
1331

ISSN 1061-9348, Journal of Analytical Chemistry, 2017, Vol. 72, No. 13, pp. 1331–1339. © Pleiades Publishing, Ltd., 2017.
Original Russian Text © I.V. Sulimenkov, V.S. Brusov, V.V. Zelenov, M.G. Skoblin, V.V. Filatov, A.R. Pikhtelev, V.I. Kozlovskii, 2016, published in Mass-spektrometriya, 2016,
Vol. 13, No. 4, pp. 258–267.

Study of Gaseous Sample Ionization by Excited Particles Formed 
in Glow Discharge Using High-Resolution Orthogonal Acceleration 

Time-of-Flight Mass Spectrometer
I. V. Sulimenkova, V. S. Brusova, V. V. Zelenova, M. G. Skoblina, V. V. Filatova,

A. R. Pikhteleva, and V. I. Kozlovskiia, b, *
aInstitute for Energy Problems of Chemical Physics, Chernogolovka, Moscow oblast, 142432 Russia

bInstitute of Physiologically Active Compounds, Russian Academy of Sciences, Chernogolovka, Moscow oblast, 142432 Russia
*e-mail: v.i.kozlovskiy@gmail.com

Received December 15, 2015; in final form, August 31, 2016

Abstract⎯The experimental results of a mass spectral analysis of volatile organic compounds in a gaseous
sample, obtained using an original design of an ion source based on the Penning ionization of a gas sample
by excited metastable inert gas atoms, are presented. Using ANSYS software, a gas-dynamic simulation
of reagent gas f low from discharge zone to ionization region was carried out to analyze the effect of gas f low
profile on the transport of metastable atoms and ionization efficiency. The n-octane and toluene samples
diluted with helium at 100 ppb mole concentrations were used for our experiments. The resulting mass spectra
of n-octane and toluene samples containe far more intensive molecular ions in comparison to n-octane and
toluene electron ionization mass spectra from the NIST database. The sensitivity of 5 ions per 1 pg and
130 ions per 1 pg was achieved for n-octane and toluene molecular ions using the developed ion source com-
bined with our mass spectrometer. The corresponding detection limits are 2.3 pg s–1 for n-octane molecular
ions and 0.08 pg s–1 for toluene molecular ions. The detection limit for the reported ion source was considered
theoretically.

Keywords: time-of-flight mass spectrometry, ion source, glow discharge, Penning ionization, radio frequency
quadrupole, detection efficiency, quantitative analysis
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INTRODUCTION
Electron ionization is conventionally used for the

mass spectrometric analysis of volatile nonpolar com-
pounds [1]. This method is universal, as the efficiency
of ionization at electron energies significantly exceed-
ing the ionization threshold is almost independent of
the class of compounds. However, there are many
organic compounds providing no signals of molecular
ions and deprotonated molecules in their electron ion-
ization mass spectra. Therefore, an approach using
databases was developed to identify compounds by
electron ionization mass spectra. This approach is
quite effective; however, if there is a mixture of com-
pounds from one class, for example, hydrocarbons,
the same fragment ions can be fragments of different
initial molecular ions. Therefore, for the reliable iden-
tification of compounds, it is important to have
intense molecular ion peaks in the mass spectrum. An
ion source was created in [2], in which the analyte
contained in a supersonic helium flow was ionized
(“cold” ionization by electrons). This approach
enables an increase in the fraction of molecular ions of
the analyte in the electron ionization spectrum. Using

the method of chemical ionization [3–5] enables one
to obtain intense peaks of molecular ions for a variety
of compounds. This method is sensitive, although it
differs in selectivity with respect to different classes of
compounds, which requires the selection of reagent
ions. The efficiency of chemical ionization depends on
the ion–molecular reactions rate; therefore, it is nec-
essary to use a high concentration of reagent ions. This
tightens the requirements for the operating mode of
the ion source, where the reagent ions are formed by
means of electron ionization at an increased pressure
of the reagent gas. At present, atmospheric pressure
chemical ionization methods (atmospheric pressure
chemical ionization (APCI), direct analysis in real
time (DART), atmospheric pressure glow discharge
(APGD), and selected-ion flow-tube (SIFT) mass
spectrometry) are also used, which yield stable molec-
ular ions and protonated or deprotonated molecules of
the analyte. The efficiency of the analysis in these
methods is also related to the transport of sample ions
from the atmospheric pressure region to mass ana-
lyzer. Ion losses arise during transportation through
the differential pumping stages and as a result of unde-
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sirable ion–molecular reactions with impurities in the
buffer gas. The effect of such undesirable reactions is
enhanced by the considerable time of ion transport
from the atmospheric pressure region to the vacuum.

It is known that many atomic gases have excited
metastable states with excitation energies exceeding
the ionization threshoulds of many organic molecules.
Such metastable atoms of inert gases are formed in
high concentrations in a glow discharge. In 1963, a
chromatographic detector was proposed where ioniza-
tion of a sample occurred under the action of metasta-
ble inert gas atoms [6]. This method showed high
detection limit for trace amounts of alkanes (at the
level of 10–11 mol s–1). Later, ion sources with a glow
discharge were developed and used for mass spectro-
metric detection of gas samples [7–9]. A glow dis-
charge is also used for mass spectrometric analysis of
the composition of solid samples [10, 11]. When a gas
sample is introduced into the low-pressure glow dis-
charge region, the mass spectrum of the analyte ions
formed is similar to the electron ionization mass spec-
trum, because electrons and ions in a glow discharge
are accelerated in a constant or alternating electric
field that supports the glow discharge. That is why to
exclude the effect of high-energy ions and electrons,
the ion source design was proposed where the gas f low
from the discharge at a pressure of several kilopascals
was mixed with the gas sample f low, and then the
combined flow with the formed ions was directed to a
quadrupole mass analyzer [12]. When the sample is
ionized with a glow discharge at atmospheric pressure,
the mass spectrum contains intense peaks of molecu-
lar ions and deprotonated sample molecules and
markedly less intense peaks of fragment ions [13].
However, the transport of ions from the atmospheric
pressure region to the vacuum region is associated with
large losses in the differential pumping stages of inter-
face. The construction of an ion source with the ion-
ization of a gas sample by a pulsed glow discharge was
proposed [14], where an orthogonal acceleration
time-of-flight mass spectrometer (OA–TOF–MS)
was used to record sample ions under controlled delay
between the discharge pulse and the ion extraction
pulse of the mass analyzer. In this way, it was possible
to control the relationship between the intensity of the
molecular ion peak in the mass spectrum and the
intensities of the fragment ion peaks. Recently, the
configuration of an ion source using active particles
from a glow discharge to ionize organic compounds in
gas samples has been patented [15], where a “condi-
tioner” was used to cut off a penetration of electrons
from the glow discharge zone to the ionization region.
The same authors demonstrated a number of mass
spectra of organic compounds obtained using an ion
source of this type;the molecular ion peaks in the
spectra  are maximal or even the only ones [16].
According to [16], the sensitivity for hexachloroben-
zene is ∼800 rel. units pg–1. The glow discharge is also
used to analyze gas samples in IONICON mass spec-

trometers [17]. In such an implementation of an ion
source with a glow discharge, the ionization region is a
drift tube operating at a pressure of several hundreeds
Pa. In this case the sample molecules can be ionized
both by exchange mechanism, when the sample is ion-
ized in collisions with H3O+ reagent ions formed in the
glow discharge and by the Penning mechanism involv-
ing metastable krypton atoms that have an excitation
energy close to the ionization energy of organic mole-
cules. The sensitivity in the above system is 200 counts
for trichlorobenzene per 1 ppbv with a sample f low
rate of 25 cm3 min–1, which according to our estimates
is ∼60 counts pg–1.

As already mentioned, one of the properties of a
glow discharge is a high concentration of excited
metastable gas atoms in the discharge zone, with an
excitation energy sufficient for the ionization of most
organic molecules. It is known from a number of
works on the experimental measurement and theoret-
ical simulation of processes in a glow discharge that
the maximum concentration of excited argon atoms in
the discharge is ~109 to 1011 cm–3 at a pressure in the
discharge zone in the range of 100–105 Pa [18, 19].
These particles are neutral; they move with the gas
flow from the glow discharge and do not “feel” in their
path permanent and alternating electric fields. This
feature was decided to be used in the proposed design
of the ion source [20–23]. In order to increase the
transport efficiency of the sample ions to the next
stage of the OA–TOF–MS interface with a pressure of
0.1–1 Pa, the focusing radio-frequency (RF) quadru-
pole field was formed in ionization region where the
sample molecules interact with the active particles
from the glow discharge.

EXPERIMENTAL
The ion source with ionization of gas sample by

active particles from glow discharge was used in com-
bination with high-resolution OA–TOF–MS [24].
Block diagram of the experimental setup is shown in
Fig. 1. Note that the interface design uses the so-called
“passive pumping” of a large RF quadrupole: the
same turbomolecular pump is used to evacuate the
region of DC ion optics and the large RF quadrupole.
At the same time, one turbomolecular pump is
“saved,” but the size of the skimmer opening through
which the ions from the ion source enter the large RF
quadrupole is limited; accordingly, the sensitivity of
the mass spectrometric system is limited.

An ion source based on an electrodeless capacitive
glow discharge was used to ionize the gas sample [21].
The glow discharge zone and the ionization region are
separated in space. The glow discharge is organized
inside a glass tube 20 cm in length and 4.5 mm in inner
diameter. It is possible to change the flow rate of the
reagent gas by means of MKS Baratron control unit
(variation of the gas flow rate from 0 to 1000 cm3 min–1).
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Small RF quadrupole is located at a distance of 5 mm
from the output end of the glass tube; the quadrupole rod
diameter is 5 mm, rod length is 5 cm, and the inscribed
quadrupole radius is 5 mm. It was shown earlier that a
quadrupole of such dimensions effectively focuses ions in
the range of buffer gas pressures from 10 to 700 Pa [25–
27]. The gas sample to be studied is injected into a gas
flow with active glow discharge particles along the quad-
rupole axis by means of a thin metal capillary. The ion-
ization of sample molecules occurs inside the RF quad-
rupole, which is also the first stage of the OA–TOF–MS
interface. The pressure of the buffer gas inside the quad-
rupole is 20–150 Pa and depends on the flow rates of the
gas flow from the discharge zone and the gas sample. The
ions transferred by the gas-dynamic interface get into the
high-resolution OA–TOF–MS.

As test gas samples (TGSs), a helium–octane mix-
ture with a molar concentration of n-octane of 100 ppb
(test gas TGS-1) and a helium–toluene mixture with
a molar concentration of toluene of 100 ppb (TGS-2).
The mixtures were prepared in a 192-L stainless steel
tank. A vacuum was created in the tank; then a calcu-
lated amount of either n-octane (1.4 μL) or toluene
(0.9 μL) was injected with simultaneous helium flow
into the tank. The resulting mixture was then diluted
with helium with 1 : 10 ratio. To create a glow dis-
charge, two electrodes were placed outside the glass
tube at a distance of 50 mm from its output end and at
a distance of 2–3 cm from each other. The amplitude
of the RF voltage at the quadrupole was varied in the
range 0–90 V, and the frequency was 1.4 MHz. A f lat
diaphragm 0.1 mm in thickness with an aperture of
0.5 mm in diameter was placed behind the quadru-
pole. Behind the diaphragm, there was the large seg-
mented RF quadrupole with 8 mm rod diameter and
17 cm rod length, where sample ions entering the aper-
ture of the diaphragm were focused. The pressure in
this quadrupole was 0.5–1.5 Pa and depended on the
gas f low rate into the discharge zone.

RESULTS AND DISCUSSION

In case of argon as a discharge gas, the background
mass spectrum (in the absence of TGS) contains four
main intensive peaks corresponding to Ar+, ArH+,

  and Ar2H+ ions. These ions could be formed in a
glow discharge and transported to the quadrupole with
the argon flow. They can also arise as a result of ion-
molecular reactions [28, 29]. There are also minor
peaks of H2O, O2, and N2 impurities in the back-
ground mass spectrum. We note that the excitation
energies of metastable Ar* argon atoms are insufficient
to ionize H2O or N2 (Table 1). The cross sections for
the Penning ionization of O2 in the collision with Ar*
atoms at the thermal energy are 1.2 × 10–16 (Ar*43P0)
and 1.8 × 10–16 cm2 (Ar*43P2) [30]; therefore, we can

2Ar +

expect the formation of   ions as a result of the
interaction of Ar* with O2 molecules.

It was interesting to evaluate the efficiency of
n-octane detection in this ion source, because even in
the case of “soft” ionization, n-octane gives intense
peaks of fragments and is more difficult to identify
than aromatic compounds. We obtained mass spectra
using the proposed ion source with argon discharge for
TGS-1 (n-C8H18 (n-octane) in He, the n-C8H18 con-
centration is 100 ppb) with turned on and turned off
RF voltage on the quadrupole of the ion source
(Figs. 2a and 2b); for comparison, the mass spectrum
of n-octane from the NIST library obtained under
electron ionization conditions (70 eV) is given
(Fig. 2c). The composition of the peaks in all three
spectra coincides; however, the intensity of the peak of
n-octane molecular ion  in the spectra obtained
in the ion source with a glow discharge (15% of the
total intensity of molecular ion and fragment ions) is
much higher (more than tenfold) than in the spectrum
of electron ionization.

Figure 3 shows the dependences of the ion peak
intensities in the mass spectra of TGS-1 on the argon
flux from the discharge zone. The peaks of the sample
ions appear in the mass spectrum at the argon flow
rate of approximately 250 cm3 min–1. Dependences for
the molecular ion  and for the sum of the sample
ions are similar and show maximal intensity for the
argon flow of 500 cm3 min–1. When the amplitude of
the RF voltage at the quadrupole of the ion source
increases from 0 to 46 V, the intensity of the peak of

 decreases by approximately threefold, and the

2O+i

8 18C H+i

8 18C H+i

8 18C H+i

Fig. 1. Block diagram of the experimental setup consisting
of OA–TOF–MS and the ion source. Resolution of the
instrument, R ≈ 10000 (FWHM); accuracy of determina-
tion of m/z, of the order of 10 ppm; the electrodeless low-
pressure capacitive glow discharge with p = 150–2500 Pa,
U = 500 V (p–p), ν = 400–800 kHz.

RF

quadrupole Sample
Reagent gas

Signal

Ionization Discharge zone

p = 1.6 × 103 Pa

OA–ТOF–MS

250 dm3 s–1
20 dm3 s–1
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total intensity of the peaks of the sample ions increases

by ~25%. The fall in the intensity of the molecular ion

peak can be explained by the activation of ion-molec-

ular reactions that lead to molecular ion decay as a

result of an increase in the collision energy of an ion

with gas molecules. The increase in the total intensity

of sample ions is associated with more efficient trans-

port of ions to the next stage of the mass spectrometer

interface due to the focusing in the RF quadrupole.

Note that the ionization region is located inside the

RF quadrupole. The mean free path of  ions in

argon at a pressure of 50 Pa is ~0.5 mm, and the

inscribed diameter of the quadrupole is 5 mm. Conse-

8 18C H
+i

quently, moving between two sequential collisions

with argon atoms, ion  can gain an energy of
~10% of the voltage between the quadrupole rods,
which is twice the amplitude of the RF voltage, that is,
~90/10 = 9 V. In the collision with an argon atom, the

energy is ~( ) × 9 V = 3.2 V. This energy

can be sufficient for the fragmentation of the 
ion. Note that the effect of collision fragmentation of
ions upon focusing by the radio-frequency field is
weakened with increasing ion mass and decreasing the
ratio of argon and sample ions. On the other hand, free
electrons can be carried out with the argon flux from
the discharge zone to the ionization region. The mean
free path of an electron is close to the mean free path
of a molecular ion, that is, ~0.5 mm. The average elec-
tron energy between collisions is ~9 eV, but near the
rods, the electric field strength is 2.5–3 times higher;
therefore, electrons with an energy of ~25 eV, suffi-
cient for electron ionization of an n-octane molecule,
can appear. Fragmentation accompanying the elec-
tron ionization can lead to an increase in the intensity
of fragment ions in the mass spectrum as well
(Fig. 2b).

Another way of the appearance of fragment ions

can be the ion-molecular reaction of the  ion
with the C8H18 molecule. For example, a decrease in

the intensity of  ions and an increase in the

intensity of  ions were observed with an increase
in the concentration of n-octane molecules in the ion
source [31].

The flow of sample molecules to the ionization

region is ~4 × 1011 molecules s–1; the f low of detect-

able ions in the mass spectra is 3.3 × 102 ion s–1 for

molecular n-octane ions and 3.0 × 103 ion s–1 for
the sum of all sample ions. The measured efficiency of
n-octane detection with respect to the total ion current

is ~10–8 ions per molecule. The detection efficiency of

8 18C H
+i

8 18CAr HM M

8 18C H
+i

8 18C H
+i

8 18C H
+i

8 17C H
+

Table 1. Metastable states of atoms and ionization energies of atoms and molecules

Atom, molecule Metastable state Excitation energy, eV Life time, s Ionization energy, eV

He
23S1 19.82 8000

24.59
23S0 20.62 0.02

Ar
43P0 11.72 45

15.76
43P2 11.55 56

O2 12.07

N2 15.58

H2O 12.61

C6H5CH3 8.82

n-C8H18 10.03

Fig. 2. (a and b) Mass spectra of n-octane obtained at dif-
ferent amplitudes of the RF voltage on the quadrupole
locatedin the ionization region (the recording time, 10 s;
the rate of the argon f low from the discharge zone,
500 cm3 min–1; the f low rate of TGS-1, 10 cm3 min–1)
and (c) electron ionization mass spectrum of n-octane
from the NIST spectral library.

URF = 0 V

URF = 46 V
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100
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+
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the molecular ion of n-octane is ~10–9 ions per mole-

cule, or 5 ions pg–1.

In the ion source presented, the function of a glow
discharge consists in the formation of excited Ar*
atoms. As noted above, the Ar* concentration in the

glow discharge zone is ~109 to 1011 cm–3 in the pressure

range of 100–105 Pa [18, 19]; based on the published
data, it is difficult to expect a higher concentration of
Ar* in a glow discharge. For effective ionization of the
analyte, it is important to transport Ar* atoms from the
discharge zone to the ionization region, which is sev-
eral centimeters downstream of the gas f low, with as

little loss as possible. To estimate the concentration of
Ar* atoms in the ionization region, the f low of argon
in the discharge tube and in the RF quadrupole was
simulated using the ANSYS 14.0 software. Gas-
dynamic simulation yielded two-dimensional arrays of
the velocities, densities, pressures, and temperatures
of argon in this system (Figs. 4 and 5).

Since the density of argon decreases in the direc-
tion of the f low toward the ionization region, the con-
centration of Ar* atoms decreases. We note that this

Fig. 3. Dependencies of the ion intensities in the mass spectra of TGS-1 on the argon f low rate (the f low rate of TGS-1,
10 cm3 min–1). The data are presented for the cases of the switched off and switched on RF voltage at the ion source quad-
rupole.
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effect is the higher, the higher the degree of expansion
of argon from the discharge tube to the ionization
chamber; thus, it is disadvantageous to supply argon to
the ionization region along a thin tube. An additional
contribution to the drop in the concentration of Ar*
atoms is made by quenching of Ar* atoms excitation in
collisions with Ar atoms (homogeneous reaction (1))
and with the inner surface of the glass tube (heteroge-
neous reaction (2)):

Ar* + Ar → Ar + Ar + hν (kC) (1),

Ar* + Wall → Ar (kW) (2).

The change in the concentration of Ar* atoms in
the gas f low can be written as

(1)

where kC is the homogeneous collision quenching

constant, kW is the heterogeneous quenching constant,

  is the gas f low rate in the tube, [Ar*] is the con-
centration of metastable atoms, and [Ar] is the con-
centration of gas atoms.

Expressions for the rate constants kC and kW are

(2)

(3)

where σE is the quenching cross section of Ar* atoms
by Ar atoms, VAr is the average thermal velocity of
Ar atoms, γ is the probability of quenching of Ar*
atoms at the surface of the tube, R is the tube radius,

( ( )[Ar*]( )) ( [Ar]( ) )[Ar*]( ),C Wx x k x k x∇ = − +v

( )xv

Ar,C Ek V= σ

γ= + =

=

Ar

Ar*

2

1 1 1
, ,

2

5.78 ,

kin
Wkin diff

W W W

diff
W

Vk
k Rk k

Dk
R

and DAr* is the diffusion coefficient of Ar* atoms in
argon [32–35].

The value of   (in the case of 0.5 < γ < 0.85

[36]) is an order of magnitude larger than the value of

 even in the region of the gas f low with the lowest

pressure (ionization region). Thus, kW ≈ .

This estimate does not take into account the homo-
geneous quenching of Ar* atoms in collisions with
electrons. The rate constant of such a process is rather
large, but it is difficult to estimate the concentration of
electrons in a gas moving from the discharge zone.

Using Eq. (1), an expression was obtained for the
relative change in the concentration of Ar* atoms in
the discharge tube and the RF quadrupole as a func-
tion of distance x from the glow discharge zone,
that is,

(4)

where α(x) =   θ(x) =   β =

  δ =  prel(x) =

 T0 = 295 K, pq = 106 Pa (pressure in the ioniza-

tion region at the argon flow rate in the discharge tube

of Q = 500 cm3 min–1), and R is the inner radius of the
tube.

The values of the diffusion coefficient and the
quenching cross section of Ar* atoms in argon at 300 K

are taken from publications: nArDAr* = 1.9 × 1018 cm–1 s–1

[37], σE = 2 × 10–20 cm2 for Ar* (43P2) and 10–19 cm2 for

Ar* (43P0) [38]; the latter value was used in the calcula-

tions. Using the distributions of the velocity, pressure,
and temperature of argon in the tube and in the RF quad-
rupole, obtained by gas-dynamic simulation (Fig. 5), the
dependencies of the concentration of Ar* atoms and
sample molecules in this system were determined
(Fig. 6). In addition, the calculations took into account
the quenching processes of Ar* atoms at impurity mole-
cules in argon (N2, H2O, CO2, and O2), as their allow-

ance differs for different grades of argon. For  technical
grade argon these values are 0.01, 0.001, 0.001 and
0.002% respectively.

To estimate the ionization efficiency of n-octane
molecules by Ar* atoms, it is necessary to know the
Penning ionization cross section of the process. We
found the cross sections for Penning ionization by Ar*

(43P2) atoms of Zn and Cd atoms in the literature,

which make up 5.3 × 10–15 and 6.5 × 10–15 cm2 for
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thermal collision energies [30]; the latter value was
used for calculations.

Assuming that the Penning ionization cross sec-
tions for alkanes are close in order of magnitude to the
collision cross sections of these molecules with Ar*
atoms, the collision frequency of n-octane molecules
with Ar* is

 (5)

where nAr* is the concentration of Ar* atoms in the ion-
ization region, and σPI is the Penning ionization cross
section. The average thermal velocity of Ar atoms (VAr)
at a temperature of 300 K is 4 × 104 cm s–1.

Assuming the dependence of the concentration of
Ar* atoms and n-octane molecules in the ionization
region stationary (Fig. 6) and taking the inscribed vol-
ume of the quadrupole as the volume of the reactor,
the value of the number of n-octane ions formed in

such a reactor in 1 s was obtained (~7 × 106 ions).
Consequently, an evaluation of the efficiency of the
Penning ionization of n-octane yields a value of ~2 ×

10–5 ions per molecule. Note that the experimental
efficiency of detecting n-octane using the described

ion source was ~10–8 ions per molecule.

The efficiency of sample detection also depends on
the ion transport efficiency from ionization region to
mass analyzer and the registration efficiency of these
ions by a mass analyzer. Based on the experimental
data obtained earlier for ions with m/z 50–100 at the
OA–TOF–MS used in this work, we estimate
the maximal transport efficiency of molecular ions of

Ar* Ar ,PIn V= σv

n-octane and their fragments from the quadrupole to

the mass analyzer as ~10–2 The detection efficiency for
m/z 50–100 by means of an orthogonal-acceleration

time-of-flight mass spectrometer is ~10–1, so we

assume the total loss factor to be ~10–3.

Many researchers [16, 17, 39] report the sensitivity
in the analysis of aromatic compounds to demonstrate
the characteristics of mass spectrometric systems. To
compare the characteristics of our source with other
systems, experiments were performed with a sample of
toluene in helium. Below are the results of measure-
ments for a sample of TGS-2 (C6H5CH3 in helium,

the concentration of C6H5CH3 is 100 ppb) (Fig. 7).

The intensity of the obtained peak of the toluene

molecular ion   is 96% of the total intensity of
the molecular ion and fragment ions, while in the
electron ionization mass spectrum, this value is 29%.

The dependencies of toluene molecular ion inten-
sity and the total sample ions intensity on the argon
flow (Fig. 8) demonstrate additional capabilities of
using the RF quadrupole in the ion source.

The radio-frequency field increases the detection
efficiency of the sample and makes it possible to work
with smaller discharge gas f lows. However, the frac-
tion of the molecular ion in the total intensity of the
sample ions decreases.

In the mass spectra of toluene (Fig. 7), there are

signals of Ar+, ArH+, , and Ar2H
+ ions; however,

the significant participation of these ions in the ion-
ization of toluene molecules is not confirmed experi-
mentally (Fig. 9).

7 8C H
+i

2Ar
+

Fig. 7. (a and b) Mass spectra of toluene obtained at differ-
ent amplitudes of the RF voltage on the quadrupole in the
ionization region (the rate of the argon flow from the dis-
charge zone, 500 cm3 min–1; the f low rate of TGS-2,
10 cm3 min–1; the recording time, 10 s) and (c) electron
ionization mass spectrum of toluene from the NIST spec-
tral library.
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Fig. 8. Dependences of the ion intensities in the mass spec-
tra of TGS-2 on the argon flow rate (the flow rate of TGS-2,
10 cm3 min–1). The data are presented for the cases of the
switched off and switched on RF voltage on the quadru-
pole of the ion source.
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The intensity of the peak of molecular ions of tolu-

ene  in the mass spectrum increases linearly with

increasing sample flow; the change in the intensity of

toluene ions is at least an order of magnitude greater

than the variation in the intensities of ions containing

argon atoms. The on-line method for sample injection

used in this study enabled the verification of the linear

correspondence of the signal to the sample flux only in

the range of one order of magnitude. The flux of tolu-

ene molecules during the sample injection in helium

was 4 × 1011 molecules s–1 or 60 pg s–1. Approximately

8 × 103 molecular ions of toluene were recorded per

second and ~1.5 × 104 of all toluene ions per second.

Consequently, the experimental detection efficiency of

toluene is 1.5 × 104/4 × 1011 ≈ 4 × 10–8 ions per mole-

cule. The magnitude of the chemical noise was in this

case in the range of 0–5 ions s–1.

Taking into account the loss factor in the transport

and detection of ions in OA–TOF–MS (~10–3), this

value is in good agreement with the estimation of the

maximum ionization efficiency (∼2 × 10–5 ions per

molecule).

The difference in the detection efficiency of n-octane

and toluene is probably associated with the use of a radio-

frequency quadrupole for transporting ions from the ion

source to the mass analyzer. With Penning ionization of

n-octane, as well as in electron ionization (Fig. 2c), light

fragment ions can be formed, for example, , ,

; the transport efficiency of such ions is lower

because of instability of light ions motion in RF quadru-

pole.

7 8C H
+i

3CH
+

2 3C H
+

2 5C H
+

Thus, the detection efficiency of toluene molec-

ular ions in our work is ~2 × 10–8 ions per molecule

or ~130 ions pg–1. In [16], the sensitivity is 800 rel.

units pg–1. It is difficult to recalculate accurately

this quantity into ions per picogram (ions pg–1). How-
ever, if we assume that in absence of ions the noise signal is

usually 5 rel. units s–1, then the signal of 800 rel. units pg–1

corresponds to ~160 ions pg–1. Thus, the value obtained
in this work is close to the sensitivity given in [16], at least

twice exceeds the sensitivity given in [17] (60 counts pg–1),
and by more than three orders of magnitude higher than
that in the SIFT method (1 ion per 10 ppbv for the flow

of 60 cm3 min–1, which corresponds to the efficiency of

4 × 10–12 ions per molecule or 0.04 ions pg–1) [39].

CONCLUSIONS

The minimal detectable concentrations of
n-octane and toluene samples in helium were esti-
mated for a signal-to-noise ratio of 3. Using the
described experimental configuration of an ion
source, the limits of detection for 1 s are as follows:

(10–7/330) × 10 ≈ 3.0 × 10–9 (3 ppb or 2.3 pg) for

molecular n-octane ions and (10–7/8000) × 10 ≈ 1.3 ×

10–10 (0.13 ppb or 0.08 pg) for molecular toluene ions.

The used version of a glow discharge is simple and
cheap, consumes little power, and is free of contami-
nation on metal electrodes resulting in contact with
the discharge.

The ion source with Penning ionization, proposed
in our work, can be easily constructed from an atmo-
spheric pressure ionization ion source by substitution
of one interface element (heated capillary) for a quartz
tube with a glow discharge.

Radio-frequency devices (quadrupole or ion fun-
nel) are conventional elements of mass spectrometric
interfaces with atmospheric pressure ionization. The
use of a radio-frequency quadrupole in the Penning
ionization region can be useful in analyzing aromatic
compounds and organic molecules with mass consid-
erably exceeding that of the discharge gas atoms.

We expect that a combination of such an ion source
with OA–TOF–MS can be used to control and iden-
tify impurities of various organic compounds in a gas
sample in real time, which is very important, in partic-
ular, for solving ecological problems in analytical
chemistry.
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