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Abstract. In order to improve the resolving power (RP) and signal-to-noise ratio
(SNR) of ion mobility spectrometry (IMS) simultaneously, a modified Hadamard
transform-inverse ion mobility spectrometry (MHT-IIMS) technique was developed.
In this novel technique, a series of isolating codes were appended to each element of

the pseudo random binary sequence (PRBS), and then the modified modulation
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sequence was formed and used to control the ion gate of the inverse IMS (IIMS).
Experimental results demonstrate that the MHT-IIMS technique can significantly
enhance the resolving power and SNR simultaneously by measuring the spectra of
reaction ions. Furthermore, the gas sample CCl, and CHCI; were measured for

evaluating the capability of detecting those samples which have single and multiple
product ions. The results show that this novel technique is able to simultaneously improve the resolving power
and SNR notablely for the real sample detection without any significant instrumental changes.
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Introduction

Ion mobility spectrometry (IMS) is a trace chemical sub-
stances analytical technology that appeared in the late
1960s to the early 1970s. It has been widely applied to the
detection of drugs [1, 2], narcotics [3, 4], explosives [5, 6], and
chemical warfare agents [7, 8], owing to its ambient pressure
working condition, high sensitivity, analytical flexibility, and
real time monitoring capability.

In conventional ion mobility spectrometry, a gas phase
sample is ionized, and then the product ions are generated in
the reaction region by different ionization sources, such as
photoionization, corona discharge, electrospray ionization
(ESI), or radioactive ionization. These product ions enter the
drift region under the action of the ion gate pulse and are
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separated due to their different velocities. The velocity of the
ions depends on their weight, charge, and shape. The ions in the
drift region move toward the Faraday plate and create the ion
current signal. The output of the amplified ion signal is syn-
chronized with the ion gate pulse, yielding a mobility spectrum
(i.e., a plot of ion current versus time).

The resolving power is one of the key parameters for evaluating
the ability of IMS device to separate closely spaced peaks. Gener-
ally, the resolving power of IMS is defined as Equation 1 [9].

tq
Ry = — (1)
tl/2

where 74 is the drift time of the single peak and 71 /, is the full-width-

half-maximum of the single peak in the spectrum of IMS. The
resolving power can be calculated on the basis of Equation 2 [10],
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where £, is the gate pulse width, K is the ion mobility, K is the
reduced ion mobility, 7'is the temperature, V'is the voltage, L is the
drift tube length, P is the pressure, k3 is Boltzmann’s constant, and
q is the charge on an electron. Apparently, the resolving power is a
complicated function that is related to the temperature and pressure
in the drift tube, the gate pulse width, the length of drift region, and
the electric field in the drift region. Additionally, the resolving
power is also affected by Coulomb repulsion, diffusion of ions,
and space charge occurred in the drift region.

The methods and techniques that are utilized to improve the
separation power of IMS have been investigated intensively.
The resolving power has been enhanced over an order of
magnitude by increasing the length of the drift tube [11]. The
change of the temperature [12] and pressure [10, 13] in the drift
tube has also affected the resolving power. Recently, the in-
crease of the resolving power has been achieved under the non-
uniform electric field in the drift region when an alternating
current superimposed mode has been applied on the ion gate
[14]. Moreover, Tabrizchi and Jazan proposed a new and
interesting method to enhance the resolving power via the
application of an inverse pulse to the gate grid. Using this
technique, 30%—60% higher resolving power was obtained
[15].

A signal-to-noise (SNR) is generally accepted for estimating
the detection ability of IMS device. The SNR is calculated in
Equation 3 [16],

R, =

H
NR = — 3
SNR =" G)

where H is the height of the peak, corresponding to the com-
ponent concerned, and measured from the maximum of the
peak to the extrapolated baseline of the signal, and o is the
standard deviation of the baseline in the spectrum. The higher
SNR value means that the limit of detection (LOD) is lower. As
for the conventional IMS, the duty cycle is too low (less than
1%) because the ion gate pulse is often small (~200 ps) com-
pared with that of the one total period time (~30 ms). The lower
duty cycle restricts the signal level as well as the sensitivity of
IMS. One of the methods to improve the SNR and sensitivity of
IMS is to raise the ion throughput inside the drift region. Using
a modified electrodynamic ion funnel, a 7-fold increase in ion
signal has been observed [17]. Moreover, Hadamard transform
is a multiplex technique that also can enhance the duty cycle of
IMS to 50% and lead to the enhancement of the SNR over the
conventional IMS by using a pseudo-random sequence to
modulate the ion gate [18, 19].
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However, the tradeoff between resolving power and SNR or
sensitivity has easily occurred when a certain technique is
applied to improve the performance of IMS instrument. In-
creasing the pulse width of the ion gate can allow more ions to
enter into the drift region and increase the signal intensity as
well as the sensitivity of IMS. However, a longer opening
duration will lead to peak broadening and lower the resolving
power. In addition, Hadamard transform technology can im-
prove the SNR as well as the sensitivity of IMS, but it does not
possess the ability to alter the resolving power of IMS. There-
fore, it often happens that the SNR and the sensitivity of an
IMS instrument are sacrificed in order to meet the resolving
power requirement, and vice versa. Obviously, a new technique
is needed to simultaneously improve the resolving power and
the SNR of IMS without compromise between them.

In this report, a modified Hadamard transform technique
(MHT) is developed and utilized to control the ion gate of
inverse IMS (IIMS). The resolving power and SNR are in-
creased simultaneously over the conventional IMS by measur-
ing the reaction ion. Furthermore, the gas sample CCly and
CHCl; are measured for evaluating their ability to detect those
samples that have single and multiple product ions using the
MHT-IIMS technique. The results demonstrate that the novel
technique is able to simultaneously improve the resolving
power and SNR notably without any significant instrumental
changes.

Experimental

The homemade atmospheric pressure corona discharge ion
mobility spectrometer (APCD-IMS) is demonstrated schemat-
ically in Figure la. The detailed description about this instru-
ment was shown in our previous work [14, 20]. Briefly, it
consists of the ionization region, the reaction region, the
Bradbury-Nielson ion gate, and the drift region and data acqui-
sition system.

In the ionization region, the discharge electrodes with the
geometry of point to plate were installed coaxially and located
at the top of the IMS tube. The reaction ions were generated in
this region by means of negative corona discharge through
dried air and dragged into the reaction region. Both the reaction
and drift regions consist of metal guards that were insulated
from each other using Teflon rings. The high voltage through
an electric resistance network on the metal rings generated a
weak homogeneous electric field along the central axis of the
drift tube. At the interface between the reaction and drift region,
a Bradbury-Nielson type ion gate is installed and works under
the control of an ion gate controller. When the ion gate is
opened for a short time, the product ions and the reaction ions
swarm into the drift region and drift toward a Faraday plate
under the action of the applied homogeneous electric field.
Then the current signal will be generated by collecting the ions
with a Faraday plate and amplified by a current amplifier
(Keithley 428). Subsequently, it is fed into the computer data
processing system. The IMS works under negative detection
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Figure 1. (a) Schematic presentation of the atmospheric pressure corona discharge ion mobility spectrometry (APCD-IMS). (b)
Schematic presentation of the inverse IMS (IIMS). (c) Schematic presentation of the HT-IMS. (d) Schematic presentation of the HT-

IIMS. The ion signal in this figure is a negative detection mode

mode and all the experiments are performed under the condi-
tion of 295 K and ambient pressure.

Methodology
Principle of the IIMS, the HT-IMS, and the HT-IIMS

Inverse IMS (IIMS) was developed by Tabrizchi and Jazan in
2010 [15]. In this technique, an inverse pulse was applied to the
ion gate and created a dip instead of an ion peak formed in
conventional IMS. The control mode of the ion gate is sche-
matically shown in Figure 1b. Note that the negative mode
detection is used in all the principle schemata. The symbol “1”
corresponds to the low level that is used to close the ion gate,
whereas the symbol “0” means the high level is used to open
the ion gate. As shown in Figure 1b, the ion gate is opened for a
long duration and closed for a short period. Thus, the gate of
the IIMS introduces "a dip" into a continuous ion beam instead
of ion bundles, so that a 1% duty cycle electronic pulse in
inverse mode admits ~99% of the available ion stream. In this
case, the ions are distributed outside of the dip and repulse each
other. This repulsion effect of charged ions leads to the com-
pression of the dip, namely the improvement of resolving
power [21]. The resolving power of the IIMS was enhanced
about 30%—60% compared with the conventional IMS.

In Hadamard transform ion mobility spectrometry
(HT-IMS), a pseudo random binary sequence (PRBS) is
used as the modulation sequence to perform the
Hadamard multiplexing. The principle of the HT-IMS is

explained briefly in Figure lc. The convolution of the
conventional Hadamard multiplexing is shown in Equa-
tion 4 [22, 23],

[Y] = [S] < [X] 4)

where Y corresponds to the convolution spectrum that is
encoded by multiple normal spectra, S is the nxn (n is
the length of PRBS) matrix that is generated by PRBS,
and X corresponds to a series of single spectrums that is
derived from a single injection. As for a PRBS, such as
“0010001111...”, symbol “0” means the low level output
that is utilized to close the ion gate, whereas the symbol
“1” represents the high level output that is used to open
the ion gate. As a result, the convoluted ion signals,
which are composed of a series of ion mobility spectra,
are obtained under the control of pseudo-random gating
function. After the inverse Hadamard transformation, the
deconvoluted signal is obtained, and a 2- to 10-fold
enhancement in SNR is attained without reduction or
improvement in resolving power [18].

The combination of HT technique and IIMS may have the
potential power to improve the SNR and resolving power
simultaneously as discussed above. Under this consideration,
first we tentatively applied the HT technique to control the ion
gate of the IIMS, which was named Hadamard transform in-
verse IMS (HT-IIMS). In this HT-IIMS technique, the modu-
lation sequence (PRBS) is the same as that used in the HT-IMS.
However, the symbols “1” and “0”in the PRBS of the HT-
IIMS, respectively, mean the low level output that is used to
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close the ion gate, and the high level output that is used to open
the ion gate. As a result, an inverse ion mobility spectrum will
be obtained. The control principle of the HT-IIMS is schemat-
ically shown in Figure 1d. It is expected to improve the resolv-
ing power and SNR simultaneously using the HT-IIMS tech-
nique over the results measured by conventional IMS.

Additionally, the ion signals in the conventional IMS
and HT-IIMS mode were all averaged. The duration of
data acquisition in the conventional IMS remains almost
the same as the scan time of HT-IIMS mode in order to get
a better comparison.

Results and Discussion

The Measurements of Reaction lons Using
the Conventional IMS and the HT-IIMS Technique

In this section, only reaction ions produced via negative corona
discharge in air were considered. The uniform electric field in
the drift region was set as 300 Vem ™. The ion gate pulse width

(a) IMS (single injection)
- RP|SNR .
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S
<
2
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Figure 2. The ion mobility spectra of the reaction ions mea-
sured by (a) the conventional IMS, (b) the HT-IIMS. Here the ion
signal in the conventional IMS and in the HT-IIMS were aver-
aged six times and three times respectively, which means the
duration of data acquisition (6x30 ms) is close to the scan time
3x51 ms) of the HT-IIMS. Moreover, the ion signal in this figure
is a negative detection mode
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for all the experiments was 200 us. As shown in Figure 2a and
b, the spectra of reaction ions measured using conventional
IMS and HT-IIMS are illustrated. The resolving power and the
SNR of these spectra were calculated using the Equations 1 and
3, respectively. Moreover, it is noted that the baseline is
distorted by characteristic waveform as shown in Figure 2a.
This distortion might be generated by the power supplies, such
as high voltage power supply and ion gate power supply, and
has negligible effect on our experimental results.

The resolving power and SNR of the conventional IMS are
about 21 and 24 as shown in Figure 2, respectively. It is
surprising to note that the resolving power of HT-IIMS is the
same as the results measured by the conventional IMS, whereas
SNR of the HT-IIMS is 35, which is only 1.46-fold enhance-
ment in comparison to that of the conventional IMS. These
results do not meet our initial expectation.

A dip is created in the ion beam rather than generating an
ion packet in the [IMS as mentioned above. The ions are
distributed outside of the dip and repulse each other. This
repulsion effect of charged ions leads to the compression of
the dip. However, the convoluted ion signals are composed of
multiple irregular dips under HT-IIMS. As shown in the inset
plot of Figure 2b, the widths of these dips are non-uniform.
Some of them are narrow, while others are wide. Some dips
even overlap each other. The repulsion effect among these
charged ions is hardly plays a role as it does in the single dip
in the IIMS owing to the irregular width of dips and their
ambiguous boundaries. As a result, the compression effect of
the convoluted ion signals in HT-IIMS suffering a great loss.
This is the possible reason for obtaining the same resolving
power under conventional IMS and HT-IIMS measurement.
As for the SNR, it might also be affected by those irregular
dips.

Moreover, some spurious peaks or data artifacts are ob-
served as shown in Figure 2b. A similar phenomenon was also
observed by many researches when the HT-IMS technique was
utilized [17-19, 24, 25]. Modulation defects were considered
as the main source for these spurious peaks. Additionally,
Puton and Knap have reported that the shapes of ion swarms
at the beginning of drift region may lead to the peak deforma-
tion and generate the spurious peaks. The fluctuations of the
baseline also make the contribution to those spurious peaks
[26]. Parts of the multiplexed ion signal that were most affected
by imperfect performance of the BNG have been discarded in
order to minimize the effect of modulation defects [18]. More-
over, Prost et al. have developed an effective algorithm to
discover and eliminate the data artifacts [25].

The Development of a Modified Hadamard Trans-
form Inverse IMS (MHT-1IMS)

As discussed above, the irregular width and the ambiguous
boundaries of dips are supposed to weaken the repulsion effect
among the charged ions and make it difficult to improve the
resolving power in the HT-IIMS as expected. If this hypothesis
were true, the repulsion effect would be a positive effect for
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Figure 3. Schematic presentation of the modified Hadamard
transform-inverse ion mobility spectrometry (MHT-IIMS)

improving resolving power when each dip in the convoluted
ion signals can be separated independently.

In order to separate each dip in the convoluted ion signals, a
modified Hadamard transform-inverse ion mobility spectrom-
etry technique (MHT-IIMS) is developed. The principle of this
novel MHT-IIMS is demonstrated in Figure 3. Under the

Y. Hong et al.: Simultaneous Improvement of Resolving Power and Signal-to-Noise

MHT-IIMS measurement, the modified modulation sequence
is obtained by appending isolating codes to each element of the
PRBS. For example, when the modulation PRBS is
“010111100011010...”, the modified modulation sequence
will be encoded as“0010001010101000000010
10...”, where the underlined symbol “0” is the isolating code.
In addition, the underline symbol “0” and “0” mean the low
level output, which is used to close the ion gate. The symbol
“1” means the high level output, which is used to open the ion
gate. Under the control of this modified PRBS, the dips will be
separated with regular features as shown in Figure 3.

In order to prove the validity of the novel MHT-IIMS
technique, the spectra of reaction ions were measured using
the MHT-IIMS with different isolating code numbers (from 1
to 3). The experimental results are illustrated in Figure 4a—c,
where the order of the S-matrix is 255, the gating pulse width is
200 ps. In comparison to the resolving power and SNR of the
conventional IMS, the resolving power and SNR of the MHT-
IIMS are improved simultaneously. Additionally, the values of
SNR and resolving power increase with the rise of the number
of isolating code under the MHT-IIMS mode.

In order to obtain the optimized number of isolating codes for
improving resolving power and SNR, the spectra of the reaction
ions were measured with the different isolating code numbers.

-2400 |
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Figure 4. Theion mobility spectra measured by the MHT-IIMS with different isolating code numbern (@n=1,(b)n=2,and(c)n=3
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Figure 5 shows that the resolving power and SNR were plotted
against different isolating code number n. With the increase of the
isolating code number, the resolving power and SNR increase
first, and then become almost constant when isolating code
numbers are 3 and 4, respectively, as shown in Figure 5a and b.
It is noted that the spectra of the reaction ions were measured
three times under the same experimental condition. The values of
resolving power and SNR have been calculated using these data.
The error bars of the resolving power and SNR were about 2%
and 5%, respectively, as shown in this figure, which indicate that
our experiment has good reproducibility.

As mentioned above, the irregular width and the unresolved
boundaries of the adjacent dips weaken repulsion effect among
the charged ions and make it difficult to improve the resolving
power in HT-IIMS. However, the convoluted ion signals (dips)
are separated gradually under MHT-IIMS measurement with
the increase of isolating code number. The ion density on both
sides of the dips will be increased accordingly. As a result, the
repulsion effect among charged ions distributed on both sides
of the dips will be strengthened, which may lead to the further
compression of the inverse dips [21]. Thus, the resolving power
will be enhanced first as shown in Figure 5a. When the dips
were separated completely, the ion density will reach satura-
tion, and the repulsion has no effect on the resolving power.

The modulation defect and unresolved boundary between
adjacent signal peaks in convoluted ion signals possibly lead to
the spurious peaks in HT-IMS, which could raise the noise
level of mobility spectrum, and then result in the loss of the
SNR. However, with the increasing number of isolating codes,
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and (b) the SNR and the isolating code number
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the convoluted ion signals (dips) are separated gradually, and
then the boundary between adjacent signal peaks can be re-
solved gradually under the MHT-IIMS measurement. The
modulation defect was minimized gradually with the separa-
tion of adjacent signal peaks. This might be the main reason for
fewer artifacts and the improvement of the SNR in MHT-IMS
with the increased number of the isolating codes. When the
dips are separated completely, the SNR would be constant as
shown in the Figure 5b.

On the other hand, it is noted that the duty cycle will be
decreased when isolating codes are adopted in the MHT. The
gain of the SNR cannot reach the theoretical values because of
the decreased duty cycle. Also, the total scan time will be
extended. If the order of the S-matrix is 255, the gating pulse
width is 200 ps, the total scan time for Hadamard multiplexing
will be about 51 ms, and the time consumption for data pro-
cessing (sampling, A/D conversion, decoding, data presenta-
tion) will be about 1.5 s. However, the order of the modulation
matrix will be four times (from original 255 to current 1020),
the total scan time will also be four times (204 ms) under the
MHT measurement, and thus the time cost for data processing
will be about 6 s. The time cost is still acceptable for the fast
detection speed of the IMS.

As discussed above, the best resolving power and SNR
could be obtained when the isolating code numbers are 3 and
4, respectively, under MHT-IIMS measurement. These results
indicate that MHT-IIMS is an effective technique to enhance
the resolving power and SNR and simultaneously.

Sample Detection Using MHT-IIMS Measurement
Of CCI4

-800 -
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-2400 |- n | 1 1 1 | n 1l 't 1
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Figure 6. The ion mobility spectra of CCl, measured by (a) the
conventional IMS, and (b) the MHT-IIMS. The ion signal was
averaged 21 times in conventional IMS mode, whereas the ion
signal was averaged three times in MHT-IIMS mode
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Figure 7. The ion mobility spectra of CHCl; measured by (a)
the conventional IMS, and (b) the MHT-IIMS The ion signal was
averaged 21 times in conventional IMS mode, whereas the ion
signal was averaged three times in MHT-IIMS mode
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To further evaluate the capability of the novel MHT-IIMS
technique, the gas sample CCl,; was measured by a home-
made atmospheric pressure nitrogen corona discharge ion mo-
bility spectrometry apparatus (APNCD-IMS), which can be
referred to in our previous report [27]. Different from the
APCD-IMS apparatus, an additional curtain region located be-
tween the ionization region and the reaction region is used to
prevent sample gases from diffusing into the ionization region.
In the ionization region, thermal electrons were generated by
means of negative corona discharge through nitrogen gas at
atmospheric pressure. The gas samples CCl, and CHCl; were
introduced into the reaction region by carrier gas N, and attached
by the thermal low-energy electrons, which were dragged from
the ionization region. The product ions were formed by the
interaction between the low-energy electrons and the gas sample.
The uniform electric field in the drift region is 490 Vem .

Gas sample CCl, (~100 ppb) was injected into the IMS cell
by syringe pump. The product ions CI (H,0), that were mea-
sured by conventional IMS and MHT-IIMS, respectively. are
demonstrated in Figure 6. As shown in this figure, the resolving
power and SNR under conventional IMS measurement are 26
and 45, respectively. When three isolating codes were
appended, the SNR reached 176, which is about 3.9 times over
the results measured by conventional IMS. Additionally, the
resolving power is 65% higher compared with the result of the
conventional IMS.

Measurement of CHCl;

Furthermore, the gas CHCl; was measured to evaluate its
ability to detect those samples which have multiple product

Y. Hong et al.: Simultaneous Improvement of Resolving Power and Signal-to-Noise

ions using conventional IMS and MHT-IIMS, respectively.
About 480 ppb gas CHCIl; was injected into IMS cell with
the same experimental condition as the measurement of CCly.
As shown in Figure 7, two product ions (labeled “1” and “2”)
were observed. Here, the resolving power and SNR were
calculated using the peak “1”. A 1.4-fold enhancement of
resolving power and a 5.9-fold enhancement of SNR were
achieved under the MHT-IIMS in comparison to that of the
conventional IMS as shown in this figure. It is noted that the
accurate assignment of the two products needs further investi-
gation in our next work. Tese results further validate that the
MHT-IIMS technique can be used to analyze the complex
system with higher SNR and higher resolving power.

Conclusion

In this report, in order to explore an effective mathematical
method to improve the resolving power and SNR of IMS
simultaneously, a modified Hadamard transform-inverse ion
mobility spectrometry (MHT-IIMS) technique was developed
for the first time. The resolving power and SNR, respectively,
were enhanced simultaneously over the conventional IMS by
the measurement of the reaction ion. Furthermore, gas samples
CCly and CHCl; were measured for evaluating their ability to
detect those samples that have single and multiple product ions
using the MHT-IIMS technique. The results demonstrate that
the novel technique is able to simultaneously improve the
resolving power and SNR without any significant instrumental
changes, although the resolving power in this work was not
optimized to the best value.
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