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SUMMARY

Electron-capture data obtained at short pulse intervals (50-100 usec) can be
used to determine electron-capture mechanisms. The response function has been de-
rived and it differs considerably from that at steady-state conditions, The electron-
capture coefficient can be defined from the response function and it is directly pro-
portional to the pulse frequency. The derived response function is in agreement with
the experimental concentration, temperature, and pulse interval dependence. The
response is independent of pulse width providing short pulse widths (0.5-1.0 usec)
are used at intervals larger than 50 usec. The electron-capture coefficient at short
pulse intervals is lower than at long pulse intervals where steady-state conditions
prevail. However, this is partially compensated by a greater standing current at short
pulse intervals.

INTRODUCTION

The use of the electron-capture detector to obtain fundamental rate constants
and electron affinities has been described using data at long pulse intervals and
steady-state conditions!. The purpose of this paper is to describe the use of electron-
capture data at short pulse intervals to obtain similar fundamental information.
Experimental data are presented to support the kinetic analysis. Both the concentra-
tion and temperature dependence are presented for both non-dissociative and dis-
sociative capture mechanisms. The use of data at short pulse intervals has the ad-
vantage of a higher standing current and consequently a greater signal-to-noise level.
Not only is the electrical noise decreased, but also the baseline appears to be less
sensitive to impurities in the carrier gas. However, the response at short pulse inter-
vals is considerably lower than at steady-state conditions.

In recent years Aue and co-workers?: have studied the mechanism of direct-
current electron capture. They propose that the response is due to enhanced
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electron—positive ion recombination as a result of the space charge created by the
migration of anions towards the anode. With this mechanism they can account for
hypercoulometric responses observed with direct-current electron capture. They
claim that “classical theory does not allow for hypercoulometric response...”. Pre-
sumably the basic kinetic mechanism presented in this paper and previous works, as
described in the review by Pellizzari?, is referred to as the classical theory. This classi-
cal theory dates back to the sixties and was applied specifically to the pulsed mode
where the time between pulses is sufficiently great as to establish steady-state con-
ditions. Steady state for a *H electron-capture detector is > 1000 usec and for *Ni
it is in excess of 2000 usec. Whether these conditions are typical of commercial
electron-capture detector operating conditionsisanother matter. The reason for steady-
state conditions was to simplify the mathematical analysis. These conditions for the
pulsed mode also give electron attachment and subsequent reactions the opportunity
to occur under field-free conditions. The resulting steady-state electron concentration
is analyzed by pulsing out the electrons with a pulse of the shortest du-
ration so as to minimize the opportunity of electron attachment under the influence
of the pulse. The fundamental assumption being that the extent of electron attach-
ment under the 1000-2000 usec field-free period will far exceed the attachment that
may occur during the brief 0.5-2 usec pulse. This objective is in great contrast to the
direct-current mode whereby the attachment process occurs while the electron is
drifting toward the anode under the influence of a field. Obviously the so-called
classical theory cannot account for electron attachment in the direct-current mode.

More recently Aue and Siu® presented evidence for more than one response
mechanism in pulsed electron-capture detectors. They examined the electron-capture
response in the pulsed mode but with varying pulse widths up to 20 usec. One re-
sponse occurred at short pulse widths on the order of 2 usec at a potential of 30 V
while another occurred at pulse widths of ca. 10 usec. Special note should be made
that the response at longer pulse widths diminishes as the pulse potential and the
pulse interval are increased. It would appear that the pulse mode at pulse intervals
of 1000 to 2000 usec and pulse widths of 2 usec at 30 V would lead to a single
mechanism, This would logically be attributed to the reaction during the field-free
conditions. Furthermore, when argon-methane (90:10) is used as the carrier gas the
electron mobility is greater and the electrons can be collected in 0.5 usec at 30 V and
the effect of reaction during the applied pulse is further minimized.

Aue and co-workers?:*:5 designed an electron-capture cell so that the electron-
capturing sample enters in a region separated from the ionization region. The purpose
of this experiment was to demonstrate that electron capture can occur without the
necessity of the positive ions. According to Aue and co-workers?:3:5, ““the separated
mode prevents the contact of cations with solute derived anions, thereby precluding
the classical neutralization mechanism”. There are several points to be made con-
cerning these experiments and the resulting conclusions. First, the negative ion-posi-
tive ion recombination only plays a role in the electron-capture mechanism when the
anion can thermally undergo electron detachment, i.e. the capturing species has a
low electron affinity. For all other electron-attachment mechanisms the anion-cation
reaction rate constant does not enter in the final expression for the capture
coefficient®. A compound such as acetophenone, which has an electron affinity of
0.33 eV, should be examined in these experiments to test the significance of the
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anion-cation recombination rate constant. Neither lindane nor 2,4,6-trinitrotoluene
would form anions which could undergo thermal detachment.

The second point to be made concerns the distribution of positive ions within
the electron-capture detector. Aue and Kapila? have concluded that the “‘centre-of-
charge lies about 1 mm from the 53Ni foil (in nitrogen at ambient temperature and
pressure)”. The distribution of ion pairs produced initially by the f-emission must
certainly be greatest at the surface of the foil and decrease continuously with the
distance away from the foil. Precisely how the centre-of-charge is defined with respect
to this distribution was not given. Grimsrud and Connolly” have also experimentally
measured the positive ion density using an atmospheric pressure ionization mass
spectrometer. They indeed do observe a rapid decrease in ion density as the distance
between the radioactive foil (in the shape of a disk) and the aperture to the mass
spectrometer is increased. However, when these results are used in predicting the ion
density in a cylindrical electron-capture detector configuration the ion density within
the cell (10 mm diameter and 20 mm length) does not fall off dramatically as the
distance from the foil is increased. For argon—-methane carrier gas at one atmosphere
pressure and 200°C the icn density at the center of the cell is only 0.66 as great as the
density 0.5 mm from the wall. Furthermore, the ion density beyond the end of the
cylinder remained high, e.g. at 10 mm from the end of the radioactive foil the ion
density is about 0.20 as great as at the center of the cell. Applying these results to
the cell design by Aue and co-workers?:3-%, it is questionable whether the positive
ions are separated from the region where the electron-capturing species enters the
cell.

Finally a comment concerning the negative ion-positive ion recombination
rate constant is appropriate. Pellizzari* stated that “recombination of ions occurs
103-108 times faster than the recombination of free electrons and positive ions”. The
recombination rate for negative ions may exceed that for electrons but it is very
doubtful that it is much larger and it is not necessary in order for the proposed
kinetic model* to account for electron capture. In an earlier study Wentworth et al.?
estimated the negative ion—positive ion recombination rate constant to exceed that
for the electrons by approximately a factor of eight for a study of some aromatic
hydrocarbons. This value cannot be determined very precisely by this experiment
and furthermore should vary somewhat for different anions as well as cations. In any
event the recombination rate constants for negative ions should be on the same order
of magnitude as that for electrons and this is quite satisfactory for the kinetic model
to account for electron capture. As mentioned previously, this rate constant is in-
cluded in the electron-capture coefficient only when non-dissociative capture occurs
to a molecule with a sufficiently low electron affinity that the electron can be detached
at thermal energies. Even in this case a more detailed kinetic analysis® reveals that
the fate of the negative ion is not restricted to recombination with positive ions.
Following the application of the brief pulse to collect electrons, the negative ion will
re-equilibrate and in so doing may detach electrons which are in excess of those being
produced by the -particles. This results in an excess of electrons which enhances the
rate of electron—positive ion recombination. Of course even in this mechanism it is
important to have positive ions for the electron recombination.
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KINETIC ANALYSIS

The kinetic model for electron capture that has been presented elsewhere®-8:10
is summarized in the following reaction sequence

k,R
B+ (Ar + 10% CH,) 2Be~ + @ + p* M)
- kp .
e~ + @ —>neutral species 2
- kia -
e + AB—>A + B 3)
_ ky o
e~ + AB—AB ©)
_k-y _
AB™ —>AB + ¢ %)
~k; _
AB™ A + B 6)
kl
AB~ + @ neutral species Q)
_ ks .
B~ + @ —neutral species 8

where AB represents any polyatomic molecule capable of capturing or attaching an
electron, f* designates the f-particle with reduced energy as a result of ion pair
formation and the k’s are standard kinetic rate constants. The rate constant k,R;
represents the overall rate of ion pair formation, while @ represents a positive ion.

The three temperature regions in terms of the relative magnitude of the rate
constants® can be designated corresponding to three mechanisms

ak-y > kny [B] > &k,
B:kny [®] > k-4 > k;

yikoy > ky > ki (@]

If the electron-attachment process produces AB~ and does not detach accord-
ing to reaction 5, then it is impossible tg differentiate kinetically between reactions
3 and 4 in terms of electron capture. Mechanism f encompasses both dissociative
electron capture and non-dissociative capture to compounds with high electron affini-
ties. Generally, reactions 3 and 4 differ in that reaction 3 can have a significant
activation energy, whereas for reaction 4, the activation energy is generally small.

In an earlier analysis of this kinetic model®, the postive-ion concentration was
assumed to build up to a constant value and furthermore, that it did not change
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significantly when the electron-capturing species is present. However, it was shown
in a later analysis® that the positive-ion concentration decreases at the same time that
the electron concentration decreases. The differential equations describing the change
in concentration of the various species between pulses were solved numerically bring-
ing into consideration the variation of the positive-ion concentration®.

Steady-state conditions

The following expressions for the capture coefficients at steady state, K, were
derived®.

For the f-mechanism

bz _ [e—]z B
TS (Kx)s[AB] &)
where
ky
Ko)p = —
(Kw)s P (10

For the a-mechanism

b — [P
S = (Kx){AB] (11)
where
_ kikyy [D]
(Ke)a = Tk kp (12)

For the y-mechanism

e - (KeIAB) (13)
where
_ kiky
(Koo)y - k-lkD (14)
kp is defined as
kp = kp [@o] (15)

where [@y] is the positive ion concentration and b is the electron concentration in
the absence of electron-capturing species.

It should be pointed out that in order to evaluate k; (S-mechanism) under
steady-state conditions, kp must be determined at the same time!3. The values of kp
are calculated by measurement of the standing current in the electron-capture detec-
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tor as a function of the time between pulses, #,°. It is assumed that the carrier gas is
pure and kp is simply a measure of the electron—positive ion recombination rate.
However, if impurities are present, their effect on the attachment rate is generally, as
impurities themselves, unknown.

Linear region conditions

At short pulse intervals the general derivation can be carried out along the
same procedures as that for the f-mechanism!#4. Since the rate of electron production
is constant at short pulse intervals the electron concentration increases linearly and
we refer to this as the “linear region”. The differential rate expressions in the linear
region reduce to

db

Fr (16)
d([iet‘] = k,Ry — ki[e"][AB] + k_;[AB~] — ky5[e”] [AB] a7
d [13:3‘] = ki [e"][AB] — k-1 [AB"] — k2 [AB"] — ki [®][ABT] (18)

Assuming steady state for [AB~], eqn. 18 can be set to zero and solved for [AB~]

o~ kileT1[AB]
A= T ke + K (@) >

Substitution into eqn. 17 gives

de”]

o = keRy — He] 0)
where
_ ki(ks + kyy [®])
"= {k“ Tkt kot ke [@1} [AB] @b

Integration of eqn. 21 gives

-1 In koRs — Hle™] _ t, (22)
H kyRg

that yields

(€] = 2211 — exp (~ Hip) 23)
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Eqn. 23 is simplified by expanding the exponential term into a MacLaurin’s
series

[e] = k,,Rﬂ,(l - % + ) 24)

Neglecting higher terms than the second term and substituting » from the
integral of eqn. 16, b = (k,Ry) (,), we obtain

b—[e7] H
T 2 @)

Substituting for H from eqn. 21

b—le] _ {ku + Ltk ¥ b (B }Q AL = AR e

b (ko1 + ko + ks [@B]) 2

where K is the capture coefficient. Eqn. 26 differs from the general solution at steady
state in the ¢,/2 factor and the absence of 1/kp.
For the x-mechanism k,, = k; = 0Oand k_; » ki, [®]¢, and eqn. 26 becomes

b~[e7] _ kikh [®] 4,

5 T [AB] 27
or
L=l K iam (28)
where
ik, (@]
Ka - 2k_ . tp (29)

K, is the capture coefficient for the a-mechanism at high temperature in the linear
region.

Substituting the statistical mechanical expression for the thermodynamic equi-
librium constant® into eqn. 28 and taking logarithms we obtain

kn [@] ¢, A} n EA 30)

In K,T%2 = In {"0 190l
" n{ 2 RT

where A4 is the pre-exponential factor, EA is the electron affinity of the molecule and
R is the ideal gas constant. If ky; [@] is temperature independent, the EA of a
molecule can be determined from the graph of In K,T%/2 versus T~ 1.

At low temperatures ky; [@®] > k_;. Eqn. 28 becomes
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b—[e] ki
= 1 [AB] G31)

The electron attachment rate constant, k, can be determined directly from the slope

b —
of a graph —b[e——] versus [AB] without knowing [@] or kp. An accurate mea-

surement of 7, is needed.
The activation energy for electron attachment (E*) can be determined from
the slope of a graph In [(1/2) k,2,7°/] versus T~ ! (ref. 14).

EXPERIMENTAL

The electron-capture measurements were carried out using a modified Varian
Aerograph gas chromatograph. A 25 x 0.32 mm L.D. fused-silica glass capillary
column with bonded methylphenyl silicone from Quadrex Corporation was used.
Samples were injected directly on column with a S-ul Hamilton 75-SN syringe (32
gauge, 12 cm in length) through an on-column injector!’ that utilizes a 25-gauge
syringe needle to make the septum penetration and to act also as the protective guide
for the finer sampling needle. The injector block was not heated. In order to prevent
sample loss from the needle, 1 ul of air was pulled into the syringe after the desired
sample size had been introduced to the syringe. In order to test the sampling tech-
nique different sample sizes of a 5 - 1073 (v/v) benzylmethyl ether solution in toluene
were run using the flame ionization detector. These concentrations are generally high-
er than for the electron-capture measurement, so overloading effects would be more
likely with the flame ionization measurements. However, a graph of peak height from
the flame ionization detector versus sample size was linear with a zero intercept,
indicating that no overloading occurred and that the injection procedure was quan-
titative.

A Data Pulse 102 square-wave pulse generator was used to pulse the electron-
capture detector. A combination of pulse width and potential was used so that all
electrons were collected. The pulse was measured using a Tektronix 2215 oscilloscope.
The electron-capture current was measured with a Keithly 417 picoammeter or an
electrometer constructed in the lab using a Philbrick Research SP2A operational
amplifier and recorded on a Houston Instrument strip chart recorder.

The flame ionization detector was used to identify the major coniponent and
was run in paraliel with the electron-capture detector. Once suitable chromatographic
conditions had been achieved, the gas chromatographic column was connected di-
rectly to the electron-capture detector for quantitative measurements.

The electron-capture detector was electrically insulated from the aluminum
heating block using a piece of pyrex tubing. The temperature of the electron-capture
detector was controlled with a Valco ITC-K12 temperature controller. The heat was
supplied by two cartridge heaters inserted in the aluminum block. The temperature
was measured using a mercury thermometer with 1°C-divisions and a thermocouple
using a Doric 400A digital display. The electron-capture detector employing 15 mCi
63Nji and 150 mCi scandium tritide foils were of cylindrical geometry*® whereas ti-
tanium tritide was used in a parallel plate type geometry. The ®3Ni and scandium
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tritide electron-capture detector had an internal diameter of 1.4 cm. The 5*Ni and
scandium tritide foils were in contact with the cylinder wall and received the negative
pulse. The cathode was a 1/16 in. rod at the center of the cylinder. For the scandium
tritide detector the cathode extended through the cylinder within the ionization re-
gion. However, due to the greater range for the f’s in the $*Ni detector, the electrode
was retracted to the edge of the foil so as to minimize direct interaction with the g-
particles and collection of charge during the pulse free period.

Nitrogen (ultra high purity) from Matheson was used as carrier gas when the
flame ionization detector was in operation. For the quantitative electron-capture
measurements argon-methane (90:10) from Big Three Welding (<5 ppm O,) was
used as the carrier gas after filtering with a 5 A molecular sieve trap. Typical flow-
rates were 5 ml/min through the column and 140 ml/min as scavenger added between
the column and the electron-capture detector.

The areas under the chromatographic peaks were obtained by the trapezoid
method of numerical integration.

Spectrophotometric grade dichloromethane (Aldrich), reagent grade biacetyl
(Eastman Organic Chemicals), and hexafluorobenzene >99% (Aldrich) were used.
Solutions were prepared in nanograde hexane (Mallinckrodt) except for biacetyl
which were prepared in nanograde toluene (Mallinckrodt). All the solvents were
checked for electron-capturing impurities and coelution with the compound of in-
terest.

In order to obtain a critical evaluation of the concentration dependence a
thermal conductivity detector was used to measure the relative concentration of the
component being chromatographed. For these experiments the gas stream from a
Gow Mac gas chromatograph was split between a thermal conductivity detector and
the electron-capture detector using restrictors so that the majority of the flow was
towards the thermal conductivity detector. The thermal conductivity detector re-
sponse at the peak maximum was assumed to be directly proportional to the con-
centration and the corresponding electron capture detector response at the peak max-
imum was evaluated. This procedure eliminates effects due to peak broadening and
inaccuracies in sample injection.

RESULTS AND DISCUSSION

Concentration dependence

As a test of the kinetic model for electron-capture mechanisms using data at
short pulse intervals, the concentration dependence was investigated extensively. An
approximate expression for the concentration dependence of the electron-capture
detector response was given in eqns. 25 and 26 where the extent of capture was low
(<15%). In order to test the model over a greater extent of capture, eqns. 22-24 or
some modification of these must be used. Using b = (k,R;p) (¢,), eqn. 24 can be
written in terms of a series

b—1[e7] _ Ht, (Ht) + (H1)®

b 2! 3! 4!

(32)
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From eqns. 25 and 26 Hf, = 2K [AB] and the series can be written as

b—le7] _ 2K[AB] _(QK[AB])
b 23

b—[e
A graph of —b—[—] versus concentration in units of (X 1) is shown in Fig. 1. One

can see the deviation from linearity at about 15% capture. The experimental data
for tetrachloromethane are also shown in Fig. 1 and the good agreement with the
calculated curve is obvious.
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Fig. 1. Electron-capture response as a function of concentration. O, Data points for tetrachloromethane.

The response curve shown in Fig. 1 deviates markedly from the linear function
at high concentrations. The response increases very slightly with increasing concen-
tration at concentrations where the percent capture exceeds ~60%. This is observed
experimentally since it is very difficult to obtain complete capture of the electrons
using short pulse intervals.

In order to test the concentration dependence more critically, the gas chro-
matographic effluent was split so that the relative concentration could be measured
directly on a thermal conductivity detector. The data were tested rigorously by carry-
ing out a non-linear least squares adjustment to eqn. 22 which was slightly rearranged
for convenience using b = (k,Rp) (£,).

b—Hle]t,

-1
n b

= Hi, (33)
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Substituting for H from eqn. 21 and K from eqn. 26

b — 2K [AB] [e]
n b

Since the relative concentration of AB was measured by the thermal conduc-
tivity detector (TCD) response, Rrcp,

—1 = 2K [AB] (34)

Rrcp = Krep [AB] (3%)

eqn. 34 becomes

2K
b — K— (Rrep) [e7] 2K
~1 Tcp = R 36
n b Krep (Rrcp) (36)

The measured quantities at each concentration are then Rrcp, [e7], b and the ad-

2K
justable parameter is simply ( ) In order to show the least squares adjustment

TCD.
to eqn. 36 a graph of the left-hand-side of eqn. 36 versus Rrcp is shown in Fig. 2 for

sulfur dioxide. The percent capture is shown on the right-hand-scale and it should
be noted that there are relatively small changes in percent capture for the larger
values. Consequently the errors in the linearized function at high electron capture

1.8

1.4

1.2
In {} 3
1.0

1.0
fec
0.8 Lo.s
0.64 0.6
0.4 loa
0.2 FO.2
° 3 o 13 70 7% 30 350

Rycp

Fig. 2. Linearized response for sulfur dioxide. In { } is defined in eqn. 36; Rrcp = thermal conductivity
detector response. O, In { } versus Rycp; [, fraction of electron capture (fgcp) versus Rrcp.



42 N. HERNANDEZ-GIL et al.

are much greater than for the smaller values. In fact the errors appear to be intol-
erable when the extent of capture exceeds 50%.

Sulfur dioxide captures electrons non-dissociatively and Fig. 2 shows how eqn.
33, as modified in eqn. 36, adequately represents the linearized electron-capture de-
tector response. In order to show how the same equations can represent electron-
capture detector response for dissociative electron capture, the same type graphs are
shown for dichloromethane in Fig. 3. Again the linearized function is adequately
obeyed up to ~50%.

1.2}
1o} {10
ln{ }
o8} {os8
fecp
06} {06
oal {04
0.2} H0.2
o i 1 i 1 'l 1 °

(4] 2 4 6 8 R 10 12
TCD

Fig. 3. Linearized response for dichloromethane. In { } is defined in eqn. 36; Rycp = thermal conductivity
detector response. O, In { } versus Rycp; [, fraction of electron capture (fgcp) versus Rycp.

Temperature dependence

In order to further test the derived response function shown in egns. 21 and
22, we have examined the temperature dependence for different attachment mech-
anisms and types of detectors. Generally concentrations were kept low enough so
that eqn. 26 could be used to calculate the capture coefficient K. If the percent capture
exceeded 15% the correction was made from the higher order terms in eqn. 32 or the
exact expression in eqn. 34.

Hexafluorobenzene (CsFs) was chosen to represent the mechanism involving
stable negative ion formation (C¢Fs~) which has been identified as such using an
atmospheric pressure ionization mass spectrometer. Both the a and f temperature
regions are observed, corresponding to eqns. 28-31. Hexafluorobenzene was run us-
ing an electron-capture detector with a tritium foil and parallel plate geometry as
shown by the solid stars in Fig. 4. This data is primarily in the f-region but at high
temperatures the capture coefficient decreases characteristic of the a-region. The data
for hexafluorobenzene using a 93Ni electron-capture detector and concentric geome-
try are consistent with the parallel plate detector in the a-region as shown by the
open stars in Fig. 4. However, using the °3Ni electron-capture detector, results could
be obtained at higher temperatures than with tritium. Hexafluorobenzene data were
also obtained with tritium as scandium tritide in a detector with cylindrical geometry
and nitrogen as the carrier gas. These data are represented by open stars in dark
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| | |
1 2 T[] 3
Fig. 4. Temperature dependence of electron capture coefficient (K); K defined by eqn. 26. %, hexafluo-
robenzene using tritium in parallel plate geometry; v¢, hexafluorobenzene using ®3Ni in cylindrical ge-
ometry; &, hexafluorobenzene using scandium tritide in cylindrical geometry; @, biacetyl using *>Ni;

O, biacetyl-nsing scandium tritide; A, dichloromethane using 5*Ni; ¥, dichloromethane using scandium
tritide.

circles in Fig. 4. Note that the data in the a-region have a slope parallel to that
obtained with argon-methane (90:10) as carrier gas. The lower values in the a-region
suggest that nitrogen has a lower ky value. This is consistent with the greater range
of the B-particles in nitrogen and a more diffuse positive ion distribution. There is
no good explanation for the larger response in the f-region except that it may be due
to a slight difference in electron energy distribution coming from tritium compared
to 3Ni (ref. 14).

Biacetyl also undergoes non-dissociative electron attachment and data ob-
tained with both $3Ni and scandium tritide electron-capture detector are also shown
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Fig. 5. Capture coefficient (K) versus pulse interval for tetrachloromethane at 100°C. O, argon-methane
(90:10); *, helium-{argon-methane (90:10)] (9:91); @, helium-{argon-methane (90:10)] (17:83). Pulse width
= 1 usec.

in Fig. 4. The data is primarily in the a-region and the data from both detectors are
consistent. However, there are three higher temperature data points from the scan-
dium tritide electron-capture detector which fall considerably below the straight
linel”. These are not shown in Fig. 4 and there is no apparent explanation for their
deviation.

Also shown in Fig. 4 are data for dichloromethane which undergoes dissocia-
tive electron attachment. The data give a characteristic negative slope related to the
activation energy for the process. The ®3Ni data are over a much greater temperature
range and define the slope more precisely. The tritium data appear to give a slightly
lower slope but the difference is barely outside the expected errors. The magnitudes
of both sets of data are certainly consistent.



STUDY OF ELECTRON-CAPTURE MECHANISMS 45

Dependence on pulse interval

The general expression for the capture coefficient as given in eqn. 26 is directly
related to the pulse interval ¢,. In order to further test the model for the linear region
(short pulse intervals), the capture coefficient for tetrachloromethane has been ob-
tained as a function of t,. Such data are shown in Fig. 5 for tetrachloromethane at
100°C. Note that all three sets of data represent reasonably good straight lines. Ac-
cording to eqn. 26 the capture coeflicient should be zero at ¢, = 0. However, some
capture could occur during the 1-usec pulse width and this would account for a small
positive intercept. For the data with 17% helium plus argon-methane the negative
intercept could not be explained on this basis and we know of no alternative expla-
nation except experimental error.

The capture coefficient K, as defined in eqn. 26, contains the factor t,. Since
the response function as expressed in eqn. 34 contains the product X [AB], the re-
sponse function contains ¢, and [AB] as the product ¢, [AB]. In other words a given
response or electron-capture detector current depends upon the simple ¢, [AB] prod-
uct. This is consistent with the constant current mode of electron-capture detector
linearization whereby the current is maintained constant by varying the pulse fre-
quency. Since ¢, is the inverse of pulse frequency, the concentration is thus directly
proportional to the pulse frequency. Since eqn. 34 applies to any electron-capture
mechanism, the concentration-pulse frequency relationship should be satisfied for all
modes of capture providing the frequency is in the linear region.

Dependence on pulse width

Under normal operating conditions the pulse width is quite small, typically
0.5-1.0 usec for argon-methane and 2 usec for nitrogen, compared to the pulse in-
terval. Consequently the extent of reaction during the applied pulse is small and can
be neglected compared to the reaction at zero voltage between pulses. However, at
very short pulse intervals the pulse width can be significant and the reaction during
the applied potential can affect the capture coefficient. This effect is shown in Fig. 6
where again the data is for tetrachloromethane at 100°C. The detector contained a
3H foil with parallel plate geometry. From the electron-capture data the rate constant

k
for attachment was calculated by egn. 31, where K = ?1 t,. Of course k; should be

independent of 7, so ideally with no reaction during the applied pulse, the graph of
ki should be a horizontal line. Note from the curves in Fig. 6 that k, appears to be
constant at short pulse widths of 0.5 and 1 usec. At 2-usec pulse widths some devia-
tion is noted at short pulse intervals <50 usec. At 5-usec pulse width the deviation
is very significant below 50-usec pulse intervals. Of course from a practical stand
point a pulse width of 1 usec at 40 V is generally sufficient to collect all free electrons
and there is no need to use pulse widths as great as 5 usec. A similar curve at a pulse
width of 5 usec was determined using a ®>Ni detector. Similar data was also obtained
using a detector with scandium tritide in a concentric geometry and in a pin-in-cup
geometry where the center electrode is pulled out to the edge of the radioactive foil.
Different shaped curves were observed depending upon the geometry of the elec-
tron-capture detector!’. However, at pulse intervals in excess of 50 usec and pulse
widths of 0.5-1.0 usec k; was constant. Negative as well as positive deviations can
be observed. The negative deviations were most pronounced with the pin-in-cup ge-
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Fig. 6. Electron attachment rate constant measured using different pulse widths. Tritium electron-capture
detector with parallel plate geometry. Pulse widths: @, 0.5 usec; O, 1.0 usec; [J, 2.0 usec; ¥/, 5.0 psec.

ometry at short intervals. In any event the results indicate that at pulse intervals in
excess of 50 usec and short pulse widths <1 usec the results should obey the derived
response functions, eqns. 21 and 22, or simplified forms in eqns. 26, 27 and 31.

CONCLUSIONS

The electron-capture detector can be operated at short pulse intervals (50-100
usec) as well as steady-state conditions to study electron-capture mechanisms. A
mathematical expression has been derived to describe the response using data at short
pulse intervals. The dependence of the capture coefficient on concentration, temper-
ature and pulse interval has been demonstrated with experimental data and this is in
agreement with the derived mathematical expression for the response. The capture
coefficient is independent of pulse width providing short pulse widths of 0.5 to 1.0
usec at intervals of > 50 usec are used.
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