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Abstract:

In order to suppress or eliminate the spurious paaki improve signal-to-noise ratio (SNR)

of Hadamard transform ion mobility spectrometry {WIS), a normal-inverse bimodule

operation Hadamard transform - ion mobility specietry (NIBOHT-IMS) technique was

developed. In this novel technique, a normal anérise pseudo random binary sequence (PRBS)

was produced in sequential order by an ion gatéraier and utilized to control the ion gate of

IMS, and then the normal HT-IMS mobility spectrundahe inverse HT-IMS mobility spectrum

were obtained. A NIBOHT-IMS mobility spectrum waairged by subtracting the inverse HT-IMS

mobility spectrum from normal HT-IMS mobility speein. Experimental results demonstrate that

the NIBOHT-IMS technique can significantly suppress eliminate the spurious peaks, and

enhance the SNR by measuring the reactant ionthdfmore, the gas CHCand CHBr, were

measured for evaluating the capability of detectiegl sample. The results show that the

NIBOHT-IMS technique is able to eliminate the spus peaks and improve the SNR notably not

only for the detection of larger ion signals bugcafor the detection of small ion signals.

Keywords: lon mobility spectrometry, Hadamard tfan®, Signal-to-noise ratio; Spurious peaks.
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1. Introduction

lon mobility spectrometry (IMS) is an analyticatkamology which has been used to analyze

and detect trace chemical compounds, such as @ar¢b}, explosives [2, 3], chemical warfare

agents [4-6], haloalkanes [7-9] and organic acitld] [due to its ambient pressure working

condition, high sensitivity, and real time monitayi capability. During a traditional IMS

experiment, ions which are generated in the reac#gion are introduced into the drift tube under

the action of the ion gate pulse. Once the ion glckaches the end of the drift tube and is

detected, and then the next gating event is adiniftee detected ions create ion current signal

and then is amplified. The output of the amplified signal is synchronized with the ion gate

pulse, yielding a mobility spectrum, i.e., a plbéian current versus time.

Typically, each gate pulse is often small (~28) compared to that of one total period time

(~30ms) in the IMS measurement. Because of thisipgilnature, IMS suffers from a low duty

cycle (less than 1%), which restricts the signe¢leas well as the sensitivity of IMS. In order to

overcome this problem and to increase the sengitni IMS, The technique of Hadamard

transform ion mobility spectrometry (HT-IMS) hasebedeveloped by Clowers et al. and Szumlas

et al. at almost the same time [11, 12]. The dytlecof the HT-IMS was increased to 50% and

the signal to noise ratio (SNR) was attained tel® Zold enhancement in comparison to those of

the traditional IMS.

However, some spurious peaks are always presenttte imobility spectra of HT-IMS as

well as the data of other multiplexing techniquiek-17]. Such unwanted peaks may lead to some

confusing results for the detection and also irswethe baseline of spectra. Moreover, the

intensity of the ion signal is also reduced usimg Hadamard multiplexing technique [13]. As a
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result, the SNR suffers from a loss and is lowanttihe theoretical value [11].

The modulation defects were confirmed as the maasans for the spurious peaks and the

degraded signal intensity when the Hadamard makiph technique is used [17]. In the case of

HT-IMS, imperfect ion packets of the multiplexedtaland the depletion of ions in the region

prior to the Bradbury-Nielson gate (BNG) lead te fluctuation of ion intensity and the existence

of the spurious peaks when employing a BNG. Thece®f modulation defects due to imperfect

gating was minimized by discarding part of the ipléiked ion signal [11]. Moreover, a flexible

“digital multiplexing” method has been developedkiyasnik et al. The duty cycle was variable

from 0.5% to 50% and the SNR was increased to &td& fusing this technique. The spurious

peaks were also reduced or eliminated [14]. Prbat.éhave developed an algorithm to identify

and remove the data artifacts, i.e. spurious peB&lowing application of this method, the

spurious peaks were avoided and the sensitivityim@gased in the experiment of ion mobility

spectrometry-mass spectrometry (IMS-MS) [13]. Aiddially, Putonet al. have reported that the

shapes of ion swarms on the beginning of driftaeginay lead to the peak deformation and

generates the spurious peaks. The fluctuationseobéseline also make the contribution to those

spurious peaks [18, 19]. Our group also focusetherstudy of Hadamard multiplexing technique

[15, 16, 20, 21]Jand has developed an inverse Haahmnansform ion mobility spectrometry

(IHT-IMS) technique. With this IHT-IMS techniquehd spurious peaks were identified rapidly

[15].

In this study, a normal-inverse bimodule operattdadamard transform - ion mobility

spectrometry (NIBOHT-IMS) technique is reported. tlis method, a normal and an inverse

pseudo random binary sequence (PRBS) was produteskquential order by an ion gate
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controller and utilized to control the ion gatelbfS, respectively, and then the normal HT-IMS
mobility spectrum and the inverse HT-IMS mobilitgestrum were obtained. A NIBOHT-IMS

mobility spectrum was gained by subtracting theeise HT-IMS mobility spectrum from normal

HT-IMS mobility spectrum. With the application dig NIBOHT-IMS technique, the spurious
peaks are reduced or almost eliminated. Furthernmibesion signal intensity and the SNR are
enhanced notably.

2. Experimental section

The homemade atmospheric pressure corona disciargmobility spectrometry (APCD-
-IMS) with the function of NIBOHT-IMS is demonstett schematically in Fig. 1. The detailed
description about the APCD- -IMS was shown in a@vpus work [22]. Briefly, it consists of the
ionization region, the reaction region, the BragbNrelson ion gate, and the drift region and data
acquisition unit.

In the ionization region, the discharge electrodéih the geometry of point to plate were
installed coaxially and located at the top of thkSItube. The reactant ions were generated in this
region by means of negative corona discharge thralrged air and dragged into the reaction
region. Both the reaction and drift regions consfghetal guards which were insulated from each
other using Teflon rings. The high voltage throwgh electric resistance network on the metal
rings generated a weak homogeneous electric flelthahe central axis of the drift tube. At the
interface between the reaction and drift regioBNG ion gate is installed and works under the
control of an ion gate controller. When the ionegatopened for a short time, the product ions and
the reactant ions swarm into the drift region arift tbward a Faraday plate under the function of

the applied homogeneous electric field. And thdme turrent signal will be generated by
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collecting the ions with a Faraday plate and angaliby a current amplifier (Keithley 428). After
that, it is fed into the computer data processing (DPU). The IMS works under the negative
detection mode and all the experiments are perivrameler the condition of 295 K and ambient
pressure. The relative humidity in the lab is abt2%.
3. The principle of the [IMS, the HT-IMS, the IHT-IMS and the
NIBOHT-IMS
[IMS

Tabrizchi and Jazan have introduced Inverse IMBI) in 2010 [23]. In this method, an
inverse pulse was applied to the ion gate, whicanmaehe ion gate is opened for a long duration
and closed for a short period. Thus, the gate efitiS introduces "a dip" into a continuous ion
beam instead of ion bundles, so that a 1% dutyecgtdctronic pulse in inverse mode admits
~99% of the available ion stream. In this case,itims are distributed outside of the dip and
repulse each other. This repulsion effect of chdingms leads to the compression of the dip,
namely the improvement of resolving power [24]. Tesolving power of the IIMS was enhanced
about 30%-60% compared with the conventional IMS.
HT-IMS

In HT-IMS technique, a pseudo random binary seqadR&BS) is used as the modulation
sequence to perform the Hadamard multiplexing [12]. Considering a PRBS, such as
“101001011110...", symbol “0” means the low levelmuit which is used to shut the ion injection
for a period, whereas the symbol “1” representshilgh level output which is utilized to activate
the ion injection. As a result, the convoluted datamely the superposition of a series of ion

mobility spectra are obtained under the controh gfseudo-random binary gating function. The
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convolution of the conventional Hadamard multiptexis demonstrated in Eq. 1.

[¥]=[s]x([x] @
Where Y corresponds to the convolution spectruntivig encoded by multiple normal spectra, S
is the M*N (nis the length of PRBS) matrix which is geneddtg PRBS, and X corresponds to
a series of single spectrum which is derived frosingle injection. To reconstruct the original
signal X, the superimposed signal is deconvolutethbltiplication of the inverse S-matrix'&s
shown in Eq. 2.

[X]"=[S]" x[Y] =[S]" x[S]x[] @

IHT-IMS

Recently, an inverse Hadamard transform ion mgbikpectrometry (IHT-IMS) was
developed [15, 16]. The principle of this technigsidoriefly described as below. Under the IHT
mode, the modulation PRBS was inversed by the &a gontroller. Thus, if the normal PRBS is
“101001011110...", the gating pulse for IHT-IMS wille “010110100001...". Here the symbol
“0” means the low level output which is still ustmshut the ion gate, whereas the symbol “1”
represents the high level output which is usedp@nahe ion gate. According to the principle of
the IIMS, the convoluted data consists of the supstion of multiple "dips" rather than "peaks".
Under this inverse Hadamard transform control mtiue jnverse HT-IMS mobility spectrum was

attained. Also the spurious peaks still exist im ithsults of IHT-IMS [16].
NIBOHT-IMS

With the combination of the HT-IMS and the IHT-IM& normal-inverse bimodule operation
Hadamard transform - ion mobility spectrometry (RIBT-IMS) technique is proposed in this
report. In this NIBOHT-IMS technique, the ion gatentroller can generate a normal and an

inverse PRBS in sequential order, which is usecbturol the BNG ion gate as shown in Fig. 1.
.
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The PRBS also contains a pseudo random sequench imbludes a series of “1" and “0”, such
as “0010001111...". In the case of the normal HT-IbtfBtrol mode, a normal PRBS is generated.
The convoluted ion signals which are composed sérées of ion mobility spectra are obtained
under the control of this normal pseudo-random ngatiunction and then they will be
deconvoluted to a normal HT-IMS mobility spectruvfiter that, the ion gate controller generates
an inverse PRBS, an inverse HT-IMS mobility speutris attained. Because of the nature of
PRBS and inverse PRBS, the phase of real signabwichanged to the opposite, whereas the
phase of the spurious peaks will be the same Hibally, the NIBOHT-IMS mobility spectrum is
attained by subtracting the inverse HT-IMS mobispectrum from the normal HT-IMS mobility
spectrum. Most of those spurious peaks will be segged or even removed and the SNR will be
increased accordingly.
4. Resultsand discussion
4.1 The measurements of the reactant ions using the conventional IMS, the normal HT-IMS,
the IHT-IMS and the NIBOHT-IM Stechnique

In this section, only reactant ions produced vigatige corona discharge in air were
considered. The uniform electric field in the driigion was set as 300 V&rThe ion gate pulse
width for all the experiments was 2@8. The order of the S-matrix is 255 in this reptept
those specified experiments.

As shown in Fig. 2, the spectra of reactant ionasueed using the conventional IMS, the
normal HT-IMS, the IHT-IMS and the NIBOHT-IMS ardustrated. The total scan time for
Hadamard multiplexing is about 51 ms when the oafiéhe S-matrix is 255 and the gating pulse

width is 200us. In order to get the better comparison, the igna of conventional IMS was
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averaged two times to keep its acquisition timealisiost the same as that of Hadamard
multiplexing methods. Fig. 2(a) shows that the mmaxn ion intensity is about -1915 and the
baseline has a distinct fluctuation in the datatleé conventional IMS. The SNR of the
conventional IMS mobility spectra were calculatedbe 12.7 using the equatiogVR:%
respectively, where H is the height of the reaciamipeak (RIP), corresponding to the component
concerned, and measured from the maximum of thk fjoethe extrapolated baseline of the signal
ando is the standard deviation of the baseline in frersum [25]. Moreover, the maximum ion
intensity is decreased to -713, whereas the SNiRcigased to 28.2, which is lower than the
theoretical value under the normal HT-IMS mode. 8@purious peaks with the same phase of
the real signal are presented as shown in Fig. Rl&hg the IHT-IMS method, the maximum ion
intensity is also decreased, which leads to theatsmh of the SNR. However, the real signal peak
changes to the positive direction, whereas thoseags peaks still show the negative direction as
in our previous investigation [15]. The positiorfsiwe spurious peaks in the normal HT-IMS and
IHT-IMS are almost the same due to the nature @B®Rnd inverse PRBS as discussed above.
Fig. 2 (d) shows the result measured by the NIBA¥3-technique. With this control mode, the
spurious peaks are almost eliminated and the mawimou intensity of RIP is increased two folds
in comparison to that of the normal HT-IMS and irseeHT-IMS. The SNR is increased to 43.6,
which is about 3.6 folds of that of the conventidis.
4.2 The effect of the order of S-matrix

In order to investigate the effect of the differemtier of S-matrix using the NIBOHT-IMS
method, the reactant ions were measured usingdheentional IMS, the normal HT-IMS, the

IHT-IMS and the NIBOHT-IMS with different orders & - matrix. The results are demonstrated
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in Fig. 3 and Fig. 4.

Fig. 3 shows the results measured using the coiovemtIMS, the normal HT-IMS, the

IHT-IMS and the NIBOHT-IMS when the order of S -tmrais 511 in the Hadamard multiplexing

method. As shown in Fig. 3(a), the maximum ion nsiey and the SNR are -1808 and 12.1

respectively in the conventional IMS. However, thaximum ion intensity is decreased to -940,

whereas the SNR is increased to 32.1 under theatdIMS mode as shown in Fig. 3(b). Fig.

3(c) shows the maximum ion intensity is also desgwdausing the IHT-IMS method. And the SNR

is still lower than the theoretical value. Besidest, the real signal peak changes to the positive

direction, whereas those spurious peaks still kkempnegative direction. However, the maximum

ion intensity and the SNR are almost 2 folds ofsth@f normal/inverse HT-IMS with the

application of the NIBOHT-IMS. Additionally, the spous peaks are suppressed under the

NIBOHT-IMS mode as shown in the Fig. 3(d).

Similarly, the reactant ions were also measuredgusiie conventional IMS, the normal

HT-IMS, the IHT-IMS and the NIBOHT-IMS, where therfatrix order used in the HT method is

changed to 1023. As shown in Fig. 4, the maximumiidensity in NIBOHT-IMS is also two

times as high as that of the normal/inverse HT-IMS.9 - fold and 3.2 —fold increases in the

SNR for the normal and inverse HT-IMS are attainespectively in comparison to that of the

conventional IMS, whereas the enhancement of thB 8l\the NIBOHT-IMS is about 8 folds.

Moreover, some distinct spurious peaks are removéte data of the NIBOHT-IMS.

Combining Fig.2, Fig.3 and Fig.4, we found that thereased tendency of the SNR is a

function of sequence length in Hadamard multiplgxmethod. The SNR increased with the

increase of the length of S-matrix order. The sgshenomenon has been also observed by

10
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Clowers et al [11]. Additionally, it is noted thtte spurious peaks in the NIBOHT-IMS haven't

been eliminated completely as shown in Fig. 3(d) &yg. 4(d). Ideally, the position and the

intensities of spurious peaks should be almosséme under the normal HT-IMS and IHT-IMS

control mode as mentioned above, which means tiadet spurious peaks will be removed

completely with the application of NIBOHT-IMS. Hower, the repulsion effect among the

charged ions in drift region plays a different rateder the normal HT-IMS and IHT-IMS control

mode [16], which would lead to a little shift aetlposition of the spurious peaks or generating

some uncertain spurious peaks. Therefore a fewamupeaks with low intensity still exit in the

results of NIBOHT-IMS. Anyway, the ion intensity duithe SNR still have a notable enhancement

using the NIBOHT-IMS.

Furthermore, the acquisition time will be extendmsihg the NIBOHT-IMS method. If the

order of the S-matrix is 255, the gating pulse twidt200us, the total scan time for conventional

Hadamard multiplexing will be about 51 ms, and tiee consumption for the data acquisition

(sampling, A/D conversion, decoding, and data priedg®n) will be about 1.5 s. As a result, the

data acquisition time will be doubled (~3 s) untlee NIBOHT-IMS measurement. When the

length of S-matrix order is increased to 1023, dhta acquisition time will be only about 12 s.

The time cost is still acceptable for the fast diéven of the IMS.
4.3 Sample detection usingthe NIBOHT-IM S

M easurement of CHCl;.

To further evaluate the capability of the NIBOHT$Mechnique, the gas sample Ck®as

measured by a home-made atmospheric pressure emnitregrona discharge ion mobility

spectrometry apparatus (APNCD-IMS) which can berrefl to in our previous report [7-9].

Different from the APCD-IMS apparatus, an additiorartain region located between the
11
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ionization region and the reaction region is usegrevent the sample gases from diffusing into
the ionization region. In the ionization regionetimal electrons were generated by means of
negative corona discharge through nitrogen gagsnadspheric pressure. The gas samplese
introduced into the reaction region by carrier ¢§gsand attached by the thermal low-energy
electrons which were dragged from the ionizatiogiae. The product ions were formed by the
interaction between the low-energy electrons aedgtis sample. The uniform electric field in the
drift region is 480 Vcril. The order of the S-matrix is 255.

Gas sample CHgI(~480ppb) was injected into the IMS cell by sgerpump and measured
using the conventional IMS, the normal HT-IMS, thE-IMS and the NIBOHT-IMS respectively.
As shown in Fig. 5, two product ioflabeled with “1” and “2”) were observed. The indéies of
the product ion peaks in the results of the NIBAME are nearly twice as those of the normal
HT and the inverse HT method. The SNR was caladiletdoe 23.6, 108.5 and 105.7 respectively
in the conventional IMS, the normal HT-IMS and h€T-IMS using the peak “1”. With the
application of the NIBOHT-IMS, the spurious peaks almost eliminated and the SNR is 8.9-fold
and 1.9-fold enhancement respectively in comparisothat of the conventional IMS and the
normal/inverse HT-IMS respectively as shown in Efd). The enhancement of the SNR will be
increased much higher with the increasing of tlidepof S-matrix as discussed above.

M easurement of CH,Br»

The SNR is enhanced and the spurious peaks arestaterooved for the detection of lager
ion signal as discussed above. In this sectiorsgagple CHBr, was measured for evaluating the
detection capability of the small ion signal usithg NIBOHT-IMS technique. There are two

products for the low energy electron attachmenCBEBr, as our previous investigation [26].
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During the experiments, about 5 ppm B} was injected into the IMS cell for the measurements

by the conventional IMS, the normal HT-IMS, the HMS and the NIBOHT-IMS. As shown in

the Fig. 6(a), one distinct lager peak labeled withwas observed at 9.05 ms. However the peak

“2” is almost confused with the baseline noise andgery hard to be distinguished. The SNR was

calculated to be only 4.8 using the peak “2”. Unither HT-IMS and IHT-IMS mode, the peak “2”

can be clearly distinguished. The SNR was incretsdd.4 and 12.9 respectively. Unfortunately,

some distinct spurious peaks were observed as showig. 6(b) and (c). Fig. 6(d) shows the

results of the NIBOHT-IMS. The spurious peaks anppsessed remarkably in comparison to

those of the results of the HT-IMS and IHT-IMS. Tpeak “2” can be clearly resolved and the

SNR was calculated to be 26.9, which is about 8-fotd 2-fold enhancement respectively in

comparison to that of conventional IMS and the rafimverse HT-IMS. The results validates that

the NIBOHT-IMS technique is still effective for tlietection of the weak ion signals.

5. Conclusion

In this report, in order to suppress or elimindte $purious peaks and increase the SNR in

the data of Hadamard multiplexing technique, a rabimverse bimodule operation Hadamard

transform - ion mobility spectrometry (NIBOHT-IM&chnique was developed. The ion intensity

and the SNR in the NIBOHT-IMS were enhanced over mlormal and inverse HT-IMS by

measuring the reactant ion. The spurious peaks wepmpressed or removed effectively.

Furthermore, the gas sample Ckl@d CHBr,was measured for evaluating its ability to detect

lager and small ion signals using the NIBOHT-IM$hieique. The spurious peaks are almost

removed and the SNR was enhanced remarkably vethgplication of the NIBOHT-IMS.
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Figure Captions
Fig. 1 Schematic diagram of the normal-inverse loioh® operation Hadamard transform - ion
mobility spectrometry. The ion signal in this figus a negative detection mode.
Fig.2 The ion mobility spectra of the reaction ioneasured by (a) the conventional IMS (b) the
normal HT-IMS. (c) the IHT-IMS and (d) the NIBOHMES. Here the order of the S-matrix is 255
in the Hadamard multiplexing data.
Fig. 3 The ion mobility spectra of the reactionsaneasured by (a) the conventional IMS (b) the
normal HT-IMS (c) the IHT-IMS and (d) the NIBOHT-I® Here the order of the S-matrix is 511
in the Hadamard multiplexing data.
Fig.4 The ion mobility spectra of the reaction ianeasured by (a) the conventional IMS (b) the
normal HT-IMS (c) the IHT-IMS and (d) the NIBOHT-IM Here the order of the S-matrix is
1023 in the Hadamard multiplexing data.
Fig. 5 The ion mobility spectra of CHCIneasured by (a) the conventional IMS (b) the nbrma
HT-IMS (c) the IHT-IMS and (d) the NIBOHT-IMS. Hettbe order of the S-matrix is 255 in the
Hadamard multiplexing data and the SNR was caledlby peak “1”.
Fig. 6 The ion mobility spectra of GBr, measured by (a) the conventional IMS (b) the nbrma
HT-IMS (c) the IHT-IMS and (d) the NIBOHT-IMS. Hettbe order of the S-matrix is 255 in the

Hadamard multiplexing data and the SNR was caledlby peak “2”
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Highlights

1. A normal-inverse bimodule operation Hadamard transform - ion mobility spectrometry
(NIBOHT-IMS) technique was developed for the first time.

2. Experimental results demonstrate that the NIBOHT-IM S technique can significantly suppress or
eliminate the spurious peaks

3. The SNR was enhanced with the application of the NIBOHT-IMS not only for the detection of
larger ion signals but also for the detection of small ion signals.



