Ijy,corniii~~~i,~lly;pure gases); .Ez&s. = ‘1800,pV. a&oemately; * ; :i I. f ‘,;‘: ! 
;,;::ff.: ‘y(3) F&j$tcaZ, “” 
‘;j~p;:r~&a.l ~;&i~t~r 

‘&&se.irt ‘fliti @ad r~@ov. ‘At::room temperature, the Johnson ,Iioise in ..‘,,’ is 
,.'..~<I ..' , 

‘~$e~~:,by:.!$& _A 1.,2cj%- 10 i/XL 7-1,,,V. For ki &"iol2 b'&$d 

.p+ I ;se~,"&!lk ,!&'&b jAVa :; 1, " , ( * I I ' ,i:_ (i' ; in' .,.,I' : I, :: y ,.: .;,.I I " 1; : : 

! .' : "i.:‘; *($2 :! :+j ,f f 
m z cey ozss. Nbise’is @&rat&d ‘in ‘the: first'valve ‘of the’ ,FIU:G.A.’ (oriany 

;g ) , ; ;:,, 
~~~l~fie~~~~‘~~~i ~b Icing ;i;i;a,:I;la~,’ cirrrerits,“‘Witli~‘careful design ,th~s noise ‘;dar;i_ tid kept 

,$$ ab~~~~~~~~,~~~(R.~~~~);,;.’ j:’ -::;.;: s::, .;; ,, : ,. :_*. , ‘,, ,‘,,,Y .,:., , y : ,, :. 

,_ .: .,‘,_ *’ : ; I . , 1 “( I , 

I, ../, ‘, , If chemical, noise 1s: disiegarde’d, shot noise sets the limit of ‘detection., I;&“k ‘: 
., : , I : ” c ‘, : ,:;. ,* I * ,. 1’: ,r ; “, ;’ 

a. .,,.., .‘.T’Scc “‘.MemGrement;s’,‘, sodtion (1); ’ .’ ,I ‘( : .,‘. ;. / : ’ 
.:’ 

:’ ,I : : i : ,, 
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bac$grou@ current of.; .ro : -I! .A: the% corresponding .shot noise:, current ,is ,1;8 :. ION+?: + 

(Ril$S;),:.,,,-l Ii w ic correspond~~~to:.an,e’tliy~enc ‘$&v.rate~.of 30_13,glsec:~pprdx.::If: a signal ,’ ., 
tonoise ratio’:of,,unitp’is selected tl~elimifqf detection would beTo+ g/set of ethylen,e;~ 
,‘I ‘. I: Inl:‘,pr~cti,ce,,,.uSing: cbmmereially .,pure. .hydrogeInand: nitrogen,! it, isx,:possible,,:,to 

~a~ta~,SiLch~,:a::baCi(gro~~d,~c~i-ent;:: If further .purification ,‘of, these gas,es reduceslthis 

backgrdun’&~current toi.zo- ‘2, :>A:’ the:ishot :‘noise’ only decreases b;y“ .$/G,a;nd tll&i,limit 

,of detection is then 3.10-14 g/set. of, ethylene. It seems unlikely that the ionitiatio’n 
current can be reduced much~kbel&v IO- 12 A, which indicates a theoretical limit of 

detection of 10-l~ g/set of ethylene.,~. ‘, ‘, j . . 
: ‘. ..’ ,_ .:.,. . .,, ,, ,:, 

. ,:; 
(f) Measztrenze&s oil. tite &o&’ ‘.. ” 

:I ..,,, 
8:. 

i 

To determine the optimu~m..de.tector operating. conditions, systematic changes in each 
of the dimensionsi and flowl_,,,rates have been made using a ‘Xeithley Model 15oA 
Micromicroammeter connected-to a high speed X-Y recorder. ,This method eliminates 
the drifts in these Variables which-can occur between manual observations, A stainless 
steel. tube o.~~~mlong x ‘:‘& nim’bore’.packed’ivith’~o-ti’o’,acid ~‘waslied “celite is used 
as a,.fiow,resistance between the; sample ,‘introduction and the detector.“Nitrogen 
cso :,ml/mi~) is~passe,a,,tllr,?~~h~:~lle column and ethylene,:is tietered’into it ‘as re&ired. 
Ryd~~~e~::(5o,:‘,rnl;/min) is‘:addedi to’:khe* c&mn~ effluent, and ithe ,mixture: ‘burns at -.zi 

,tapered~~~~platimmi-zo %’ *rhodium jet “haking .an o1’325 kim..~orifke:. (se’e: Fig. : 8);. <The 
anode consists of a, disk’of ~+hi ‘dia: ,:platinum pgauzet (48 ‘:mekh) situated. ? cm ,,above 
the jet. An airflow _of I l/min is ‘maintained through the. detector, A load resistor ,of 
10~~ Q is used and ihe detector. output-‘signal is connected via a guarded “co’akial 
connector to~a:IIale~~ 302E ~‘Electr’osensor*~~.used~. as, a, P.U.G.A. .Thisi P~U.G:A. ::has :a 
gaiti’of ‘d:gggG, input impedance of.Icl’B tind output:impedance, of,o;3’ In; The’output 
of the ~P.U.GIA:;.is;attenuated :an’d then.;recorded with a’,Speedomax ,Model ~G,‘:bne’ 
‘second recorder* *. Using commercially pure gases a background ionization, current of 
‘I&!, A:is obtained, the associated .noise being JO- 14 
for ‘+iz A'isconly,~;8: x6- 

A (R~~.S.)., Sir;'de'thc,'s~d~';I'bi~~~ 

,15 At(R:MS.) it’appears~tha’ttlie chemica1:noise~in~~th.e flati’& 
, 

isthe limiting:fgd~or,:setting~ thepresent practical limit ,of dete’ction’ at:$,i,1oil2 ‘g&x 
of. ethylene.; ,The’> drift, rate, under these konditionsr is ‘the equivalent. ‘of:,~r~o-lr~ :g/s& 
ethylene/h,.:. .-;,‘, , , .’ 1 I,,’ : ,;:J.,. :‘;‘i,. ,; tin.: :,.;-s,.: j _, I, :,,,t,‘.:, ‘:_:‘,‘, ‘,,I .‘; .,,: :,:; ‘, ,’ 

^ ;: ,‘,. ‘.“, :‘,,.‘_ ,: ;a’ ,’ ,, : ‘., .j ,/‘,.. . . . .‘. ._ ,,’ 

;,,, : ,.,: ,, 

(a) ,B&s,. , ! I’ .-, ,.:,:,I ,’ ,,., ,! ,,_.; TFF ‘~,~E,“~~z~~~~,? a”???:::,,’ ,, : I, ( ::‘.l,. ,,~ ‘_ ,, :) j ,‘i 1, : 

Totreduce the driftrate of .the:D.C. amplifying System associated:with ,the diode,:,& 
A:C. sy$temar$the, flame. ioniza$ion,;triode have, ,been_developed2.:, ,,.a ,‘,. .’ :, ,, , .-., ., :, ,:. ., ,.:yi 

:‘! i !.:.Pig.. :6a sl~o;ws the basic,triode ,injthe, grounded c,athode configur&tion. An, alter7 
hating voltage’ isapplied,, between the grid ,and ,thecatl-rode :and the.. resultant,:~altcr71’. 
nating;plat,~_,c~enti-flowg through :loa,d resistor :Xi,, pr,oducing,,‘an:‘alternatmg F’voltage 
~~~,~,~~L,~~t~ut ; ‘5,~ $y ydues ‘similar: to .t$pse in ‘th I&(&j sylsfcm;,:T~e,~!~~,~e cq+sq+ 
of, the, input: circuit. must. be &all compared Iwith’ t’~~,,time,~~~~~~~n’e,,c~~leIdf:,the, kc.. ,‘, ,‘,,.. ; I* ,“.‘, 5‘ 

‘$@?d; 140 .,capacitancei efrects are ..o$great \i~po,rtance..:.~i~;: ,, 6a:,sl~?~~~.,the;.capacl~ances’ 
ass?dirite:~,_witl;‘:t’he,cornponents .of. thg,det,&t&~. .~~~~e.itlle,g~d:iia~‘,,a’~~~~~~~k:;C’;.~~iignal 

., .,l,. ,,,\ :*,I: ,I, .,.'r' ,I,.L 
,,,oi’,:it,“.‘&me :A’l,~l’~i~~il,..‘~~“‘~e~, &e&-y to $be”‘a&de’ '~ia'~~~','~~~~~~,~~p,~~i~~~~~~~.~~,~,~~,~~ 
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Linearity over a range of IO~:,I is possible. The major’theorctical noise contri- 
bution is due to the shot effect in the background ionization current of the hydrogen 
flame. For. a background current of. IO- 11 A, obtained from’commercially~pure gases, 
,the theoretical limit of detection is IO-~*' g/set of,ethylene using a~banclwidth of z c/s. 
Chemical noise due to impurities in the gases used sets the present limit of detection 
at about 5 .ro-13 g/set of ethylene. 

The diode and the triode detectors have the same noise limitations’but the drift 
<of the, diode D.C. system is &pproximately’roo times’its theoretical noise level (peak 
to,peak) per hour, whereas the drift of the triode is negligible. The drift rate produced 
by stationary phase elution from some types of columns can be greater than that 
due to the diode electronic system and; unqler these circumstances,. there is little to 
‘be gained by using the triode system. ” , 

~SUMMAR%!.~ , 
..,: 1 

Methods are described for improving the perforniance of the amplifiers associated with 
,the diode and triode flame ionizatiofi~detectors;‘The~effect of these amplifiers on line- 
arity, time constant and drift rate is discussedj togetlier, with the theoretical and 
practical limitations of detection. 
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