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ABSTRACT 

A combination of a photoemissive ionisation source coupled to an ion mobility detector has been developed which utilises a pulsed 
light source thereby eliminating the need for an ion injection gate. Factors influencing the performance of this negative ion detector 
have been investigated. With air as the sample and drift gas streams, the performance of the detector is comparable to conventional 
designs employing radioactive ionisers. 

INTRODUCTION 

Recently, there has been renewed interest in the 
ion mobility spectrometer [l], both as a stand-alone 
detector [2-91 and as a detector for use with a range 
of separation techniques including gas chromato- 
graphy [lO-141, supercritical fluid chromatography 
[ 15,161, high-performance liquid chromatography 
[ 171, and capillary electrophoresis [ 181. In a conven- 
tional ion mobility spectrometer, ionisation is pro- 
duced using a 63Ni radioactive foil, which emits a 
steady current of electrons of energies up to 67 keV 
[193. As alternatives to radioactive ionisation, other 
workers have used photoionisation [2O-231, non- 
resonant laser photoionisation [24], resonant two- 
photon laser ionisation [25,26], corona [27], and 
coronaspray ionisation [28]. The work presented 
here has concentrated on the investigation of a 
photoemissive source based on ultraviolet irradia- 
tion of a thin gold layer with a work function of cu. 
4.5 eV [29]. This photoemissive source has several 
potential advantages. Firstly, it is unipolar, gener- 
ating an initial population of only gaseous low- 
energy electrons, so eliminating possible loss mech- 
anisms involving both positive ion-negative ion or 
positive ion-electron recombination. Secondly, it is 
free from constraints associated with the safe han- 
dling of radioactive materials, and thirdly, the initial 

electron concentration can be controlled, in princi- 
ple, over a wide range simply by changing the 
incident light intensity. Furthermore, when com- 
bined with a pulsed light source it offers the 
attractive design option of eliminating the shutter 
grid at the entrance to the drift tube and its 
associated gating electronics, so reducing signal 
losses. Photoemission electron sources have been 
used in low-pressure drift tubes [3O-351, in negative 
ion detectors [36-40] and as a source of thermal 
electrons in an electron-capture detector [41,42]. The 
combination of a photoemissive source with an ion 
mobility spectrometer as described in this paper is, 
to our knowledge, the first practical demonstration 
of such a device for trace analysis at atmospheric 
pressure. 

EXPERIMENTAL 

The design of the detector is shown in Fig. 1. The 
drift tube (Welwyn Electronics, Bedlington, UK) is 
composed of a 10 mm I.D. x 12 mm O.D. ceramic 
cylinder which has been internally coated with a low- 
conductivity ink to produce a nominally uniform 
resistance of cu. 2 MB cm-l, whilst a high-conduc- 
tivity ink was applied to the ends to facilitate elec- 
trical connections. The tubes used were 3.7 cm long, 
but by selecting a well matched pair (8.0 + 0.1 MQ), 
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Fig. 1. Photoemissive ion mobility cell. Key: 1 = gold-coated 
photoemissive window; 2 = drift tube; 3 = perforated collector; 
4 = screen grid; 5 = annular guard electrode: 6 = PTFE body; 
7 = drift gas inlet; 8 = sample gas inlet; 9 = exhaust gas outlet; 

10 = graphite “0”-ring: 11 = gas access plate; 12 = threaded 
vespel plug: 13, 14 = brass end caps: 15 = clamping (x 3). 

two tubes could be used in tandem to give a drift 
length of 7.4 cm with correspondingly increased ion 
resolution. In the work reported here, both 3.7 cm 
and 7.4 cm drift lengths were evaluated experimen- 
tally. The photoemissive window was produced by 
placing 11 mm O.D. x 1.5 mm thick high-purity 
fused-silica discs (TSL Group, Wallsend, UK) in a 
sputter coater (Model S150B; Edwards High Vacu- 
um, Crawley, UK), followed by coating with gold 
for cu. 2 min. The performance of the photoemitters 
was found to be only slightly dependent on the 
sputter coating time over the range 45 s to 2.5 min. 
Once the window is assembled in the detector the 
effective photoemissive window diameter is 9 mm. 
The screen grid was purchased from Graseby Ionics 
(Watford, UK) and consisted of a gold-plate photo- 
etched mesh, mounted upon a ceramic former. As 
the detector was operated with a drift voltage of ca. 
2000 V on the collector, a guard ring held at the same 
potential as the collector was incorporated to reduce 
leakage currents. This configuration whereby the 
collector is operated at high potential, as opposed to 
the more conventional arrangement with the collec- 
tor grounded, was adopted to facilitate studies in 
which fields within the ion source field could be 
pulsed. The machining of the various detector 

components was carried out without the use of 
cutting fluids to minimise problems arising from 
contamination. 

The signal from the collector was taken to an 
optically isolated voltage-to-current convertor and 
head amplifier, which was designed and manufac- 
tured in-house, and was mounted within a screened 
enclosure attached to the drift tube assembly. The 
main drift field (ca. 240 V cm-‘) was supplied from 
an EMI PM28B photomultiplier power supply, 
which was also used as the current source for 
high-voltage operation of the detector electronics. A 
second power supply was developed in-house to 
supply the lens polarising voltage. This power 
supply also contained appropriate driver circuitry to 
allow it to be used with a gating grid. 

For the majority of this work, a pulsed xenon 
lamp (Hamamatsu, type L2415 or L2439) with its 
associated power supply (Hamamatsu, type C2190- 
01) was used as the illumination source. The pulse 
repetition rate was operated as high as possible while 
still ensuring that the product ions from each flash 
reached the detector before the next flash. This 
corresponded to a repetition rate of ca. 50 Hz for the 
short tube, and ca. 30 Hz for the long tube. A series 
of experiments were also conducted with continuous 
output low-pressure mercury lamps (“Pen-Ray” 
Ultra-Violet Products, San Gabriel, CA, USA) 
operated in a pulsed mode using a laboratory 
constructed pulsed power supply driven by a 
Hewlett-Packard Model 214B pulse generator. 

The signal from the detector amplifier was dis- 
played on a Nicolet Model 4094A digital storage 
oscilloscope which allowed signal averaging, inte- 
gration, etc., to be undertaken. To study the effect of 
different wavelengths of incident light, measure- 
ments were carried out usmg an Oriel Model 7 185 
photodiode and a Nicolet 430E digital storage 
oscilloscope. The latter had a higher sampling rate 
than the 4094A oscilloscope and so was more 
appropriate for monitoring the light pulses of width 
at half height of ca. 10 ps. A Spectral Energy 
GMlOO-3 monochromator was used with 1 mm 
entrance and exit slit widths in conjunction with the 
Hamamatsu lamps to provide monochromatic illu- 
mination. The results were not corrected for varia- 
tion in the spectral response of the photodiode since 
the response variation was minimal over the wave- 
length range studied. The VU-POTNT software 
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package (S-CUBED; Maxwell Labs., La Jolla, CA, 
USA) was used to transfer data stored on the Nicolet 
4094A’s discs directly into an IBM PC-compatible 
computer. 

In operation, a high drift gas flow was maintained 
through the inlet in the collector region, while the 
sample gas flow entered through one of two ports in 
the ion source, the other port forming the exhaust. 
Drift gas, either air, or for some experiments, “oxy- 
gen-free” [ < 8 vpm (ppm, v/v) oxygen] nitrogen, was 
supplied through two stage regulators (Model 11 or 
1lA; Scott Environmental Technology, Plumstead- 
ville, PA, USA) fitted with stainless-steel dia- 
phragms and passed through a trap containing a 
mixture of charcoal, 5A and 13X molecular sieves 
to precision gas-pressure regulators (Porter Model 
8286) fitted with stainless-steel bodies and dia- 
phragms. Gas flows were controlled by needle valves 
(Nupro Model SS-SSl) and were measured using 
digital mass flowmeters (Teledyne-Hastings-Ray- 
dist). To perform quantitative measurements, a 
simple gas manifold was built which allowed com- 
pounds of known vapour pressure to be continuous- 
ly diluted in one or two stages with dry air to a 
known concentration, which could then be admitted 
to the detector for long periods. A gas blender 
(Model 850; Signal Instrument Co., Camberly, UK) 
was used in experiments in which the oxygen content 
of both drift and sample gas streams was varied in 
the range 0 to 20% (v/v). In normal operation, 50- 
100 ml/min of gas was maintained through the 
sample inlet port with a drift gas flow of 250- 
300 ml/min. The system was operated at ambient 
temperature and pressure for all experiments. In 
some experiments, the sample inlet was sealed off 
and a flow of 300-400 ml/min of gas, which included 
a target chemical at a known concentration, was 
admitted through the drift gas inlet. When not in 
use, a small purge gas flow of lo-20 ml/min was 
always maintained through the detector. 

RESULTS AND DISCUSSION 

Initially a series of experiments were conducted to 
investigate the influence of a number of design 
aspects on the detector performance, which was 
assessed by measuring the size and width of the 
O;(H,O), reactant ion peak. Two methods of 
illuminating the ioniser were evaluated. In the first 

method, a xenon flashlamp with fixed pulse length 
but adjustable intensity was used. For comparison, a 
low-pressure mercury lamp was operated at con- 
stant intensity but with variable pulse length. Unfor- 
tunately the design of this lamp did not permit any 
variation in the intensity. It was found that the light 
output from the mercury lamp was disproportion- 
ately low at short pulse lengths as the lamp was not 
reaching its correct operating temperature resulting 
in the mercury vapour pressure within the lamp not 
being sufficiently high. This was corrected by wrap- 
ping the bulb in heating wire and maintaining the 
outside of the silica envelope at a temperature of cu. 
75°C. With this system, the total light input was 
controlled by varying the pulse width. Fig. 2 com- 
pares the reactant ion characteristic across the 
accessible range of light intensities for this light 
source and the xenon lamp for a 3.7 cm drift cell. In 
this and subsequent figures, resolution has been 
defined as the drift time divided by the peak width at 
half height. Clearly the major drawback with the 
mercury lamp is its low output, leading to unaccept- 
able losses in resolution when the pulse width was 
increased to give an acceptable signal size. However, 
the variable pulse width from the mercury lamp did 
allow the experimental resolution to be compared 
with values calculated from Spangler and Collins’ 
theoretical derivation [43] by substituting the lamp 
pulse length for the gate width. Although Fig. 3 
shows the experimental data qualitatively followed 
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Fig. 2. Effect of the light source on the detector performance. 
Circles: illuminated by low-pressure mercury lamp. Triangles: 
illuminated by xenon flash lamp. Conditions: 3.7 cm drift tube, 
920 V drift field, photoemissive lens 80 V, sample flow 50 ml/min, 
drift flow 300 ml/min, temperature 292-297 K. 
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the theory, the experiments yielded resolutions 
which are consistently lower than those predicted. 
The variation in peak height with lamp pulse width 
is also shown in Fig. 3. No variation was observed in 
the baseline noise as the pulse width was altered, and 
signal to noise ratios would have been proportional 
to the peak heights. 

1.0 1 

The subsequent study of the effect of the illumina- 
tion wavelength, as shown in Fig. 4, indicates that 
illumination at 254 nm, which constitutes the bulk of 
the output from the mercury lamp, is relatively 
inefficient. In Fig. 4, the efficiency is defined as the 
detector output per unit intensity input relative to 
220 nm. In contrast, the xenon lamp has strong 
emission lines in the 200-250 nm region, and its 
overall output power is also much greater. The 
emission spectrum measured here is in good qualita- 
tive agreement with results previously reported for 
similar lamps [44]. As a result. the xenon lamp was 
adopted as the preferred light source for this study. 
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Fig. 4. Relative photoemission efficiency as a function of 
wavelength. Inset: emission spectrum of the xenon flash lamp. 

A series of photoemissive windows were prepared 
using masks of different diameters and exposing the 
windows to extended sputter coating times of 5 min. 
This produced a series of windows with a opaque 
conductive outer rim and a central transparent 
region. After removal of the mask, each window was 
then coated for 2 min to the usual density. These 
windows were then installed in turn in a 7.4 cm drift 
length detector, and the peak widths, heights and 
areas measured for the oxygen reactant ion peak as 

the input light intensity was varied. The results of 
these experiments are summarised in Fig. 5. Several 
aspects of this work are of relevance to future 
designs. Firstly, the resolution increases as the 
window area decreases, which presumably reflects 
the greater uniformity of the drift field near the 
centre of the tube. However, the resolution of the 
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Fig. 3. Comparison of the calculated and experimental resolution 
for a 3.7 cm drift tube. Triangles: theoretical resolution values. 
Squares: experimental resolution values. Circles: experimental 
peak heights. Conditions as in Fig. 2. 
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Fig. 5. Effect of the photoemissive window diameter on the 
detector’s performance. Solid line: 2 mm diameter. Dashed line: 

3 mm diameter. Dolted line: 9 mm diameter. Conditions: 7.4 cm 
drift tube, 1900 V drift field, photoemissive lens 80 V. sample flow 
70 ml/mitt, drift tlow 260 ml;min. temperature 292-297 K. 
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smaller windows degrades much more rapidly as the 
peak area increases than does that for the larger 
window diameters. This strongly suggests that mu- 
tual ion repulsion is a significant factor at the ion 
densities generated and any attempt to improve the 
detector’s sensitivity by further increasing the input 
light intensity, and hence the reactant ion density, 
would be counter-productive, as the increased yield 
of ions would be offset by degraded resolution. A 
better approach, which will be the subject of future 
research, is to design detectors which operate at 
similar light intensities to those currently used, but 
with a larger tube diameter and greater active 
photoemissive area. 

There are several factors that contribute to the 
observed resolution for gridless systems that are not 
relevant with a conventional gated source. In the 
gated source, processes occurring in front of the 
entrance gate do not contribute to the observed 
resolution, which is determined by the shape and 
duration of the gate pulse, diffusional broadening, 
ion molecule reactions within the drift tube and 
other factors which have been identified by previous 
workers in the field [45]. All of these factors are also 
present in the gridless system but in addition, 
resolution can also be affected by processes occur- 
ring within the ionisation region. In addition to 
mutual ion repulsion described above, any steps 
occurring within the ionisation region on time- 
scales comparable with the peak widths could 
degrade the resolution. Clearly, as shown in Fig. 3, 
the lamp pulse width can affect the resolution. 
However, the xenon lamp used in the majority of our 
studies has a pulse half-width of only 0.01 ms which 
will not significantly increase the ion peak width. 
Also, the finite distance the electrons travel prior to 
conversion to 0; reactant ions must be considered. 
Using a three-body attachment rate constant of 
2 . 10e3’ cm6 s-l at cu. 290-300 K for the reaction 
e- + O2 + M + 0; + M (where M = 0,) [46], the 
electrons will have a lifetime in air of cu. 2 + 10e8 s. 
Since, at room temperature, the rate constant for the 
reverse reaction is negligible and the three-body rate 
constant for 0; formation with nitrogen as the third 
body is at least an order of magnitude less [46], the 
contribution of these two processes to the lifetime of 
the electron in air have been ignored. At a E/Nvalue 
of ca. lo- I7 V cm2 the drift velocities of electrons in 
nitrogen and oxygen at 293 K are 5. lo5 and lo6 cm 

s- ‘, respectively [47] (E is the electric field intensity 
and N the gas number density, and their ratio is 
commonly used to characterise the average energy 
which an ion acquires from an applied electric field). 
Therefore, assuming an electron drift velocity in air 
of cu. 6. lo5 cm s- I, the electrons will only penetrate 
cu. 1.2. low2 cm along drift tube prior to conversion 
to 0; reactant ion. For a reactant ion drift velocity 
of ca. 5 . lo2 cm s- ‘, this means the half peak width 
of the reactant ion peak will be increased by cu. 
0.02 ms as a result of the electron drift in air. The 
observed half peak widths at the lowest light levels 
are 0.34 ms for our standard photoemissive window. 
Therefore, the electron drift in air is not an impor- 
tant factor in determining the system resolution. 
However, this argument is only valid at low electron 
concentrations since, as we have observed, mutual 
charge repulsion will degrade resolution at higher 
concentrations of electrons or ions. In practice (see 
later) the most important processes are the sequence 
of ion molecule reactions leading to the observed 
product ions. 

In order to direct the design changes within the 
photoemissive source into potentially useful areas, a 
series of kinetic model simulations were made using 
rate constants from the literature, and concentra- 
tions equivalent to those encountered in testing the 
prototype gridless detectors. The primary motiva- 
tion was to derive information about the timescales 
required for the product formation reaction, and to 
compare these with the detectors’ characteristics. 
For this purpose, the model was constructed to 
simulate reactions occurring in a closed, homoge- 
neous gas mixture in the absence of applied electric 
fields. In this way, the equilibration times required 
for the reactions could be determined, and com- 
pared with the species lifetimes implied by the 
detector designs. The simulations were implemented 
using the simulation program CHEKMAT (AERE, 
Harwell, UK) [48] which is specifically designed to 
produce numerical solutions to problems involving 
systems of chemical reactions and simultaneous 
diffusion, although the latter capability was not 
required in this case. A series of runs were made, 
simulating the following system of reactions, where 
P represents the target compound: 

e- + O2 + 0; 

0; + P + P- + 02 

P- -i P + e- 
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Although the equations above imply charge trans- 
fer from the oxygen ion, attachment of the oxygen 
ion to form an adduct, or second order nucleophilic 
substitution, is mathematically equivalent, and so 
conclusions about reaction timescales can be applied 
to any of these reaction mechanisms. The oxygen 
concentration was that derived assuming standard 
temperature, pressure and composition. The con- 
centration of the target compound P was assumed to 
be 70 ppb” at standard temperature and pressure in 
most cases, but was varied to 7 ppb for a few 
comparative runs. The number of electrons was 
measured directly on the gridless photoemission cell 
with nitrogen drift gas using a Kiethley Model 617 
electrometer connected to the collector, and light 
intensities identical to those used in normal opera- 
tion. No correction was applied for losses to the wall 
of the drift tube. By measuring peak widths on the 
oxygen ion, a maximum reaction volume was derived 
ignoring the effect of diffusional broadening, and so 
tending to overestimate the volume. The electron 
concentration was then calculated assuming that it 
was homogeneous throughout this volume. 

of possible autodetachment rates implied by these 
lifetimes. The rate of consumption of the product 
ion implied by these lifetimes is equivalent to that 
which would be observed if it was consumed in a 
second-order process proceeding at the collision 
limit with a second species present at 15-100 ppb 
levels. Fig. 6 shows some typical results. 

A wide range of simulation runs were conducted 
covering the range of conditions described above. 
By eliminating the reactions of the target compound 
P, and modelling only the capture of electrons by 
oxygen, good agreement was found with the calcula- 
tions of Grimsrud and Stebbins [56] after allowing 
for differences in concentrations. The following 
salient conclusions can be made from our simula- 
tions: 

(a) While the electron transfer reaction to oxygen 
was extremely fast (lo-100 ns), equilibration times 
for the target compound P ion formation were much 
longer (10-1000 ,LLS). The free electron concentration 
was negligible within a period of 1 ps. 

The electron attachment to oxygen was modelled 
using the treatment developed by Shimamori and 
Hatano [49], which uses a Bloch-Bradbury mecha- 
nism, modified for the effect of third-body stabilisa- 
tion, by both oxygen and nitrogen, using measured 
rate constants [50-521 from the literature. The 
lifetime of the oxygen ion was taken as that mea- 
sured by Shimamori and Hatano, which is in 
reasonable agreement with theoretical calculations 
[53,54]. In accordance with the rate constants 
measured by workers using flowing afterglow 
techniques, a range of values were assumed for 
charge transfer from, or attachment of, the oxygen 
anion, covering the values found for fast reactions 
(lo-lo - 3 . 10m9 cm3 molecule-* SC’). No 
measured rate constants for the decay or further 
reaction of the product anions have been found in 
the literature. Autodetachment lifetimes, which are 
the lifetimes of the excited ions formed by capture of 
a free electron, have been measured for perfluoro- 
toluene and perfluoromethylcyclohexane [55], so 
simulation runs have been made covering the range 

(b) The equilibration time was critically depen- 
dent upon the lifetime of the product ion. In the case 
of perfluorotoluene the system reaches equilibrium 
within 40 ps, whilst for an extremely long-lived ion 
such as perfluoromethylcyclohexane, significant 
further product formation is continuing even after 
1 ms. 

(c) For a given reaction time, the number of 
product ions formed increases as the postulated 
lifetime increases. 
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Fig. 6. Simulation runs for a formation rate of 3.0 IO-‘” cm3 
molecule-’ SC’ and decay rates of (1) 1.3 IO3 s-‘, (2) 
1.3 10“ SC’ and (3) 8.3 IO4 SC’. 
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(d) The formation rate has a direct influence on 
the number of ions after a given reaction time, but 
has no apparent effect upon the equilibration time. 

(e) When direct electron capture by the target 
compound P was included in the simulation using a 
rate constant typical of perfluorocarbons, there was 
a significant increase in the initial rate of product 
formation, but this was rapidly dwarfed by the 
contribution through charge transfer, and was an 
insignificant contribution to the total at reaction 
times greater than 25 ps. 

(f) Simulations at concentrations of target com- 
pound P of 70 ppb and 7 ppb showed no difference in 
equilibration time, but there appeared to be a small 
increase in overall ionisation efficiency at 7 ppb. If 
this accurately reflects the real behaviour, then 
departure from a linear concentration/signal rela- 
tionship will occur at 70 ppb levels. 

In the context of detector design, the most rele- 
vant aspect of these simulations was the prediction 
of reaction times of the order of milliseconds for 
optimal product ion yield, and hence sensitivity. 
Since the gridless photoemission detector was esti- 
mated to allow reaction times of no more than 
0.24.3 ms based on the observed peak widths of the 
reactant ion, this strongly suggests that improved 
performance could be achieved if the reaction time 
could be increased without compromising the detec- 
tor’s resolution. 

One advantage which was predicted for the 
photoemissive devices was that the absence of signal 
losses through positive ion-negative ion neutralisa- 
tion reactions would result in improved product ion 
yields, and hence sensitivities, when compared to the 
bipolar radioactive source. In order to assess the 
likely importance of this advantage, the reaction 
system described above was modified to include 
positive ions at the same concentration as electrons. 
These were then permitted to undergo neutralisation 
reactions with both the reactant oxygen ion and the 
product anion, with a rate constant of 2.0. 10e6 cm3 
ion-‘s-i , which is the upper limit suggested by both 
theoretical and experimental studies [57,58]. Other 
candidate loss mechanisms such as radiative and 
dissociative electron-ion recombination have been 
excluded from consideration since the predicted 
electron concentration within the source is negligible 
except at very short times. Fig. 7 demonstrates the 
effect of these processes on the predicted ion yield, 

with the equivalent unipolar case included for 
comparison. The particular set of conditions used in 
these simulation runs are for a very long-lived 
product ion at low concentrations. While the ab- 
sence of recombination pathways is a significant 
advantage at long reaction times, giving an in- 
creased yield by approximately a factor of two, very 
little advantage (l&20%) is gained over the 0.2- 
0.3 ms timescales estimated for reaction in the 
gridless photoemission system. This has provided 
further motivation for attempts to increase the 
available reaction time in the photoemission source 
designs. 

A series of determinations were made on the 
3.7 cm drift length detector cell in which the oxygen 
content of both the drift and sample gas streams was 
varied in the range 0 to 20% (v/v). A further series of 
experiments was conducted in which the sample gas 
stream was varied in oxygen composition, while the 
drift stream was pure nitrogen. These results are 
presented in Fig. 8. This series of experiments 
highlights several important features of the gridless 
photoemissive system. Where oxygen is present in 
both the sample and drift streams, the resolution is 
effectively unchanged at oxygen concentrations in 
excess of 6% (v/v). Furthermore, the resolution 
declined as the oxygen content decreased, which 
strongly suggests that electrons were able to travel 
substantial distances along the drift tube before 
attachment to oxygen molecules. The peak shapes 
confirmed this interpretation, as a progressively 

0 0.4 0.8 1.2 1.6 2 

Reaction Time (milliseconds) 

Fig. 7. Simulation including ion-ion recombination. (1) No 
recombination. (2) Recombination rate of 2.0 1O-6 cm3 
molecule-’ s-l. 
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Fig. 8. Effect of the gas composition on the reactant ion 
resolution. Solid curve: both the sample and drift streams 
contained the indicated oxygen level. Dashed curve: oxygen was 
present only in the sample gas stream. The balance was nitrogen 
in both cases. Conditions as in Fig. 2, except sample flow 
45 mlimin. drift flow 220 ml/min. 

more conspicuous leading edge “shoulder” devel- 
oped on the reactant ion as the oxygen content was 
reduced. For the situation with nitrogen drift gas 
and where a varying oxygen content is admitted into 
the sample stream, the peak resolution improves as 
the oxygen content of the sample gas is reduced. 
Since the nitrogen drift flow is approximately five 
times greater than the sample inlet flow this leads to 
the complication that the effective oxygen concen- 
tration in the reaction zone will be reduced by one 
fifth, assuming complete mixing. Therefore because 
relatively few oxygen molecules are available for 
electron attachment, the concentration of oxygen 
anions will not reach a sufficiently high density for 
mutual ion repulsion to significantly degrade resolu- 
tion, while many electrons will simply escape cap- 
ture altogether. The observation that with oxygen 
present in the drift gas the overall resolution is 
greater in the plateau region may be due to the 
increased rate constant for the electron attachment 
reaction when oxygen acts as the third body [46]. A 
smaller reaction volume is associated with this faster 
rate constant, therefore accounting for the improved 
resolution. 

The detector response was measured for some 
representative target compounds in each of two flow 
configurations. In the “conventional flow” config- 
uration, pure drift gas was introduced at the collec- 
tor inlet on the cell and the gas stream containing the 
target chemical was introduced at the inlet immedi- 
ately adjacent to the photoemissive window. In this 

configuration the bulk of the cell drift volume does 
not contain the unionised target chemical. For 
comparison, measurements were also carried out 
with the sample inlet port sealed off and the target 
chemical introduced into the drift gas stream, so 
producing a uniform target chemical concentration 
throughout the drift volume. 

Fig. 9 shows the observed response for concentra- 
tions of benzoquinone up to 200 ppb. Furthermore, 
Fig. 9 illustrates that when the sample is introduced 
into the drift flow increased sensitivity is observed at 
the lower concentrations. Similar results were ob- 
served for methyl salicylate and 4-chloronitroben- 
zene. The observed sensitivity enhancement. defined 
as the ratio of the peak height in the “sample in 
drift” mode to the peak height in the “conventional 
flow” mode, and measured at low concentrations, 
was calculated as 18.7 for benzoquinone, 4.8 for 
4-chloronitrobenzene, and 2.9 for methyl salicylate. 
These response enhancements suggest that in the 
conventional flow configuration, the oxygen ion 
reactant peak is not present in a region of significant 
target neutral concentration for a sufficient time to 
allow the reaction to reach equilibrium. In the 
“conventional flow” configuration, the concentra- 
tion is that which was delivered in the sample gas 
line, and has not been adjusted for dilution by the 
drift gas, as it has not proved possible to calculate 
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Fig. 9. Response of the detector to benzoquinone (BQ). Dashed 
curve: “conventional” flow pattern (BQ present only in the 
sample gas stream). Solid curve: sample inlet blanked off and 
sample of BQ introduced through the drift gas inlet. Conditions 
as in Fig. 5, except in ‘*conventional” mode sample flow 50- 
80 ml/min, drift flow 200-230 ml!min. in “sample in drift“ mode, 
drift flow 280-320 ml/‘min. 
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the actual concentration in the reaction zone. It 
could be argued that the inlet concentration is the 
more relevant quantity to help assess the detector’s 
applicability in real-world applications. However, 
this uncertainty in the concentration in the reaction 
zone makes the comparison of the two flow config- 
urations less clear-cut than we would wish, although 
the results for benzoquinone cannot be completely 
explained by a simple dilution effect since for the 
sample and drift flow-rates used in this work the 
maximum envisaged relative enhancement would be 
cu. 6, while 18.7 was observed. Such a maximum 
enhancement could only arise if complete mixing of 
the sample and drift flows occurred at the sample 
inlet while in the “conventional flow” configuration, 
whereas we believe that a more or less well-defined 
plume of sample gas, which is progressively diluted 
by the drift gas as the exhaust outlet is approached, 
is generated across the face of the photoemissive 
window. In contrast, when the target compound is 
present throughout the drift region, longer reaction 
times are available and so the equilibrium distribu- 
tion is more closely approached. The wide variation 
in the enhancement ratio for the different com- 
pounds is believed to reflect differences in the 
formation rates and stabilities of the ions formed. 
Unfortunately, we were unable to find any appropri- 
ate kinetic data in the literature to support this view. 
When the system was operated in the “sample in 
drift” mode, the product ion peaks were wider than 
those observed in the “conventional flow” mode, 
and, at lower concentrations, a leading edge “shoul- 
der” appeared. For benzoquinone at concentrations 
of cu. 15 ppb, the measured resolution was 33 in the 
conventional flow mode, but only 18 when the 
sample was introduced in the drift gas. Again this is 
consistent with the reaction continuing after the 
oxygen ions had moved a significant distance down 
the drift tube. As a consequence, the sensitivity 
enhancement quoted above is not fully realised as an 
improved limit of detection. In the current experi- 
ments, 256 spectra were averaged for each determi- 
nation, and the detection limits were estimated to lie 
in the range 0.2-5 ppb. Sensitivities of this order are 
broadly comparable with those claimed for radio- 
active ion mobility detectors [59], although the large 
variation in sensitivity to different chemicals com- 
plicates the comparison. A more comprehensive 
study is currently underway to quantify the limits of 

detection of the gridless photoemissive and 63Ni 
radioactive sources on a test assembly in which the 
source assemblies are interchangeable. As illustrated 
in Fig. 10, when the system was operated in the 
conventional flow configuration, the reactant ion 
peak dominates the ion mobility spectrum. As the 
target chemicals are reduced in concentration, poor 
resolution from the reactant ion peak becomes the 
controlling factor in defining their detection limits. 
Fig. 8 also demonstrates that the product ion peaks 
could, for some compounds, achieve higher resolu- 
tion than did the reactant peak. 

A series of experiments were also conducted in 
which the flash rate of the Hamamatsu lamp was 
varied while low levels of target chemicals were 
introduced into the gridless 7.4 cm detector. This 
was accomplished by disconnecting the trigger sig- 
nal supplied from the ion mobility electronics, so 
producing a lamp pulse every 30 ms, and using the 
lamp power supply’s internal trigger, which is 
variable over the range 10-120 ms. The oscilloscope 
was synchronised with the flash lamp by monitoring 
the lamp with an Oriel 7185 photodiode and using 
the photodiode output as the external trigger for the 
oscilloscope. In air, in all cases, a precursor to the 
main reactant peak was found that increased in 
magnitude as the flash repetition rate was increased. 
This precursor was observed in other experiments, 
particularly when a given photoemissive window 
had been in use for several weeks, and has been 
tentatively ascribed to O;, on the basis of its relative 
mobility [60] and since it was found to increase in 
size if the sample gas stream was subjected to intense 
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Fig. 10. Ion mobility spectrum for acetylacetone and benzoyl- 
acetone at trace levels. On they-axis scale shown, the full height of 
the reactant peak is ca. 1. Conditions as in Fig. 5. 
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Fig. 1 I. Effect of the Bash repetition rate on the benzoquinone 
mobility spectrum (reactant peak drift time C(I. 13.5 ms, BQ 
product peak drift time ca. 15.7 ms). (a) Lamp flashes at 1 IO-ms 
intervals. (b) Lamp flashed at 22-ms intervals. (c) Lamp flashed at 
1 I-ms intervals. Conditions as in Fig. 5. 

short-wave ultraviolet radiation before admission to 
the detector cell. The principal 0; reaction ion peak 
was observed to decrease in magnitude in an approx- 
imate inverse proportion. In the presence of target 
chemicals such as acetylacetone, methyl salicylate 
and benzoquinone, the expected product ion peak 
was reduced in magnitude to a greater degree than 
the reactant peak, and in the case of benzoquinone a 
trailing edge shoulder developed on the peak, sug- 
gesting that another product ion was being formed. 
For perfluorodimethyladamantane, the observed 
effects were much smaller, with no major reduction 
in product ion intensity accompanying higher flash 
rates. However, a small trailing edge shoulder which 
was present on the product ion peak at low repeti- 
tion rates diminished as the flash rate increased. No 
conclusive explanation can be offered for this con- 
trasting behaviour, but it may reflect differences in 
the ionisation mechanisms for the various com- 
pounds used. Typical results, in this case for benzo- 
quinone, are summarised in Fig. 11. It was noted 
that these above effects became more severe if the 
total flow of gas through the detector was reduced, 
which suggests that they might be caused by the 
production of photoexcited neutral species from the 
target molecule, or by the photochemical produc- 
tion of ozone within the ionisation region. Either of 
these products, being neutral, would be cleared from 
the detector only by ventilation in the cell exhaust. 
This ventilation would be expected to have a half 

lifetime of 5-10 ms and is therefore on a comparabl 
timescale to the flash repetition rate. Once formed 
such photochemical products could participate in i 
range of reactions with either the reactant ions or thl 
desired product ions. Such reactions need not lead tc 
the production of observable peaks in the ioi 
mobility spectrum, if the reaction products were 
unstable with lifetimes less than their drift times 
Ideally, these effects should be studied in greate 
detail using spectroscopic or mass spectral tech 
niques. 

CONCLUSIONS 

This work has demonstrated that photoemissior 
can be exploited as a viable ionisation technique fol 
use in ion mobility detectors. Several factors haw 
been investigated that influence the performance o 
a photoemissive ion mobility detector. For tht 
gridless design investigated here, the evidence sug 
gests that the ion-molecule chemistry which leads tc 
the characteristic product ions may not be proceed. 
ing to equilibrium under the conditions attainable 
and that the sensitivity of the detector may be 
reduced as a result. Further work is now in progresr 
using a photoemissive detector in which a conven- 
tional drift tube entrance grid is also employed, SC 
that, by delaying operation of the gating grid with 
respect to the light pulse, longer reaction times can 
be tolerated in the ion source without degrading the 
resolution of the detector in the manner described 
here. Furthermore the performance of the photo- 
emissive source is currently constrained by mutual 
ion repulsion degrading the ion resolution and 
studies are in hand using wider bore systems to 
reduce the ion densities. 
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