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a b s t r a c t

The characterization of a miniaturized helium discharge ionization detector (�HDID) for micro gas chro-
matography through a number of parameterized experimental measurements is presented. The response
of the detector is directly related to the He discharge voltage, bias electrode-to-discharge distance, and
collector-to-bias distance by a simple mathematical expression. The effect of the bias voltage and the
eywords:
icro gas chromatography
as detector
hotoionization

bias and collector electrode spacings relative to the He discharge were found to improve the detector
response as much as 12-fold depending on the design and various operational parameters. The detection
of octane from a headspace injection was performed over 24 h of continuous operation with no noticeable
degradation. Finally, a sensitivity test for octane in air was conducted using the design and parameters
with the best response to obtain an absolute limit of detection of 60 pg for octane in air at 3.3 mW.
elium discharge

. Introduction

Micro gas chromatography (�GC) is based on developing minia-
urized, portable systems capable of identifying the composition
f a gas mixture by separation into its individual components.
uch analyses are highly applicable for homeland security, space
xploration, on-site or distributed environmental monitoring
echanisms, food assessment, etc. [1–13]. In a typical �GC sys-

em, the sample mixture is first collected on an adsorbent bed
eferred to as the pre-concentrator. When thermally spiked, this
evice releases the adsorbed species in a sharp vaporized plug. This
arrow plug enters a microfluidic channel, called the separation
olumn, which is coated with a stationary phase film to chemi-
ally interact and retard the various analytes of the plug to different
xtents. The analytes are then separated in time and, ideally, elute
ut of the column one-by-one into a detector. The movement of the
nalytes through the entire system is facilitated by an inert carrier
as (mobile phase) such as helium or nitrogen.

Miniaturization offers unique advantages such as light-weight,
ow power consumption, less reagent usage and innovative archi-
ectures apart from lower cost when batch fabricated [14–27].

tereotypical miniaturization utilizes components fabricated in sil-
con/glass. Common implementations involve etching a narrow
ore microfluidic channel in silicon/glass wafers, with capillary
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dimensions similar to conventional GC columns, or fabricating
posts within the silicon cavity and coating with an adsorbent mate-
rial. The primary incentive is the ability to conveniently pack a
1–2 m length tubing (cavity) into a 2 cm × 4 cm × 500 �m silicon
die without having to wind equivalent length capillary tubing into
a large coil. In addition, heating a silicon die with on-chip heaters
is energetically far less taxing compared to heating capillary tubing
with a convection oven.

The choices for detectors in the micro-world are numerous.
While traditional GC systems are dominated by flame ionization
detectors (FID), electron capture detectors (ECD) and flame pho-
tometric detectors (FPD), �GC offers the possibility of obtaining
signals via other forms of reactive processes using sorptive sensors
that transduce into electrical, acoustic or optical domains [28–34].
In general, any concentration-sensitive detector, such as the ther-
mal conductivity detector (TCD), is more pliable to be reduced in
size [35,36]. It should be noted that while ionization detectors such
as the FID provide robust performance and sensitivity, efforts to
miniaturize them do not yield comparable detection levels since
the hydrogen flame loses its ionizing potential when reduced in size
[37,38]. On the other hand, sorptive and thermal sensing detectors
have inherent limitations since they are more temperature sen-
sitive and hence their implementation and application has been
inadequate as well. Mass spectrometry (MS), considered the gold

standard in conventional analytical techniques, has also been sub-
ject to miniaturization. A majority of these efforts has focused on
reducing the size of a MS using techniques that are not found in
silicon micromachining. This has resulted in dimensions slightly
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Fig. 1. A schematic diagram showing the dual-inlet, single-outlet �HDID. The ana-
lytes from a micromachined separation column are introduced at the top of the bias
electrode, bypassing the auxiliary channel fed helium microdischarge. Ionization of
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nalytes in the region between the collector and bias electrodes results in the detec-
or response at the collector electrode. The parameters of interest, namely l, w, Vp ,
nd Vb are denoted.

arger than that found in microGC and a power dissipation on the
rder of tens of watts [39].

Commercially available �GC systems have adopted a hybrid
pproach wherein the detector is similar in style to conventional
ltraviolet photoionization detectors (UV-PID). These systems offer
xcellent detection sensitivity, but are somewhat restricted by the
hotoionization energies available (<11.7 eV with argon lamps) as
ell as incorporation into a �GC system. Micro-discharges or plas-
as have also been utilized in gas detectors since 1991. Eijkel et al.

eported on a detector for �GC that fragmented the analytes in a
C microplasma to produce diatomic fragments from which emis-

ion was detected spectrophotometrically [40]. Improvements on
his technique included an innovative electrode structure to gener-
te a pulsed plasma with drastically reduced power consumption
41,42]. Spectrophotometric detection is an intensive operation
hat can consume power on the order of watts. An alternative is
o monitor the current through the discharge itself as reported by
u et al. [43]. However, a common concern with these designs is
he fouling of the electrodes due to fragmentation of the analytes.
ragmentation also does not allow for the analytes to be subjected
o further analysis.

We previously reported on a proof-of-concept micro-helium
ischarge detector [44] to address the need for a sensitive, low-
ower, easy-to-fabricate universal detector. This microdischarge
tilizes high-energy photons and excited state helium metastable
pecies to ionize the analytes and the resultant current monitored
n a remote collector electrode. Their lack of sensitivity to temper-
ture makes them suitable for robust gas detection systems [45].
limit of detection (LOD) of 350 pg for octane was demonstrated.

dditional design parameters for our �HDID are considered here.
pecifically, the effect of the He discharge voltage, distance of
he bias electrode from the He discharge, collector electrode from
ias electrode, and the bias voltage are parametrically studied.
he results were used to choose the best design to enhance the
OD.

. Theory

The micro-helium discharge ionization detector (�HDID) is an
onization style detector that operates by measuring the resultant
urrent from ionization of the analytes without molecular fragmen-
ation (Fig. 1). It utilizes a high voltage DC discharge in helium
cross a 20 �m gap as the source of high energy photons and
etastable excited helium atoms, which are thought to be the dom-

nant species responsible for the ionization of analyte species. This
s partly inspired by a pulsed discharge helium ionization detector

hat utilizes a pulsing technique to arc across an electrode pair to
enerate the excitation source [46,47]. Fig. 1 is a schematic show-
ng the concept and design parameters of the detector. Apart from
he discharge electrode pair to produce the He micro-discharge, the
uators B 206 (2015) 190–197 191

device also consists of a bias electrode and a remote collector elec-
trode downstream from the microplasma. Analytes contained in a
helium carrier from the separation column are introduced into the
detector at the bias electrode. The space between the bias and col-
lector electrode defines the “volume of the collector” and dictates
to some extent the level of signal response generated.

When suitably excited, the He discharge results in the gen-
eration of a complex mix of positive and negatively charged
ions, metastable He atoms, electrons, and photons. These omni-
directional energetic particles constitute what is called the ionizing
flux. Some of these particles, such as metastable helium atoms and
ions, flow downstream due to pressure-driven flow. Thus, the ion-
izing flux at the bias electrode is a mix of positive and negatively
charged particles as well as high energy photons and metastable He
atoms. The high energy components of this ionizing flux (normally
considered to be photons with energies >10 eV and metastable He
atoms with energies of 19.8 eV) are responsible for ionization of
analyte species eluting from the GC column. The transmission of
this flux through the detector volume decays exponentially due to
absorption, and is given by

Ib = I0e−˛l (1)

Ib, the flux observed at the bias electrode is related to the initial
discharge emission I0 by Beer–Lambert’s law for photon flux trans-
mission. ˛ is the absorption coefficient of helium over the length
of the detector (l) from the He discharge to the bias electrode. One
can rationalize that l should be minimized to increase the flux den-
sity available at the bias electrode. On a similar note, the gap width
w should be maximized to increase the total flux available for the
analyte species within the collector volume where the photon flux
needs to be absorbed to the maximum extent. However, recom-
bination processes with electrons within this volume can cause a
portion of the generated carriers to be neutralized and hence not
detected. The net effect of these factors determines the distance
from the collector electrode in which a generated charge carrier
will result in a favorable current. In the presence of a bias voltage,
the effect of an electric field between closely spaced bias and col-
lector electrodes can be advantageous in isolating the generated
carriers within the collector volume more efficiently. The lifetime
of metastable He species available for collisional energy transfer to
analyte species will be a factor as well. A number of these factors
are considered in the following discussions.

3. Experimental

3.1. Materials and sample preparation

Borosilicate glass wafers (Borofloat 33, Schott, NY) of 700 �m
thickness and 100 mm diameter were used as substrate wafers for
fabrication of the microplasma devices. The separation columns
were prepared from 100 mm 1 0 0 silicon wafers (Test grade,
University Wafers, MA) of 500 �m thickness.

For the design characterization experiments, the headspace of a
1.8 mL autosampler vial filled with about 120 �L of reagent grade
n-octane served as the source for constant vapor phase concen-
trations for gas-phase injections. For the limit-of-detection (LOD)
experiments, 25–200 �L of analytical grade n-octane were pipet-
ted into a custom-made 1 L volumetric flask. The mouth of the flask
was sealed with a 24/40 septa and left overnight for the octane to
volatilize. To prepare a different dilution, the octane in the flask was

cleared by removing the septa seal and running the flask through a
cycle of nitrogen purging, oven heating at 80 ◦C, and repurging with
nitrogen. After letting the flask cool down to room temperature,
the volume of octane corresponding to the desired concentration
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Fig. 2. (i) Top image shows the fabrication of the detector using Borofloat wafers. The top bottom wafer is patterned in (a), and wet etched and stripped in (b) to obtain the
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icrofluidic channels. In (c) a lift-off on top wafer deposits the patterned metal stru
f the �HDID right next to a micro-SDcard is shown at the bottom in (ii).

as pipetted into the flask, which was then re-sealed and left to
omogenize.

.2. Fabrication

The detector was constructed from two Borofloat wafers. To
abricate the microfluidic channels, a (bottom) Borofloat wafer
as blanket deposited with 50 nm/30 nm chromium/gold by e-

eam physical vapor deposition (PVD-250, Kurt Lesker). Photoresist
AZ9260) was spun-coated and lithographically patterned with
he first mask that exposes an area corresponding to the fluidic
hannels and bond pads. After etching the chromium and gold lay-

rs, the Borofloat was deep etched to a depth of 260 �m using
10:1 HF/HCl mixture (Fig. 2(a)). Following this, the mask was

ompletely stripped off. The top Borofloat wafer was spun-coated
ith AZ9260 and patterned. A 1 �m/25 nm titanium/gold stack
for the electrodes. The wafers are diced and epoxy-bonded in (d). An optical image

was e-beam deposited and patterned by lift-off. Both the wafers
were diced into individual devices and bonded together with epoxy
(Fig. 2(d)). Capillary tubing of 100 �m I.D. and 200 �m O.D. (Polymi-
cro TSP100200) were slid into the channel exits and sealed with
a two-part epoxy (Epoxy 907, Miller Stephenson, Danbury, CT).
A picture of the completed assembly is shown in Fig. 2(ii). An
80 �m-wide, 240 �m-deep and 1 m-long micromachined separa-
tion column was fabricated using a standard process described
elsewhere [44] for the octane separations. Polydimethylsiloxane
(OV-1, Ohio Valley, OH) was used as the stationary phase to static
coat the separation column [48].

A listing of the devices compared and their design parameters

are provided in Table 1, and illustrated in Fig. 1. Devices within
design parameter sets 1–3 were fabricated with a fixed bias to
collector–electrode distance (w = 2.5 mm) but vary with the dis-
tance of the bias electrode from the He discharge (l). Devices within
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Table 1
Six different designs with values for the parameters l (distance between the He dis-
charge and bias electrode) and w (distance between the bias and collector electrode).
The distance from He discharge to the midpoint of the gap between the electrodes
is calculated in the fourth column from the previous two. Multiple devices of the
same design were tested in most cases.

Design # Length l (mm) Gap width w (mm) Discharge to gap midpoint
(l + w/2) (mm)

1 5 2.5 6.25
2 3 2.5 4.25
3 1.5 2.5 2.75
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Fig. 4. A series of chromatographic runs from injections of octane vapor in an
autosampler vial headspace as detected by the �HDID. Chromatograms were taken
4 1.5 1 2
5 1.5 2 2.5
6 1.5 3 3

esign parameter sets 4–6 have the bias electrode at a fixed dis-
ance from the He discharge (l = 1.5 mm) but vary in the distance of
he collector from the bias (w). The third column provides the dis-
ance from the midpoint between the collector and bias electrodes
o the He discharge. Its significance will be discussed in a later
ection.

.3. Measurement setup

A GC oven (Model 7890, Agilent, Santa Clara, CA), fitted with two
lectronic pressure control (EPC) inlets and an FID was used to test
he detector, as shown in Fig. 3. A G4513A autosampler was fixed
o Inlet A of the GC when automated injections were required. The
utomated injection was configured for two sample priming events
ollowed by drawing 1 �l from the 1.8 mL autosampler vials, all at
depth of 10 mm, to ensure consistent gas phase injections. A gas

ight syringe (Catalog number 80000, Hamilton Syringe Company,
eno, NV) was used for making manual injections of samples dur-

ng LOD testing. Ultra high purity helium (UHP 300, Airgas) was
sed as the carrier and auxiliary gases. Industrial grade air (AIB 300,
irgas) and hydrogen generated by a hydrogen generator (Model
0H, Domnick Hunter) provided the FID gas supplies. One end of
he separation column was connected to Inlet A of the GC held
t 96.5 kPa. The split flow on this inlet was set to allow 1/150 of
he sample volume injected to reach the column. The other end
f the column was connected to the analyte channel of the detec-
or. The analyte channel bypassed the He discharge, which was fed
y a helium flow from Inlet B of the GC at 27.6 kPa, resulting in a
.22 mL/min flow rate through the auxiliary channel. Both injection

◦
nlets and the FID were maintained at 280 C whereas the �HDID
as maintained at ambient temperature. A picoammeter (Model

80, Keithley, Cleveland, OH) was used to detect the signal from the
emote electrode while a LabVIEW (National Instruments, Austin,

ig. 3. A setup showing the connections of the He-DID. The auxiliary channel feeds
elium for the microdischarge. The analyte channel introduces the analytes from
he separation column, bypassing the microdischarge. The picoammeter reads of the
ignal from the remote electrode. The FID is used only for verifying the consistency
f the injection.
regularly during a 24 h continuous operation, with the earliest to the left. Each 5-
point moving average shows two prominent peaks – a very early large peak due to
air and a small late peak due to octane.

TX) program recorded the measurement from the rear-terminal
output viz. a digital multimeter (Model 2700, Keithley, Cleveland,
OH). High voltage power supplies (PS310, Stanford Research Sys-
tems, Sunnyvale, CA) were used to provide the voltage necessary
for the He discharge as well as the bias electrode voltage.

4. Results and discussion

4.1. Long term operation

The packaged detector was setup as shown in Fig. 3. A 550 V
DC potential was applied through a 50 M� resistor, across the dis-
charge electrodes with the bias electrode grounded, and the current
from the collector electrode recorded through the picoammeter.
In order to study the empirical impacts of the signals generated
over long time intervals, a 1 �L headspace of octane was injected
from an autosampler every 1.5 h over 24 h of continuous operation
and the response of the detector (via the picoammeter) recorded.
Fig. 4 shows a stacked plot of the recordings with the earliest recor-
ding to the left. The raw data was smoothed with a 5-point moving
average. The first peak corresponds to air, while the smaller peak
that elutes at about 0.7 min corresponds to octane. The baseline
for the detector decreases from its initial value by about 50% to
eventually stabilize within 4 h (as shown in Fig. 5). This “burn-in”
period was noticed in the first few hours of every detector and
could correspond to the sputtering off of gold from the electrodes
used to produce the discharge as well as removal of contaminant
compounds used in the fabrication process. The burn-in process is
not required every time the detector is operated, it is only neces-
sary after initial fabrication of the detector. Thereafter, the baseline
was observed to be relatively stable and the detector’s response
(peak height minus baseline) considered reasonably constant for
measurements.

4.2. Distance of the bias electrode from the discharge (l)

Multiple detectors of three different designs (Designs 1–3 in
Table 1) were fabricated with a fixed distance between the bias

and collector electrodes at 2.5 mm, and varying distances between
the bias electrode and the He discharge. A total of 6 different detec-
tors were tested (two of each of the three designs). The response
of the detectors to 1 �L injections of octane in the headspace of
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Fig. 7. Variation in the detector response to octane headspace injection at different

ig. 5. Plot of the average baseline obtained over a 24 h period with the error bars
ndicating the variation in the baseline (noise) for each chromatographic run.

utosampler vials was measured with excitation voltages from
50 V to 700 V in increments of 50 V used to produce the He
ischarge, with the bias electrode grounded. The peak height
orresponding to octane for the range of discharge voltages is
lotted in Fig. 6 for each design. Three tests were performed at
very voltage for each of the 6 detectors, two of each design,
nd the peak heights averaged. The error bar represents the stan-
ard deviation in the multiple measurements. The positive slope
n each line plot indicates that an increased voltage (Vp) pre-
ictably results in an enhanced response. This can be correlated
o a larger current flux within the discharge gap, which produces
larger ionizing flux. This would be reflected in an increase in the
alue of I0 in Eq. (1). Deviations from monotonicity were matched
o variations in the sample injected by the autosampler itself,
s observed for signals obtained from the FID (data not shown
ere).

The octane signal was also observed to increase significantly
n Fig. 6 for smaller values of l. As the distance between the He

ischarge and the bias electrode is decreased, the flux observed
t the bias electrode increases. This effect can be correlated to the
xponential term in Eq. (1), and correspondingly results in better

ig. 6. Variation in the detector response to octane headspace injection at different
ischarge voltages for 3 designs (6 different devices). The devices are characterized
y the distance from discharge to bias electrode (l) with a constant w = 2.5 mm. Each
ata point is the average over multiple runs.
discharge voltages for five different devices with variations in the bias to collector
electrode distance (w) with a constant l = 1.5 mm. Each data point is the average
from multiple runs.

analyte ionization. In addition, the number of high energy photons
and metastable He atoms available for analyte ionization should
be enhanced by reducing the distance between the discharge and
the capillary outlet directly above the bias electrode, effectively
improving the density of the ionizing flux at the capillary outlet.
Thus, it can be concluded that for a given w, the detector with the
smallest value for l gives a better response. The extent to which
l can be minimized is limited by the possibility of fragmentation
of the analyte upon their introduction at the bias electrode and
subsequent back-diffusion. This limitation has not been explored
in this paper and is subject to further investigation.

4.3. Distance of the collector from the bias electrode (w)

Multiple detectors of three different designs (Designs 4–6) were
fabricated and tested with the location of the bias electrode from
the He discharge set at 1.5 mm. However, the distance of the collec-
tor electrode from the bias electrode was varied to understand the
competing effects of ionization and recombination within the col-
lector volume. Plots for the detector response for three designs over
the same range of discharge voltages are shown in Fig. 7. Each data
point is the average of triplicate runs performed on each detector
at each voltage, from a total of 5 detectors. The error bars repre-
sent the standard deviation of the values for which the average
is plotted. In a manner similar to the distance between the bias
electrode and He discharge, signals were observed to increase as
the distance between the collector and bias electrodes decreased.
The signal collected at the collector electrode relies on the ioniza-
tion of analytes from the He discharge source to produce charged
species with a sufficient lifetime to reach the collector electrode via
the helium flow through the device. As this gap decreases, the time
available for recombination effects, or neutralization of the charged
species, decreases as well. Thus, for a given l, decreasing the width
w is favorable. The reason for the decrease in signal observed at the
highest discharge voltage for Design 4 is unclear at this time.

The results from the previous two experiments can be combined
to obtain a simple relation for the detector response R (peak height
of the octane signal) in terms of the length l and width w,
R ∝ Vpe−˛l(1 − ˇw) (2)

Here, ˛ is the absorption coefficient from Beer–Lambert’s
law. ˇ is an empirical coefficient to account for the improved
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ig. 8. Response of the detector to octane headspace injections from stepped values
f bias voltage from 0 to 100 V. Each data point is the average from two runs. A
etector from each previously tested design was used for this analysis.

ollection as the collector is brought closer to the bias electrode and
an be related to the presence of a first order recombination/decay
ength constant. Using the slopes generated from the data plotted in
igs. 6 and 7, the values of ˛ and ˇ were estimated to be 0.45 mm−1

nd 0.23 mm−1, respectively, at 550 V. The larger the value of ˛, the
uicker the decay of the flux from the He discharge and hence, the
loser the bias electrode has to be positioned to the He discharge.
n the other hand, a lower value of ˇ makes the design less sensitive

o the width of the gap (w).

.4. Bias voltage, Vb

The role of bias voltage in actively collecting charged species
ithin the collector volume was examined by stepping the voltage

rom 0 to 100 V in increments of 25 V and measuring the detector
esponse. Fig. 8 also presents the effect of the electrode parameters
n the detector response in the presence of a stepped bias voltage. A
etector from each previously tested design was tested with the He
ischarge voltage (Vp) set to 550 V. Each data point is the average
f two runs. One run was obtained while stepping the voltage up
rom 0 to 100 V and the other stepping down from 100 to 0 V.

The plot in Fig. 8 can be split into three regions and the behav-
or of the detector hypothesized as follows. The analytes within
he collector volume can be readily ionized by high energy photons
nd metastable He species from the ionizing flux. In Region 1, in the
resence of a small positive bias, negatively charged species from
he ionizing flux are collected at the bias electrode, which effec-
ively reduces the possibility of recombination with the positive
ons produced from the analytes. Similarly, the electrons created by
he soft-ionization of the analytes within the collector volume are
ollected as well; in effect increasing the time necessary for recom-
ination of the electrons with the ionized analytes. The resultant
ffect is signal amplification, as noted with the increase in detector
utput. The sensed current is thus a sum of the effect of the increase
n the drift current owing to the removal of the negative species

ithin the volume, and the secondary emission from the imping-
ng flux on the bias. While the former depends on the proximity of
he collector electrode to the bias electrode, the latter depends on
he proximity of the bias electrode to the He discharge. The slope of
he graph, in this region, can be related to the parameter (l + w/2),

reviously described as the distance of the midpoint of the gap from
he He discharge, and tabulated in Table 1.

Beyond a certain voltage, the impact of the bias electrode on
epelling positively charged species in the ionizing flux and the
Fig. 9. Response of the chip (Design 4) to various injected masses of octane, at a bias
voltage of 25 V. Each data point is the average from three successive runs.

collection of high energy electrons reduces the ionization detected
within the collector volume. This results in a decrease in detec-
tor response, as observed in Region 2 that eventually levels off
into Region 3. If one assumes that a significant fraction of the ion-
ized analyte species is the result of metastable He atoms, then this
implies that above a certain threshold voltage that energetic pri-
mary and secondary electrons responsible for the production of
some of the metastable He population are depleted by the bias
electrode. This would leave high energy photons produced in the
ionizing flux as the primary means of analyte ionization, essentially
resulting in a saturated signal since the photon population would be
primarily dependent on the He discharge voltage and not the bias
voltage. Since the ionizing flux depends only on the proximity of the
bias electrode to the He discharge, the saturated response increases
with decreasing values of l but is not affected by w since removal
of the electron population significantly reduces the detrimental
impact of recombination with analyte ions. This is experimentally
evident from the similar detector outputs observed in the saturated
region (III) for Designs 3–6 with the same value of l = 1.5 but vary-
ing in w. Measurements were taken with finer resolution in bias
voltages between 0 and 50 V. While, the data fit the overall trend
of the plot, a relation between the exact voltages of peak response
could not be established due to measurement variations associated
with such fine voltage resolution measurements.

4.5. Limit of detection (LOD)

A sensitivity test for the device with the best response (Design 4
in the bias voltage experiment) was performed using various dilu-
tions of octane vapor in air. 1 �L samples from mixtures of 25,
50, 100 and 200 �L of octane in 1 L of air were drawn into a gas
tight syringe and injected into Inlet A of the GC. The discharge volt-
age was set to 700 V and the bias to 25 V. The power consumption
was calculated to be 3.3 mW under these conditions. A calibration
curve plotting octane peak area against the injected mass in Fig. 9
exhibited some deviation from linearity at the highest octane mass
(950 pg). The worst case deviation in baseline noise from all 9 runs
was 2.5 pA. Using a 3/1 signal to noise ratio as the criteria for the
absolute limit of detection and plugging into the quadratic fit, an
LOD of 60 pg for octane was obtained.

5. Conclusions
This paper reported on the optimization of a miniaturized
He discharge ionization detector for micro gas chromatography.
Specifically, the placement of the bias from the discharge, and the
gap between the bias and collector electrodes was studied. It was
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bserved that while the bias electrode’s distance had an exponen-
ial effect, the gap between the bias and collector electrodes had
linear effect. In addition, the plasma voltage was found to have
proportional increase in the detector’s response due to increase

n the ionizing flux. On the other hand, there is an optimal bias
oltage that provides maximum increase in the output due to the
omplex interaction mechanism. Preliminary results indicate that
olumn temperature has negligible effect on the detector response.
n improved detection limit of 60 pg was reported.

Detector response to other compound classes such as aromat-
cs and halogenated species should be investigated as well since
onization potentials can vary depending on the compound struc-
ures. In addition, the role of flow rate from both the analyte and
uxiliary channels need to be better understood and optimized to
urther improve the signal-to-noise ratio (SNR). Further research
fforts will ultimately lead to the integration of the detector with
he separation column for an integrated portable analysis system.
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