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ABSTRACT

For successful operation of ionization analysis techniques an efficient sampling and sample ion trans-
portation into an analytical path are required. This is of particular importance for atmospheric pressure
ionization sources like corona discharge, electrospray, MALDI, ionization with radioactive isotopes (*H,
63Ni) that produce nonuniform spatial distribution of sample ions. The available methods of sample ion
focusing with electric fields are either efficient at reduced pressure (to 1Torr) or feature high sample
losses. In this paper we suggest to use a highly whirled gas stream for atmospheric pressure ion focusing.
We use a ®3Ni radioactive source to produce an ionized bipolar sample at atmospheric pressure. It is
shown by experiments that compared to an aspiration method a forced highly whirled vortex stream
allows one to enhance the efficiency of remote ionized sample collection at distances equal to the vortex
sampler diameter by an order of magnitude. With a vortex stream, a sixfold increase in the efficiency of
the radial ionized sample collection has been obtained. It may be deduced that with the vortex stream
remote sampling obtains a new feature which is characterized by a considerable enhancement of the
efficiency of the ionized sample collection and can be called as a “gas-dynamic” ionized sample focusing.
Considered is the effect of recombination losses of the ionized sample during the remote sampling thereof
with the vortex sampler. Prospects for a practical implementation of the vortex sampler for solving the
problems of the customs control over the smuggling of radioactive o and {3 sources are made based on

the research results.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Sensitivity of ionization analysis methods is much dependent on
the efficiency of sampling and sample ion transportation into the
analytical path of the analyzers. This is of particular importance
for atmospheric pressure ionization sources like corona discharge,
electrospray, MALDI, ionization with radioactive isotopes (3H, 63Ni)
that produce nonuniform spatial distribution of sample ions. To
focus ions and inject them into a mass-spectrometer with elec-
trospray ionization, Shaffer et al. [1-3], Kim et al. [4], Belov et al.
[5] used a system of electrodes as a cone to which a combination
of high frequency (700 kHz) and static electric fields was applied.
This system has shown its efficiency at low pressures (to 1Torr)
allowing to increase an ion signal by an order of magnitude and
even more. Colburn et al. [6] successfully used a set of circular elec-
trodes to which a high frequency wave (500 kHz) with a constant
phase shift was applied. In these systems gas flow at pressures
to 1Torr did not pay a great part and electric field made a major
contribution to the ion focusing and transportation. At pressures
close and equal to atmospheric one gas flows become an important
factor and should be considered in the processes of ion focusing
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and transportation. Thus, Guevremont et al. [7,8], Barnett et al.
[9] used a gas flow to transport sample ions from the source to
the analyzer at atmospheric pressure and a combination of high
frequency (180-200kHz) and constant electric fields transverse
to the gas flow to focus ions during transportation. Therewith, a
periodic alternating waveform field with a gradient directed along
the force field lines was required for ion focusing. This method
allows one to reduce ion losses by an order of magnitude and
even more, but it can be realized only when an ion channel is
made inside the system of electrodes producing a nonuniform elec-
tric field. Laiko et al. [10] and Tan et al. [11] suggested another
way to increase an amount of ions entering the analyzer. They
introduced an additional electrode near the ionization source cre-
ating a sweeping field between the source and the inlet of the
mass-spectrometer. This allowed an increase in the signal from the
sample ions, but the ion losses grew therewith. Kremer et al. [12]
suggested to use a conical lens formed by circular electrodes with
floating potential for atmospheric pressure ion collimation. Com-
pared to normal sweeping potential, sample ion losses in such a
system reduced considerably, and a degree of focusing increased.
But a definite time during which considerable sample losses are
inevitable is required for an electrostatic lens with floating poten-
tial to arrive at operating potential. Besides, such a system can
operate with unipolar ion sources like corona discharge, electro-
spray, etc.
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Fig. 1. lon sampling with a highly whirled stream. 1, swirler; 2, stream boundary;
Quortex, Vortex flow; Q.f, counter-flow; Qan, analytical flow.

In this paper we propose to use a highly whirled air stream for
atmospheric pressure ion focusing. It is suggested to focus ions with
specially configured gas flows instead of electric fields as it is in the
known methods. The structure of a vortex flow itself serves as pre-
requisite for this. When the whirl intensity of stream is high, static
pressure through the stream volume is below atmospheric one and
close to the axis a counter-flow is produced [13]. Sampling proce-
dure involves blowing an object with a vortex flow, so that the
entire object or a part of it turns to be in the counter-flow region.
Impurity vapors sampled from the surface or forced from the inside
of the object by a reduced whirled stream pressure are trapped by
the counter-flow and transported to the stream head where an inlet
gas analyzer nozzle is positioned. Fig. 1 gives a schematic represen-
tation of sampling from the surface. Flow Qyortex passing through
swirler 1 produces a highly whirled stream towards the surface B-B
with boundaries specified by 2. Arrows at section A-A show the
flow velocity distribution equal to a sum of axial and radial compo-
nents (V=V,+V;, where V. is the axial flow velocity, V; is the radial
flow velocity). As Rashidov and Sakaev [14] have proved, the radial
component of the flow velocity through the counter-flow region
is directed towards the stream axis. Impurity vapors during their
motion in the counter-flow are transported towards the axis by the
radial flow velocity that is their focusing takes place. We suggest
that gas-dynamic ionized sample focusing can be conducted in the
same way.

Unlike focusing with electric fields, gas-dynamic focusing with
a vortex flow can proceed both with unipolar ionization sources
and radioactive ones producing positive as well as negative ions,
which expands a field of application for these systems. The use of
the vortex flow for ion focusing is unknown in the world prac-
tice. At present there are only the simplest models of portable
vortex samplers developed for drift spectrometric (MO-2 (“SIBEL”,
Russia), Pilot-M (“LAVANDA-U", Russia)) and gas chromatographic
(ECHO-M, ECHO-EW (“MULTICHROM?”, Russia)) analyzers. These
devices are used to concentrate and deliver neutral sample from
an object to an analyzer. In Refs. [15,16] we covered the problems
of remote diethylanyline vapor sampling for a mass-spectrometer
with atmospheric pressure ionization in tandem with an ion mobil-
ity increment spectrometer. Two sampler models with a different
stream structure were considered. A sampling stream in model I
represents a forced vortex (angular stream velocity is radius inde-
pendent). The sampling stream in model Il represents a composite
vortex (near the axis is a vortex nucleus surrounded by a free vortex
which angular velocity is inversely related to squared radius). Both
models have shown their ability to remove neutral sample from

Fig. 2. The process of a gas dynamic focusing of alcohol vapors by a vortex sampler.

an object and transport it to an analyzer having collected (focused)
it towards the axis. An experiment performed with ethyl alcohol
vapors cooled by liquid nitrogen clearly demonstrates the process
of a gas dynamic focusing of uncharged sample. We injected alcohol
vapors into a Dewar’s flask half filled with liquid nitrogen, and cov-
ered the flask with a cover provided with two slots 5 mm in width
spaced at 50 mm apart. With a vortex sampler with areflector diam-
eter of 100 mm we sampled aerosol produced by the alcohol vapors
at a distance of 50 mm. For the vortex flow visualization we illumi-
nated the flow with a light beam transversely to the sampler axis.
Fig. 2 gives a picture of the sampling process. It is clearly seen from
the picture that alcohol aerosol drawn from the slots focuses on the
sampler axis producing a cone.

A possibility to focus an ionized sample with a highly whirled
stream as a forced vortex is studied experimentally in this paper. A
63Ni radioactive source was used as an ionization source. We regis-
tered ions with an electrometric amplifier on a collector positioned
in the analytical channel. To determine the efficiency of ion col-
limation and transportation we studied the relationship between
the registered signal and the variation in the position between the
source and the swirler both in axial and radial directions.

2. Experimental

To conduct an experiment we used a vortex sampler like the
one described in Ref. [16] producing a sampling stream as a forced
vortex. Table 1 gives the sampler parameters. Fig. 3 gives a scheme
of the experiment. Vortex forming flow Qyortex is fed by a centrifugal
pump (not shown) to fixed impeller (1) with an angle of blade of 45°
and creates a fan vortex stream that spreads over the inside surface
of reflector (2) producing a volumetric whirled stream with an axial
counter-flow. The boundaries of direct and counter flows are given
by solid (3) and dashed (4) lines.

For an object we used metal screen (5) 18 cm x 25 cm in size in
the centre of which a 53Ni source (Izotop, Saint-Petersburg, Russia)
with an activity of 10mCi (6) was positioned. The source rep-
resented a cylinder 10 mm in diameter closed from the sampler
with a cover with an opening 2 mm in diameter. Laboratory air
(temperature, 20-23 °C, relative humidity, 40-60%) was subject to

Table 1

Main parameters of a vortex sampler.
Reflector diameter, Dz (mm) 44
Diameter of fixed vortex impeller (mm) 25
Width of fixed vortex impeller (mm) 3
Diameter of analytical channel (mm) 9
Range of vortex flow rate through fixed impeller, Qyortex (cm3/s) 0-640
Analytical flow, Qa, (cm3/s) 50
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Fig. 3. Scheme of the experiment. Qyortex, VOrtex flow; Qan, analytical flow; 1, fixed impeller; 2, reflector; 3, external stream boundary; 4, counter-flow boundary; 5, screen;

6, ion source; 7, analytical channel; 8, collector; 9, deflection electrode.

ionization. Plasma produced thereby contained mostly background
ion-reactants [17]: positive (H,0),NH4*, (H,0),NO*, (H,0),H" and
negative (H,0),0,~, (H,0), (CO;),0,~ ions. We registered signal
from positive ions with collector (8) in the analytical channel. To do
this, we applied a potential of +9 V to additional electrode (9) ensur-
ing collection of all positive ions entering the analytical channel. We
measured current with a relative error of +0.3% with an electrom-
eter U5-11 (Russia). The ratio of a minimal registered signal to a
background value was I/Ipsckground = 102. We determined the rela-
tionship between the registered signal and the ion source position
to evaluate the efficiency of ion focusing. For this purpose provision
is made for coordinate displacement of the screen in X, Y, Z direc-
tions (X, Y are directions in the screen plane; Z is a direction along
the stream axis at right angle to the screen plane).

We used an aspiration sampler “Model 822" (Saint-Petersburg,
Research and production association “Krasnogvardeets”(not
shown) to deliver ions from the vortex stream into analytical
channel (7). Analytical flow was Qa, =50 cm3/s in all experiments.

We measured tangential and axial velocities of the vortex
sampling flow with an accuracy of +0.02m/s by the DISA 55M
System Constant-temperature Anemometer of Disa Elektronik A/S,
Denmark.

3. Results and discussion

One can define three parts in the experimental research into
the remote sampling and focusing of an ionized sample with the
whirled air stream.

The first part deals with a choice of an operating value of vortex
flow Quortex that was used in subsequent experiments. Maximum,
max(I(Qvortex)), reached in the relationship between registered sig-
nal I and the value of vortex flow Qyortex Was used as a criterion.

The second partis devoted to the research into the remote vortex
stream efficiency upon ionized sample collection. For this purpose
we determined the relationship between registered signal I and

distance L between the sampler and the ionized sample source.
Based on the research results, we determined operating distances
for studying the efficiency of ionized sample collection with the
vortex stream.

The third part deals with the research into the efficiency of ion-
ized sample collection with the vortex stream. For this purpose we
determined the dependence of the registered signal on the value of
the ionization source displacement from the sampler axis.

3.1. Determination of an operating value of the vortex sampler
flow

As is shown in Ref. [16], the formation of a stable vortex stream
for the sampler used begins with flow Qyortex >210ml/s when
linear stream velocity becomes >1m/s and prevents convective
destruction of the sampling flow structure. When Qyortex =210 ml/s,
the value of the counter-flow is Q=250 ml/s (Ref. [16]) and with
analytical flow Qan =50 ml/s the entire region of the sampling vor-
tex flow represents a forced whirl with a constant angular velocity
for all values of Quortex >210ml/s. We determined the operat-
ing value of the vortex flow by a maximum in the relationship
between the registered signal and the vortex flow value, I( Qvortex )-
We placed the ionization source along the sampler axis at distance
L=22mm, which corresponded to a half of the reflector diame-
ter. Relationship I(Qyortex) is sShown in Fig. 4(1). One can see from
Fig. 4 that with increasing Qyortex a Significant rise in the signal
(by an order of magnitude) smoothly transforms to its saturation
when Qyortex > 300 ml/s. The nature of the signal variations is deter-
mined by the processes of the sample growth and losses caused
by different reasons. The growth of the sample is conditioned by
an increase in the sample volume entering the counter-flow from
the source as the vortex flow increases. As for the sample losses
the situation is more complicated. Negative and positive ions are
characteristic features of an ionized sample produced by a 3Ni
radioactive source. When taking such a sample with the vortex
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Fig. 4. Registered signal versus vortex flow Quoreex. 1, ©3Ni source; 2, diethylanyline
(sampling of non-ionized DEA vapors with a vortex sampler); 3, variation in the ion
concentration due to recombination during vortex sampling.

flow, one should expect losses caused by recombination processes
beside the gas dynamic ones that reveal when a non-ionized sam-
ple is taken and are associated with the peculiarities of the whirled
stream structure. For comparison, relationship I{Qyortex ) obtained
for the non-ionized DEA vapor sample [16] taken with the same
sampler under the conditions described in this paper is shown by a
dashed line in Fig. 4(2). It is evident that at the initial portion in the
region of Qyortex <300 ml/s relationship I(Qyortex ) features a higher
increase for the neutral sample than it is for the ionized one. We
think this to be due to the differences in the processes defining sam-
ple losses. As for the neutral sample, this region is associated with
a stable stream formation [16], which produces a sharp decrease in
the sample losses and a signal growth, respectively. We think that
recombination is a mechanism defining ionized sample losses with
Quortex <300 ml/s. We made evaluation with the Thomson theory
by which the rate of a decrease in the concentration of n ions upon
recombination is described by a square law [18]:

dn
T
where « is a recombination coefficient.

Keeping with (1), the time dependence of the relative concen-
tration n/ng is expressed by:

n__ 1
np 1+ angt(Quortex)

where ng is initial ion concentration, t is the time of a sample travel
from the source to the sampler.

We obtained relationship t(Quortex) from the ratio
t=L/(Uc(Quortex)), Where U is an axial counter-flow velocity, L
is a distance between the ionization source and the sampler.
Relationship U¢(Qyortex) Was determined experimentally by a Disa
anemometer. When deriving dependence (2), we take recombi-
nation coefficient a=2.2 x 10-6 cm3/s (coefficient of three-body
recombination at pressure of 1 atm [18]), initial ion concentration
no=1.24 x 107 cm~3 (which corresponds to current 1x 10-10A
with analytical flow value Qgn=50cm3/s, Quortex =0, L=0). Rela-
tionship n/np(Qvortex) is given by dots in Fig. 4(3). As is evident from
Fig. 4 the nature of variations in the recombination dependence
(Fig. 4(3)) at the initial portion is closely related to that in the
registered signal dependence (Fig. 4(1)). With a further increase
in the vortex flow to Quortex >300ml/s the nature of the signal
dependence for neutral (Fig. 4(2)) and ionized (Fig. 4(1)) samples
almost coincides, which suggests that gas dynamic sample losses

—an? (1)

(2)

prevail in the region. As stated in Ref. [16], two processes affect
the signal value in this region. On the one hand, the volume of
the sample entering counter-flow from the source increases with
the vortex flow, on the other hand, sample dilution reducing a
portion thereof introduced into the analytical channel increases
with Qyortex and counter-flow. With Qyortex >480ml/s a balance
between two processes takes place and the signal becomes sat-
urated. We take the value of Qyortex =480 ml/s for an operating
vortex flow.

3.2. Research on the remote vortex stream efficiency upon ionized
sample collection

To evaluate the remote vortex stream efficiency we determined
the dependence of the registered signal on the distance between
the sampler and the ionized sample source with Qyortex =0 ml/s and
Quortex =480 ml/s. We placed the sample source along the sampler
axis. Fig. 5 gives the results of measurements in relative units. Con-
sidering relationships 1 and 2, one should first mention an order
of magnitude increase of the signal registered by the collector with
the vortex sampler on, which suggests that the efficiency of the
remote ionized sample collection is enhanced compared to aspira-
tion sampling. The distance dependence of the registered IMIS-MS
signal upon remote vortex sampling of non-ionized DEA vapors is
given in Fig. 5(4) for comparison. As is evident from Fig. 5(4), the
nature of these dependences differs greatly. When a non-ionized
sample is taken (line 4), the signal remains almost unchanged to
distances equal to the reflector diameter (44 mm). On the con-
trary, a sharp signal decrease, almost by an order of magnitude, is
observed within the same distance range when an ionized sample is
taken (line 2). It is evident that additional ion loss mechanisms are
available for an ionized sample. First of all, these are recombination
processes typical of bipolar plasma formed by a 63Ni radioactive
source. We used the Thomson theory [18] to evaluate recombina-
tion losses (line 3, Fig. 5). To do this, we preliminary determined
the L distance dependence of the axial counter-flow velocity and
defined the time of ion transportation from the source to the sam-
pler. Asis evident from Fig. 5, relationship n/ng(L) (line 3) turns to be
more flattened and does not explain a sharp decrease in the regis-
tered signal. It possible to assume that there are other mechanisms
of ion losses besides recombination, like a space-charge effect, that
have a profound effect on the registered signal value resulting in
an additional signal drop.

The L-dependence of on the signal ratio I/ is given in the insert
of Fig. 5 (I - with Qyortex =480 ml/s, Iy - with Qyoreex = 0). As is evident
from Fig. 5, the value I/I > 10 is almost for all the distances corre-
sponding to the reflector diameter (44 mm), that is a rather high
efficiency of remote vortex sampling is preserved compared to the
aspiration one. Therewith, the efficiency grows with the distance
in spite of a considerable decrease of the registered signal.

3.3. Research into the efficiency of ionized sample collection with
the vortex stream

To study the efficiency of ionized sample collection with the
vortex stream we determined the dependence of registered sig-
nal I on the value of the ionization source displacement from the
sampler axis. As mentioned above, it is the properties of the highly
whirled stream structure that involve directing radial velocity in
the counter-flow region towards the stream axis allow one to use
the vortex flow for gas dynamic ionized sample focusing. In the pro-
cess of sample transportation from the source to the analyzer the
radial vortex flow component removes the sample from the entire
counter-flow volume towards the stream axis, thus executing its
focusing. Relationship between the registered signal and the radial
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Fig. 5. Curves of registered signal versus the distance between the sampler and ionized sample source. 1, Quortex =0 (Io); 2, Quortex =480 ml/s (I); 3, n/ng (recombination sample

losses); 4, non-ionized sample (DEA).
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Fig. 6. Registered signal versus radial displacement of the ionization source relative
the stream axis. 1, Quortex =0; 2, Quortex =480 ml/s; 3, non-ionized sample (DEA).

source displacement relative to the stream axis is an efficiency
factor of such a “gas dynamic” sample focusing.

In Fig. 6 the curves of the registered signal versus displacement X
of the ionized sample source relative to the axis with Qyortex =0 ml/s
(line 1) and Qyortex =480 ml/s (line 2) are given. We placed the sam-
ple source at a distance of 15 mm from the reflector.

As is evident from Fig. 6, the behavior of the signal depen-
dences for Qyortex =0 ml/s (line 1) and Qyortex =480 ml/s (line 2) over
the measured interval of displacements X differs greatly. When
no vortex is found within the range of X variations from —10 mm
to +10mm, the registered signal changes 1.5 times. When the
vortex stream is found within the same range of displacements
X, the signal changes 9.5 times. Such a difference in the signal
behavior suggests that with the vortex stream remote sampling
obtains a new feature characterized by a considerable increase in
the efficiency of ionized sample collection that can be called a “gas
dynamic” ionized sample focusing. It should be mentioned that
unlike the neutral sample (line 3) [16] the ionized one features
a sharper signal drop due to recombination and a space-charge
effects. Considering the dependencies represented as peaks, one
can evaluate their width at half height. Peak width at half height
makes up 25 mm for the neutral sample and 9 mm - for the ion-
ized one. Thus, the availability of ion-ion interaction narrows peak
3 times. Therewith, the region of efficient ionized sample collec-
tion narrows. An assessment of peak width at half height for the

ionized sample upon aspiration sampling gives a value of 24 mm
(line 1), which almost coincides with peak width at half height
of the neutral sample. We think that with no vortex stream such
a peak tailing is associated with a long time of ionized sample
transportation and a profound effect of ion-ion interaction pro-
cesses.

4. Conclusion

Studies performed have shown a possibility of focusing ionized
bipolar samples with a highly whirled vortex stream. It is possible
to state based on the results obtained that despite of a significant
recombination and a space-charge effects a highly whirled vortex
stream allows an efficient remote collection of the ionized bipolar
sample. This in its turn offers prospects for a practical implementa-
tion of the vortex samplers for solving the problems of the customs
control over the smuggling of radioactive o and 3 - sources via ion-
ized sample detection. One knows that it is difficult to detect such
sources with available devices under the customs control condi-
tions.
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