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SUMMARY

A non-radioactive electron-capture detector is described which uses a therm-
ionic emitter as a source of electrons. The use of this source allows a unique mode of
operation which has greatly enhanced sensitivity, yet at the same time allows a large
dynamic range. A signal-to-noise ratio of 180 to 1 has been obtained at the 1-pg level.
together with a dynamic range of six orders of magnitude. It appears that with this
method it is possible to detect femtogram quantities.

INTRODUCTION

The electron-capture detector (ECD) has been in existence for almost twenty
years. During that time it has evolved from a highly sensitive, yet extremely tempera-
mental detector into a reliable laboratory instrument. During this period, the modes
of operation of the detector have changed significantly, extending both the range and
the sensitivity of the detector.

But the real principle has barely been changed since its inception. and due to
the complexity of the reactions taking place, its operation is still relatively poorly
understood. To quote Lovelock®, the inventor of this detector: “"Perhaps because of
the pressure to use the detector in the solution of practical and theoretical problems. it
has barely changed since its inception. It is still a simple two-electrode ion-chamber
with an internal radiation source, and there is no comprehensive theory of its re-
sponse which explains numerically the signals 1t generates.™

The radioactive source that is used is at the base of this deceiving physical
simplicity, but chemical complexity. Typically, the sources used are -emitters rang-
ing in energy from 17 keV (max) for tritium (*H) to 230 keV for promethium (**7Pm).
As these energetic electrons thermalize by collisions with the molecules of the gas.
they produce eventually near thermal electrons. These thermal electrons are used in
the reaction with the electrophilic compounds as the cross-section for electron cap-
ture of most strong electrophores is maximum near zero energy. However in the
process a host of other species such as positive 1ons, energetic radicals, etc.. are created
which may react with the electrons. the electrophilic compounds or the negative ions
created by electron capture. The complexity of these reactions. coupled with the space
charge present in the detector, gives rise to intractable problems?>. Wentworth er al.3,
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who were responsible for elucidating many of the phenomena taking place in the
ECD, have recently reviewed in detail the shortcomings of the radioactive detector™.
Briefly. these include: (i) contamination of the electron source by column bleed,
necessitating frequent cleaning of the detector; (2) irreversible reactions between the
source and the electrophilic compounds; (3) upper temperature limitations set by the
use of the radioactive foils or platings; and (4) the sources involved require licensing
by government agencies.

To these could be added the difficulties of producing small cell volumes. Since
the primary B particles have significant energy. their range is substantial. and a large
cell volume is required to avoid operation of the cell as a cross-section detector?,
although newer designs are minimizing the extent of this problem®. It has therefore
been apparent for a long time that an alternative source for electrons would be very
desirable. Wentworth er al.* in their approach. produce the electrons by photoioniza-
tion of additives to the effluent (such as triethylamine).

This technique suffers. however. also from a number of deficiencies. The elec-
trons produced are still not truly thermal, as for good ionization efficiency. it is
required that the difference between the ionization potential and the ionizing photon
energy be at least a few electronvolts. Thermalization. in turn, requires the use of a
quenching gas which is unfortunately highly absorbing to the ionizing photons. For
this and a variety of other reasons, this approach is presently limited in sensitivity to
50 pg of carbon tetrachloride, a very strong electrophore.

Ozher approaches in the past have tried to use electrons produced from a
saseous discharge’. or photoelectrons provided by metallic photoemitters. It appears.
however. somewhat unlikely that a discharge of sufficient stability can be produced to
detect picogram quantities.

Similarly. it seems unlikely that a photocathode with sufficient current and
with enough stability. unaifected by the effluent of the gas chromatograph. can be
found.

Our approach has been to use a thermionic emitter, suitably protected by a
cuard gas. Thermionic emitters are usually associated with electron emission in
vacuum. and their operation (except for some special cathodes such as the Philips
cathode) is rapidly and irreversibly destroyved by the presence of small amounts of
water or oxygen. In 1967. MacNair® developed the barium zirconate cathode. in par-
ticular for laser discharges. and it was found to operate suitably in oxidizing atmos-
pheres at low pressure. Although the original current densities quoted by MacNair
appear to be somewhat high®, the values required for operation as an electron-capture
detector are rather minimal. so that the cathode can be operated at low temperature
(650-750-C). We found that this cathode. when suitably protected. can also operate
very adequately in the atmosphere of the gas chromatograph. with quite acceptable
lifetimes. The cathode can be exposed to air and reused without any apparent
damage.

It should be remembered that the atmosphere of the gas chromatograph is a
rather demanding one. If 3 ul of a typical solvent (e.g., isooctane or hexane) are
injected at the commonly used flow-rates in chromatographic work. the cell will be
filled with almost pure solvent vapor for several seconds. Pure metallic cathodes, such
as rhenium or tungsten, working at elevated temperatures (1100-1200°C) oxidize very
rapidiy. If a suitable material is used to lower the work function. it is found that the
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cathode is able to withstand immersion in the solvent vapor, but it takes several
minutes for its emission to reach again the preimmersion level.

If the solvent problem could be circumvented, the thermionic emission itself is
quite sensitive to the presence of electron capturing compounds, but the recovery
constant is inadequately long for faithful detection of chromatographic peaks. In ad-
dition, efficient electron emission at atmospheric pressure in inert gases requires a
strong electric field, since most of the emitted electrons are *"reflected™ to the filament
by diffusion'®. This large field is undesirable for efficient electron capture. However, if
the filament is shrouded with a guard gas, these problems are all alleviated. The fact
that a guard gas is used almost naturally divides the detector into two chambers. a
guarded filament chamber used for the production of electrons. and a second chamber
where a fraction of the previous electrons is used to react with the electrophores. This
allows separate optimization of electron production in the first chamber and op-
timum conditions for electron capture in the second.

PRINCIPLE OF OPERATION

One implementation of a detector using a thermionic emitter is illustrated in
Fig. 1. The detector consists of two concentric stainless-steel cylinders. an inner
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Fig. 1. Schematic illustration of a non-radioactive ECD. A direct heated thermionic cathode supplies
electrons which are attracted towards a mesh-like anode. Electrons ditfuse through the anode and are
attracted with a small potential towards a collector. The column effluent flows in the outer cylinder and a
guard gas flows in the inner cylinder. The guard gas prevents excessive penetration of the solvent in the
filament chamber. The reaction chamber proper consists of the annulus between both cylinders. and its
width is defined by the effective lateral spread of the electron cloud.
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cylinder containing the thermionic source and through which the guard gas flows, and
an outer one through which the chromatograph effluent flows. Separating the two
chambers is a very fine metallic mesh (consisting of nickel or gold), of*80 % transmis-
sion and about 12 um thick. The gas flows in both cylinders are colinear and, ideally,
laminar and of equal velocity. For this purpose, operation of the detector is usually
vertical. so that the thermal plume caused by the hot filament causes minimum dis-
turbance in the outer chamber. Electrons emitted by the filament (which is biased
negatively) are attracted toward the inner cylinder which is grounded, and which will
be called the anode. Typically, although not necessarily, the electron source is kept at
a variable potential by a servoloop to provide a constant current towards the inner
cylinder. The current loop is set at a predetermined level, usually on the order of 10
1A, and the voltage required to maintain this current under equilibrium conditions is
on the order of 50 V (for a cylinder 12 mm in diameter).

Some of the electrons arriving at the anode pass through the open grid struc-
ture and diffuse through to the outer cylinder. which will be referred to as the collec-
tor. The potential difference between the collector, C, and the anode. A. is however
kept quite small, and in fact operation is possible where the collector is slightly
backbiased with respect to the anode.

The primary driving force for the electrons to reach the collector is therefore
diffusion. not drift. Their own space charge sets up a field opposing their entry in the
anode-coilector region. The balance between the diffusion force. the space charge
field and the applied field results in a current. typically three orders of magnitude
smaller than the current in the inner diode. This region of the detector, which is the
cell proper. operates therefore in what will be called a diffusion driven, space charge
limited mode. As the effluent of the chromatograph flows through the cell. elec-
trophores are converted into negative ions, through reaction with the electrons. Note
that with this geometric arrangement, all of the gas flowing through the cell is exposed
to the electrons. as the electron path completely traverses the effluent gas (although
the eflluent is not everywhere exposed to the same electron concentration).

The operation of the detector can now, in a simplified way. be understood as
follows. After absorption of an electron by an electrophore, and its conversion into a
negative ion, one may assume that another electron is prohibited from entering the
cell region, because of the space charge limitation. This condition prevails as long as
the ion remains in the cell. As there is only a very weak electric field present in the cell.
and the mobility of the negative ion is some three orders of magnitude lower than the
electron mobility. the ion is essentially removed by the gas flow, a process which may
take a considerable fraction of a second. During the dwell time of the i1on. an electron
has been prevenied from entering the cell. The replacement of an electron by an ionic
specimen with largely reduced mobility, generally gives rise to a reduction in current.
Since the electron transit time is on the order of a few microseconds, the single ions
have effectively prevented the entrance of a large number of electrons so that a gain
mechanism is taking place. The gain would be thought of as the ratio of the dwell time
of the negative ion to the transit time of the electron. an operation somewhat similar
to the gain process observed in photoconductors. It must be realized that this simple
model daes not hold everywhere, as the effect of a single ion may depend on its
position in the cell. since the electron concentration. as will be seen. is highly variable
in the cell. However, substantial gain has been measured in this cell.
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From this simple outline, it is already possible to discern the advantages of a
detector of this type. The electrons in the reaction cell proper are completely thermal
(at the most experiencing the weak combination of their self-fields and the applied
field). With this low electron energy value, the cross-secton for desirable capture
reactions with the strong electrophores is maximal, while the undesirable capture of
weak electrophores such as oxygen, water and carbon dioxide have low cross-section
(their maxima occur near 6.5 eV). The final clectrons produced by the ionization
shower of 8 particles have relatively large initial energies (estimated 1o be on the order
of 0-6.5 eV (ref. 4) and therefore are more likely to react with the weakly capturing
compounds.

No positive ions or energized radicals are formed in this process, as is the case
in the radioactive source. The assimilated polymerization reactions taking place in the
effluent, whose deposits eventually coat the radioactive foil are expected to be absent.
Hence, frequent cleaning of the detector is rot required. Positive ions emitted from
the cathode (or the supporting platinum wire), 2 common phenomenon with most
thermionic emitters, are restricted by the field in the inner cylinder from entering the
cell proper. Negative ions formed in this region will either be swept out. or discharged
on the walls. Overall, the chemistry is a lot cleaner, as there are. in principle, only
three specimens present: electrons, electrophores. and negative ions.

The volume of the detector itself can be very small; the volume of the cell here
is defined (in the configuration shown) as that section between the two cylinders
exposed to electrons. Volumes as small as 50 ul have been made and this represents by
no means the lower limit. There is, however, a lower limit to the desirability of a small
cell size. unless the flow is also reduced. The chemical reaction between the electrons
on the electrophores

k
e” + .AB—»l AB~

proceeds with a finite rate constant. &,. and assuming a very low initial concentration
of electrophores [AB]; <€ [e”]. we have as a solution:

[AB] = [AB], [I — e "7 where t = 1/k, [e”]

For most strong electrophores, the value of &, is a few times 107~ cm?;sec (refs. 11
and 12), and if we assume an electron concentration of 10% per cm?, the time constant.
7. 15 around 0.03 sec. If the cell volume is so small that, at the flow-rate under con-
sideration. the dwell time (cell volume/flow-rate) is much smaller than the above time
constant, substantial reduction in response will occur.

This detector operates both with argon-methane and nitrogen. without any
loss of sensitivity. Cleaning procedures are substantially simplified. and moreover,
there is no temperature limit of operation. As another advantage may be listed that
the choice of the ceil material is vastly enlarged, when no preventive measures against
radioactive leakage need to be taken. If necessary, the cell may be fabricated out of
Pvrex or fused quartz with metal electrodes (platinum or gold) vacuum deposited in
the appropriate places. Glass detectors made this way were found completely satisfac-
tory, and in some ways, superior to stainless-steel detectors.
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Note that with this detector there are no basic advantages for the pulse mode,
as compared to the d.c. mode of operation. With the radioactive detector, the pulse
mode has the advantage over the d.c. mode of operation that in the time between
pulses, the electron concentration can build up to a maximum value (set by recombi-
nation) since ne field is present. The use of the pulse mode is, in fact, dictated by the
finite rate of electron production of the source. But with the thermionic emitter, there
is no rate limitation of electron production.

If the cell were momentarily pulsed clean of electrons. the electron concentra-
tion would be re-established in a matter of microseconds to its previously undisturbed
value. The inner chamber provides an aimost infinite reservoir of electrons which
can fill the cell proper in a very short time. For all practical purposes. the cell always
operates in a d.c. mode of operation. There are various ways in which the signal can
be retrieved from the detector. depending on whether the collector is operated under a
constant voltage mode or under a constant current mode. These modes of operation
will be described in more detail in the next section.

DESCRIPTION OF THE DETECTOR

Fig. 2 illustrates a cross-section of a detector operating on this principle. It
consists of a solid block of stainless steel into which the inner cell is inserted. Column
effluent and guard gas are brought in at the same temperature. A glass or ceramic flow
straightener is inserted in the inner cell to provide laminar flow. to as good a degree as
possible, as turbulent flow can significantly degrade the observed signal-to-noise
ratios ol the detector.
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Fig. 2. Schemuatic illustration of a practical implementation of the non-radioactive ECD. The filament is

oriented vertically, so that its thermai plume does not enter the reaction chamber. Provisions are taken so

that the flow of both the guard gas and effluent are laminar in the detection chaumber, so that s minimum of
mixing takes place. All materials are stainless, or ceramic, with silicone rubber O-rings.

The thermionic filament consists of a 0.125 mm thick platinum wire, spirally
wound with about ten turns to a length of about 3 mm. and cataphoretically coated
with barium zirconate. The filament is heated by a small floating power supply; a few
watts are typically all that is required to keep the filament at the required tempera-
ture. The outer diameter of the anode of the cell shown is about 14.8 mm, and the
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inner diameter of the collector 13 mm. The slit through which the electrons diffuse is
about 1.3 mm, so that the effective cell volume is on the order of 50 ul. The filament
location is adjustable to provide optimum position for emission.

This detector was typically operated with a gas flow through the column-of
about 60 ml/min. The amount of guard gas required to protect the filament depends
upon a number of parameters such as the amount of solvent injection, the diameter of
the inner cylinder, and the desired (or acceptable) baseline recovery time.

Injections of 3-3 ul tend to give relatively large penetration in the inner cylin-
der and require higher gas flow than the injection of 1-2 yl. A large diameter is
advantageous, but requires more gas flow if the same linear velocity is to be main-
tained. For minimum turbulence in the grid zone, it is desirable to have the flow
velocities on both sides to be nearly equal, although a certain amount of mismatch
can be tolerated. The overriding concern is, of course, an acceptable baseline re-
covery, before the arrival of the chromatographic peaks. The chromatographic con-
ditions therefore determine to some degree the amount of guard gas required. Guard
gas flows on the order of 1--3 ml/sec were typically used. No effect at all was seen on
the peak heights when the guard flow was changed over a factor of five from 1 to 5
mi/sec. As stated above. a current loop. set at a predetermined level. keeps the cath-
ode-anode current constant. As the solvent penetrates into the inner region, the
voltage required to keep this current constant i1s generally increased, and may even
drive the loop out of control. Small excursions of this control voltage are also noted
during the passage of large sample quantities (nanogram or above). The current
between the anode and the collector, which is primarily driven by diffusion (at least in
equilibrium) can be collected with a constant voltage (typically a couple hundred
millivolts) or may be set by another current loop. This secondary current is typically
three orders of magnitude smaller than the primary current. For example, a common
value for the setting of the primary loop is 10 yA, versus 10 nA for the secondary
loop. Control voltages required in the first loop would then be on the order of 40-50
V (depending on the filament condition and the type of gas used). and 100-200 mV
for the cell loop.

In the constant-voltage mode of operation of the cell. the current excursion is
measured by some electrometer, and generally speaking, the current decreases when
the electrophores pass through the cell. In the constant-current mode of operation, an
increase in the control voltage is typically needed to keep the current constant, and
the incremental voltage is taken as the signal. The latter mode of operation has been
used in the particular experiments described here. In this mode any shift in contact
potential in the anode-collector region is automatically taken up simply as a shift in
the standing voltage, but does not affect the signal amplitude.

In contrast with the constant-voltage mode, the measured value (voltage) tends
to increase, rather than decrease with increasing injection of electrophores (versus
decreasing current in the constant-voltage mode). As the sample size is increased, the
voltage across the cell can always be increased to a value limited only by the design of
the servoloop. However, as the voltage across the cell is increased, the cell ceases to
operate in a diffusion controlled mode and becomes more and more field controlled.
This means that as the sample quantity geis larger, the response factor automatically
becomes lower, giving rise to a somewhat compressed range.
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THEORY OF OPERATION

Although a complete and rigorous theory has not yet been attempted, it is
possible to describe approximations which give significant insights into the mode of
operation. Consider Fig. 3 where the cell is schematically illustrated. A plane geometry
has heen assumed. since the radius of curvature of the cell is insignificant to the
problem. The cylindrical problem is tractable, but offers no new insights into the
sclution.
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Fig. 3. Schematic illustration of the cell in planar geometry. The cathode current establishes an electron
density V_{0) af the anode. and due to the mesh-like structure of the latter. an equal electron density exists
on the other side of the mesh. Diffusion. aided by a small field. drives the electrons towards the collector.
which can be biased either in constant-current or constant-voltage mode.

The primary current from the thermionic filament to the anode establishes an
equilibrium electron density at the grid. which can be estimated from the current in
the first diode. since this curreni is dominated at all times by the field. It is assumed
that this electron density, N _(0Q). is kept constant at all times. regardless of the concen-
tration of electrophilics that are present. This assumption is an acceptable approxi-
mation. when the electrophilic concentration is small compared to N (0). It is also
assumed that the electron concentration on both sides of the grid is equal. Since the
grid is both very open and very thin. this assumption will be always very nearly
satisfied. If it were not, a large diffusion current would immediately establish equality.
The ionization of an electron capiuring compound entering the cell is a function of its
rate constant. &, the electron concentration and the dwell time in the cell. Therefore.
if a plug dy of electrophilic material moving along the »- axis is assumed to enter the
cell at 1 = O, its ionization will be increasing with increasing ) (and dwell time in the
cell). In other terms, the ionization will have both a y dependence and. as will be seen.
a strong x dependence. The 1 dependence is neglected in this approximate theory and
replaced by an average ionization dwell time, taken to be half the time for the gas flow
to sweep the cell volume.

Almost intuitively. it can be seen that the x dependence of the ionization will be
very strong. From its initial value. N (0) at x = 0, the electron concentration will
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decrease very rapidly with increasing x, giving rise to a strong diffusive flow. This flow
is opposed by the field of the electron space charge. With increasing x, the space
charge field gradually decreases and may change sign, while at the same time. the
diffusion gradient decreases and may eventually become negligible.

The elution time for typical chromatographic peaks is much longer than any of
the time constants involved, so we will assume that the concentration of unionized
electrophilic material entering the cell is constant in time. A time varying peak can be
reconstructed by calculating the responses for various static concentrations.

The behavior of the negative particle flow is given by the following equation

cN cN

éx éx

€T e l" i (1)

where J is the total charged particle flow, D_, D, are the electronic and ionic diffusion
constants and N_, N;. V. V; are the electronic and ionic concentrations and velocities.
As the electric field, E, is quite small, and the cell is working under atmospheric
pressure, p, the parameter E/p is very small so the velocities can be expressed in terms
of their mobilities g, and y; as ¥V, = —u E, V; = —uE. Under equilibrium con-
ditions, the particle flow is constant throughout the cell. or ¢J/¢x = 0.
From Gauss’ law:

Ol Me o
cx g0

where e is the electron charge, ¢, the permittivity of the gas.
Furthermore, it is assumed that the ion concentration, N,. is related to the

incoming electrophore concentration ratio by

Ni(x) = Ny {1 — exp [—N(x) kit)/2]} (3)

where ¥V (x) is the local electron concentration. &, the capturing rate constant and ¢,
the dwell time in the cell. The rate constant &, for electron capture has been assumed
in our calculations to be on the order of 3 x 1077 cm?/sec. which is représentative of
strongly capturing compounds.

This set of equations is numerically solved by trial and error. Under constant-
current conditions, the procedure is as follows: since the electron concentration N_(0)
is known at the boundary, the ion concentration i1s known there too. The electron
gradient, ¢N_/Cx. is guessed at the boundary and the Taylor expansion of N, and E
can subsequently be calculated to the second order from eqns. 1 and 2. If the gradient
¢N_/Cx is not guessed right, it is found that the solution either diverges very rapidly,
or gives rise to negative electron concentrations. Guessing the right electron deriva-
tive is a tedious process, and corresponds to determining the diffusion current at the
grid. Since the diffusion current is there much larger than the total current (by typi-
cally two orders of magnitude), it is required that the derivative be known to high
precision. An acceptable solution for N, (and E) is such that it neither diverges or
yiclds negative NV, and matches smoothly with the solution J = N_V, at points far
away from the grid, where diffusion has become negligible. (This requires the profile
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6N, /éx to be convex at all times.) Although this procedure does not yield a unique
solution, since these conditions can be met by a set of solutions, in practice it is found
that the solution set is very narrowlyv bracketed, and does allow solutions to diverge
only by a few per cent.

The above technique is used when the detector is operating in the constant-
current mode. The voltage across the cell is found by integration of the field across the
length of the cell. But if the detector is operating in the constant-voltage mode and the
voltage found is not equal to the applied voltage, it is necessary to readjust the current
value, reiterate the above procedure, integrate the electric field, compare with the
applied voltage, readjust the current, etc.

The current—voltage characteristics of planar cells of various size in a nitrogen
atmosphere, for different electron concentrations at the boundary are illustrated in
Fig. 4. Note the very strong dependence of the current on the length of the cell. For
comparison, the space charge limited current, as given by J = 9, 12£,/8 has also
been drawn, where u_ is the electron mobility in nitrogen and / the cell length. Due to
the diffusion, the current always exceeds the space charge limited current, and
moreover current is seen to flow for negative bias voltages, where repulsion of the
electrons takes place. The cutoff voltage for current is on the order of 50-100 mV for
most of the cells of interest.

The electron profile and the electric field across the cell are illustrated in Figs. 5
and 6. for electron fluxes of respectively 0 and 1 - 10*!/cm? - sec (current densities of 0
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Fig. 4. Current-voliage characteristics of planar diodes, for various electron concentrations N (0) at the
anode mesh and various anode—collector spacings, L. Note that because of the diffusive flow enhancement
current can flow even with negative collector bias. With increasing anode-collector separation, the required
voltage for a given current increases quite rapidly. The space charge limited current, neglecting diffusion is
also illustrated for spacings of 1 and 3 mm. The ambient gas is assumed to be nitrogen. Curves: 1, N (0) =
2.8-10* electrons:m>, L = 0.5 mm; 2, N(0) = 2.8-10"* electrons/m’, L = 1 mm; 3, N (0) = 2.8-10"*
electrons'm?, L = 3 mm; 4, N(0) = I-10"* electrons/m>. L = 1 mm: 5, space charge limited flow, L = 1
mm: 6. space charge limited flow, L = 3 mm.
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Fig. 5. Normalized electron profile N (x)/N(0) and electric field £ across the detection chamber for zero
current. The electron density at the anode N _(0) is assumed to be 10%/cm>. As the electrons enter the cell,
the field opposes their entry; near the collector the diffusion gradient is zero. and so is the field. Nitrogen
has been assumed for the carrier gas. Cell bias = —80 mV.

and 1.6-10~% Ajcm?). At zero total current. the diffusion and drift current obviously
balance each other everywhere, and the electric field will always be positive, opposing
the electron motion everywhere since the diffuse flow is always in the same direction.

As the current increases (Fig. 6), the electron concentration in the cell in-
creases, as expected. The electric field is seen to change sign in the cell, opposing the
entry of electrons at the grid, and pushing them towards the collector in the collector
region. The nature of the current in the cell therefore changes gradually from pre-
dominantly a diffuse flow near the anode to drift flow near the collector.

The above characteristics have all assumed the absence of electron capturing
compounds in the cell. When the electrophilics are introduced, the field and electron
distribution are changed, due to the immobile space charge of the ions (Fig. 7). It has
been assumed that the cell is operating under constant-current conditions, and an
increase in bias voltage of about 25 mV has been necessary to maintain the same
current as before the introduction of electrophores. The unionized electrophilic con-
centration is assumed to be distributed uniformly across the cell, and equal in magni-
tude to the electron concentration at the grid. A dwell time of 50 msec has been
assumed. Note that the ion concentration is by no means uniform, and follows a
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Fig. 6. Normalized electron profile and electric field across the detection chamber for an electron flux of
5-10* cm? -sec (f = 8- 10™* A.cm?). The electron density at the anode is again 10%/cm®. Note the increase
in average electron density as compared with Fig. 5. Bias voltage is 130 mV. The electric field now changes
sign in the cell. opposing the entrance of electrons at the anode, but aiding diffussion at the collector.

pattern similar to the electron concentration. Moreover. the ionization is far from
complete. This is in contrast to the radioactive ECD, where for small concentrations.
the ionization may approach 100%.

The response curve, namely the voltage across the cell necessary to keep the
current constant, with varying concentrations of electrophilics, is illustrated in Fig.
8. The abscissa represents the electrophore concentration, normalized to the electron
concentration at the grid. In this case, the response is nearly linear in the electrophore
concentration. Fig. 9 illustrates a similar characteristic with the same equilibrium
current, but taken under the condition of constant voltage (—4 mV). The ordinate
now represents the cell current, normalized to the equilibrium value of the undisturb-
ed cell and, as before, the abscissa represents the injected electrophilic compound
concentration, normalized to the electron concentration at the grid. The current at
first decreases linearly with the injected compound concentration, but becomes rather
quickly supralinear.

One particular characteristic of the constant-voltage mode. according to this
model. is that over a restricted range the normalized current-concentration charac-
teristic is almost independent of the current value used as long as the cell voltage stays
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Fig. 7. Electron concentration N (x)/N(0) (1), ion concentration Ny(x)/N(0) (2) and electric field E_(3)ina
planar cell of length 1 mm, electron flux density of 1 - 10** electrons/cm? - sec (f = 16 nAfcm?). The electron
concentration is normalized to the concentration at the grid, and similarly for the ion concentration, both
of which are assumed to be 10%/em?>. To accommodate the ionic space charge, the collector voltage has to
be raised from —4 mV (in the absence of electrophilics) to 22 mV.

below 200 mV. Doubling the equilibrium current, which requires the voltage to be
increased to 40 mV, gives rise to a very much identical characteristic (see Fig. 9).

All of the above characteristics were obtained with nitrogen as the carrier gas.
and an electron mobility assumed to be 1.35-10* cm?/Vsec (ref. 13). For argon—
methane mixtures, (either 5% or 10 9{ methane) the mobility and diffusion coefficient
have been assumed to be three times larger’*. The response of the same physical cell of
Fig. 8. with identical electron concentration and operating at the same constant cur-
rent, but using argon-methane as the carrier gas, is illustrated in Fig. 10.

The equilibrium value of the current can now be maintained with a reverse bias
of almost 50 mV. Note however that the response is quite sluggish for low elec-
trophilic concentrations. In fact, the response can even become inverted for low
concentrations, that is introduction of an electron capturing compound will reduce
the bias signal (under constant-current operation). This anomalous behavior is by no
means peculiar to argon—methane mixtures, although it is somewhat more pronounced
in them. It is characteristic of the cell behavior, when the operating conditions are
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Fig 8. Calculated response cunie for a planar detector operating in the constant-current mode. The con-

ditions are the same as in Fig. 7: electron flux 1 - 10!! electrons/cm?-sec (j = 1.6 x 167% A.cm?), electron

concentration N (0) = 1-10%/cm?, cell length = 1 mm. Plotted is the voltage acress the cell required to

keep the current consiant as a function of the unionized electrophilic concentration AV, flowing through the

cell. The electrophilic concentration is normalized to V(0). the electron concentration at the anode.
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Fiz. 9. Calculated response curve for a planar detector operating in the constant-voltage mode. The
conditions are similar to Figs. 7 and 8: electron concentration at the anode N (0) = 1 - 10%/cm?, cell length
! mm. cell-bias voltuge —4 mV. At rest, with no electrophilics present. the electron flux Jg is 1-10%*
clectronsicm?® -sec (f = 1.6- 107 A/cm?®). Plotted is the variation of the normalized cell current, J;J, as a
function of the unionized electrophore concentration .V; normalized to N (0) introduced in the cell. The
dotted line indicates the response curve, when the cell voltage is increased to 40 mV. The electron current at
rest doubles. (J, = 2-10*! electrons cm® - sec) but the normalized graph of current versus electrophore
concentation is very much identical.
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Fig. 10. Calculated response curve for a planar detector operating in the constant-current mode, but using
argon-methane (3:95) as the carrier gas, instead of nitrogen. The cell length /is 1 rom. the electron density
NJ0) = 1-10%/cm>, the constant electron flow J, = 1-10'! electrons/cm®-sec (j = 1.6-107% Afem?).
Note the large negative bias voltage at rest, due to the increased electron diffusion and mobility, and the
sluggish response for small electrophore concentrations.
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Fig. 11. Calculated response curve for a planar cell, operating in the constant-current mode, with nitrogen
as the carrier gas, but with the current reduced by a factor of ten as compared to Fig. 8 (L = I mm. N, =
10%/em3, J, = 1-10° electrons/cm? -sec. j = 1.8-107? A/cm?). The response is now seen to be inverted
at low electrophore concentrations. In this region, increasing concentrations of electron capturing com-
pounds causes the cell voltage to decrease, rather than increase as is normally expected. This behavior is
thought to be due to the predominance of diffusion under the conditions of low current.
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chosen such that the cell is operating under reverse bias, which typically corresponds
to small current values.

For example, Fig. 11 illustrates the calculated characteristic for the cell, operat-
ing under identical conditions as in Fig. 8, operating with nitrogen as the carrier gas,
except that the current density has been reduced by a factor of ten. The bias voltage
has now become quite strongly negative, at equilibrium, and becomes even more so
when electrophores are introduced.

As stated. these inverted responses are found to occur only when the cell is
strongly reversed biased. Clearly diffusion is the main driving force under those
conditions, and it is perhaps not too surprising that if some electrons are removed (by
conversion into ions), that the electron gradient is increased, and that therefore the
diffusion current increases. However, as the ion concentration starts building up, the
field effects eventually overpower ihe diffusion effects, and the response reverts to
normal.

The effect also occurs in the constant-voltage mode, when a strong negative
bias is imposed across the cell, such as to make the current quite small. This is
illustrated in Fig. 12, where the current is seen to increase first with increasing elec-
trophore concentrations. until it eventually decreases at higher concentrations.

1.8 T T T T T

024 =
0 t t T 1 t
o 2 4 6 8 10
NyiNeto)

Fig. i2. Calculated response curie for a planar detector, using nitrogen operating under constant voltage
with a strongly negative cell bias of —61mV [L = 1073, & (0) = 10%.cm?, standing current J, = 1-10'°
electrons;cm? - sec]. Plotted is the cell current, normalized to J,. as a function of the electrophore concentra-
tion in the cell [normalized to V,(0)]. The response is again anomalous, giving an increase in cell current
with introduction of the electronegative compounds. At higher concenirations however. the response
becomes normal, due to the increasing ionic space charge.

RESULTS

A typical chromatogram, taken with a detector as illustrated in Fig. 2, is given
in Fig. 13. A 1-ul injection of isooctane was made containing 3 pg of both lindane and
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Fig. 13. Typical chromatogram obtained with the non-radioactive ECD for an injection of 1 gl of iso-
octane containing 3 pg of both lindane and aldrin. The chromatographic conditions were as follows:
Hewlett-Packard Type 5710 chromatograph, 6-ft. Supelco column, Type E6806, column temperature
220°C (isothermal). injection port and detector temperature 250°C. nitrogen carrier gas flow 60 mlymin.
nitrogen guard gas flow 120 ml/min. Horizontal scale: 13 divisions per min, vertical scale 100 mV. The
detector was operated in the constant-current mode with a cathode-anode current of 10 #A and an anode—
collector current of 10 nA (bias voltage at rest 20 mV).

aldrin, on an HP 5710 chromatograph. A 6-ft. Supelco column, Type E6806, was
used in these experiments, with nitrogen as a carrier gas at a flow-rate of 1 ml/sec, and
with the guard gas flow set at 2 ml/sec. The column temperature was maintained at
220°C, and both the injection port and the detector were kept at 250°C. Ultra-high-
purity carrier gases were used in all the experiments, together with vacuum tight
fittings and large well baked out moisture traps and tubing, to provide the cleanest
environment possible.

This chromatogram was taken in the constant-current mode with the cathode—
anode current fixed at 10 uA, and the anode—collector current maintained at 10 nA, at
a bias of about 20 mV. Note the very distinct, noise-free signals, even at this low level
of injection.

The response curve for lindane. from 1 pg to 1 ug. is illustrated in Fig. 14. The
incremental signal follows an almost 3 power law, although not exactly so. If the
response were extrapolated with the same slope to lower injections. a signal-to-noise
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Fig. 14. Peak response cunie of the ECD for lindane. measured under the sume experimental conditions as
Fig. 13. The response follows approximately a two thirds power law. If this response curve were to be
cxtrapolaled te the neise, the minimum detectable signal (signal-to-noise ratio = 2) would be 320 ag.

ratio of two (representing the minimum detectable signal) would be obtained at an
injection of 320 ag (320- 10713 g). It is. however. quite possible that the slope be-
comes more linear at lower levels; no subpicogram level injections have been at-
tempted because of the difficulty of preparing correci dilutions at this level.

It is interesting to compare the experimental values with the estimates from the
theory. Typically, a 1-pg injection of lindane will give a peak signal amplitude of
about 30 mV. A total injection of 1 pg of lindane will, under the experimental con-
ditions, give rise to a peak concentration of 10® atoms per cm? in the detector. The
average electron concentration on the anode is subject to some approximations, due
to the difficulty of guessing the exact form of the current spreading from cathode to
anode. Assuming cylindrical space charge flow, the best estimate is on the order of 10®
electrons per cm® at the anode (for 10 uA of primary current). The ratio of the
electrophilic to the electron concentration is therefore close to one. and since the
experimental conditions are very close to those illustrated in Fig. 8. with N;/N_ = 1.
the expected signal is about 25 mV. The agreement is remarkable, and probably
fortuitous, in view of the drastic approximations made in the numerical computation.
The numerical model. however, does predict a linear concentration behavior in the
picogram region, which is not born out by the experiments. On the other hand, it is
interesting to note that the negative peaks predicied by the theory are indeed experi-
mentally observed and precisely under those conditions, which indicated by the
theory namely strong negative bias and low cell current.

At low injections (picogram) negative peaks are seen; at higher injections (20—
30 pg). there is a negative precursor, followed by a positive peak, precisely as would
be expected. Results for a similar, although not identical, detector operating in the
constant-voltage mode, are illustrated in Fig. I5 again for lindane. Obviously, there
will be a decrease in dynamic range if the sensitivity is increased. since the current can
hardly be expected to drop below zero. The best observed experimental sensitivity
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Fig. I5. Response curve for lindane. with the detector operating in the constant-voltage mode of oper-
ation. Bias voltage 200 mV, bias current at rest 8.1 nA. Plotted is the percentage suppression of the
standing current, versus the total amount of lindane injected. The observed response, normalized to the
standing current, is experimentally found to be largely independent of the standing current for small bias
voltages. as predicted by theory.

was a current reduction of 65 9{ at a 33-pg injection with a bias voltage of 200 mV. If
the graph of Fig. 9 is taken to be representative, a 63 ¥/ reduction in current would be
obtained for a 4-pg injection, versus the 33 pg observed experimentally. The bias
voltage was, however, 200 mV versus the —4 mV obtained from the computation,
indicating that probably substantial amounts of electrophores were present, even at
equilibrium. The independence of the shape of the relative response curve was. how-
ever. experimentally verified.

When using the constant-current mode. a slight peak broadening, as vet un-
explained, is generally observed at the 1G-ng level.

Although only results with lindane and aldrin are represented, the detector was
found to be sensitive to any of the common electron-capturing compounds such as
Mirex, diazepam, anthraquinone, malathion, etc. Correlation between the observed
response in a radioactive detector and this detector is very strong. A 10-u] injection of
room air containing 1-107'* g/ul of carbon tetrachloride. gave signals about 30-40
times above the noise (the column temperature was at 60-C in this case, to provide for
sufficient time separation between the air peak and the carbon tetrachloride).

The detector appears to tolerate overloads without prolonged noticeable ill-
cffects, and seems to require very little clean-up time after removal from the chroma-
tograph. Detectors removed from the chromatograph, stored for a few days in a clean
bench and remounted were found to be almost in complete equilibrium in a time span
of 2-3 h. whereas a radioactive detector treated the same way, might require at least 1
day.
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CONCLUSION

A new type of ECD has been described which uses a thermionic source of
electrons, rather than the usual radioactive source. This allows the use of a sensitive
new mode of operation, due to the phenomenon of space charge amplification. It
appears that femtogram quantities of capturing compounds may be detected with this
detector. A one-dimensional theory of operation has been developed and shows
agreement with the experimental results. In view of the simplicity of the reactions
taking place, it is hoped that this detector will allow eventually a full theoretical

understanding of its operation.
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