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. INTRODUCTION
One: method of 1nvest1gat1ng food ﬂa.vours 1nvolves the analy51s of minute’ amounts,f
of 'volatile rna.terlals in the air surroundlng the food at its normal consumptlon
temperature Gas-llquld chromatography using ﬁarne 1onlza.tlon detectlon is'a well—__
known:'‘method for this” ‘type of problem This paper presents a dlscuss1on of the
‘theoretical limits to"the ultimate’ sen51t1v1ty and’ Jlinearity of the 'flame ionization'
detector and descrlbes ‘methods for a,ppxoachmg thesc 11m1ts

‘ ' nuz DIODE DLThcrOR
(a) BﬂaZS .

The flame 1omzat1on detcctor of MoWILLIAM AND DEWAR1 rnay be treated asa dlodc
(Fig. ra) with the coll(,ctor as anode and thejet as cathode. . To obtain the maximum
‘ hneanty of the deteetor the current meter A should 1ntroduce neghglble voltage drop

@ TR ]

L Fig. ‘I.‘.’Basic‘dvio'd_e ‘x'nca;_siirin'g‘syst‘ems. "
voltage drop across thc load re51stor Ry is measured w1th a lugh 1mpedanee voltmeter
V. Electrometer. amphﬁers are commonly used for thls purpose. Re51stor R L mtroduces_
~an; apprecmble voltage drop with: consequent non—lmeanty ’ i

(b) Voltag‘ ‘ droj) aml non flmeamzy

The manner in: Wh]ch this: non-hneanty arises may be seen’ trom Fig. 2 which shows
- the 1omzat1on current obtained for different flow rates of ethylene asa fu.nctlon of the-
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pos1t1ve voltage 'applled to the anode of the detector The s]opmg'?portmn off' the curVes'»_j
represents ‘the’ reg10n where "the ion’ collectlon is not-‘complete,.fwhﬂe"f’th ihonzontall

pla.teau represents maxu'num collectlonf efﬁc1ency Load llnes for R“

‘ an ethylene ﬂow rate of 10-7: g/sec the voltage drop (RI ) is® 23 V ‘and’ the voltage e
1ema1nmg across the detector (L‘ RI ) is 1:77 V Smnlarly, RI is 93 v and E — RI 1s* '

'10.-6 9/sec

2] ;10-." 9/ u.c )
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Fig. 2. Diode cui‘re'nt?curves.

107 V for an ethylene flow rate of . 4 ‘10~ g/sec From Flg 2 it can be seen that the ‘
voltage drop-across the load ‘resistor is proport10nal to the ethylene flow rate only if .
the load line mtelcepts the horizontal portion of the approprlate curve. As soon as
the. voltage across the detector falls below tha.t reqmred for complete collectlon |

Ry = 109!2 At RL o !.? the llneanty extends to a SoUt 10~ g,
of the mherent llnearlty of- the detector for an appl .‘voltage of 200 V S L
In selec*mg a load resistor, a compromlse rnust be made between the conﬂ.lctmg .
requirements -of output" voltage, ‘which incr eases with- mcreasmg re51st'mce, ‘and
linearity which decreases with 1ncrea51ng re31stance Thls d_lﬂiculty is-avoided if the
applied wvoltage E is- arranged to! vary in:such-a’'manner that it always cancels the -
effect of the voltage drop in Ry. This is shown in Fig. 3 where an: adclltlonal voltage
E,is contmuously adj usted to be equal to the voltage clrop RI. ‘Under these conditions
the: potential across: the diode remains: equal toi E 1ndependent* ofithe jonization
‘current. The: effectwe load lme then:becomes; RL B ,_jQ 1ndependent of the: actualj
‘value of Rz This perrmts a large output: voltage to be obta1ned w1thout th1s voltage -
bemg subtracted from-the potent1al being! apphed across the. d1ode rourtanbd

; .Before d,lscus.,mg how this: voltage ¥ O 1\15 obtmned ‘in’ practlc 3y 1t 15fnecessary' to-'

‘ .eon51der the propertles of a perfect unity-gain; amphﬁer‘(P U.G. A ). 'Fig..qa 'shows'a."
'wdlagrammatlc representatlon of:a'P.U:G.A. Its. threetprmcrpal propertles are. (1) the B
ratioiof xoutput voltage to: 1nput voltage is:very-close to,but:less: than;; unxty (about
©0.999); (u) the mput res1stance is: S0 hlgh that the 1nput current is negllglble,f (111) the

N e S ‘ , ' : _./. Ch‘rama‘tog-". 10 ,(1‘963)‘ 294-.—30:



2 ,,296“ AR . ) Bt MIDDLEHURST “B..KENNETT.

.--Qoutput 1mpedance is neghéfble If.a.P. U.GiA: is: ‘connected as. in. Fi ig. 4b the effect
produced: is:the: same as; shown .in Fig. 3., The output: voltage. V.of the P.U.G:A, is
equal to:theinput. voltage.V .= RI and.is connected s0.as to.oppose it; consequently
the output voltage is. equlvalent to Ej.of Fig..3- -and the voltage across the diode'will
: remaln at E volts Note that any pomt on th1s Cl!'Clllt may be earthed A typlcal :

Fig. 3. Constant potential diode. '

“;_; ‘ practlcal c1rcu1t employmg this principle is shown in. I‘lg 4c. The earth pomt chosen is
};'at one s1de of the P U G. A SO that w1th no 1onlzat10n current the anode is at earth

Ein | Eout
X >4
(@) o

o PUGA -
s T A T

S T d i ,Recordlng
IR & A‘Equipmont ’

e

l : ,Eig.;‘;;.';c‘onstant potential ‘d‘ivo,de.ﬁ,.-,,

' ';The connectlon from the anode of the detector to. the 1nput of the P U G A (or in fact "
iany. amplifier or electrometer) has a- capa01tance C to earth. Itiis-usual'to use a.: coa:aal'
;j}cable for:this.connection'and. a typical value.of.C for 60 c¢m of cable is 40 pF. (40 +10712 ‘
“T). If ‘there:is an.increase in:the jomnization:current this- capac1tor charges: up:: “The
time:i constant: Ty “which: 1s ‘the.time: reqmred to. charge’ this capacitor. to. 63% !of its
.‘,;ﬁnal wvalue, is given by 7i== -RLC IfRz, == 10190. and C = = 40+ 10712 F then ri=:0.4-sec;’
- for R:““-"-'.-‘-? IO,’-.l;‘.Q;rr'-—A-4 sec’y and for Ry, =-10'2,02, 7.=r40'sec.-The-time. reqmred to,.
charge to:99 % of final- value s about: 5. 7-so-that the‘use. of : hlgh va,lue -resistors,
even anth:lOW capac1tance ca.ble, leads to 1nadrn1551b1y long - t1me constants The: t1me,
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i constant of the 1nput c1rcu1t can be reduced by a large factor if the shield of the coax1al

. "cable is connected not to’ sarth; but'to-the output of the P.UiG;Au;as in ‘Fig.'57 Now, i
‘the: effectlve capac1tance Ceff =rC (r —-—,galn) ,and foria:gain- of 0:9996%; «;‘Ceff =
o. 0004 C: Hence +.= 0.2 msec for Ry = 10190, r=i2'msec.for Ry = 10 Q-and + =
- 20:msec. for Ry = -102 £2. Since the: cathode’ ‘of! the. diode!is also’ connected to: the ’

output through battery E the anode—-cathode capa01tance is also reduced zby a'factor‘;
0f00004 e (. RS I e : “",-'j;_{ R

| Fxg 5;-2l2ve:duction of time.constant;. cancellationv of. cable capacitance: , : ...ﬁ , L ,
If the self capamtance of re51stor RL is: not neghglble, 1t 1s also reduced by a.
factor of 0.0004 by retummg it to the output of the P.U.G.A; I-Iowever, the- effectlve

resistance isnow given by Reyr = Ry (1 —gain)~li= 2500 Ry, so to obtam an; effectlve ‘
input; re51stance of. 1012 !) an: actual res1stor of 4 " 108 .Q is; used .
: (d) ant O L I prend ! | .-
"“The. de31gn of the P U G A employs a: con51derable amount of negatlve feedback,
which means high stab111ty can be achieved and drift rates.can be-aslow as.2 %:of full
scale per. hour wh1ch is: adequate for. many gas chromatograph1c apphcatmns

. (e) met of detectwn of dzode \ : oy

The sources of Mnoise whlch set the ﬁnal 11m1t of detectlon of the dlode are:. sl
(I) Chemical noise in: the'flame. This arises: from stationary phase: elutmg from

the colurnn and’ from lmpurltles ‘present.in- ‘the carrier gas, hydrogen and air.
(2) Pkyswal noise in the flame. The 1onlzat10n current consists of discrete charged |
: partlcles which arrive at the anodein a’ random fashjon, producmg what is known as
- “‘shot” noise. The root mean square Value of the shot noise current is given by mM.g =

LY 3.2" 10—1" T 771 A where I: =-D. C current in A and. . = time constant:in sec'

The n01se voltage produced across the load resrstor is Emus = [,VvV32:10719] 7L V -
ForRy = 1012, 7 =1 sec and I = 10—11 A (typlcal ‘value of the 1on1zat10n current
produced by comrnerc1ally pure gases) Ernms:-= 1800 uv approximately. :
SEENE 3) Physwal nozse zn the load reszstor At room ‘temperature the Johnson n01se m
load resistor is given by GRMS = 1. 29- IO"‘1° \/RL =LV. For RL = I0129 and_ ‘
SeC, eRMS = rzg ',uV'.*'ﬂ" cren
- 4')"1!Amj)lz/'er noise, Noise is generated 1n the first' valve of the P. U.G.A. (or any
._~»amp11ﬁer) due to’ grld a.nd plate currents Wlth careful de51gn thrs noxse can be kept :
to about 300 4V (R.M.S.) S . ' e
: If chemlcal n01se 1s dlsregarded shot no:se sets the 11m1t of detectmn l‘or a*__“

,v..,., RS

‘ "A’"S "Measurements". section (f)e T e Pt e e T

. ,».»

= ST i J. Chromatog., 10 (1963)'294—‘:3o‘2~»,



298 : ‘ Jv-'z'MIDDLEHtrRsr;":B' KENNETT

E ba.ckground current of: 10-11 -A-the: correspondmg shot: noise:current - 1s I 8: I0"15 A
(R M S:). Wh1ch corresponds to an ethylene flow rate of;: 10—13 g/sec: approx If a 51gna1
to noise ratio of- umty is selected the limit'of detection wou_ld bexo712 g/sec of ethylene.

-~ In practlce, using: commermally pure: hydrogen -and: n1trogen it is: poss1ble to
‘attam such;a background- current If further purlﬁcatmn of these gases reduces:this

background icurrent to-To—12: A the shot noise only decreases by’ \/ 70 and’ the limit

of detection is then 3-10-14 g/sec of ethylene. It seems unlikely that the ionization

- current can be reduced much-below 10713 A, which indicates a theoretical limit of
detection of 1014 g/sec of ethylene b

() M caswuremeints on the dzode -

To determmc the opt1mum detector opcratmg condltlons systematic changes in each
~of the dimensions: and flow' rates have been made usmg a. 'Keithley Model 150A
thrormcroammeter connected to a high speed X-Y recorder. This method eliminates
the drlﬁ:s in these vanables Wthh can occur between manual observatwns A stamless _
_as a’ ﬂow res1stance between the sample 1ntroduct10n and the detector. Nltrogenv
(50 'ml/min) is: passed. through the: colurnn and ethylene is metered'into it as requ.lred |
- Hydrogen: (50 ‘ml/min) is .added’ to'the column effluent: and ‘the mixture burns’ at-a
,tapered platmum—-zo% rhodlum jet having an .o. 325 ‘mm orifice’. (see: I‘1g '8).-The
anode consists of a dis¢'of Ticm- d1a -platinum gauze' (48 ‘mesh) situated- I cm:above
‘the jet. An airflow of 1 1/min is mamtalned through the detector. A load resrstor of
102 Q2 is used and the detector. output srgnal is connected via a guarded coaxial
: connector to-a-Halex 302E ‘Electrosensor* used as a P.U.G.A: This P.U.GIA.: has ‘a
gain‘of 0.9996, 1nput 1mpedance of 1017.Q and output 1mpedance of 0.3 2. The output
of the 'P.U.G!A. is'attenuated ‘and then recorded with'a Speedomax Model ‘G, ‘one’
‘second recorder**. Using commeraally pure gases a background ionization current of ;.
“10~1 A is obtained, the associated noise be1ng o~ A (R. M.S.).. Slnce the shot noise
for T0=1L A is: only 1.8: 10“15 A(R:M: S.)it’ appears’ ‘that'the chemlcal noise in"the flame
is'the hm1t1ng factor: settmg the! present practical limit of detectlon atig: 10-18 g/sec ‘
of. ethylene The drlft rate under these condltlons 1s the equlvalent of 10“11 g/sec

ethv]ene/h SRR Il .,x.. R ’J,‘,'.'v; P SR ) T !

SR o THr rLAMI: IONIZATION TRIODE oS

(a) Baszs PR N ; R L S S TRCRTES SN RS EF

To:reduce the drlft rate of the: D C ampllfylng system assoc1ated w1th the d1ode an

A.C. system-and the flame.ionization triode have been developed?. . ... - ‘

- Fig. .6a; shows the basic; tr1ode in:the ‘grounded cathode conﬁguratmn An alter-,

' natmg voltage is applied. between; the gr1d and.the. cathode and the- resultant, alters

natlng plate current ﬂows through load re51stor R L producmg an alternatmg voltage .

.o \; v-‘;‘ SRR S 5 R R "y o - » : S Chroméztog., IO_ (!963)294—'302 i
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: ;‘.avo1d ‘l:hlS the grounded grld conﬁguratmn oi F1g ,ﬁ;'6b is' used in whlch the",-A..C 1s;‘"f
_"_-_.-apphed to. the ca,thode and the: feedthrough to the plate is via.Cy. The screening effect.f‘-f
~:of the ;earthed gr1d ma,kes Cy's al orders less’ ‘than C; 2:! :Since ‘the- capa,c1tance Cyis: .
';;f':dlrectly across the tra.nsform ,:-ha.s no’ effect on’ the system However as CJ 1s’

ANEN

n
Y fsts it
, B

" Fig, 6. Flame ionization triode. - .1 7. .

opera.tlng frequency, $0 the tlme constant must be less than TO msec, consequently.

capacitance reduction must be’ employed I‘1g 6¢c shows how the P.U.G.A;: ‘may ‘be
used.to keep. the grld-anode voltage consta.nt and hence.reduce the, effectlve value of-

' C2 to 'Lbout J:o—2 PE. C, is;already.: reduced to I0-% pF by the .presence, of the grld o
.- The A.C. -output,of ;the P.U.G:A. is fed .through an attenuator to a, combmedf",‘
: [A.C amphﬁer and, phase-sensﬂ:lve detector (Fig..7).. The ampllﬁer follows normal]_
' .pract1ce 10.05, ,uF capac1tors tune the. 51gna1 and. reference transformers to. .50;¢/s.
) ‘The neon Nez conducts -as: soon as the volta,ge across the. 51gna,l tra.nsformer exceedsﬂ

..........

‘ but is’ sha.rply 11m1ted a.t :5 mV A Brlstol Syncroverter used as a phase-sens1t1ve' -
v detcctor has neghg1ble drlft compared with valve and transistor systems Any residual -
f -,feedthrough via the cathode-plate capaata.nce is. removed by applymg an out-of—phase

: ?:,voltage to Co, however tlus capacﬁ:ance is, kept'smalll.smce 1ts use mcrea.ses thc 1nput-
_‘v.tlme‘ "Onsta.nt , TR L T o

-f. (b) Lmeamty
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' »-The time constant: associated: w1th the 1nput to the P.U. G A sets'a limit to’ the ma\n-
- mum: frequency ‘at which the system can be operated ‘For a total. effectlve 1nput 4
capac1tance of To-2 pF'and a load res:stor of 10129 the’ mput time’ constant is :ro-? sec -
~ ‘which" permlts the use of- frequencms up to' 50 c/s The time constant of ‘the’ overall"
system is set by the 1ntegrat10n time of the R.C. network followmg the phase-sensmve ‘
: Jdetec*or (Fig." 7). “To" prowde satlsfactory mtegratlon of the" output of the phase- -
' sen31t1v detector th1s tlme constant is somewhat greater than 0. 2 sec. R

CAS't ;C output voltage is’ 1ndependent of the D C condltlons of the P U. G'A.:‘,“’,
- the ma]or source of: drift'is éliminated.; Some long-term drifts are’ caused bv changes '
Lin the feedthrough capa01tances due to- changes in- dlrnensmns of the detector".t,

The,, ource'; of no1se dn. the tr1oc‘1e‘ are. the same as; those in, the dlode 'and‘slmllaf
consmleratlons apply to;their magmtudes For ‘an overall tlme constant of I sec,,the .

: , EREEEREION IR ‘ ‘ o o j‘ Clzromatag., ‘;o-‘(1963) '29‘45-_302
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- Linearity over a range of ro®:1 is possible. The major theoretical noise contri-
bution is due to the shot effect in the background ionization current of the hydrogen
flame. For. a background current of ro-11 A, obtained from commercially pure gases,
‘the theoretical limit of detection is r0~18'g/sec of ethylene using a -bandwidth of 1 c/s.
Chemical noise due to impurities in the gases used sets the present llrmt of detectlon
at about 5-10712 g/sec of ethylene. :

The diode and the triode detectors have the same noise limitations but the drift
-of the diode D.C. system is apprommately 100 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, under these circumstances,. there is little to
‘be gained by using the triode system. =

~» SUMMARY'

Methods are described for 1mprov1ng the performance of the amplifiers associated with
the diode and triode flame ionization detectors. The effect of these amplifiers on line-
arity, time constant and drift rate is dlscussed together with the theoretical and
practical limitations of detectlon ' Lo
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