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SUMMARY 

A theoretical model is developed to investigate the effects of anion collection 
on the linear response of the constant-current mode of operation of an electron- 
capture detector. The results indicate that a non-linear response is expected at high 
pulse frequencies. The dependence of the linear range on reference current, base 
frequency, electron concentration and attachment rate constant is examined. A 
means of extending the linear range by preventing the collection of anions is dis- 
cussed. 

INTRODUCTION 

Many theories have been formulated to describe the basic operation of elec- 
tron-capture detectors. The earliest kinetic model was that of Wentworth et aI.l for 
the constant-frequency pulsed mode of operation. This mode suffers from having a 
limited linear range. A substantial improvement in the linear response was effected 
by Maggs et al.z who suggested that the electron-capture detector be operated in the 
constant-current mode. Using a simplified form of Wentworth’s equation, in which 
the reverse of the electron attachment process was neglected, Maggs showed that the 
collected current Z, for a given electron production rate per unit volume k,q, in a cell 
of volume V, is given by 

z= k,qV 
(kd + ckl)T 

1 _ e-w,+ck,)T 

1 

where c is the sample concentration, kI the attachment rate constant, kd the pseudo 
recombination rate constant and T is the pulse period. If the pulse frequency (f = 
l/T) is changed as the sample concentration is varied, so as to keep the collected 
current Z equal to a constant reference current Z, then 

(kd + ckl) T = K = (k,j + ck,),!! (2) 
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where K is a constant. The change in frequency is proportional to the sample con- 
centration and is given by 

wheref* = kd/K (c = 0). 
Although the constant-current mode was found to significantly increase the 

linear range of the electron-capture detector, the linearity was not limitless as is 
implied by eqns. l-3. Some additional mechanisms must exist to account for the 
observed non-linear response at high sample concentrations. The inability of this 
model to account for this discrepancy is due to the simplifying assumptions that were 
made in deriving these equations. An extended analysis by Sliwka et aL3 included the 
effects of the finite pulse width and electron drift velocity in the operation of the 
electron-capture detector. More recently Gobby et aL4 investigated many of the as- 
sumptions of these theories and proposed a model based on space charge driven 
charge migration, which included the dynamical effects of the positive ions. Although 
many of the basic assumptions were quite different from those of the classical model, 
the resulting equations describing the response as a function of sample concentration 
were identical to those derived by Wentworth. These models were quite successful in 
describing most of the main features that have been experimentally observed for 
small sample concentrations. Lovelock5,6, and Knighton and Grimsrud7,8 have suc- 
cessfully applied similar theories to the case of strongly attaching compounds, where 
the effective concentration of analyte in the detector cell is reduced due to destructive 
electron attachment. However, none of the models even qualitatively can account for 
the loss in detector sensitivity that is known to occur at higher sample concentrations 
for the constant-current electron-capture detector. 

In this paper a theoretical model which includes the collection of anions is 
used to investigate the importance of this process in the reduction of the response. 
It will be shown that many of the experimentally observed features that occur at 
large sample concentrations can be qualitatively explained in terms of anion collec- 
tion effects. 

MATHEMATICAL MODEL 

The analysis presented here not only includes those processes involving the 
electrons, but also specifically takes into account the dynamic effects of the anions 
formed by the electron-attachment process. The chemical processes to be considered 
are listed in eqns. 4a4d and are: (4a) 63Ni-induced thermal electron formation; (4b) 
irreversible electron attachment; (4c) loss of electrons by recombination with positive 
ions; and (4d) loss of anions by recombination with positive ions. In addition to the 
chemical processes the dynamic effect of charge removal by the applied electric field 
must be included. These processes are given in eqn. 5. 

kp 
P+8*-+P++e-+/7 (4a) 

kl 
A + e- + A- (4b) 
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kze 
P+ + e- ---, N 

k2A 
P+ + A- + N” 

k3e 
e- + Anode (5a) 

k3A 
A- + Anode (5b) 

The rate equations to be solved that describe the processes given in eqns. 4 and 5 
can be divided into two different time regions. Region A where the electric field is on 
(0 d t < tp), where t, is pulse width; and region B where the electric field is off 
(t,, < t < T), where T is the pulse period. The differential equations for the two 
regions are given in eqns. 6 and 7. 

(A) 0 d t < t, 

d (e-1 - = k, - k, (e-) 
dt 

d (A-1 ~ = kl (A) (e-) - kA (A-) 
dt 

k, = k~ (A) + 0”) k2e + k3e 

kA = k2A (p+> + k3.t 

(B) t, < t < T 

d (e-1 
- = k, - Ke (e-) 

dt 

d (A-) 
___ = kl (A) (e-) - ki (A-) 

dt 

(64 

(6b) 

(64 

(64 

(W 

G’W 

k: = kl (A) + (P’) kze (7c) 

kA = k2A (P’) (74 

In order to make analytical solutions to eqns. 6 and 7 more tractable, some assump- 
tions need to be made. The first assumption is that the processes within the cell are 
homogeneous. Grimsrud and Connally9 have investigated the spatial distribution of 
ions and electrons within cells of cylindrical symmetry. He has found that for a cell 
with a diameter of 5 mm, the relative ion density at the center is only 20% less than 
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at the walls where the 63Ni source is located. This is sufficiently homogeneous for 
the discussion given here. The rate at which electrons and positive ions are created 
per unit time and volume can thus be approximated by a constant, k,. The second 
assumption is that the positive ion density remains constant, independent of pulse 
frequency. This would allow the quantities involving (P’) in eqns. 6c and d, and 7c 
and d to be taken as constants. The results of Gobby et aZ.4 and the investigations 
of Grimsrud and co-worker@,’ OM1 z indicate that this is a quite reasonable assumption 
for the constant current mode of operation. The last approximation is that the electric 
field is constant throughout the cell. This allows the rate constant for charge removal 
by the field to be expressed as a constant 

kae = v,A/V (84 

kJA = vAA/V (8b) 

Ve,A = &Au (8~) 

where v&A = electron or anion drift velocity; A = area of anode; V = volume of 
Cd; K, = electron mobility13,14; & = anion mobility13,14; U = cell potential. 

Although these rate constants are strictly true only for constant electric fields, 
E (i.e., parallel planar electrode geometry where E cc Cl) this approximation should 
be reasonable if the average field is used and since all other kinetic processes have 
been assumed to be homogeneous throughout the cell. A more detailed analysis of 
this assumption will be made in a later section of this paper. 

It can be seen from eqns. 6b and 7b that the solutions of the equations for the 
anions require a knowledge of the electron concentrations as a function of time for 
the time intervals A and B. The solution of eqn. 6a for region A for one time cycle 
is 

(9) 

where (e-)o is the electron concentration at t = 0, which is initially unknown, but 
must match that at the end of the first time cycle t = T. The general solution of eqn. 
7a for region B is 

The solution given in eqn. 10 for t = T can be used to solve for (e-), in region A for 
the next cycle of time. The electron concentration after m cycles at the beginning of 
the voltage pulse in region A at time mT is 

(11) 
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where 

kP -krtp 
(e-1(, - 1)~ - k e 

e 1 
After several cycles 

lim (e-),T = (e-)(, - ljT = (e-)T 
ln-+I, 

and 

lim (e %, 
m-b53 

= (e-)(, - l)t, = (eJp 

Thus 

5 

(12) 

(13) 

Which allows the electron concentration at the beginning of the extraction pulse in 
region A to be found 

-k:(T - tJ k, -k,t, - k:(T - t,,) 
e (14) 

k: 

1 _ e-k.t, - k:(T - tJ 

Thus the general solution of equation 6a for region A is 

(e-), = 2 + e- 
e 

[( IT - 2jLke’ 
The electron current collected at the anode during the extraction pulse is 

tP 

I, = i (e-), qdv,dt 
s 
0 

where (e-), is given by eqn. 15. The result is 

I, = qAv, 

-UT - tp) 1 -k,t, - k:(T - tP) 

ke 
e 

(15) 

(16) 

(17) 

(18) 
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Now that expressions for the electron concentration as a function of time for region 
A have been obtained, eqn. 15; and for region B, eqn. 10; it is possible to return to 
eqns. 6b and 7b and solve for the anion concentrations as a function of time. Using 
the same approach as above and requiring: 

lim (A-)*r = (A-)(,,, - ljT = (A-)T 
m+m 

and 

lim Wlmtp 
m+cJ 

= (A-),, - I)~, = (A3P 

The resulting solutions are 
Region A 

A B 

1 

-k,t 
(A-It = (A-h- - g + (ke _ kA) e + 

(1% 
+$ B -k.t 

A (‘h - kA) e 
where 

A= 
k&l 
FandB = [ce-), - :]k, 

e 

Region B, t = T 

$ + B 1 
-Up +p- B -k&t, 

(A-)T = 
A 6 - k,d e A (k, - k,d e 

e-&CT - tp) _ e-kAt, 

-cI+ B -k;t, -k:T kk(T - tP) 

kk (k: - k;) e + k; B 
(k: - kA) e 1 e 

(20) 
e-kk(T - tP) _ ,-k,t, 

where 
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The anion contribution to the collected current is thus 

tP 

IA = ; (A-), qdv,dt 
s 
0 

(21) 

-kdp 

e 

A B 

+ G ” + k,(k, - kA) 1” 

- 1 + 1 

The total current collected at the anode is therefore 

It = 1, + IA 

(22) 

1 
11 

(23) 

It is of interest to examine some of the limits of each term in eqn. 23. In particular: 

lim (1, + IA) = 1, 
T + large 

Y* + small 

(24) 

(25) 

Using eqns. 6c and 7c to express eqn. 25 explicitly 

M= qk, ’ ‘1 Ave 

Ii 

1 

T 
k~(x) + 0”) be + $ k,(x) + (P+Wze - 

(26) 
1 

I 

-(k,(X) + P’) kze) 
l-e 

h(x) + @‘+> be + % 

Ei%& = e 

!Eg[l _ e-*:T] (27) 

This is identical to the classical equation of Wentworth, eqn. 1. 
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EXPERIMENTAL 

A Varian Vista 6000 gas chromatograph with a 1075 split/splitless injector was 
used for this study. A Varian 402 chromatography data system was used to store raw 
data and process it. The electron-capture detector cell was a standard 0.300 ml dis- 
placed coaxial design l 5,16 and the constant-current electronics were modified to allow 
the reference current and pulse voltage to be variable. The detector temperature was 
maintained at 300°C and 30 ml/min of nitrogen was added to the cell in addition to 
the 1 ml/mm helium column flow. The column was a 15 m x 0.32 mm I.D. bonded 
methylsilicone (SGE). The calculations for the numerical model were done with a 
HP1000 computer. 

DISCUSSION 

Fig. 1 shows a plot of the solution of eqn. 23 for the constant current mode 
using the parameters listed in Table I, in which the value of the frequency,f = l/T, 
was iterated until It = Iref.. The line marked (W) is the solution for the classical 
Wentworth equation, eqn. 27. The remaining curves are for different values of anion 
drift velocities; O-300 cmjsec. In the limit in which the anion drift velocity is equal 
to that of the electron, they both would contribute equally to the collected current. 

Fig. 2 shows sensitivity plots for several compounds. Although each compound 
has a different sensitivity and hence a different detection limit, the concentration at 
which the compound sensitivity is decreased by 10% is also different. The result is 
that the linear range is approximately the same for all of these compounds. In ad- 
dition, the pulse frequence at which this non-linearity begins is almost the same for 
every compound, 65 kHz (dashed line in Fig. 2). The only significant property that 
is different for each compound is the attachment rate constant kl. From eqns. 6 and 
7 it can be seen that this always enters the equations as the product k,(A). Therefore, 

LOG CONCENTRATION (molecules/ml~ 

Fig. 1. Calculated sensitivities for values of anion drift velocities 0, 10, 50, 100, 200 and 300 cm/%x. 
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TABLE I 

PARAMETERS FOR CALCULATION 

Parameter 

k, 
k Ze 
k 
k:*(lindane) 
(P’) 
V, 
VA 

V&t? 

7.4 . lOlo ml set-’ 
3 10m6 ml set-’ 
3 10m6 ml set-’ 
8. lo-‘ml set-’ 
1.6. 10s ml set-’ 
3 . 10’ cm set-’ 
200 cm set- ’ 
40 v 

Reference Nos. 

7-12 
7-12 
7-12 
25, 26 
7-12 
21, 22, 24 
23, 24 

V 0.300 ml 
A 0.200 cm’ 

tP 6. 10-7 
I ref 2.96 lo-“’ A 

Contaminant concentration (c) 1 . IO’O molecules ml-l 
Rate constant (k,J 1 . lo+ ml set-L 
Recombination (kZAC) 3 10e6 ml see-’ 

if all other parameters in eqn. 23 are kept constant this implies 

kl(A),~, = constant (28) 

A’lg. 3 shows a graph of a series of sensitivity calculations using the data in Table I, 
and only changing the attachment rate constant kl. The calculation was performed 
by using literature values for k,, kze, kzA, (P’) and v,. The value of vi was varied so 
as to best match the experimental roll off in sensitivity for lindane. The value of kl 
was then chosen to yield the same concentration at which the sensitivity was de- 
creased by 10% as was experimentally observed for lindane. The resulting values for 
VA and kl are physically reasonable, although no literature values are accurately 
known for these quantities. The detection limits were calculated by assuming a con- 

O- I I I I I 

8 9 10 11 12 13 1 

LOG CONCENTRATION (molecules/ml) 

Fig. 2. Experimental sensitivities. Dashed line on right is the interpolated concentration for which the 
response equals 65 kHz. Reference current 2.96 lo- lo A. 
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1.0 
c 

zO.8 - 
; 

z 
f 0.8 - 
u) 

g 
;0.4- 

9 

: 
0.2- 

\ 
‘, 

2.7 . 10-n 

\ 1.8 . 10-a 
\ 
\ 

\I 
9.0 . 10-g 

\ \ 
\ 

0 t, 1 
8 9 10 11 12 13 14 

LOG CONCENTRATION (molecules/ml) 

Fig. 3. Calculated sensitivities using the parameters in Table 1. Reference current 2.96 lo-” A. Attach- 
ment rate constant kI is varied from 9 . lo-’ to 9 1O-g ml set-‘. 

stant noise level, due to the presence of an electron-attaching contaminant. Again 
the calculation confirms that as long as the anions and electron drift velocities remain 
constant, the pulse frequency at which the sensitivity is decreased by lo%, fman, is 
always the same even though the concentration C,,, is different. 

The effects of changing the reference current is shown in Fig. 4 using lindane 
as the test compound. As the reference current Zrer is changed, the average electron 
concentration in the cell changes and therefore the base frequency fe, and also the 
frequency at which the non-linear response occurs. However, the sample concentra- 
tion C,,, remains the same. The calculated sensitivities shown in Fig. 5 again used 
the data from Table I and only the reference current was varied. At extremely high 
concentrations the model predicts a greater loss in sensitivity than is observed. This 
may be due to the build-up of enough space charge due to the anions, that a counter 
field has developed17Js. 

As discussed previously the noise level was assumed to be due to the presence 

I = 4.8 . 111 kHz 

c 
f, = 4.1 kHz 

5 0.8 - 

I = 1.46 . lo-‘0 

0 ’ I I I I I I 
8 9 10 11 12 13 14 

LOG CONCENTRATION (molecules/ml) 

Fig. 4. Experimental sensitivities for lindane. Reference current varied: 1.46 . IO-“, 2.96 . 10-l’, 4.8 . 
10-lo. The circled points are the frequencies where the sensitivities are reduced by 10%. 
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wo.4 - 
2 

I 
I = 1.46. lo-‘0 

&.2- fo= 1.21 kHr 

: 
o- , I I b I I I 

6 9 10 11 12 13 14 

LOG CONCENTRATION {molecules/ml) 

11 

Fig. 5. Calculated sensitivities using the parameters in Table I. Reference current varied: 1.46 . lo-“, 
2.94 . lo-lo, 4.8 . lo-lo. The circled points are the frequencies where the sensitivities are reduced by 10%. 

of a contaminant, such as oxygen which is always present at levels of a few ppm. 
When the reference current is changed, not only is the sensitivity for the sample 
changed; but also the sensitivity (and the noise level) of the contaminant. Thus the 
calculations predict that the signal-to-noise ratio will be unchanged. The actual mea- 
sured signal and noise as a function of base frequency is shown in Fig. 6. The base 

i 

c (SIGNAL/NOISE) / 100 
. 

9 . 
. 

S- 

7- 
: 

$ 

56 

i 
I 

a” 
L 

4- 

3- 

2- 

1 r 

9 
it 
: 

-10 

-6 

-6 

-4 

-2 

I I I I I I I I 
1 2 3 4 5 6 

BASE FREQUENCY (kHr) 

Fig. 6. Experimental response to 16 pg lindane, noise and signal-to-noise ratio. 
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0.8 - 

z 
5 ; 0.6 - 

3 
2 - 
3 

F 
0.4 - 

5 
=0.2- 
L 

. 
. 

. 
. 

. 
. . 

I I I I I 

10 11 12 13 14 

LOG CONCENTRATION (molecules/ml) 

Fig. 7. Experimental sensitivities for lindane for different pulse voltage amplitude: -60, -40, -20 and 
- 10 V. Solid line is calculated as described in text. Curves for -40, -20 and - 10 have been displaced 
down by 0.1, 0.2 and 0.3 units, respectively. 

frequency was varied by changing the reference current. It can be seen that the sig- 
nal-to noise ratio is essentially a constant. 

As a final test of the model, the effect of changing the pulse voltage was in- 
vestigated. As the pulse voltage was changed, the reference current was adjusted so 
as to have the same base frequency. The experimental points are shown in Fig. 7, 
along with the calculated (solid) curves. The curves for -40, -20 and - 10 V are 
displaced downward for clarity. The model predicts, and the data confirms within 
the experimental error, that the response is the same. Each experimental data point 
is the average of three injections. The experimentally measured reference currents 
that were required to maintain a constant base frequency were found to vary almost 
as the square root of the pulse voltage, and are listed in Table II. Also listed are the 
drift velocities used in the calculation to maintain a constantfo when the experimental 
values of reference current were used. These drift velocities were obtained by itera- 
tively changing them until the same experimental value off0 was obtained for each 
new value of Iref. The value of the anion drift velocity was then changed assuming 

TABLE II 

CALCULATED DRIFT VELOCITIES 
f0 = 2.5 lo3 Hz. 

u (Vi Ler ( IO” A) ve (cmlsec) 

(ev) (ev) (talc.) 

-60 3.61 . lo-” 3.7 . lo5 
-40 2.96. 10-l’ 3.0 . lo5 
-20 2.14. lo-lo 2.2. lo5 
-10 1.45. 10-10 1.5. lo5 

vA (cmlsec) 
(talc.) 

245 
200 
146 
100 
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that it changed linearly with the average electric field. The model as presenteu above 
predicts a linear relationship between the collected current and the applied potential 
if all other parameters, includingf,, are kept constant. This is due to the assumption 
of a uniform electric field within the cell as shown in eqn. 16, which according to eqn. 
8 is linearly proportional to the applied voltage. This equation describes the volume 
of the cell from which electrons can be extracted by the applied field during the time 
t,. This volume is given by the product of the cross sectional area of the cell, A, the 
drift velocity, v,, and the time interval, t,. If all other parameters, i.e.,f& are kept 
constant, then increasing U will result in a linear increase in the collected current. 
However, the electric field within the displaced coaxial cell used in this work is not 
uniform. In a previous paper 1 5 the electric field distributions for various cell geo- 
metries were calculated. It could be seen from the distribution of the equipotential 
surfaces that the field near the anode in the displaced coaxial cell was similar, al- 
though somewhat weaker, than the fields in a coaxial cell of similar dimensions. As 
a first approximation the coaxial field can be used to estimate the volume of the cell 
from which charge can be extracted by a given applied potential. The collected cur- 
rent is given by 

I=$,-,... (29) 

where (e-) is the time averaged electron concentration, the last term AR is the volume 
from which charge can be removed in time t,, and R is the maximum axial distance 
from the anode from which an electron can be collected. The latter quantity can be 
determined from 

dr 
- = k,E, 
dt 

where k, is the electron mobility14, Y is the axial position of the charge and E, the 
electric field intensity for the concentric cylinder symmetry, is given bylg 

EL% 
I 

r 

where U is the applied potential and G is a geometry factor. 
Integrating eqn. 30 gives 

K,dt 

0 0 

R = (2UGk,tp)‘/2 

(31) 

VW 

Wb) 

(33) 

Thus from eqn. 29: 

I a( up2 
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TABLE III 

CALCULATED COLLECTION VOLUMES 

u (V) I ( 1O’O A) 

(e-v) 
I* V** e 

-60 3.61 2.49 2.15 
-40 2.91 2.01 1.80 
-20 2.14 1.48 1.35 
-10 1.45 1.00 1.00 

* Experimental values normalized to Zref at - 10 V. 
l * VC is the relative collection volume calculated from the electron trajectories. 

Therefore the value of the drift velocity used to determine the rate constants in eqn. 
8 is not directly proportional to the applied potential, but should represent an average 
value throughout the region of the cell from which charge can be extracted. This 
quantity varies more like the square root of the potential. 

A more accurate determination of the relation between the applied voltage and 
the collected current was obtained by numerically calculating the electric field 
throughout the cell, as was done previously ls for the voltages listed in Table III. 
From a uniform distribution of initial points throughout the cell, the equations of 
motion were solved and the actual trajectories of the electrons were determined. Only 
those starting points that resulted in a trajectory striking the anode within the time 
period t,, were counted in the collection volume. The relative number of points that 
made up the collection volume at each applied potential, should be proportional to 
the collected current. The values that were calculated in this manner are listed in 
Table III and are in reasonable agreement with the experimental values. 

In order to prevent the collection of anions at high pulse frequencies a bipolar 
pulsed circuit has recently been employed 20. The first pulse was of negative voltage, 
followed immediately by a positive pulse of equal duration. The results were en- 
couraging. No effect was observed with the bipolar circuit until pulse frequencies 
greater than 50 kHz were encountered. Beyond this value an increase in linear re- 
sponse was observed as the amplitude of the positive pulse approached that of the 
negative pulse. An improvement in the linear response by almost an order of mag- 
nitude was effected; the improvement being greatest when the base frequency was 
lowest. 

CONCLUSIONS 

The model developed in this paper has been shown to be capable of providing 
a semi-quantitative explanation for the decreased sensitivity of the constant-current 
electron-capture detector at high sample concentrations. A more accurate calculation 
requires a more precise determination of the parameters in Table I. In addition is 
shown that it is not necessary to remove all of the electrons from the cell in order to 
obtain a linear response. In a future paper additional experimental data will be pre- 
sented for measured electron and anion contributions in the electron-capture detec- 
tor, including relative drift velocities obtained under actual electron-capture detection 
conditions; i.e., atmospheric pressure and high temperature. 
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It would appear that the continued development of a more accurate model of 
the electron-capture detector would require a finite element analysis. This approach 
would allow one to take into account the inhomogeneities of the different processes 
that are occurring within the cell. The expression given by Grimsrud and Connally9 
would allow the determination of the electron-ion production rate (k,) at each nodal 
point within the cell. In a previous paper’ 5 a numerical solution of Poisson’s equation 
for an arbitrary charge distribution allowed the calculation of electron and anion 
drift velocities with cells of various geometries, This allows the determination of 
charge flux (electron, anion and cations) into and out of each nodal point within the 
cell, due to the applied electric field, i.e., kJe and ksA in eqn. 5 would be known as 
a function of time and space. The additional field due to the space charge at the 
surrounding nodal points should now be included. Knowing the charge density at 
each point would allow the solution of the coupled kinetic eqns. 6 and 7 at each 
point in space and time without the assumption (P’) = constant. The integration 
of these equations with respect to time would determine the collected charge at the 
anode, for a single pulse cycle. This process would have to be iteratively repeated 
until a self consistent solution is obtained. The value of being able to solve such a 
complex model is that it would allow the design of an optimized electron-capture 
detector from an understanding of all processes that are occurring; not simply those 
that are the easiest to solve for analytically. The value of simple analytical models 
such as the one presented in this paper is that it provides a guide for experimental 
investigations, as well as a check for the more complex numerical simulations. 
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