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Various versions of a glow discharge are used as
spectrum excitation sources in atomic emission spec-
trometry [1–3] and as ion sources in mass spectrometry
[4–13]. The glow discharge provides an opportunity to
analyze solid and powder samples, as well as to per-
form layer-by-layer analysis [1, 2, 9].

The following two main types of glow-discharge ion
sources, which are used for the analysis of solid sam-
ples, are well known: a flat-cathode glow discharge
(Grimm discharge) [14] and a hollow-cathode glow dis-
charge [5]. As compared with the Grimm discharge, the
rate of sample sputtering is higher and the ionization of
sputtered atoms is more efficient in the hollow-cathode
discharge. A hollow-cathode pulsed discharge further
enhances the rates of sputtering and ionization. More-
over, the pulsed discharge considerably suppresses gas
components that interfere with the determination of a
number of elements by time discrimination [11, 12].

Of well-known mass-spectrometric systems, a time-
of-flight mass spectrometer is best suited for operation
with pulsed ion sources because the greatest efficiency
of the detection of sample ions takes place in this case
[4–6]. The time-of-flight mass spectrometry with a
pulsed discharge in a hollow-cathode cell (Grimm dis-
charge) has been studied in a number of works [15, 16].
A version with double discharge pulses has been pro-
posed and implemented [17]. The first pulse sputtered
the sample, and the second pulse efficiently ionized it.
As a result, the ion signal from sample elements consid-
erably increased. In this case, although the discharge

current increased to several hundreds of milliamperes,
the average current was very low: fractions of a milli-
ampere (because of a low pulse frequency). The use of
a hollow-cathode pulsed discharge in place of the
Grimm pulsed discharge will significantly improve the
analytical characteristics of a system with time-of-
flight ion detection. In all of these works, the analytical
parameters obtained did not allow pulsed-discharge
time-of-flight mass spectrometry to compete success-
fully with other techniques for the direct analysis of
solid samples, such as glow-discharge optical spec-
trometry [1, 18, 19], inductively coupled laser ablation
[20, 21], and radiofrequency-discharge sector mass
spectrometry [22–24].

This work was devoted to the study of the analytical
characteristics of a new version of time-of-flight mass
spectrometry with sample ionization in a hollow-
cathode pulsed discharge for the analysis of conduct-
ing and nonconducting solid samples and layer-by-
layer analysis.

EXPERIMENTAL

A Lyumas-30 time-of-flight mass spectrometer with
the pulsed ionization of solid samples in a hollow cath-
ode developed by Lyumeks was used in the experi-
ments. Figure 1 shows a schematic diagram of the ion-
optical system of this instrument.

A hollow-cathode source was used as an ionization
source. Ions formed in the source together with neutral
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—The results of a study of a new analytical system that includes an ion source with a hollow-cathode
pulsed gas discharge and a time-of-flight mass spectrometer are reported. It was found that such a system can
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of this approach was demonstrated. The possibility of the rapid and efficient direct analysis of solid samples
with the use of a hollow-cathode pulsed glow discharge was demonstrated using an example of the analysis of
high-purity copper samples and the glassy slag of molten lead.
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atoms were transferred to a differential zone under the
action of the small extraction voltage of a skimmer and
a pressure difference (the pressure, which was mea-
sured by gage 

 

2

 

, in the differential zone between the
sampler and the skimmer was equal to 10

 

–3

 

 Torr). In the
differential zone, the major portion of neutral particles
was removed by vacuum pumping and ions were col-
lected at the slit diaphragm of the extraction zone with
the use of a focusing system. A gas-dynamic compo-
nent should be taken into consideration in the transfer
of ions and neutral atoms to the slit diaphragm. The
double pressure drop from several Torr to a pressure
level of 10

 

–5

 

–10

 

–6

 

 Torr across specially shaped cone
diaphragms (the sampler and the skimmer) resulted in
the formation of a supersonic gas jet. A narrow ribbon-
shaped ion beam, which was parallel to the extracting
electrode, arrived at the extraction zone. Next, under
the action of a push-out pulse, ions were injected into a
high-voltage drift tube (in this high-vacuum part, the
pressure was 10

 

–5

 

–10

 

–6

 

 Torr, as measured by pressure
gage 

 

1

 

; this practically excluded collision processes in
this zone), where they were separated in space and time
with respect to time of flights depending on the ratio

 

m

 

/

 

z

 

. Thereafter, the ions reflected in a mass reflectron
[25], which was used to enhance the resolving power of
the spectrometer and arrived at the second high-voltage
drift tube. They were detected on a collector with a
chevron microchannel-plate assembly, the signal from
which was amplified with a preamplifier and trans-
ferred to the digitization plate of a computer. The

amplitude discrimination of the additive noises of a
preamplifier and an analog-to-digital converter was
used in signal processing; this allowed us to remove
them almost completely. It is well known that the pres-
sure in the discharge cell strongly affects both the rate
of sample sputtering and the rate of ionization of sput-
tered atoms. Therefore, to maintain stable conditions
for analysis, the pressure of a ballast gas was stabilized
with the use of pressure gage 

 

3

 

, which was mounted in
the gas channel of the discharge cell. Data on the pres-
sure measured to within 1% were transferred to a com-
puter through an embedded controller; the computer
stabilized the flow rate of the ballast gas over a speci-
fied range with a regulated piezoelectric leak valve. For
this purpose, an ordinary control circuit was used,
which allowed us to stabilize pressure in the discharge
cell in 20–30 s. In this case, relative pressure variations
were no higher than 2%. Table 1 summarizes the main
technical parameters of the mass spectrometer.

An ionization source with a hollow cathode fully
made of the sample material was developed for study-
ing and further optimizing discharge parameters. Fig-
ures 2a and 2b show two versions of this source. A
number of discharge parameters (discharge pulse dura-
tion, pulse repetition period, the pressure of a gas mix-
ture in the discharge cell, and the ratio between the
components of an Ar and He mixture) were optimized
with the use of this source. However, note that layer-by-
layer analysis and the analysis powder samples cannot
be performed with the use of this source. Therefore, we
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 Schematic diagram of the ion-optical system of a time-of-flight mass spectrometer.
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developed a source with a demountable cathode, which
allowed us to perform this analysis (Fig. 2c).

The energy of ions arrived at the zone between the
sampler and the skimmer from the cathode depends on
the plasma potential and is approximately equal to 4–
5 eV [5]. Because this energy does not allow one to effi-
ciently focus an ion beam in the push-out zone, it
should be increased considerably. For this purpose, a
bias voltage across the cathode–anode pair with respect
to a ground potential was introduced. The dependence
of the component intensities of mass spectra on the bias
voltage was practically the same for all masses,
whereas the optimum bias voltage was equal to 18–
20 V and almost independent of the type of the sample.

A ballast gas was introduced in three modes:
through saw cuts in the bottom of the cathode walls
(Fig. 2c), through a capillary arranged at the cathode
axis (see Fig. 2a), and immediately into the discharge
chamber (see Fig. 2b).

RESULTS AND DISCUSSION

 

Time discrimination of gas components. 

 

It was
found [4, 5, 11] that the time discrimination of the
emergence of sample ions with respect to the ions of
gases present in the discharge was observed in either
the Grimm discharge [4, 11] or a hollow cathode.
Moreover, the time maximums of sample ions notice-
ably different in mass were somewhat different. This
time discrimination requires the push-out pulse delay to

be optimized with respect to the discharge pulse.
Figure 3 shows the dependence of the intensities of
mass-spectroscopic lines for some ions on the push-out
pulse delay interval. It can be seen that a compromise
delay value of 70 

 

µ

 

s can be used for the majority of the
elements. However, the concentrations of both light and
heavy elements should often be monitored simulta-
neously in layer-by-layer analysis. Therefore, a detec-
tion mode with the jump delay was developed for layer-
by-layer analysis; in this case, delays alternating from
spectrum to spectrum were used.

 

Effect of hydrogen on the mass spectrum.

 

 In pre-
liminary experiments on the use of various hollow-
cathode versions for analytical purposes, it was found
that the addition of helium (0.5–1.5 Torr) to argon
excluded the appearance of a microcapillary discharge
in channels through which a discharge gas is supplied
to the cathode and increased the intensities of sample
components by a factor of 2–3 [5]. It is likely that this
increase is related to the appearance of an additional
channel of the Penning ionization of the sample ele-
ment M:

 

(1)

 

For this reason, in this study, we used a gas mixture
of argon and helium in the discharge cell.

In a number of publications [26–28], the effect of an
improvement in the crater shape in a sample upon the
addition of a small amount of hydrogen (about 1%) to
a gas mixture was described. Because of this, the layer-
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 Hollow-cathode ionization sources: (a) with the introduction of a ballast gas through a capillary at the central part of the
cathode, (b) with the introduction of a gas outside the cathode, and (c) for layer-by-layer analysis and the analysis of nonconducting
samples.

 

Table 1.  

 

Control voltages and parameters of a time-of-flight mass spectrometer with a hollow-cathode pulsed discharge

Cathode voltage –1000 to –2000 V Ionization pulse duration 1–300 

 

µ

 

s

Discharge current to 3 A Push-out pulse duration 0.1–2 

 

µ

 

s

Skimmer voltage –50 to –100 V Pulse frequency 100–10000 Hz

Push-out pulse voltage +500 V Sampler hole diameter 1–1.5 mm

Microchannel plate voltage –2400 V Skimmer hole diameter 1–1.5 mm

Flight tube voltage to –2000 V Discharge pressure 0.3–3 Torr
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by-layer sputtering of the sample material occurred
more uniformly and conditions that prevent the forma-
tion of surface oxides were produced. Consequently,
the efficiency of sample sputtering increased. More-
over, it was found [17, 29–31] that the addition of 1–
10% hydrogen to a ballast gas several times increased
the intensities of sample components (for a constant
discharge). Mason et al. [29] noted a considerable
increase (by a factor of up to 6) in the intensity of cop-
per ions (the Grimm discharge with a copper cathode
was used) upon the introduction of 1–20% hydrogen
into the space between the discharge chamber and the
sampler. In this case, hydrogen had no effect on sample
sputtering. The intensities of gas components (

 

Ar

 

+

 

,
OH

 

+

 

, H

 

2

 

O

 

+

 

, H

 

3

 

O

 

+

 

,

 

 and 

 

ArH

 

+

 

) considerably decreased in
this case. In this context, we performed experiments in
which hydrogen was added to the gas mixture used in
the discharge chamber.

Figure 4 shows the dependence of the intensities of
a number of sample components on the concentration
of hydrogen. As can be seen in Fig. 4, unlike the results
obtained by Mason et al. [29], the intensities for 

 

Sb

 

+

 

,
Ag

 

+

 

,

 

 and 

 

Cu

 

+

 

 changed only slightly. Changes that are
more considerable were detected for aluminum (the
intensity decreased by a factor of about 2) and lead (the
intensity increased by a factor of 1.5). At the same time,
the intensities of gas components (

 

Ar
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, OH
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, H

 

2

 

O
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,
H

 

3

 

O

 

+

 

,

 

 and 

 

ArH

 

+

 

) decreased many times upon the addi-
tion of hydrogen, as in the study by Mason et al. [29].
However, note that various clusters, such as CuArH,
CuAlH, CuOH, 

 

CuOH

 

2

 

, CuOH

 

3

 

,

 

 and 

 

Al

 

2

 

O

 

3

 

H

 

, appeared

in the spectrum upon the addition of relatively high
concentrations of hydrogen (5–15%). Although the
intensities of these clusters were lower than the intensi-
ties of the main components of the spectrum by 3–
4 orders of magnitude, their presence noticeably
impaired the analytical capabilities of the spectrometer.
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Because of this, we used a gas mixture with a relatively
low hydrogen content of 1% in subsequent experi-
ments. In this case, we observed a considerable depres-
sion of gas components and, at the same time, hydride
clusters were practically absent.

Figure 5 shows the spectra of a lead–tin alloy with
various concentrations of a number of elements with
the use of pure argon (Fig. 5a) or a gas mixture contain-
ing 70% argon, 29% helium, and 1% hydrogen as a bal-
last gas. The approximate concentrations of the ele-
ments (according to manufacturer’s specifications)
were as follows: Sb, 9%; Na, 0.3%; Ca, 0.1%; Cu,
0.007%; Se, 0.03%; and Fe, 0.02%. As can be seen in
Fig. 5, the presence of hydrogen considerably
decreased the intensities of gas components present in
the mass spectrum; this significantly decreased interfer-
ences between gas components and sample elements
(especially for light elements). Moreover, it can be seen

in Fig. 5a that high-purity argon, which was used as a
discharge gas in this case, contained a relatively large
amount of water, which was represented by a character-
istic group in the mass spectrum (OH+, H2O+, and
H3O+), as well as by hydride clusters formed (ArH+,
CuOH, CuOH2, and CuOH3). In the presence of hydro-
gen, the gas components of the spectrum were sup-
pressed (Fig. 5b). In particular, as can be seen in Fig. 5,
the use of hydrogen allowed us to remove interference
between 40Ca and 40Ar; therefore, calcium could be
determined in various samples with a high sensitivity
(without the use of isotopes with low relative concen-
trations). In this case, a considerable decrease in the
intensity of an argon component (by 2–3 orders of mag-
nitude) in the spectra measured in other samples (with-
out elements that interfere with 40Ar) upon the addition
of hydrogen suggests the absence of peak superposi-
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tion. Hence, we can conclude that the peak at a mass of
40 shown in Fig. 5b corresponds to calcium and does
not result from interference between 40Ca and 40Ar.

The mechanism of the influence of hydrogen on the
components of a mass spectrum remains unclear. Previ-
ously [29, 32], attempts have been made to explain this
phenomenon. However, it is our opinion that the expla-
nation proposed is applicable to only a dc glow dis-
charge (this discharge was considered in cited publica-
tions), whereas the phenomenon of an increase in the
intensities of sample components and a decrease in the
intensities of gas components has a more universal
character, because it is also observed in both a radiofre-
quency discharge [31] and, in our case, a pulsed glow
discharge.

In our opinion, this phenomenon can be related to
the effect of hydrogen on the rates of recombination of
various discharge components. The recombination of
gas components in the presence of hydrogen can be
explained by a two-step process. At the first step, the
component ion is converted into the molecular ion with
hydrogen:

(2)

at the second step, the recombination occurs as follows:

(3)

These processes significantly increase the rates of
recombination of argon ions [33], because the molecu-
lar recombination cross sections are greater by several
orders of magnitude than the direct atomic recombina-
tion cross section. We believe that these processes can
also significantly increase the rates of recombination of
gas components, such as OH and N2.

The increase in the intensity of sample ions upon the
addition of hydrogen can be explained by an increase in
the concentration of metastable Ar and H atoms in the
course of process (2) and, thus, by an increase in the
rate of the Penning ionization. The Penning ionization
is a selective process: in this process, only atoms and
molecules whose ionization energies are lower than the
energy of a metastable level of Ar (14.1 eV) or H
(10.2 eV) atoms undergo ionization. This condition is
met for the majority of metal atoms; the ionization
energies of most of them lie in the range 6–8 eV. Other
components present in our discharge exhibited higher
ionization potentials (10–13 eV, see Table 2).

Thus, the above mechanisms qualitatively describe
a decrease in the intensity of gas components and an
increase in the intensity of sample components in our
and other types of gas discharges.

Mathematical treatment of mass spectra. To
increase the resolving power of the mass spectrometer,
we used the mathematical treatment of the experimen-
tal spectra based on the known instrument function. It

M+ H2 MH+ H;+ +

MH+ e– M H*.++

is believed that the time dependence of the measured
signal is determined by the following equation:

(4)

where u(t) is the measured signal, K(t, t0) is the instru-
ment function, and f(t) is the mass spectrum of the sam-
ple expressed on a time scale. Thus, the problem of
increasing the resolving power is reduced to the prob-
lem of restoring the initial signal from a measured sig-
nal and the known instrument function. For this pur-
pose, Eq. (4), which is an integral Fredholm equation of
the first kind, should be solved. This problem is mathe-
matically incorrect; however, there are numerical meth-
ods for solving problems of this kind [34]. Based on
such methods, an algorithm was developed for restor-
ing the initial mass spectrum: some isolated peak is
chosen in the mass spectrum, and the instrument func-
tion is calculated based on this peak; next, this instru-
ment function is stored in the main memory and written
to a file. Thereafter, inverse convolution with specified
parameters is performed to yield the restoration of the
initial signal from the measured signal. Figure 6 shows
measured and treated mass spectra. It can be seen that
the mathematical treatment of the resulting signal
resulted in a peak narrowing and, consequently, a con-
siderable increase in the resolving power.

Analysis of high-purity copper. A number of ele-
ments in a sample of high-purity copper were deter-
mined with the use of the Lyumas-30 analyzer. For this
purpose, the spectrometer was precalibrated using the
M2p (No. 945) and M3 (No. 9410) certified reference
samples of copper GOST (State Standard) 859-78.
Table 3 summarizes the concentrations of the elements
in these samples. Figure 7 shows the mass spectra
obtained for the M3 copper. With the use of these sam-
ples, we obtained calibration functions for some ele-
ments. The sensitivities determined from calibration
functions for various elements were found to be simi-
lar; they mainly fell in the range 3–6 ions per million
for 106 pulses. Note that the relatively small difference
in sensitivities for pulsed discharge mass spectrometry
is related to the following two factors: (1) the relative
concentrations of sputtered sample atoms in a gas phase
are close to the corresponding concentrations in the

u t( ) K t t0,( ) f t0( ) t0,d∫=

Table 2.  Characteristic ionization energies of molecules
and atoms

Molecule Ionization
energy, eV Molecule Ionization

energy, eV

Ar 15.76 NH2 11.14

H2O 12.61 NH3 10.7

H2O2 10.54 NO 9.75

N2 15.58 NO2 10.8

N2O 12.8 O2 12.07

NH 13.49 OH 13.0
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sample and (2) the rates of Penning ionization (in this
case, the Penning ionization mechanism is predomi-
nant) are similar for different elements.

Figure 8 shows the mass spectra obtained for a high-
purity copper sample, and Table 4 summarizes the con-
centrations of a number of elements. The concentra-
tions of elements found using an ICP MS Element-2
analyzer (Thermo-Finnigan) are also given in Table 4.
With the use of the Element-2 analyzer, a copper sam-
ple (0.05 g) was dissolved in purified nitric acid, and the
resulting solution was diluted with deionized water to
1 L. Table 4 demonstrates that the results are satisfacto-
rily coincident (the discrepancy between the results is
no higher than 12%); this is indicative of the absence of
systematic errors in the direct determination of element
concentrations with the use of the Lyumas-30 analyzer.

Analysis of nonconducting samples. The version
of a gas-discharge interface shown in Fig. 2c was used
for the direct analysis of nonconducting samples. In
this case, a sample as a flat disk was applied to a cylin-
drical cathode made of Nb, Ta, or Al. A gas mixture
arrived at the discharge cell through saw cuts in the bot-
tom of cathode walls. The cathode-wall material was
chosen depending on the set of elements to be deter-
mined. Each of the elements of the cathode material
produced its background spectrum. A cathode of alumi-
num exhibited the simplest spectrum. Aluminum (a
component of mass 27) and Al2O3 (102) were present in
the spectrum. When Nb and Ta were used, a number of
oxides (NbO, NbO2, NbO3, TaO, TaO2, etc.) were
observed in addition to the main components (93 and
181 for Nb and Ta, respectively). To illustrate the capa-
bilities of a mass spectrometer with sample ionization
by a short-pulsed discharge, we measured the spectra of
glassy slag formed in the manufacture of lead. The
composition of this slag should be known in order to
develop a lead manufacturing process. Sample prepara-
tion was simple and consisted in cutting a disk from the
test sample. Figure 9 shows the spectrum of this sam-
ple. As can be seen in Fig. 9, in addition to the main
components (aluminum, lead, and oxygen), a number
of other elements, in particular, S, Ca, Mg, Na, Fe, Mn,
Co, Cr, K, and Ca, were also detected in the sample.
Note that oxygen, which appeared in the spectrum as
various oxides, is the oxygen that arrived at the dis-
charge from the sample in the course of its sputtering.
The above spectrum allowed us to perform only quali-
tative analysis: corresponding reference samples are
required for quantitative determinations. However,
long-developed reference samples can be used for cali-
bration if the relative sensitivities for various elements
are close to the relative sensitivities for conducting ref-
erence samples. Nevertheless, additional studies are
required for testing this hypothesis.
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mulation time was 15 min (106 spectra).

Table 3.  Concentrations (ppm) of the elements in standard
copper samples

Element
Concentration

in standard copper 
sample No. 945

Concentration
in standard copper
sample No. 9410

Ag 60 90

As 16 390

Bi 46 360

Cd 47 440

Cr 5 30

Fe 220 670

Mn 10 83

P 30 90

Pb 57 810

Sb 54 810

Si 6 33

Sn 100 760
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Detection limits. Because noise is practically
absent from the given system (the dark noise of a detec-
tor corresponds to a level lower than 0.1 ion/mass for
106 spectra, and the additive noise of an amplifier is
eliminated by amplitude discrimination), the limits of
detection were determined with the use of reference
samples based on purely statistical criteria. In this case,
the presence of only one ion corresponding to an ele-
ment carries information on the presence of this ele-
ment in the sample. To enhance reliability, we believed
that the presence of three ions is convincing evidence
for the presence of the test element. Table 5 summarizes
the detection limits obtained in an optimized system.

The reproducibility of analytical results was deter-
mined as the relative standard deviation in six measure-

ments for each sample, and it was equal to 2–7%
depending on the test element and its concentration in
the sample.

CONCLUSIONS

The results of the study of a hollow-cathode pulsed
glow discharge as an ion source for mass spectrometry
demonstrate that it is applicable to the direct analysis of
solid samples. Thus, a time-of-flight mass spectrometer
with a hollow-cathode pulsed glow discharge is the
most promising and efficient instrument for solving
problems of current interest. This instrument is charac-
terized by the most efficient use of a test sample
(because sample atomization and ionization occur in a
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Table 4.  Concentrations (ppm) of the elements in a high-pu-
rity copper sample

E
le

m
en

t Concentration
in the high-purity copper 

sample (Lyumas-30)

Concentration
in the high-purity copper 

sample (Element-2, 
Thermo-Finnigan)

Ag 8 ± 1 6.2 ± 0.3
Fe 0.4 ± 0.1 0.3 ± 0.04
Pb 0.4 ± 0.1 0.29 ± 0.02
Sb <0.2 0.12 ± 0.02
Note: Measurement parameters: Pmixture = 2.5 Torr (a mixture

of 70% Ar, 29% He, and 1% H); Udischarge = –1530 V;
f = 1.6 kHz; push-out pulse delay of 65 µs; pulse duration
of 3 µs; analysis time of 19 min (2 × 106 spectra); dark noise
of <0.1 ion/mass (106 spectra).

Table 5.  Detection limits (ppm) of elements

Sample Element Detection limit

Copper Pb 0.3

Al 0.5

Ni 0.3

Sb 0.2

Fe 0.2

Ag 0.3

Lead Fe 0.3

Sb 0.3

Na 0.6

Ca 0.8
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closed space), a higher efficiency of atomic ionization
(because of an increased concentration of high-energy
electrons), a much lower flow rate of the reaction gas
(2–10 mL/min), a low electric power consumption (60–
120 W), and the possibility of directly performing both
the elemental analysis and the layer-by-layer analysis
of conducting and dielectric substances and materials.

Note that this analyzer can be used in various areas
of science and technology: in the atomic industry for
the elemental and isotopic analysis of radionuclides,
decay products, and nuclear wastes; in medicine, phys-
ics, electronics, and scientific research for isotope anal-
ysis in the manufacture and use of isotopically pure
materials; in microelectronics for the determination of
ultratrace impurity concentrations in superconducting
materials (Si, As, Ga, etc.), including rapid (as com-
pared with SIMS and AES techniques) layer-by-layer
analysis of multilayer thin-film structures; in metal-
lurgy for elemental analysis in the manufacture of non-
ferrous metal alloys and special steels with regulated
concentrations of trace impurities (including gaseous
impurities); in the manufacture of high-purity materials
for the elemental analysis of impurities in the manufac-
ture of metals, optical glasses, optic fibers, alloys, and
spray-coated surfaces; and in the analysis of mineral
raw materials in concentration plants and the mining
industry.
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