Pulsed glow discharge in thin-walled metallic hollow cathode.
Analytical possibilities in atomic and mass spectrometry
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In this article investigation of atomization and ionization processes in pulsed glow discharge with atomic
absorption and mass spectrometry is reported. It was shown that sample sputtering and atomization in a thin-
walled metallic hollow cathode (TMHC) is highly efficient in pulsed glow discharge plasma. Using a TMHC as
an atomizer with a Zeeman AAS system a background absorption influence for samples with high matrix
concentration was significantly reduced compared with graphite furnace AAS. This effect is attributed to the
high efficiency of dissociation of matrix components in pulsed glow discharge. TMHC was also used as an ion
source for an analytical system with time-of-flight mass-spectrometry (TOF-MS). Ionization processes in pulsed
glow discharge were theoretically simulated using modified algorithms and the results of the simulation were
experimentally confirmed. It was shown that Penning ionization significantly contributes to ionization yield
even after pulsed discharge termination. Sample sputtering dynamics for different discharge regimes were
explained and transportation processes from TMHC to TOF-MS were optimized. Limits of detection for Cd

and Cu were 20 and 15 ng 17, respectively.

Introduction

Glow discharge (GD) has been used as an atom and ion source
in atomic spectrometry for the last 50 years. The relative
simplicity, low cost of operation and reliability of the GD
source make it a very attractive tool for both optical spec-
troscopy and mass spectrometry.'™ Currently, glow discharge
mass spectrometry (GD-MS) is recognized as one of the most
powerful and efficient techniques for the direct elemental
analysis of solids.>® Moreover, successful attempts to apply
GD-MS to composition analysis have been carried out
recently; the molecular integrity of the analyte species intro-
duced into the glow discharge ion source can be at least partly
retained due to Penning ionization.”

Three different types of the GD ion source are used in mass
spectrometry at present—direct current (dc), radiofrequency
(rf) and microsecond pulsed (ps-pulsed) discharge. Applica-
tions of de-GD-MS for the analysis of conducting materials are
described in refs. 8-13. However, the analysis of non-
conducting materials by dc-GD-MS is especially difficult due
to charge-up effects on the sample surface. In order to extend
the range of analyzed samples to non-conducting materials two
different approaches are usually applied. The first approach is
to prepare a cathode by mixing of analyzed sample with a
conducting component, such as high-purity graphite or metal
powder.'* The second way is to insert a secondary cathode into
the discharge cell, which produces a thin conducting layer on
the sample surface in the course of sputtering with Ar™ ions of
plasma gas.'>!® In contrast to dc-GD-MS, rf and ps-pulsed
GD-MS are applicable to the analysis of conducting, semi-
conducting and non-conducting samples. Detection limits for
tf and dc ion sources are almost equal.'” For ps-pulsed GD
substantially higher sputtering rates and, in consequence, lower
detection limits are reported.'!"?

In modern analytical laboratories there is a requirement for
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analysis of both solids and liquids. There are some attempts to
develop combined GD-ICP-MS instrumentation with exchange-
able ion sources?® 2 in order to analyze both kinds of samples.
As an alternative, a number of researchers used GD devices for
indirect analysis of liquid samples by the sputter atomization
of solution residues.>*>° The solution under investigation
(1-100 pl) is placed on a planar cathode or inside the hollow
cathode surface and dried directly or by infrared heating. This
procedure can be applied in atomic absorption,** emis-
sion,?*?’ fluorescence,”® resonance-ionization spectroscopy,29
or mass spectrometry.>%3!

In the case of solution analysis, however, the presence of
water in “dry residue’” may lead to essential deterioration of the
analytical signal, especially in mass spectrometry.*>** There are
some methods to avoid interferences induced by water: liquid
chromatographic separation of analyte from solvent before
introduction into a GD source;** application of electric arc
pretreatment eliminating water from residue; or using an
argon-hydrogen/argon-methane mixture as the discharge gas
in a GD cell.*®

In almost all applications of GD in atomic spectrometry a
Grimm-type glow discharge is used.>® This type of glow dis-
charge is the most-used source for atomic emission spec-
troscopy owing to its good precision and relatively small
matrix effects,>’ but it is rarely applied for atomic absorption.>®
Other examples of GD applications for liquid samples analysis,
such as hot hollow cathode atomization with emission spec-
trometry>® and laser fluorescent spectrometry*® detection were
also demonstrated.

The advantages of GD sources with pulsed discharge have
been shown by several research groups. High current density
and high energy of the sputtering ions result in a high rate of
sputtering of a thin layer of sample residue, which in its turn is
higher than the rate of metal wall sputtering. Time-of-flight
mass-spectrometry (TOF-MS) especially benefits from utilizing
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a pulsed GD ion source. In this case, for ions production, the
very effective pulsed Penning ionization of sample atoms
provides a high degree of ionization (~10%). High ion
detection efficiency in the orthogonal acceleration configura-
tion, together with temporal discrimination between sample
ions and discharge gas ions, improves the analytical perfor-
mance of the TOF-MS method.

As has been shown for the thin-walled metallic hollow
cathode (TMHC) atomizer, sputtering of dry residues is appre-
ciably increased in the pulsed glow discharge at relatively high
currents (up to 4 A). This effect is caused by increase in current
density, ion energy and by heating of the TMHC up to 1200—
1400 °C.%>* Low bonding energy between the residue and the
cathode surface results in high efficiency of sample sputtering
(the probability of sputtering is 0.5-40 s~ ') and ionization in
the hollow cathode and allows determination of the elements in
solutions with detection limits within ppb (for AAS) and ppt
(for TOF-MS) ranges. The high rate of sputtering is deter-
mined by an ionic-thermal sputtering mechanism of resi-
due.>? 1t is also worthy of note that low rates of discharge
gases consumption (2-10 ml min~!, p = 1-5 Torr) and low
average discharge power (60-200 W) allow the use of pulsed
GD sources in mobile analytical spectrometers designed for
field and on-site applications.

This article presents theoretical and experimental investiga-
tions of atomization and ionization processes in pulsed thin-
walled metallic hollow cathode glow discharge. There are
reported analytical applications of TMHC with two detection
systems—Zeeman atomic absorption spectrometry with high
frequency modulated light polarization (TMHC-ZAAS-HFM)
and time-of-flight mass spectrometry (GD-TMHC-TOF).

Theory

The theoretical investigation is intended for studying the
dynamics of sputtering, ionization and transportation pro-
cesses for a sample in glow-discharge plasma. This simulation
provides the possibility of optimization of discharge para-
meters and for obtaining better analytical results. Computer
simulation also allows estimation of the influence of matrix
elements on sputtering rate and ions counts. The calculations
are based on a self-consistent description of plasma particle
distributions and dynamics (electrons, ions, sample atoms, etc.)
and electrical field configuration. Input parameters of the
model are discharge geometry, applied voltage as a function of
time, gas pressure and temperature. The simulation results are
dynamic curves of concentration for all particles under
investigation, their space distributions and discharge current.

The discharge geometry scheme is as follows: the cathode is
made as a niobium cylinder with a bottom. A sample dry
residue is assumed to be homogeneously deposited on the inner
cylinder surface. The sampler is a plate with an orifice for ion
extraction. The basic discharge gas is Ar.

Our model consists of two parts: the pulsed discharge and
afterglow. The space distributions of all kinds of particles
obtained at the end of discharge simulation are used as input
data for afterglow simulation. At the first stage the plasma is
formed due to applied high voltage and at the second stage the
plasma has decayed.

During the plasma formation stage high voltage (up to 2 kV)
is applied to the cathode. Particle movement and electrical field
configuration are calculated self-consistently. Particle move-
ment is simulated by the Monte-Carlo technique. Electrons, as
well as argon and sample ions, are taken into account in
simulating electrical dynamics at the plasma formation stage.
The Monte-Carlo method is also applied to Ar metastable
atoms, Ar fast neutral atoms and sample atoms and ions to
describe sample sputtering and ionization processes. The rates
of various reactions are calculated during the movement of

particles, i.e., electron impact ionization, ion impact ionization,
sputtering, Penning ionization and elastic collisions are taken
into account. We do not take into account other sample
ionization processes because electrons and ions are not
powerful enough to produce impact ionization. Furthermore,
other ionization processes like asymmetric charge transfer have
a small cross-section.

A flow-chart of algorithm of Monte-Carlo simulation will
be presented in detail elsewhere.t Briefly, the Monte-Carlo
simulation technique is based on application of basic Newton’s
laws of motion to all particles and calculation of collision
probability by means of known process cross-sections, which is
also generally referred as the “particle-in-cell” approach. In
the present model we use the Monte-Carlo simulation self-
consistently with the discharge electrical field calculation.
It allows us to describe actual electrical dynamics of the
discharge.

The model demands that the electrical field configuration
should be recalculated very often (after movement of every
charged particle) because the amount of charged particles in the
model is relatively small (just about 30000) and movement of
every charged particle can induce appreciable modification of
the field. Originally the electrical potential configuration should
be obtained from the Poisson equation:

AV = —4np

where ¥ is electrical potential and p is the charge density.
Unfortunately, this equation solving procedure is too time-
consuming to be applied after movement of every charged
particle. Moreover, this procedure becomes unstable because
relatively small amounts of charged particles lead to a small
field fluctuations. As an alternative we employed phenomen-
ological laws of the electrical potential behavior in plasma,
such as cathode dark space thickness dependence of charged
particles density and voltage dependence of the total number of
charged particles in a discharge. We assumed that the cathode
dark space thickness is determined by Debye radius and related
with charged particles density as:

L = (kTJ4mne*)'?

where L is the cathode dark space thickness and » is the ion
density. This dependence provides a negative feedback between
the electrical field configuration and the rates of charged
particles origination and elimination. In fact, if present ion
density is higher than stationary ion density: the field is formed
to stimulate ion elimination at the cathode and vice versa. The
dependence between the voltage and plasma total charge is
assumed to be proportional:

Vo Q

where V is the electrical potential and Q is the plasma total
charge. This dependence provides a negative feedback between
the electrical field configuration and balance of electrons and
ion elimination rates (i.e. electrical current). In fact, if the
present ion current exceeds the electron current, the field is
formed to accelerate electrons flow to the cathode and
decelerate ion flow.

At the plasma decay stage no voltage is applied to the
cathode. We assume that at this stage the electrons are not
powerful enough to produce ions and metastable Ar atoms
efficiently. Therefore, we solved the balance equation for all
kinds of particles together with the Poisson equation for
electrical field:

tArticle is in preparation for submission to JAAS.
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where n; is Ar ion density, 7, is the electron density, na, is Ar
metastable atoms density, ng is sample atoms density, ng; is
sample ions density and V is electrical potential. A boundary
condition for the sample atoms includes a flux of sample atoms
reflected from the walls® (it is assumed that the sample atoms
reflection probability is 0.5).*

Calculated space-averaged densities of particles at the end of
discharge pulse are presented in Table 1. As can be seen from
Table 1, the density of metastable Ar atoms at the beginning of
afterglow is much greater than the density of Ar ions, hence an
ion—electron impact recombination production term in the
equation for Ar metastable atoms was neglected and the
recombination cannot influence metastable Ar atoms density
and Penning ionization rate significantly. In fact, the main
source for metastable Ar atoms in afterglow is pulsed
discharge.

In contrast to other authors studying the glow discharge
by computer simulation, we calculated all particle dynamics
using only the Monte-Carlo technique rather than a separated
simulation algorithm on the Monte-Carlo and fluid models.
This approach allowed us to directly calculate electron and ion
movement and avoid particle separation into fast and slow
species. Besides, our model deals with the cylindrical shape of
the cathode. Moreover, our calculations make a point of the
sample behavior dynamics rather than of static distribution of
the cathode substance.

Sputtering processes in the model are described by ionic—
thermal sputtering mechanism, which is explained in detail
elsewhere.”>?® It has been shown that the sputtering prob-
ability is strongly dependent on impacting particle mass and
energy (i.e. cathode potential), and the TMHC temperature.

There are two ways to achieve high atomization probability
(of order 1-10 s™!): to increase the cathode potential and,
correspondingly, the ions energy, or to increase the mass of
impacting ion, ie., to use heavy noble gases (such as Kr or Xe)
or heavy elements with low ionization potential (for example
Cs, Ba), introduced together with the sample.

When the sample with a complex matrix is analyzed,
injection of elements with low ionization potential allows us
to avoid the condition where the predominant ionic flow to the
TMHC surface is defined by lightweight ions of the matrix that
could reduce the sputtering probability.

41-47

Table 1 Calculated space-averaged densities of particles at the end of
the plasma formation stage (cm™°)

Ar metastable atoms 1.2 x 10'
Ar ions 1.6 x 1013
Cu atoms 7.6 x 10'2
Cu ions 3.3 x 10"
Ar fast atoms 1.9 x 108

Experimental

Pulsed discharge in thin-walled metallic hollow cathode with
Zeeman high frequency modulated light polarization
spectrometry

An experimental set-up for the TMHC-ZAAS-HFM method
and basic operation principles were described in detail
elsewhere.>>?® The key differences between the reported
system and the present instrument are the following. A
quartz discharge camera was used instead of a stainless steel
discharge tube and the electromagnet was replaced by a rare-
earth elements magnet with constant field strength of 3.5 kOe.
The power unit was improved in order to supply pulses of 2000
V, 10-200 ps and 1-5 kHz. The upper side of TMHC cylinder
was directly connected with niobium capillary for sample
injection. The discharge camera was installed in the commer-
cially available ZAAS spectrometer (MGA-915, Lumex, St.
Petersburg, Russia) which had been modified to combine light
sources, monochromator, detectors, gas vessel, vacuum pump,
power supply and control electronics in a single unit.

All modifications were made in order to create a mobile
ZAAS instrument with automated sample injection system
suitable for on-site analysis. As was shown earlier, the low
power consumption of the TMHC atomizer and low gas flow
rate allow operation of the TMHC-ZAAS spectrometer in field
conditions.

The sample injection system has been specially designed to
combine sample loading into TMHC and Ar flowing during
discharge through the Nb capillary and is described in the next
section. The TMHC discharge operation conditions and
analytical procedures are summarized in Table 2.

Pulsed discharge in thin-walled metallic hollow cathode with
time-of-flight mass spectrometry

The experimental system based on TMHC glow discharge ion
source and time-of-flight mass spectrometer is shown in Fig. 1.
The ion source with a coaxial arrangement was designed for
analyzing of liquid samples (5-20 pl) after drying them to
residue. The niobium capillary (for a few experiments a
stainless steel capillary was used) was welded to the bottom of
the thin-walled metallic hollow cathode, as is shown in Fig. 1.
The capillary serves for injection of discharge gas (Ar, Kr or
Ar—He mixture) and liquid sample into the TMHC. In the
experiments two types of sampler were used: the first type was
planar and the second type was conical in configuration (see
Fig. 1).

The pressure ratio between the first (discharge cell) and the
second (space between sampler and skimmer) vacuum stages
was approximately 100:1 for the pumping rate of 70 1s~ ' at the
second stage. The pressure in the time-of-flight tube was within
the range (1-3) 107> Torr. The TOF direction in the
spectrometer was orthogonal to ion beam axis. The repelling
volume is bounded by a push-out electrode (POE) and a grid,

Table 2 TMHC-ZAAS operating and analytical conditions

General conditions—

Discharge voltage 2000 V
Discharge current Uptol A
Discharge pressure 15-30 Torr
Analytical conditions—

Cu Pb Ag
Pulse frequency 1 kHz 5 kHz 3 kHz
TMHC temperature 1500 K 1300 K 1300 K
Pulse duration 60 ps 200 ps 100 ps
Atomization time 6s 4s 1.5s
Sampling procedures—
Drying time 150 s
Analysis time 180 s
Sample volume 10 ul
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Pumping/%

Waste
stage Sapphire plates

Sample

Fig. 1 Schematic drawing of experimental set-up for TMHC with
TOF-MS. 1, Sampler; 2, TMHC; 3, diaphragm; 4, entrance slit; 5, push
out electrode; 6, acceleration tube; 7, reflectron; 8, MCP (multi-channel
plate) detector.

Table 3 TMHC-TOF-MS operating condition

Discharge voltage 2000 V
Discharge current upto4 A
Sampler voltage 0-20 V
Skimmer voltage 0-1800 V
Lens voltage 200-2000 V
Repelling pulse voltage, POE 300 V
Repelling pulse voltage, grid 150 V

Flight tube voltage 2000 V
MCP voltage 1800-2000 V
Ionization pulse duration 10-80 ps
Repelling pulse duration 0.5-2.5 ps
Frequency of discharge pulses, F 100-10000 Hz
Discharge pressure, Ar 0-1.5 Torr
Discharge pressure, He 0-7 Torr
Sample volume 5-50 pl
Orifice diameter 0.6-0.8 mm
Slit 0.2 mm

as is indicated in Fig. 1. A flight tube with high voltage and a
reflectron are used in TOF. Two microchannel plates were used
as a detector. The voltages of the grids and flight tube and other
parameters of spectrometer are presented in Table 3.

The system for liquid sample injection in TMHC from the
open sample cell (pressure 1 atm) to the closed discharge cell
(pressure &~ 1 Torr) was specially designed. The system (see
Fig. 1) includes two sapphire plates with high quality polished
surfaces (4/5) and four orifices drilled in each plate. Two cross-
ing loops (the first loop serves as a transit loop, the second one is
intended for determination of sample volume) were connected to
one of the plates. Capillaries from another plate were connected
to the sample cell, waste cell, Ar gas inlet and TMHC. During
operation the sample loading and sample injection steps were
performed sequentially. At the sample loading stage, the sample
loop capillary was filled with sample solution that passed from
the open sample cell, through sapphire plates into the waste cell.
Then one of the plates was rotated relative to the other, so the
filled loop was connected with the Ar gas inlet and the cathode
outlet. At the sample injection stage the sample was pushed out of
the loop by Ar moderate pressure and deposited into the TMHC
discharge cell.

After injection the sample (up to 50 pl) was dried for 3-4 min
by Ar lamp emission (through the quartz wall of the discharge
cell). After drying the sample residue was sputtered and ionized
by pulsed discharge.

Results and discussion
Atomization in TMHC with ZAAS detection

One of the important analytical characteristics of the TMHC as
an atomizer is the atomization rate. The mechanisms of
solution dry residue sputtering in TMHC and sample
atomization in discharge plasma were discussed in the details
in our previous publication.”>* It has been shown that the
atomization mechanism has a complex combined character.
Compounds with relatively low boiling temperature are
evaporated from the atomizer surface and transferred into
the gaseous phase before dissociation on the atomizer surface.
Then they are dissociated in the glow discharge plasma at
collision with high-energy ions, electrons and metastable atoms
of the discharge gas. Atomization of the compounds with high
boiling temperature is defined by two factors: TMHC
temperature and ion impact. It has been shown that in this
case the atomization process is defined mainly by the ionic
bombardment of the TMHC surface with high-energy gas ions
but the temperature plays the secondary part. The sputtering in
a TMHC glow discharge atomizer was described by an ionic—
thermal mechanism considered in detail elsewhere.>>

To study the influence of matrix components on TMHC
atomization performance model samples were analyzed in 3%
NaCl solution. Fig.2 shows the atomization profiles for
samples containing 0.2 ng of Ag, 0.4 ng of Pb and 300 pg of
NaCl. Matrix effects (i.e., background absorption and
incomplete atomization of the analyte) can be studied in
experiments with such samples that closely imitate marine
water, human urine or blood plasma in salt content. As can be
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Fig. 2 Atomization profiles and background signals as a function of
time for 0.4 ng of Pb (curves 1 and 2, respectively) and 0.2 ng Ag (curves
3 and 4, respectively) with 300 pg of NaCl (10 pl of 3% solution) added
to the sample.
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Fig. 3 Atomization profiles for 0.3 ng Ag with different amount of
NaCl added to the sample: curves (1), 0 ug; (2), 1 pg; (3), 4 ng; (4), 20 pg;
(5), 200 pg.

seen from Fig. 2, the background absorption signal does not
exceed 0.15 units of absorbance for Pb while the background
absorption is close to zero for Cu. This finding is evidence of
the high degree of dissociation of the NaCl molecules in the
discharge plasma.

However, the value of the analytical signal S; for pure
solutions and for solutions contained NaCl within the range
0.3-200 pg was different for every element under study.
Atomization profiles for Ag are shown in Fig. 3 for the cases
when a different amount of NaCl was added to the sample. As
can be seen from Fig. 3, the addition of NaCl results in the
atomization peak broadening and a time shift, the width of
peaks depending on NaCl content. The broadening effect is
related to decreasing of sputtering efficiency of Ag atoms by Na
ions (atomic weight 23) in comparison with sputtering by Ar
ions (atomic weight 40) in pure solution; this explanation
follows from the ionic—thermal sputtering theory.”>* The
integral signal Sj is increased by 20-25%; it remains almost
constant within the wide range of NaCl concentrations and
these conditions are quite acceptable for analytical applica-
tions. Increase in S; could be explained by reduction of ion
energy and electron temperature in the presence of easily
ionized atoms of Na and, as a result, by reduction of gas
temperature that leads to increasing of analyte residence time.

In order to ensure high stability of the discharge and further
decrease of the influence of matrix components on the
atomization process, it is necessary to maintain enough flow
rate of discharge gas exchange in the camera. On the other
hand, extremely fast flow can induce effective removal of
analyte atoms out of the optical path which results in decrease
in their residence time and, correspondingly, the analytical
performance of atomizer. Since the configuration of the Ar gas
inlet has been changed to make possible direct gas injection
into the TMHC, optimization of discharge gas flow rate is
required. Table 4 demonstrates a dependence between analy-
tical signal for Cu and Ar flow rate. It can be seen that the
signal remains constant up to 120 ml min~!, but at flow rates
above this value the signal is decreased, which may be
attributed to efficient removal of atoms by gas flow. Indeed,
as is demonstrated in Table 4, comparison between convec-
tion-based residence times (t.ony) at given flow rates with
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Table 4 Dependence of Cu signal on Ar flow rate

1

S (arb.unit) Vo /ml min~ Teony/MS
91 + 8 40 158.8
86 + 8 100 63.6
93 + 8 120 53.0
64 + 6 200 31.8
35+ 4 300 21.2

“va; corresponds to P, = 20 Torr.

diffusion-based residence time at given gas pressure and
temperature (tp = 60 ms) allows us to conclude that the
removal process by gas flow becomes dominating at flow rates
higher than 120 ml min~'. Estimation of 7, was performed
using a similar approach to that described in ref. 25 for Trypuc
= 1600 K, Po, = 20 Torr and actual dimensions of the
TMHC.

Thus, these experiments have demonstrated that a TMHC
atomizer provides effective decomposition of evaporated
substances in a discharge plasma and, in spite of moderate
NaCl influence on Sj, quantitative transfer of the analyte into
atomic form, i.e., background absorption was suppressed and
complete atomization was achieved. After proper optimization
and calibration procedures for the range of samples matrixes
under investigation (such as biological fluids, industrial wastes
or environmental samples) high reproducibility can be
achieved.

Detection limits for standard aqueous solutions were: Cd,
1.5 pg; Cu, 10 pg; Mn, 10 pg; Pb, 12 pg; Ag, 3 pg. TMHC-
ZAAS was also applied to the elemental analysis of human
urine and blood.?

Pulsed glow discharge in TMHC with TOF-MS detection

The results of the computer simulation include all time
dependencies and space distributions for the plasma atom
and ion density, as well as electrons and ion electrical current
and rates of sputtering and ionization. The calculated electrical
current is presented in Fig. 4, along with the experimentally
measured discharge current. The voltage pulse applied to the
cathode has a rectangular shape with amplitude 1.5 kV, which
is equivalent to a voltage pulse of 2 kV amplitude applied to an
entire discharge system with a ballast resistor. The applied
voltage pulse duration is 20 ps. These parameters (including the
pulse shape) were measured and entered into simulation
program. As it can be seen from Fig. 4, the calculated current
is in good agreement with the experiment. This is one of
significant proofs that the theoretical model describes plasma
processes correctly.

General discharge current
Cu ions current
— Measured discharge current

Current (A)

S e T —T
1.0x10° 1.5x10° 20x10°

Time (s)

0.0 5.0x10°

Fig. 4 Calculated profiles for total discharge current and Cu ion
current. Experimentally measured discharge current is shown for
comparison.
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Fig. 5 Spatial 3-dimensional distribution of Cu atoms (a) and ions (b)
inside TMHC and near its orifices.

Fig. 5 shows the calculated 3D spatial distribution of ions
and atoms at 10 ps after the start of the decay stage. As
expected for such a short times after the end of discharge, Cu
atoms are concentrated near the TMHC walls. Additionally, as
can be seen, the Cu atom concentration is several times greater
than Cu ions concentration near TMHC walls. During first
tens of microseconds of afterglow the lower Cu ions
concentration (as compared with Cu atoms concentration)
can be explained by the shorter lifetime of ions near TMHC
walls since the energy of ions at that time is much higher than
atom’s energy due to decay plasma potential.

Calculated probabilities of the loss of sample atoms and ions
at the walls and probability of sample atoms Penning
ionization are presented in Fig. 6(a). It can be seen that Cu
atoms are mostly ionized by Penning ionization and then the
ions created are transported to the walls. The diffusion loss rate
of Cu atoms is high only during the first 5 ps of afterglow,
which seems to be attributed to the fact that Cu atoms are
mostly located near the TMHC walls during this time (see
Fig. 5) and they are efficiently lost at the walls. After that
Penning ionization overwhelms all other Cu atoms loss
processes.

Fig. 6(b) presents the calculated sample ions and atoms flux
dynamics through the sampler orifice at afterglow. During 10—
200 ps of afterglow the Cu ion flux is several times greater than
that for atoms, whereas the Cu atom concentration is several
times greater than the Cu ion concentration near the TMHC
walls (see Fig. 5). This difference can be explained by large Cu
atom ionization probability during their diffusion time to the

Table 5 Ion transportation times from TMHC to repelling grid in ps
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Fig. 6 (a) Sample atoms loss rate at walls, sample ions loss rate at walls
and Penning ionization rate as function of time. (b) Sample atoms and
ions flux through the sampler orifice.

orifice and also by the higher velocity of ions than atoms due to
decay plasma potential.

To improve the sample ions transportation rate a small
positive voltage (up to 20 V) was applied to the sampler. As a
result this voltage produces an electrical field between the
cathode and the sampler. This field accelerates ions towards the
sampler. The dependence between sample ion current through
the sampler orifice and applied voltage is presented in Table 5.
It can be seen that the model describes this current
qualitatively.

The calculations show that if a cathode bottom is plane, then
the field distribution in a corner between the bottom and the
cylinder surface forms a large ion flux on the cathode in this
region. The flux decreases sample ion concentration in the
discharge and, consequently, the intensity of the mass
spectrum. Therefore the cathode with a spherical bottom was
used in the experiment (see Fig. 1).

The present simulation model may be sufficiently extended
by calculating a multi-pulse discharge. This will allow us
to investigate the processes of residual atoms ionization,

Ar Kr

Theoretical Experimental Theoretical Experimental
Ton Diffusion time Total time“ Total time” Diffusion time Total time” Total time”
cdt 37 67 75 + 10 55 115 105 + 10
Cu* 28 48 65 + 10 42 90 75 + 10
Nb* 34 58 75 + 10 51 103 100 + 10
Art 12 28 50 + 10

“Total time = diffusion time + flight time, 7 = 1300 K.

J. Anal. At. Spectrom., 2003, 18, 564-571 569



temperature effects and to obtain a set of results which can be
directly proved by an experiment. Moreover, some heavy
elements with low ionization potential (such as Ba and Cs) may
be added to the discharge. Such addition can increase the
sample sputtering rate and make the discharge, degree of
ionization and ions current more stable with respect to easily
ionizing matrix admixtures. Furthermore, a gas flow from
capillary through TMHC to sampler orifice will be included in
the model.

The optimal repelling grid delay (delay between back end of
discharge pulse and repelling pulse) is determined by the
transportation times of the ions. These times are determined by
diffusion times (from TMHC surface to orifice) and flight times
(from orifice to repelling grid). In order to optimize the value of
analytical signal it is reasonable to estimate transportation
times for different ions. Experimental and theoretical times of
optimal delay for different elements are presented in Table 5. It
is obvious that different discharge gases require different grid
repelling delays and total transportation time, in this case is
determined as a sum of diffusion and flight times.

For estimation of the transportation times we shall estimate
ion energy after the sampler. This energy is composed of two
parts, the atom’s motion energy and the ion’s energy in the
discharge. An atom beam is formed in gas-dynamic stream
from an ionization area in the TMHC. In this case the atom’s
direct motion energy in the stream is much greater than the
thermal motion energy.

It is known that Mach number reflects the relationship
between the direct moving speed Cy4 and the thermal speed of
atoms a

M=Cyq/a=~/2/7Cq/Vim

where vz =+/2kT /mis the thermal speed dispersion, 7 is the
TMHC temperature, y = C,/C, is ratio of heat capacities (for
Ar T = 1300 K, v, ~ 0.73km s ™!, y ~ 1.67).%

In our experimental apparatus M is approximately equal to
5, which suggests that the direct gas-dynamic speed is
approximately equal to C; ~ 6 km s~ '. This corresponds to
Ar mean energy in the beam of about 10 eV.

On the other hand, the initial mean kinetic energy of Ar ions
in the pulsed glow discharge is about 10 eV,** which
corresponds to a speed about 6.3 km s~ !, so the total velocity
v, is about 12.3 km s~ !. The average flight velocity v, (from the
sampler to repelling area) is higher than v, because v, is changed
near the skimmer, lenses and slit. For estimation the diffusion
time data from ref. 50 were used. As can be seen from Table 5,
the theoretical and experimental times for different ions in Ar
and Kr gases are in good agreement.

Sample sputtering dynamics is one of the most important
analytical parameters because sample sputtering rate deter-
mines, to a great extent, the levels of detection limits. Figs. 7
and 8 show the samples’ sputtering dynamics for Cd and Cu
ions for a low average discharge current (150 mA, discharge
pulse frequency F = 1 kHz, pulse duration 30 ps) and for high
average discharge current (3 A, F = 8.4 kHz, 80 ps),
respectively. As can be seen from the figures, the peaks for
high average current are appreciably sharper than ones for low
average current. Moreover, the addition of Ba (i.e., an element
with low ionization energy) to the sample causes an increase of
analyte sputtering rate, as is illustrated by curves (a) and (b) in
Fig. 7. This effect is determined by two factors: total ion
current and sputtering ion energy.”’

For a high average current (Fig. 8) ion signal oscillations are
observed for both Cu and Cd. Corresponding oscillation
periods are different: 2.5 ms for Cu and 3.5 ms for Cd.
Apparently, the oscillations are determined by the difference
between frequency F and probability A4 of the diffusion of
sample atoms from TMHC wall to sampler. In this case the
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Fig. 7 Sample sputtering dynamics in TMHC-TOF-MS at low average
discharge current (60 mA), Kr discharge gas. Curves are: a, 2.5 ng of
Cu; b, 2.5 ng of Cu with addition of 500 ng of Ba to the sample; ¢, 2.5 ng
of Cd.
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Fig. 8 Sample sputtering dynamics in TMHC-TOF-MS of 2.5 ng of Cu
and Cd at high average discharge current (400 mA): Kr discharge gas.

single mass spectrum is formed from several groups of atoms
sputtered from different pulses and ionized by the last pulse.

One of the difficulties in the present discharge configuration
was a microcapillary discharge in the sampling capillary. This
discharge appears at an Ar pressure of 0.9 Torr and capillary id
of 300 um, and even sometimes under different conditions. In
those cases the sputtering probability of the sample signifi-
cantly decreased. Helium addition allowed us to eliminate
microcapillary discharge. Besides, the sensitivity was increased
when an Ar-He mixture was used. For example, for Ni, the
addition of 1 Torr He into 0.8 Torr Ar resulted in almost 2-fold
increase in ion intensities.

Standards solutions with different concentrations were used
for calibration of the system. Fig. 9 shows Cd and Cu ions
signals for different masses of the elements injected into a
TMHC. The signals were registered under optimum experi-
mental conditions. The reproducibility, calculated for 8 repe-
titive injections for the analysis of 2.5 ng Cd and 2.5 ng Cu, was
equal to 0.12. Detection limits for Cd and Cu are 20 ng1™! and
15 ng 17!, respectively (sample volume, 50 pl).

Summary

The study of the pulsed TMHC glow discharge as a source of
atoms and ions for analytical spectroscopy, such as ZAAS-
HFM and TOF-MS, has shown that this analytical system can
be successfully used for the direct analysis of liquid microsamples.
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Fig. 9 Analytical determinations of Cd and Cu by TMHC-TOF-MS
system.

Fast sample sputtering by ionic bombardment at moderate
TMHC temperature and effective dissociation into atoms with
further ionization can be achieved with pulsed GD operation.

The combination of the ZAAS-HFM system with TMHC
atomizer is considered to be very promising for the manu-
facture of mobile spectrometers suitable for automated field
and on-site analysis of samples without preparation. This
system is characterized by low detection limits, low matrix
effects and low discharge power and gas consumption.

As an ion source for the TOF-MS system, pulsed TMHC
discharge is a very effective tool for direct atomization and
ionization of liquid samples. This system can serve as a stand-
alone spectrometer for element analysis or may be connected to
a gas chromatograph to analyze species in complex mixtures.
The work is in progress now: we expect to elucidate the
analytical parameters of the TMHC-TOF-MS system for many
elements and our objects will be achieved in the near future, as
well as demonstrating the combination of GC with TMHC-
TOF-MS.
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