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The classical theory of electron-capture detection does not allow for hyper- 
wulometric response such as has been found recently under conditions of elevated 
pressure in some electron-capture detectors (ECDs), nor does it predict certain other 
experimental observations. In an effort to understand why and how hypercoulome’uk 
performance can occur, measurements have been made of the ionization retion and 
characteristic current-voltage reelationships in real and simulated ECDs. The centre- 
of-ionization was found much closer to the foil than is commonly assumed, namely 
at approximately 1 mm for 94 and approximately 0.2 mm for 3H in nitrogen at 
ambient conditions. A hypothetical response mechanism, alternative and, in certain 
ways, complementary to the classical theory was therefore developed. It sees detector 
response, distinct from the initial electroncapture reaction, as the effect of a space 
charge formed by migrating negative ions, which d ecrease the tieid _mdient (and 
therefore increase ekctr.3~positive ion recombination) in the ionization region. 
Estimates of the counterGeld established by the migration of anions show that it 
can indeed produce hypezcoUrometric response and that, in agreement with ekperi- 
mental obseervations, increased pressure leads to hi&er response_ Some simple 
experimental tests of the proposed mechanism have heen carried out and others, 
more crucial ones, are sugges%d for future investigation. 

ENTRODUCFION 

It is commonly accepted that the drop in ceil current seen as a chromato- 
graphic peak in electron-capture detectors (ECDs) is due to a removal of free 
electrons from the ionized gas by solute mokcules (for an extensive review of the 
“cIassicai” theory of electron-capture detection, see ref. I). Thus an upper limit of 
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response should exist in ECDs; defined, in esseuce, by each soIute molecule removing 
one eIectron. This coulometric~ limit has indeed been observed*_ If the ratio of 
captured e!ectrons to solute molecukzs in the deteeter ceil is accurately reSected by 
the ratio of peak area (in f&ys) to the amount injected (in moIes) then the latter 
shorrld, in generai, not exceed 1. 

THEORETICAL 

~Hypercodometricn respons2 in th2 d-c_ mode 

A ratio of, say, 2 or 3 would stih be considered possible if eIectroncapt~&~g 
products were formed from the iouized soh~te. (Such products may he formed3 and 
have, in fac& been -used to confirm the structure of parent moIecuM). It was, how- 
ever, surprising for us to Gnd ratios far in excess of this number for many com- 
~ound$, This ‘hypercouIometric” response was obtained from a commercial ‘Fraeor 
(Mikrotek) aNi ECD operating at up to 5 atm pressure in the dc. mode; i.e. 
under less than conventionzl conditions_ As pressure increased, so did response6_ 

There are_ caveats in the Iiteratnre concerning the various disturbing side 
e&cts incurred by operating the ECD with a constant potential’, and these iuciude 
the infkrence of space charges. Yet, a response SO times the coulometric limit 
-with even higher numbers likely to be attained by higher pressures- and minimum 
detectable amounts almost a decade beIow the “theoretical detection &nit” cf 
3.3- 1O-‘6 mole’, suggested the possibiiity that a response mode other than the 
eommonIy accepted one was at work. If that mode was based on space charm then 
one may consider promo&g it from a disturbing side ef%cr to a bona fide 
r&&iamsm. WhiIe we have assumed such type of processes to be operativti, other 
possibljities for explaining Lypercoulometric response do exist, e.g. one based on 
the ‘%xycIing neutraI” suggested by Siegel and McKeowrr9. 

E~~rcozdometricrespotzz2 ir: tt;eplELsemo&? 

Whenever bypercoulometric response in the d-c. mode has been discussed, 
comments of referees and conference audiences alike revolved around one theme: 
Does the same effect occur in p&se mode? 

It is obvious why this question is being asked, In general, the d-c. mode is 
considered outdated and, compared to the pulse modes, Iess sensitive and much more 
prone to error. Only the pulse mode under ‘Wean” conditions is considered reliable 
enough to produce data I’or me&a&tic conclusions. And it would appear a simple 
matter indeed to repeat ceil meassments in a pulse system. However, for us 
this was neither technicaKy nor conceptuahy that simple. 

TecbnicaIly, increasiig the pressure requires much faster p&sing if most of the 
avaiIabIe current is to be sampled (the rate of the second-order rexxmbiiation 
quadrupies with doubled press)_ In order to keep the cell Ge!d-free most of the 
time, p&e widths have to be very short and p&se amplitudes very high_ The design 
of the T%cor pulse power sqpIy (Model 113639 with board 113793 as weIl as 
vtious replacement boards), when tested by ox&scope at full power output 
(60 V) proTed inadequate: a sIow rise-time restricted the amphtude of shofr pufses to 
small fractions of what it should have been (typicalIy to Iess than half at 1 @eel; 
furthermore, wide pulses and shart intexvaIs produced grossly distorted waveforms_ 
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BeSer pulsing equipmeuc e.xisFs, of course, but would rarely be tad with Ends 
because of its cost. Hence, rather than to invest in expensive instrumentation for 
what we considered to be a sideline pursuit, the problem was brought into experi- 
mental range by mod@ing ECD geometry. A speci&Uy designed, cmxial 33 ECD 
of small dimensions made it possible to use arbitrary but still ftiiy reasonable pulse 
conditions through a limiti pressure rzmge. Response in this pulse mode proved 
somewhat similar to that in the d-c. mode run for comparison, as shown in Fig. 1. 
Both are hypercoulometric and increase with increasing pressure, although the efFkct 
is Iess pronounced in the puke mode. 
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Yet. the change in pulse conditions required by the increase in pressure did 
not aliow any firm conclusions to be drawn. It is easy to see why: in the d-c. mode, 
the only variable is voltage, and it can simply be set for each pressure so as to produce 
maximum response. If the criterion of maximum response is used for setting puke 
parameters, however, some settings mzy approach too closely those of d.c. and can 
therefore not be considered typical of pulsed operation; other, 1es.s sensitive settings 
must then be used. 

There is little doubt, however, that hypercoulometric response can be found 
under conventional puked conditions. This was shown by ?_:~ttio as well as by 
oursekes. Whether hyperwuIometric response can dso occur under rigorously 
punt+’ pulse conditions (short, strong pukes, relatively tong intervals) would be 
interesting to investigate. However, since this reties heavily on the definition of &n 
“acceptzbie” pulse condition, the matter mzy be considered somewhat academic and 
its solution remains beyond our present means and intentions. 

Reversed-j?etU effect 

Besides hypercoulometric response, we encountered another effect in d.c. mode 
which we found dG3icuIt to reconcile with accepted theory. It concerned reversal of 
the ck&ic lieId. 

In curanon ekctron+zapture practice, the rixbadve foil is negatively polar- 
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iixd ‘and tke counter electrode is essentially at ground potential, cu&cting ehzctrons 
(or heavy negative ions). No essential change in detector performance occurs, of 
courst, if tke role of tkc two electrodes is reversed, r‘.e. if the counter electrode is 
pasiti~Iy p&rized and the radioactive foil, now collecting positive ions, is con- 
nccuxi to tke amplifier_ 

In kotk cases, tke direction of tke electric field remains tke same-positive 
particles migrating to the radioactive foil (plus any conducting parts tkat kappen to 
have the same potential); &ctrons to tke counter electrode_ Here tke ECD can 
simply be considered a variable, non-linear impedance device, whose impedance 
increases wi*& tke introduction of ekxtronxapturing gas chromato,~pkic (CC) 
solutes_ Tke picture changes. kowex..-, when the direction of tke electric field is 
rever&- either by using 5. _posJt%,-;~; ly polarizd foil or a negatively poIarized 
counter electrode. In typical ECDs, tke impedance increases considerably or, difier- 
ently expressed, it takes a muck kigker voltage to reach the plateau of tke ‘voltage 
profi%?“. 

By how much the impedance changes depends on tke ECD’s particular 
=-me&y, radioactive source and operating conditions_ Our studies invoIving hyper- 
cou!ometric respon+6*” had been car&d out on a Tracer (MitJotek) 63Ni unit 
and the construction of this particuiar ECD, as it turns out, produces a very large 
diiference in impedance between regular and reversed-field conditions. Also, it is 
remarkably adapt at producing hypercoulometric response. (Tke two qualities are 
related as skail be shown later.) Since tke Tracer’s construction differs somewhat 
from that of other ECDs, and since that very construction lends it&f particularly 
well to subsequent discussions, its important elements shall be shortly described here. 

This ECD consists of cylindrical upper and lower chambers, which are con- 
nected by a muck narrower channel. (As an estimate from tke Tracer manual, tke 
radii and heights in mm are as follows: upper chamber r = 3.7, II = 8.5; channel 
r = 1.8, h = 8.0; lower chamber r = 3.7, h = 6.2). The upper (ionization) chamber 
hou_ses the cylindrical =Ni-Au foil (normally negatively polarized); tke lower one 
a cylindrical counter-&ctrode (normally connected to tke amplifier). IIke noncon- 
ductive parts of tke two chambers and the vertical channel between them are made 
from boron nitride. In recommended operation, tke column effluent enters from tke 
topand IeaveS from the bottom. 

This ECD then, when &an and under nitrogen at ambient pressure and tem- 
peratura, needs about 5 V to pass tkrougk 50 % of the maximum current in regular 
field cunfigtx~tion. Wirk tke field reversed, about IOJ V are necessa_ Ty. (Dlese values, 
especially tke East one, can vaq considerably depending on detector conditions.) 

‘Ike diserence in impedaxe between regular and reversed-field modes can be 
attributed to tke differem mobility of positive ions and electrons znd their different 
distance of travel from generation to collection_ If positive ions have to travel the 
lon_ger way iu reversed-field condition (and tkis way is especially long in tke Tracer 
ECD) t&e impedance of the ECD wiil be higher. (Tt should be noted tkat tke term 
“impedance” is used here as a convenient way of describing the volta~rznt 
relation&p. In one sense it can be considered a “chemic# impedance; i.e. ckarge 
neutrakzatios impeding charge colhxtion.) 

in tkis detector, then, a c*urious phenomenon was first noted (and later found 
in o+-her ECD ccns+uctions as weli): under reversed-field conditions, essentially no 
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electron-capture response occurs. It should be added for fairness that occasional 
wiggles were observed in the baseline; however, even if one wouId consider these to 
bc bona fide peaks, they were several orders of magnitude OK the mark. Now this is 
curious because classical electron-capture theory would predict that some response 
should have been noticed. 

In classical theory, the GC peak results from capture of electrons by solute 
molecules, followed by positive ion-negative ion neutraIi=tion. If, as wiI1 be shown 
below, the capture and neutralization rates (at .equaI baseline currents) are com- 
parable in regular and reversed-field conditions, then electron-capture response 
should be apparent in both modes. 

The capture and neutmIiz&ion rates are determined by the concentrations of 
reactants and these, for all charged species, depend on the electrical field 5dient. 
We know the voltage imposed across the two electrodes, of course, but we do not, 
off hand, know the gradient in the area where negative and positive species co-exist, 
Le. the ionization region in the upper chamber. Y& we can make a comparison based 
on voltage profiles (Le., current (vs.)-potential (1-V) plots without peak). 

At equal current, say 50 % of maximum, half the charges reach the electrodes 
and half the charges are lost by recombination_ To account for 50% recombination 
in either regular or reversed-field modes, the concent~2tions of positive ions and 
electrons in the ionization region must be the same, hence the field 5dient there 
must be the Same (even though the imposed potentials are very diEerent). If we 
assume that this situation does not change too drastically with the passage of a 
small peak, capture and neutralization rates should be comparable in both field 
directions, hence response should be observed for both of them. 

It may be difficult to accept that electroncapture rates shouId be comparable 
for very different operating voltages (but equal background currents) in the two 
modes. Yet there exists experimental backing: one can estimate the extent of the 
eIectron capture reaction by determining how much of the original compound sur- 
vives*l_ Data on various pesticides showed that, as the voltage profile shifted to higher 
values in reversed mode, so did tbe characteristic S-curve of residual analyte. For in- 
stance, at = 50% current the electron-capture reaction of IO pg dieIdrin was 93% 
compiete in regular, 73% complete in reversed field condition. However, had the 
same high voltage neccssaq for the reversed mode been used for the regular one, 
the reaction would have bzen essentially shut off. 

With eLectron capture and, by inference, neutraiization operative in rcverscd 
mode, why was no si,+cant response obscPvcd? DifFercntIy stated, why iz electron 
capture a necessary but not a sufficient condition for response? Why are the 
electroncapture reaction and the response mechanism separate, though related, 
entities? 

Apparently, the predominant response mechanism under these conditions is 
different from the classical one and, since it shares this distinction wi*th the mechanism 
responsible for hypercoulometric peaks, perhaps the two ue identical. If so, it need 
to be explained how hypercoulometric response can come about and why it can 
come about in one field direction only. 

Various processes could conceivably contribute to hypcrcoulometric response, 
only one of which will be considered here_ It deals with the migration of negative 
ions, particularly those that reach the anode. 
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ptegative ions can _be formed from suitabk soiute moIecuIes along the path 
of electron travel, from generation to coUectioQ. Some are formed in the primary 
ionization region where positive ions abound, o*&ers may be formed in a region 
where few, if any, positive ions are available (as, for instance, in the lower chamber 
of the Tracer ECD). WheQ _+Iectron~ a~ being Q~pIaced by negative ions, the irn- 
pcdaace of the ECD will increase and, with constant vo&age, the current will drop. 
(The increase in L=pzdance could be compared to that caused by a~ equal number of 
positive ions travehing the !ong way under reversed-field conditions.) 

If, in a regular d c_ ECD system, the negative ions formed are migrating to 
the anode, they will set up an opposing or counter tieid. Thereby they will bring 
about a drop in the tieid _@adient (and thus siow down charged part&$ in the 
iotition region. Increasing residence times (concentrations) increases the neutraJ_&- 
tion rate of positive ions wi’th electrons (as weli as with negative ions). A drop in 
current results, simiIar to moving to the IeR 03 a typical voltage proUe_ 

It is obvious that such a picture req-ti knowledge of the location of the 
iomzation region in relation to the two eIectrodes: Only if this regioc is situated cIose 
to *he (ne;ativeiy po&izeci) radioactive foiI, but far away from the cotmter electrode, 
is this mechanism likely to work with any reasonable efficiency. 

Where is the itkzasion region? 
Theie are large ditferences in the literature on the range off!? radiation from 

the commonly used emitters Iike ‘H and %I in form!, and under conditions typiti 
of GC detectors. For instance, a maximum range h given in a monograph 011 
detectors for 3H in air as 5-10 mm (ref. 12), but 0.2 mm were found in an actual 
meazurementL3_ PelIizzui’s review’ quotes 2 IILm for 31i in argon. 

Fcr 31ii, Jentzsch and Otter2 quote CQ_ 6 cm, Peiliuaril 6-S mm. The Iatter 
reviewer ad-ds the generally accepted conclusion: ‘This important property deter- 
tines the minimum ekctrcde qacing in ECDs”. 

Judging from commoniy -used ECD dimensions, then, I-2 mm for 3H and 
68 rmn for 63Ni seem to represent more or less accepted values. Thus, for most 
constructions the Tracer ECD being ZUI exception- the detector cell volume would 
be considered a &gely “bipoIar~ region (i.e. both pcsitive and negative species 
occur thmngkoct the cell) and this has also beea a genenlIy accepted view. It may 
be noted that some earIy 63Ni modeIs were constructed with smalhzr dimensions and 
their poor performance contributed much to the acceptance of the &S-mm Iimit 
quoted above. WhiIe the correctness of these values wouId matter littIe in terms of 
*&e dassical neutralization theory, it would represent a rrrajor factor in considerations 
concerning the migration of negative ions. 

The distance to know, however, is not the maximum @ range but the distance 
from the radioactive foil to the “centre-ofcharge” for positive ions or electrons in 
the moment of generation_ If one imagines a detector with this centre-of-charge 
ha&ay between the two electrodes, a characteristic situation results. First, the 
v&age profiles (1-V curves for the background current) should be the sane for 
reg~Iar and reversed-fietd conditions: the positive ions, which essentially determine 
the impedance, must on the average migrate the same distance to either electrode. 
Second, such a device should work well as an eIectroQ captnre detector (save for 
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possible noise problems) from the viewpoint of cIassical neumtion Zieory, btit it 
should show relatively low efkiency if response were mainly due to increased im- 
pedance caused by the conversion of ekctrons to (heavy) negative ions- To make any 
reasonable estimate of response as dependent on ions migrating under various con- 
ditions, the location of this centre-ofcharge and, by inference, that of the ioniza- 
tion region, must be known with at least a modicum of accuracy. 

Measwement of die cerfrfe-of--charge 
It was therefore incumbent upon this study to make some appropriate 

measurements_ These were bass on the following assumption: when the centre-d 
charge is located precisely between two electrodes, the impedance of the device 
becomes independent of field direction. Thus one can use a simulated, parahel-plate 
ECD with adjustable electrode spacing and determine, at various pressures, the 
distances at which the same voltage is needed to obtain the same current. For in- 
stance, measurements can be made of VI and Vs (defined as the vohages necessary 
to collect 50% of the maximum available current in either reversed field (V+) or 
reguIar field (V-) confi,ourtion). When the centre-ofxharge is situated roughly in 
the middle between the two electrodes -roughly because *he ekctrodcs are not reahy 
equivaIent since only one carries the radioactive foil- then 

G# V.z= V; or y-=i. 
so 

Obviously, any reasonable current setting could be used depending on convenience; 
50% happens to be a quantity that can be easily and relatively preciseIy measured 
from standard’ voltage profiles for both field directions under ail but the most 
extreme distance and pressure conditions. 

Fig. 2 shows the device used for the distance measurement. One of the 
paraUe&plate electrodes carries a 63Ni foil (New Engiand Nuckar). or S&W3 foil 
(U.S. Radium) flat on its surface. The threaded rods arc held by PTFE plugs in a 
leak-tight seal and the distance between the parallel plates can bc easily changed 
by turniug ffie rods. The two openings in the cylindrical glass enclosure serve to 
sweep the cell with pure nitrogen at various pressures. (A similar device, but with a 
wider and longer enclosure, was uss duriug later parts of this study to cut down on 
fieId distortion effects.) 

For measurements at a particular distance and pressure, vohage proEIes were 
recorded for both fxeld directions and the two voltages determined which gave 50°A 
of maximum available current. For measurements requiring the presence of an 
electron-capturing substance in the cell (simulating the passage of a peak through an 
ECD), the nitrogen gas was passed over the surface of pentachloronitrobenzene 
(PCNB) or tetrachloronitrobenzene (TCNB) before entering the cell. 



RESULTS AND DISCUSPIOIS 

Detennkmton of the cenne-of-charge 

Fig. 3 shows a typical run, measuring V, values at various ekctrode distances 
under re@ar (V-) and reversed (V’) field conditions at 2 atm tootal pressure. As the 
ekckodes st very cIose to each other. measurements become unreliable for a variety 

of reasolls , e-g_ the impin_@ng of radiation on the counter electrode. It is therefore 
kttrr to extrapolate to the point where the two cues cross. 

It may be asked what shape one would expect for such CUAVS. A V’ 
measurement is, in essence, a measure of the impedance under particular conditions. 
The impedance can be considered the sum of individuai im_pedanccs for cations and 
&ctrons and these, for *he sake of this argunxnt, can be considered inversely pro- 



pcrtional to the nspective mobiiities. Now the mobiity of positive ions should be 
more than I@ times shver than that of the ekctron and, at strotier distarxces, the total 
impedance would therefore be determined mainly by the distame the c~~tiuzzs have to 
travel (assuming the complete absence of electron-capturing snbstances, of cmme). 
As &&rode spacings increase, Longer distames must be &we& by cations in the 
V+ -G by electrons irr the V- measurem enL Hence V& should rise 
sbarp~y with distane VG sktwly, and this is indeed what happens. (At much longer 
distances, the V- mmrement should eventually rise &d become parallel with the 
V+ m-mt; rc&cting, in ;ZEL ideaIized setting, the n&tive nobilities of the 
species involved_ Zt must be noted, thou& that in this as in other measurements 
with the device shown in Fig. 2, data taken at very long distztnces may be in- 
masingly distorted by the effects of the insulating glass emSsure and of very small 
amounts of ekctron-capturing mntaminants, which arc diEcuif. to remove from a 
source that cannot be baked out.) The extrapolation to the point where V. = V& 
however, should be accurate enough for the aims of this study. 

When a number of electrode-spacings, where this occurs, are determined at 
different pressures, the expected hyperbolic relationship between pressure and ekc- 
&ode distance is obtained (Fig. 4). For atmospheric pressure, this distance is 
approximately 2 mm and the distance of the centre (plane) of charge from the radio- 
active foil therefore half that value, Le. I mm. (For 3H, which presents more of an 
experimenti problem because of this /3 emitter’s short reach, the latter distance is 
appnXi.matiy 0.2 mm.) 

These values are quite a bi$ shorter than cmnmoniy assumed. They permit the 
consideration of a mechanism that is based on t&e d.iGerences in detector impedance 
for migrating electrons YS. migrating ions. 

The device shown in Fig. 2 lacks certain qua!Xes demanded of an operational 
ECD, but it can be used nicely for converting eIectrons to heavier anions and 
observing FAe concomi~t changes inimpedance. For this purpose larger a.mouMs 
of ektroncapturing substances (‘KM3 or PCNB) are i&mimed with the sweep 



g2s_ so that one u2y 2ssmne that most eIec&ons h2ve been converted to anions 
and the sy~&!nz is “saturated~_ 

What sh9aII one expect Corn such an ex&t? The ztnswcr &Eess 
depending on whether one cams&s the chsical theory or the response mecfrdnsm 
being deveLoped here_ 

xcwrdbrg to CIassicaI theory; i.e. ekctron capture foI.Iowcd by rapid ueu- 
tralization of z@ive ions, ‘Je effect of PCNB shouId be to reduce the number of 
positive ions and electrons by equal amounts. The ionic species that are pu&d 
away t?om reactjon (by a potentiai set to keep the current at 50% of maximum) 
must therefore be positive ions and electrons_ (The negative ions would not be 
eqected to exist too Iong ia a &ipoIar region if “recombination of ions occurs 
105-108 times faster than the rccotnbimtion of free eIectrons 2nd positive ions_“.) 
Tous both V’ aud V. should rise to higher values, but otherwise maCtt2k.t their 
general 2pge2kmlce_ LS 2Itern2tiveIy~ the ratio V&/V& is plotted against inter&ctmde 
distance, esscntiahy the same curve should be obtained with or without added 
PCNB_ 

@his co~chtsion is formutated as one of two extremes for sake of a clear 
distinction; however, it is perhaps tmf%r in that it adopts the common assumption 
of a bipolar cc3 volume_ It also muss be poiutcd out that consideration of the 
finding by SiegeI md McKcown9 of equal densities of positive and ncgativc ions 
in a saturawd API source would have lead to a dif&cnt, and correct, condusion 
in this context_) 

What does the response mcchtism of t/if& study predict? If all eIectrons are 
convefd to negative ions -aud assutuing that the positive and negative ions in this 
state have apprcximately the same nobihty- there should be little difference in 
impedance between rcguIar and reversed-tieId conditions. The Vs and V’. 
de_pcndences on eIectmde spacing should be nearIy the same; being somewhat 
higher than, but o*henvise reserubling, the V5i; dependence in ‘rhe undoped state. 
AItcmativeIy, if the V~VG ratio is plotted rs. distance, it should remain constant 
2nd close to a value of one. 

The former presentation is empioycd in Fig. 5, which shows the results of an 
esperizzcnt with a ‘Ii f&L The latter plot is used iu Fig_ 6, this time with a =Ni 
fcil. &?_A a~- with expectations formulated above. 

Irr fact, if a doped system at regular lieId conditions EKhaves simiIar to an 
undo@ sy*m at rewrsed-field, the complete voltage profiles should ret&t l ‘le 
same tread, aud indeed they do. Fig. 7 shows this for a PCNB-doped run, using 8 
63Lyi foiI an8 Is mn intere&trode disCince, taken fron 2 different set ofexperiments 
than the one shown in Fig_ 5, 

WhiIe the saturation experiments thus f2vor a response ruechanism hased on 
mi_mting neg2tive ions, it must be enzph2sized th2t the c0nceptua.I ahematiwzs have 
&en e.-s*m$~_ perhaps uoduiy, simpIi&d; that the rcasoai& applies to d-c. opera- 
tion; ad that the qstern u-s is no: the “deanest~ one possible in either a chemical 
or a physica! sense, not to mention its disparity from a typical GC set-up. 

The erperiments, then, simpiy state the following: this simulated ECD shows, 
uad.er ru=dop& con&io~ very difI&cat fspcdauccs in reguIar aud reversu%GId 
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FE. 5. V, V&KS with and witkout PCNB doping. Nitrogen at 1 atm (ambient pressure), JH foil. 

modes; however, when an electroncapturing compound is introduced, the two 
iu~pedances become similar. The correIation of these two states with, respectively, 
migrating positive ions and ekctrons, and migrating positive ions and negative ions, 
would appear reasouabIe. 

As 2uuded to before, tiere is a geometric component implicit in the pictures 
used to describe the alternative mechanisms. Stated with gross oversimpl&cation, the 
cl&d picture of e&&on capture (with detector dimensions generally reflecting the 
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Fig_ 7. Vokagc pro&s aith and shout PCNJ3 doping_ Elaxmdcspaciog15mm,nitrogcnat1ahn 
(ambient), “Ni rbil_ A, Rcgdar &Id, mdoped; a. reved fkkl, und4ped; A, regular MCI, doped; 
* rcurs=d SeeId. do&. 

assumed maximum range of.6 radiation) views primary ionization (and, in the case 
of puked electrcn capture, plasma distribution) as fairiy homogeneous through 
mosr of the detector cell; thk view is shared by Siegel and McKeowng who, 
furthermore, view most of the plasma as governed by ambipolar diffusion. In con- 
trast, the view taken in this papr uses a d&nit-e ionization region, from where 
migration of ekctrons (and negative ions) occurs over a relatively long distance, 
similar to the bipolar and tmipolar zones ia ionizatioa-typeparticuarticulate detectorP_ This 
brings up questions of diEusion VS. lifetime and drift time of ionic specks, and 
explains why the however approximate de*mrmination of the ionization region was 
considered so im~rtant. As has been pointed out before, literature values on the 
range of particuiar .B radiations vary by more than an order of magnitude and, 
probably due ta’ the fact that the classkal ekctroncapture mechanism is not overly 
dependent on *his factor, one generally notices a conspicuous scarcity of experimental 

data- 
Thus 5ve have to compare our vaiues on the ccntrc+fchargz, 1 mm for 

63Ni and 0.2 mm for 3H at ambient conditions in nitrogen, withcommonly mptcd 
estimates for the maximum range or the ionization zone of 6-8 mm for %Ti and 
2 mm for 3H in argon’ as weil as w&h a measured vaIue for the latter of 0.2 mm 
in aiP. Now, it wouId be quite erroneous to assume that, say, the ionization region 
covers about double the centre~f-chzsge distance. Ionization cross sections depend 
on enem and, fuitennore, the distribution of ‘96 atoms on znd Wow the 
surface of a partie foil i~&~~ces one type of measurement but not the 0th~~. Yef 
there stiI1 apm to be a definite and, in the context of this paper, crucial discrepancy 
between the commonly accepted estimates and the experimental data presented herein 



F&ed on the latter, we presume it permis&le to proaxd with developing a mecha- 
nism critically dependent ona narrow ionization sheath situated close to one (aud far 
from the other) electrode_ 

A bit of speculation may be added aside this point. Since CC detectors need 
to be constructed so as to keep peak broadening within reasonable limits, a typical 
-Ni ECD shows probably a higher ratio of ionization zone thickness to dectrode 
spacing than does a typical 3H ECD, Since a higher ratio, at least in our view, 
results in lower response, it would appear fair to speculate that perhaps some of the 
lower responses reported repeatedly for 63Ni vs. %I detectors may be reIated to this 
simple geometric factor. On this ground, a point can also be made for running 
narrowly-dimensioned 63Ni ECDs under elevated pressure to improve response. 

The slow travel of heavy negative ions over longer distances will create a 
counterfield, Le. a field that opposes the ori_@nally impsed one, thereby weakening 
the field gradient in the ionization region and increasing there the concentration of 
reactive, charged species. The picture of a cuuntetield due to a space charge may 
be compared to similar models in electrophoresis or gaseous discharges; but, for 
the preseut purpose, it is perhaps best portrayed in the treatment by Simon and 
Axmark1L of bi- aud unipolar regions in particulate defectors. In fact, their con- 
clusions in regard to the iufiuence of electrode spacing on the sensitivity of smoke 
detectors closely parallels ours on the same effect in ECDs. 

The obvious question is whether the space charge can weaken the originally 
imposed field enough to be of practical siguXcauce as a response mechanism and, 
ftiermore, whether it cm do this to the extent that the detector will produce 
hypercoulometric response_ The geometry of the Tracer ECD would be very 
di&ult to handle in this re_gxrd and therefore, for a first try, tie device shown in 
Fig:2 under the conditions of Fig. 7, is substituted. Even there, we shall dispense 
with iterative calcuJations and be satisfied with an order-of-magnitude estimate. 

Be it assumed, quite erroneously, that ab ririfio the field is homogeneous, the 
gradient linear, ions don’t diffuse outside this linear field (Le. they stay within a 
cylinder with the cross section given by the two electrodes), and PO counterfIeld 
exists, Under X a&u nitrogen and 25”, ir -u&es about 50 V in reversed-Geld con- 
dition to collect 50% of the cations. Their distribution depends on the purity of 
carrier and detector but, for the sake of argumenf an average reduced mob&y K, 
0f 2.5 cnP/V-see (ref. 15) is assumed. Since 

v v=&--- 760 T 
cm p(to!ir) -273 

the cation speed calculates as 

9+- = 2.5 - -------=9lcm/sec 5o 760 298 
1.5 760 273 

ations would therefore spend I.4 cm/91 cm/xc = 15 msec travelhng from genera- 
tion to collection. 



14 W_AAU&S.KAPlLA 

F&ty percent of the available current is l-1 nA or, dnring 15 msec* 
1.6 10-u c lx, zgin wildly erroneons, these iGns are consider& present as part of 
an “Wte plane of chargew16 on the same area as the electrode area, 50 nnn2, then 
the field 

whee o is the charge density in C/m2 and q, = 9 - lOmE C/m-V. Thus 

1.6. lG-” C 1 
E = 50.;0-6 m= - 2.9-10-U C/m-V = 1.8.ltiV/m 

which corresponds to 270 V/i5 mm_ Such a counterfield is impossible since &ere 
are only 50 V imposed on the system. The main reason for this discrepancy (besides 
the ob%iGus f&ct that these ions are not part of an infinite plane) is that the ek!ctLnic field 
lines bdgr out bettveen the electrodes and the actual cross section is much larger 
than thr: eIcctrc& zrea. 1%~ emerges clearly from this estimate, however, is that the 
countietd czn indeed zttaz si@icant strength and must be reckoaed with_ (This 
point is nothing new, having been made for positive ions many years ago by 
LoveIock him&f’.) 

In a regular ECD with constricted geometry, say the TracGr ECD, a similar 
cakznlaticrn using the channel cross section 10 mmz, and assuming 15 mm as field 
Ien,* shows that, if 1 .l - ity V are necess to collfxt 50% (= 3 nA) of the 
curren; the counterfield caJculated in the same order-of-magnitude manner as above 
cGrresqlocds to 175 V/l5 mm; still a s&able fraction of the originally imposed 
l!OQ V. PihiIe better calculations would be hi_@ly desirabIe, the earlier point that 
space charges have a Ic2jOi influence on response, remains Valid, 

If this is correct, then it is an act& field gradient (imposed lieId minus 
count.erEeid) in the ionization region that determines the speed, hence the second- 
order mmbmtiOn r2te of positive ions and e&trOnS_ Impedance to the passage 
of a par&U currem Lxtion is thus related to pulling the required number of 
chu,~ m2y from recombination. 

So far our specuIation has pertained to a rather unusual situation, ie_ the 
baseline cnrrent under rever_xd-field conditions. Of greater interest, however, is the 
ce!l cnrre~t during passage of a peak, with the detector operating under regular 
Eeld conditions. 

For that case, consider that VOlta;~ has beer; set at a 90% of stamiiQg 
current (2: common setting) and ‘&at, as ti peak apex passes, there is a 10% drop 
in that ant (Le. 9% of all available electrons appear to have been “captured”). 
If the hypGthetica1 assumption is made that all of the negative ions generated reach 
the counterelectrode and “the likely assumption that thcz ions possess approximately 
the same mobility as the positive ions in the syst*i (while the much faster electrons 
are extuded fion consideration), then the counter&M generated 5y the migrating 
negative ions would be 10 “/, of thzt generated by positive migr&ng ions (from a base- 
line current of the same magnitude in a reversed-&Id situation). Thus, a connection 
is established between the easily measured I-Y Curt at reversed field and the 
proposed zigration of negative ions. Hence it is possihk to arrive at an ordersf- 



magnitude estimate for the comtieId owing to this migration and, obviously, it 
also must turn out to he a size&k fmctioa of the origiaahy imposed oae_ It is clear, 
therefore, th& for this effect alone, the curreat must drop. 

Before the efkts of this counterkld on &e cell current are cIoser evaluated, 
the above assumption of negative ions travel&g all the way to colkction needs to k 
further d&mss&. To provide for aa efhcient response mechanism, it must he shown 
that larger numbers of negative ions are indeed likely to reach the anode. (Classical 
theory predicts that they do not; mtititi~tite correctly if space charge e&&s 
are aegkcted-that colkcted negative ions would decrease response.) 

According to classical theory, recombination rates of positive aad negative ions 
are 105-108 times grenter than those of positive ions aad electroasx. Off hand this 
woubi sezm to rule out any significant negative ion migration from a bipolar region. 

According to Siegel and McKeown9, however, rates are generally of the same 
magnitude; in fact, one of the authors mentioned a particular measurement using an 
that suggested a positive/negative ion -mmbiaatioa rate one order of maguitude 
API source hv2r than that of positiv IS aad eIectroasx7. Saturation experiments 
with Ca by Grimsrud et cf.r” also SI R this view. Off hand, this would seem 
to allow signikant negative ion migration. 

It may he noted, parentheticaRy, that part of this seeakgly very large dis- 
crepancy arises because rates, in ccmtmt to rate coastaats, have to take into 
account the residence tiraes of ions aad electrons; and these, in turn, depend on the 
extent to which ambipolar diffusion is thought to occur. Whi!e Siegel and McKeowag 
assume ambipolar diffusion based oa E/p values, Lovelock and WatsonI do not and 
have presented experimental evidence for unimpeded electron transport_ 

Off hand, then, it would Seem that an answer to this current discussion be 
required for this study. FortuaateIy, this is not the case. Recombination rates are 
important only for a region where both positive and negative species occur in 
significant amounts; i.e. the bipolar ionization region. Although the boundaries of 
this region are by no means defined, theexperiments of this study suggest that, in the 
cases at haad, this region occupies but a small part of the detector vohaae. Since 
electrons migrate through all of the volume, negative ions can be formed in regions 
where no positive ions are available for neutralization. Thus, a couater3ieId can be 
assumed to exist or, more precisely, the consideration of .z mechanism based on a 
counterfieid formed by migrating negative ions can proceed even in the absence of 
itiormntion on recombination rates. 

Tri care of the T.&or ECD 
Even if the ionization region were larger than our experimental data indicate, 

the twochamber construction of the Tracer ECD, on which the largest hyper- 
coulometric responses were found, clearly rules out the presence of signikant 
numbers of positive ions in the lower chamber. First, /3 rays cannot reach this 
chamber_ Second, positive ions are unlikely to be swept into the chamber by the 
carrier gas flow. 

To wit, even with 100 ml/a&r carrier flowing dowa through the narrow &mad, 
the liaear gas vekity there is still aa order of magnitude lower thaa a typical ion 



vebcity. Further&ore, it is po~si%k to operate this ECD with gas Bows reversed. 
(intezsti@y e3ou_& the response then increases by a factor of two -conceivably 
because of a dif&ent distriiution of negative ions- and this f!ow co&guration has 
there&m5 been used in *&e hypercclometric response expfximent+6.) An& it has 
prove iqmssibh to briug about significant changes in I-Y pro&s @zasuxd GP 
thennitsboflin in Fig 2)by bIowizggass&eams of up to i i/min behxen the two 
e&modes, pqendicular to the electrical fieId20_ 

Thus the absence of positive ions in the lower chamber cau be_ taken for 
gianted. Siuce electrons must travel through this chamber to be colkxted, their 
capture +&me xv&Id ,*ult in a negative-ion region separate from the’ionization 
&GIL It Gdy rWMiilS t0 be demGllStC&d that they Se ilX&d C+Ud there. 

Etemture on the ECD indicxteS tha& at higher vda the ekckxxapture 
reaction may cease becauSe electrons acquire too much en- from the field and, 
as is weti kno~x, ekctr~nxapture cross sections are highIy energy&pezxdent if &is 
efkct wetid play a major role, then one could argue that, perhaps due to a softer 
field gradient across the iOniZ&Gn range and a steeper one through other p.rtS of 

the detector (an improbable situation, as wi3 be shown later). negative ions should 
not be formed in the latter region. It is ~~11 known, of course, that d-c. ECD 
response shams a d&bite maximum and can drop off rather precipitously at vokage~ 
higher than t&e optimum one. In ciassIcai theory, “response” is often im$icitiy 
viewed a~ being Synoqymous with “the extent of electron capture”; and a drop in 
response a;orrld thus appear to im@y that this reaction ceased at higher voltages. 
0xr own experiments on residual anaI_yte and products show that the re.action rate 
is very low indeed at hi& voIta_ns, aSthough there is some evidence of reaction with 
gd capturexs evm at Ml0 V and the corr&tion of response titb the extent of 
ektron capture is far from per&t lx. CGnventionaI kinetic mGd&ng shows, however, 
that much (though not aiI) of the drop can be attributed simply to deczased eiectron 
residence tiiie. 

IO fu% it k most un!ikely that the increase in electron energy should be 
resvnsib!e for *lhe reaction shutting OE at higker fields. The electron capture spectra 
of many compounds Jiave been determined by various means and, generally, stretch 
brG&iy OY~ the 0-: eV range and beyond (the sharp SF; resonance being an 
txcept;GIl). While, ob%%xzskf, increVe in ener=y can bring about increase or de- 
Lmease in electron-capture response (see, for instance, ref. 21 and e4ier fiteraturz cited 
the&n) it shouid not Iead to a reaction shutting off. The thermal e!won energy iS 
abut 0.03 eV and cmwentionai ECD potentials will not raise it sign&antly. For 
instance, the 30 kuq’sec drift speed of e!ectrons measured by Love&k and Watson” 
in argon-107: met&x wi th a par&e1 plane detecto: et 30 V/cm added a mere 
0.3.003 eV in kinetic eneqg to the ambient level. Of course, in a cyh&caI 
deteaor higher values cz be found axxund a point or wire-type aned+. However- 
it is &?robably fti to assume that in most eiectr0ncaptm-e systems, reasons 
can be pretty a-ei! “shut oiT’ by voltages that confer less than 0.1 eV on the 
eleczronz. 

This point is &so supported by tke f&et that, in d-e. EC%, the respouse of many 
uxupounds of different chemid ~trur%ure foIXows a simiIar depend on voIta@. 



If Iarger chmges in electron energy wo,uId occar, substances shoald s&o&y di&r 
fram each other in this respect =. The simik&y of response proHes (R-V curves) 
has long been common knowkdge among pesticide residae analysts and was re- 
enforced for us by a study of hyperconlometric response requiring the measurement 
of response pro&s for a wide variety of substance@. We reaIize that profiles of 
difkent compounds peaking at different voltages have been published; however, it 
sIloaId be noted that profiles depend to a great extent on contamination and column 
bleed, hence column temperature. Even when the same compound is ran aE exactly 
the same conditions bat with three diffkrent amounts injected, three profiies will 
result which peak at somewhat different voltages, a fact predicted by the modding 
mentioned above and demon-ted, for general interest, in Fig. 8. 

TCNB 

I ’ 1 ’ I - 1 - , 
0 2 4 6 8 

Voltage 

Fii 8. dx. response pro% for dltferert amounts of tetrzdomnirrob L.&-made ECD with 
sH foil_ 

Thus it appears that the main eflkct of varying the speed of electrons refates 
to their concentration, not their ener_gy. This raises the question whether electrons 
could acquire enough speed in the lower (cokction) chamber of the Tracer ECD 
to escape capture_ This is unlikely to happen, since a rather Iuge ring electrode is used 
to coIIect them. A guess of the field gradients involved suaests. in fact, that, while 
the e!ectrons speed up considerably coming through the channel, they slow down 
again as they enter the Izrge cokction chamber and drift radially outwards towards 
the cyIindrical anode. It shouId be noted at this point that in a co-axial ECD design, 
electrons rather speed up as they approach the anode. The fact that the latter can 
shut off a reaction completely at 1fXl V d-c2 and that, in our hands, the former 
geometry only came close to doing so a% 10 V d-c., but gave consistently higher 
hypercouIomet.ric response than the latter, may be related to such field effects. 

So sum up, it seems reasonable to assume that ekctrons can.be captured in 
unipdar regions to a sign&ant extent. For the restiting negative ions, neutralization 
can then occur only by contact with the counter electrode or any other conducting 
sarfze. Considering the low mobility of heavy ions as compared to electrons, a 
sign&ant counterGeId &c&d resuk 
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E&v& established the likelihood of a negatiwz ion space charge being formed, 
how does respouse come about? or, dI3lksltly expd: ifnegative ions are CoHected! 
instead of m neutsrabed, w&j does the cmrent decrease? 

Tn padicdar, how does the hyperaxdometsic e&ct come about? Its Devon 
implies that for every negative ion reaching the anode, more th2n 3ue electron has 
*a be prewi~td from gtttiug there. 

To demonstrate that this is possible, a short, very approximate cakulation is 
in order_ Any of 2 mmber of voItage pr&les could be used for ikstration, however, 
w-e have ckxen here, employing it for double duty, a plot from the saturation 
experiment series which is .&n&r to the one shown in Fig_ 7, but uses an 33 foil 
and a Snm ekctrode spacing. 

Let us aswme, for conveuient display in the plot shown in Fig- 9, th2t a 
l=ge_p-k = 12 0: of ‘baseline current, is produced by the system running at 10 V d-c. 
The peak hei_&t (garked LIT) is 1 nA_ 

d=5mm 
P= 1 a*m 

VoltaGe 

To decrease the current by the same amount widout introducing a pedc, the 
voitage wxdd have to be lowered to 6 V, leading to iucrezwd ue~utrak&on of 
efectrcus in the bipolar region. But one could imagine the same decrease AY=4V 
being brought about by a suitable number of negative ions, traveliing to the anode. 
Without botheting r;i*& iterative procedures, again, and subject to a variety of 
5implSying usllmptions, one can ca!culate the necessary number of ions. Assume 
the ne@ive charges in a 5(i_mm* portion of an “infinite pI2ne of charges” with 
E = 4 Vi5 mm field strength_ In meters and coulombs, 
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T&is charge, the& pKoduces a drop in current of l- IO-* A while migraine, 
on averagt, 2.4 mm (half the distance from the centre-ofkAarge to the anode). The 
time for this migration 

For, say, CI- with a reduced mobility & = 2.9 cn?/V - set at 760 mm and 298 “K 

=_ 0.24cX.n - . 
cm* 

oscnl _ 1 273” K 

2.9 - 
6V - 29SOK = 6.3.lo-3sec 

V-St% 

Therefore, the charge prevented from reaching the anode during this time 
slice is 6.3 - IO-‘ rf C and, for every electron truly captured by an analyte molecule, the 
outside measurement would indicate about nine (8.75) “captured” ekctrons. 

Cleariy, that response is hypercoulometric. If we call the nine-to-one ratio 
RHC and consider it worthy of maximim tion, it may be well to follow tliz calculation 
above and combine the variables, leaving constants aside 

1 Al 62 I --- Ru~~v dy +Co-K, 

where d’ is the distance between the centre of ionization and the anode, d is the 
interelectrode distance, a is the cross section of the cell perpendicular to the ion 
beam, and all other symbols have their usual meaning. 

It is obvious that some parameters are interrelated, e.g. d’ depends on pressure 
(cont.rolIing the range of fl rays), and the magnitude of V in a reasonable system 
depends both on pressure p and on cell geometry S/a. These caveats in mind, one 
can go about considering how to maximize the contribution of this particular 
response mechanism. 

Wkat f#fennses response? 
The terms l/Y and d1/d V indicate that, other parameters being equal, the 

voltage of maximum response (usually close to that required to give 90 oA of maximum 
current) should be as low, and the slope of the 1-V curve as steep. as possible. In 
practical terms, that amounts to saying that detector and carrier gas should be as 
clean as possible. And indeed, a dean system, hence one that operates at lower 
voltage, gives larger peaks. While this is one of the oldest ex_periences in electron 
capture detection in general, and while there are also go& kinetic reasons why that 
should be so, it may be revealing that this fact turns up in the present context. 

The term p/T suggests that higher pressure and lower temperature (but only 
in the sense that it influences ion mobility) lead to increased response. As far as 
pressure is concerned, this is definitely true. We found strong hypercoulometric 
response in a (for other purposes) pressurized system to start withs; and we have later 
shown response to increase drastically with pressu&. While sp&fks of &is increase 
depend on detector geometry, we have never failed to find it in clean, optimized d-c. 
systems- 

, 
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Whetteradecreax in teznperature Ieads to increased xsponse Gznnot be 
established with certainty at this moment: besides, it would not be expected to 
exceed a fabmr of two. To test this relationship, one wou!d have to Gnd a cumpomd 
who= electron capture and consequent degradation nxchanism were independent of 
temperature (otherwise one measures the e!Gcts of temperature on, say, associative or 
dissociative capture rather than on the mobility of a given nnmber of ions) and one 
would have to excIude certain other, tempxature-sensitive parameters such as the 
clean’hu~ of the detector and the presence of trace levels of oxygen in the carrier- 

The term d’ suggxts that a long distame between electrodes, and a short 
reach of 6 rays, i.e. ftiors that give rise to a long unipolar region, are beneficiai. 
This criterion would prefer “Fe over ‘H over aNi (q-uite apart from the lower noise 
Ievel of the &ter emSo@). The eiWt of b-range would be particukriy noticeable in 
detesters with short electrode gaps. 

The term &[Q suggests that ekctrodes should be far apart, with a small cross 
section of the available space in between, to maximize the counterfieId from a given 
number of ions. W%Ie there are obvious knits, e.g. those given by voltage, to using 
_gzom:try this way, it is interesriug to note that the Trawr ECD could have been 
(but most likely was not) conceived along these iines_ 

FmaUy, the term I/&, s+gests that heavy (s1ow) ions increase response; and 
a sutxy of the range of & data from plasma chromatography” indicates that the 
e&cts should geuerahy not exceed a factor of two. It may be interesting to speculate 
in certain cases whether reIati<efy long Wetimes of mokcular anion9 may have 
some bearing on that question_ Our own results suggest that there may be certain 
different between, say, nitro and halo compounds in terms of the concentration 
dependence of hypxcouiometric respond, but the data are neither precise nor 
numerous enough to ahow Grm concksions. Besides, the questions of ass&ative 
LX dissociative behaviour, and the possibility of mu!tip!e ekctron capture (e.g. loss 
of more than one chlorine) enter this picture. A factor of two, in any case, is 
exceedin_@y smah compared to, say, the several orders of magnitude difference 
found in electron capture coe&ients_ 

A dean detector of suitable geometry, operated in d-c. mode under elected 
pressure, does thus appear to meet the major conditions for obtaining hypercoulomet- 
ric response. Not surprisingly, it was precisely such a system in which the 
phenorneaon was first otserved. 

It may be noted that these conditions are mostly physical in nature and do not 
neatssarily refkct on certain chemical aspects invoked in coulometric or, for that 
matter, hypercoulometric response (compare ref. 25). 

Before proceedin further it may ‘be weil to recall the pbysicochemical diSer- 
exe between the classical mechanism of ekctron capture and the one assumed to 
contribute to bc. ECD performance in this paper_ In both concepts response is due to 
the isxxeased neutralization of electrons. In classical theory, however, this occurs via 
the interraediary negative ions being neutral&d; while here ‘he recombination of 
electrons and positive ions in t&e ionization region is increased due to migrating 
negative ions outside this region. Thus the latter approach &lows, while the former 
denies, hypercoulometric wnse. 

(it should be obvious that l &e latter approach does not completely rule out 
some ~~u~ra;ionvianegati-Feions;nord~theformerrcIeouttEreexiStenc+Of 
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negative space charges. Also, one can envision a countertield set up by ions within 
reach of the ionization zone, where both mechanisms may operate and i&ueace the 
observed response. The fact that a negative ion may eventuaEy be neutral&d by a 
positive ion does not mean that, earlier on, its mere presence in a particcIar spot 
could not have contributed in some degree to imxeass positive ion/electron 
neiltralization.) 

The in- in recombination due to migrating negative ions c& be roughly 
envisioned by considering the changes in the field gradient during the passage of a 
peak Fig_ LO shows this based on the ideal pictme of a parallel-plate 3H ECD witI% 
homoge.nons field, run at constant r&age. (To facilitate orientation, Fig. 10 p 
made to conform approximately to Fig_ 9 ; however, the gradients are imaginary 
and schematic, and should not be assumed to re&xt the solution of&e respective 
6eZd and kinetic equations.) 

SChQrn&iC 
ECD Gradisnts 

id - saturation - d 

1 

5 

Fii_ lO.Schcm&c of aguixd field gradients under various couditiom. a, Baseliue; b, peak; c, 
saStuation;aUat thesamcvoIt2gc.c&saturation, atthesamecuneniasa. 

Curve a refkcts the baseline state, with the charge carriers being cations and 
ekctrons, IQ part relating to their mobility, the gradient is very steep in the ionization 
region, very gentle in other p-.&s of the detector. me c, on the other hand, 
describes the saturation state, where the charge carriers are cations and anions and 
the gradient therefore remains roughly similar throughout the cell. The intermediate 
curve b, then. characterizes the passage of a peak. The gradient outside tie ionization 
zone becomes steeper because of anior;s being formed, consequently the gradient inside 
the zone becomes kss steep, bringing about longer residence times of cations 
and electrons and, in turn, higher recombination rates. 



Several aspects of this simple picrure nxzy be noteworthy. Fa the second- 
order recombination 

is inverseiy proportional to the square of the _mdient. (This does not mean that 
response is tikewise a square function of the amount injectea, since the now increased 
field outsi& the ionization zone leads to a reduction in the number of ekctroas cap- 
hrred.) A&w, response (change in gradient) is largest whez~ the base&se gradient is as 
steep as possible in the ionization zone, i.e. Van the detector is 2s cltzn as 
possibIe_ 

Second, the gradient in the ionization r&on is much steeper than in the rest 
of tk detector (given typical analytical cunditions). Therefore the chances of an 
anaIyte molecuk capturing an ehxtron are much iower in the bipolar as compared to 
the unipoh~ region. This adds further support to earlier considerations of the 
prob&&ty of eG_cn capture outside the iotition sheath_ 

Third, if one would want to work at cons’&nt c*urrent (as opposed to the 
constant v&age implied ahove), the gradient in the ionization zone would have to 
remain the same. ihus a saturation experiment, for instance, which is to be run at the 
ae current as the baseline (a), may be charactcrixd by the more or less straight 
line d; both civves showing the same siope in the ionization zone. 

If response is determined by the numbers and the extent of negative ions 
mi_gratin_e, then it should be possible, at Ieast in theory, to calculate its values under 
vario*us circumstances. The effective number of migrating negative ions depends on 
Cwo ciosely interrelated pararnetersr the total xumbcr of negative ions generated, Le. 
the number of anaIy*e moIecu!cs capturing eiectrons, and the voitage (as w-eU as the 
_~metry) of the detector_ The voltage determines the residence *tie of electrons 
(hen= their reaction rate with anaiyte molecules and their recombination rate with 
cations) and the residence time of negative ions (hence their contribution to the 
co-untetiefd, as we2 as their neutralization rate by positive ions in the ionization 
zone)_ Eqxximentahy, the number of negative ions generated can ‘be determined 
from a measurement of residuai a~~Jyte*~ if it is assumed that no analyte mohxttle 
survives intact the capture of an electron and the ensuing processes -neutAization 

by positiVe qecies or on an e&trode, charge transfer, etc. (This assumption is 
certaSy reasonable in the cast of dissociative ekxtron capture, where it is unhkeiy 
l ht Iarger amounts of the anaiyte could be r-e-formed. Of course, more than one 
ion co&d be formed from one analyte molecule of suitable structure-e.g_ poly- 
chlorinated compounds have been shown to lose several of their chlorinesa, presum- 
ably sccuentiahy and as Cl-- but the major contribution to ECD respow csn still 

be assumed ‘co stem ikrn the initial capture u&-r most circumstances.) 
If t&e anions thus produced are then presumed migrating, and their elect on 

the efectron,fpositive ion neutralization rate is estima’Led graphicahy using the reversed- 
field protie, the maximum response czn be successftiy simtited; however, the fit 
is otherxise Iess than satisfactory. 

A major difiiculty in improved forms of calculation would appear to ‘be the 
n& to know the distribution of spee& hence local conceatmtions, for any ion 
s+es tbrcughorrt the detmctor. The majx information wanted, of course, is the 
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integrated influence of migrating negative ions on the field gradient in the recombina- 
tion region for cations and electrons, in order to calculate concentrations for use in 
rate equations_ Even without such quantitative backing, however, it appears 
possible to make some predictions that are based on the proposed detector mechanism 
and could be subjected to experimental ver&ication. 

Suggested furthet exi;eriments 
Fit, the nature of the proposed mechanism should make it possible to 

divorce the electron capture proper from the concomitant process that provides the 
response_ This could be done in two ways. Either the two are_phys&lly separated, or 
they are allowed to proceed together but are manipulated independently, e.g. such that 
one is varied while the o*&er is being held constant_ The obvious question then, of 
course, is whether such a separation of processes is indeed possible and, furthermore, 
whether it leads to observable “electroncapture respense” in cases where classiczi 
theo_q sufgests that it should not. Attempts arc now underway to probe the 
relationship of the two processes. 

Second, it should be possible to correlate the response of an ECD with 
certain other of its characteristics. It may be difhcult to do computations Sass on 
migrating negative species, but it is very easy, experimentally, to use migrating 
positive ones instead and thus let the system itself provide the information_ 

This is simply done by reversing the field and forcing the positive species to 
travel the long way, in order to simulate the behavior of negative ions. (Or, the 
profiles of saturation experiments could be used, but there may be reasons for 
wanting to stay with a “clean” system). Admittedly, such a comparison does neglect 
certain aspects of the system. For instance, different species start their travel from 
different origins, cations are formed only in the ionization zone, auions, as suggested, 
all over the detector_ But. generally, the behavior of positive ions under these 
reversed-field conditions should give a good indication of what the negative ones 
would do under a regular field. Detectors that show a high impedance to the travel of 
positive ions should do likewise for the negative ones. 

In terms of 1-V plots: the more difference there is between a voltage profile 
under regular and one under reversed-field conditions (at the same current), the greater 
will be the effect of migrating negative ions and hence the response_ This Ieads to the 
prediction that (V+ - V-),, Le. the difference in voltage neo3at-y to collect the same 
current in regular and reversed-geld conditions, should correlate with the response 
of the de+%ctor. It is often d.iftTcult to measure the reversed-field profile in the region 
where I is 90 or 95 0/0 of maximum, but other, arbitrary values (e.g. 50 ok) should give 
comparabIe data. Again, classical theory would not predict such a correlation to exist. 

CONCLUSIQNS 

From the mechanism developed here for d-c_ ECD as an alternative or, 
perhaps, a supplement to the classical theory, the two disturbing experimental 
Gmlings-&st, no response under reversed-field conditions and second, hyper- 
coulometric response- can now be easily explained. 

Under reversed-field conditions, the electroncapture reaction does proceed 
(as shown, for instance, by measurements of residual analyte). However, the negative 
ions now travel the much shorter path, adding very little to the overall impedance of 
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the deteccc~r (whose basdine iqxdanw is, of course, determined by the positive ions 
travelling~b~pattr~isthereforemuctr~~~under~fiieldcon- 
ditions). timparing ekctron+zapture response (impedance) =uuder rev& and 
-egi-zr Eitld~~thrss~o~~~ocomparinga~c~ontopofa .t 
iarge\aiwtoa*Ehan ge OQ top of a smaU one. Furtherm ore, the geometry that 
makes for 2 Fveli-fmctioning d-c. ECD is exactIy the one that wouId provide 
minimal resporiswith the ekzctrid Geld re~rsed. Hence it is not surpriskgtit, inour 
experience., response untier those ~nzlitions was hardly ifever noticed. 

The -zcond disturbing e&ctt hypercoulometric response, is now we$l ex- 
:&iined by a mechanism ba.sceO on migrating negative ions. Beyond the main 
- dksirabks iZs?d (iow V, hi@3 p, and a pronounced unipofar region) there may have 

k o&u- CL, lstz3nGzs a3&-ibnt+ to the CXpeAElcnti obseXv&ons5”. High 
pressure not o-dy slows down the migration of negative ions, it also restricts thermal 
difkion, narrows the ionization region, and provides, in general, a considerably 
Iv bzls&lle! -t6, Furthermore, 8 peak (zt consst column retention) passes 
through &e def_ector slow ad compressed_ These efkts may well have further 
improW?d ressnse- 

Having bzen confkocted by the experimentzl fmding of hypercoulometric 
response ia the past, our primary aim in this _Udy has been to provide a reasonable 
&ture cf what mi&t be hzppening- We shall attempt to prove or disprove this 
deveiopd concept by experimental m~s in the future_ This will involve the use of 
suitaL@- coastructed ECDs used under conditions closer to actual practice than the 
arzngement shown in Fig- 2. 

There may be other, very direct Rays of getting at the mechanism. For in- 
s*ace, the “unipola? region of a suitably constructed d-c. ECD, operating under or 
c&e to bc. conditions, co-uid be sampled by mass spectrometry. This may not only 
provide zn ZISWX to the qxstions raised, but also (given that the answer is in the 
&?rmative) yield interesting resuks on, say, ion Lifetimes uld chemistry. However, 
this particuiilr arrangement is beyond our means an9 so we hope that other 
researchers might tid this aa interesting question to pursue. 

If the proposed vnse mechanism can be proven, it should be interesting 
to investi@e whether and, if yes, to what extent, it influences measurements conduct- 
ed under o&r than d-c. conditions. 

Parts of this paper have been written some time ago and, in the meantime, 
attenpts to separzte the initial electron capture process from that responsible for 
response, have bzen largely suozessfui. Details of these experiments will be provided 
in subsequect papers. 

Snpmzt for the proposed mechanism of response has also come, we believe, 
fiOEil a rather unexpected direction, namely from the recenk very impressive 
developmeut of a non-radioactive ECD by Sullivan of KewIett-Packardz6_ In this 
device, ekc%rons are generated by thermionic emission, thus there are QO cations, 
ion&ion zon& or recombination reactions. Anions, furkrmore, “must ffow to the 
collector &rug with the ekctrons”. 

Thus, from a cIassica.i point of view, no response should occur- But the device 
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provides, in fa& excellent response_ @he paper does not i~~dicate whether or not it is 
hypercoulometic; we would not be surprised if it were.) 

Sullivan’s study% does not include an explanation of how response comes 
abottt. Thus I&t free to spezuJ.ate, we assume that his ECD, in fact, opera&s by a 
mec&n.ism similar to the one developed in this study: when electrons are captured 
in the “colkctor” region, the gradient there becomes steeper. Consequently, since the 
device is opexated in d.c. mode, the gradient in the “electron source” times softer 
and more electrons are diverted to ground. 

In other words, the ground in this non-radioactive detector plays the same 
role as the recombination reaction in the radioactive one, a sink for electrons that is 
responsive to changes in gradient When peaks pass through either rlevice, iqmianm 
rise as fat electrons are converted to slow anions and, as a consequence, more 
electrons are removed by conductive surfaces or by recombination, respectively. 
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