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Small amounts of hydrogen or oxygen in either argon or neon
plasmas cause unexplained enhanced excitation of various
analyte atomic lines with upper energies close to 5 eV. We
suggest this enhancement is due to three body collisions
involving two hydrogen or oxygen atoms and a sample atom.

In recent years, it has been observed that there is some enhanced
excitation of various analyte atomic spectral lines, particularly in the
5 eV range, in the presence of molecular gases (oxygen or hydrogen)
in analytical glow discharges. A number of studies have been made
on the effects of known amounts of molecular gases (hydrogen,
nitrogen and oxygen) in the plasma gas on the discharge parameters
and emitted spectra, using commercial glow discharge optical
emission spectrometry (GD-OES) equipment. Until recently, such
systems used polychromators and could only produce data on a very
few preselected spectral lines for each element. Initially Fischer
etal.’ studied the effects of oxygen and nitrogen. Later, Bengtson
and Hénstrom? clearly demonstrated the effects of hydrogen on
analyte spectral lines. They showed that the intensities of the Cr |
305.4nm and Sil 288.2nm lines, which both have excitation
energies in the 5eV range, increase strongly in the presence of
hydrogen. Further investigations have been carried out by Fernandez
etal.® on the effects of hydrogen, nitrogen and oxygen and more
work on the effects of hydrogen has been reported by Martin et al.*
Such studies on a few selected spectral lines can produce valuable
information for analytical use, but to understand the discharge
processes producing these effects, the way in which the changes
depend on the energy of the upper state of the transition must be
known and for this it is necessary to record the intensity changes of a
large number of lines of a given element.

Hodoroaba etal’® carried out a detailed study of the effect of
hydrogen on the intensity of a large number of copper lines and
observed that the intensity of Cu I lines tended to increase. For this
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work, a scanning spectrometer was used; a particular line was
selected, and its intensity measured for a series of gas mixtures,
before the next line was selected and the process repeated. This was
a tedious method and liable to error, if mixtures were not reproduced
exactly. Thus the major difference in the plots for the 324.754 nm
and 327.396 nm lines is due to experimental error.® Hodoroaba
etal.” also used a commercial GDS system to measure the effect of
added hydrogen on one or two lines of a number of other elements.

For many years after photographic spectroscopy became rare, the
only spectrometers capable of recording a large number of spectral
lines simultaneously were high resolution Fourier transform
spectrometers (FTS). Smid et al.® used the Imperial College high
resolution vis-uv FTS® to carry out the first investigation of the
effect of added nitrogen on the intensities of a large number of
spectral lines of iron and titanium in an argon plasma and
subsequently carried out similar experiments with added hydrogen,
recording lines in the region 200-600 nm. This instrument has a
chromatic resolving power of up to 2 x 10% at 200 nm, so it is
possible to separate close lines and to observe line structure and self
absorption.® In 2008, Smid etal. reported that the intensities of
several iron atomic emission lines with excitation energy between
53 and 5.6eV were strongly enhanced in the presence of
hydrogen.’® On the other hand, it was found that nitrogen did not
produce any similar effects. By this time, commercial GDS
instruments using CCD arrays to record spectral lines had become
available for multi-line investigations (but with much lower
resolving power, so separation of close lying lines is not possible)
and data obtained using the LECO GDS500A instrument®* was used
to supplement the FTS data.

Within the EC GLADNET RTN Mushtaq used the Imperial College
FTS to investigate, over a wide spectral range including many
spectral lines, the effect of oxygen as an impurity (0.02-0.2% v/v) in
analytical GD in argon or neon discharges with various analyte
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materials. Mushtaq et al.’ reported enhanced excitation of iron

atomic lines with upper levels in the 5 eV energy region with added
oxygen in argon GD and a similar effect has been observed with
neon as the discharge gas. This study has been extended to other
elements, including manganese, copper and titanium. The fact that
similar effects occur for argon and neon imply that the effect is not
linked with the critical energies of these gases, whereas its
occurrence with oxygen and hydrogen but not with nitrogen suggests
it is linked with some property of these gases. Requests at various
international conferences and scientific meetings for suggestions of
the possible cause have not produced any response. This paper
shows that it is likely to be linked to a three body collision between
two oxygen or hydrogen atoms and a sample atom.
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Fig. 1 Emission yield (EY) ratios of observed titanium atomic lines
as a function of excitation energy for 0.2% v/v H, in argon mixture
for 700 V and 20 mA. (EY = Intensity/sputter rate x concentration
of the element in the sample, and is used as the Ti line intensities all
decrease with added H, due to reduced sputter rate)

For a titanium sample in an argon/hydrogen plasma, all the
titanium lines showed a severe drop in intensity due to
significant decrease in sputter rate with the presence of
hydrogen in an argon GD. Therefore, emission yield ratios
(which compensate for changes in sputter rate) of the observed
titanium atomic lines are plotted in Fig.1 against their
excitation energy for 0.2% v/v hydrogen concentration in argon
GD. There is a considerable increase in emission yield ratios of
Til lines with excitation energy near to 5eV. In Fig. 2, the
emission yield ratios of observed copper atomic lines are
plotted against their excitation energy for 0.6% v/v oxygen
concentration in a neon GD. A noticeable increase in emission
yield ratios for copper atomic lines with excitation energy near
to 5eV is observed. The changes in emission yield ratios in
neon/oxygen mixtures due to changes in self-absorption, for
example for the Cul 324.754 nm line, and the suppression of
Cu |l lines at higher energy levels are discussed in detail in a
separate paper.’* The present communication concentrates on
the hitherto unexplained enhancement of analyte atomic lines
with excitation energy near to 5 eV in the presence of oxygen
or hydrogen.
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Fig. 2 Emission yield (EY) ratios of observed copper atomic lines as
a function of excitation energy for 0.6% v/v O, in neon mixture for
700 V and 20 mA.

Following a suggestion from Dr. Hoffmann (IFW Dresden), we
now propose a partial explanation for this enhanced excitation.
It appears to be due to three body collisional recombination
involving two hydrogen or oxygen atoms and a sample atom in
its ground or low-lying metastable state, resulting in the
formation of a hydrogen or oxygen molecule and the excitation
of the sample atom by the recombination energy released by the
molecule. There are also likely to be changes in the kinetic
energies of the colliding particles, e.g.

O(P,) + OCPy) + M — 0,(X *%y) + M* + AE,
and
HES12) + HCSy2) + M — Hy(X 'S5") + M* + AE,

where M is the sample atom and the superscript * represents an
excited state.

In the case of collisional induced dissociation, the surplus
energy AE can be carried off by the atoms in the form of Kinetic
energy and/or direct excitation of one of the resulting particles,
for example in neon/oxygen mixtures:

Nen(*P20) + O2(X *Zg) — Neo(*S) + O(P2) + O*(°P125) + AE
Similarly in the case of the reverse process, three body
collisional recombination, which we suggest is occurring here,

the excitation of analyte atomic emission lines may occur for a
selective range of energies.

The recombination energies of oxygen and hydrogen are
5.15eV and 4.52 eV respectively, and the excess energy
required for the excitation of the sample atoms in some cases
can be supplied by the kinetic energy of the colliding particles
or by excitation of the sample atoms from low lying metastable
levels. On the other hand, the recombination energy of nitrogen
is 9.97 eV so any similar effect could only occur at much
higher energies above the ionization energy of typical sample
atoms. The majority of molecular recombination will take place
at the walls of the source, so this process will not be a
significant contribution to the recombination rate.™* However,
three body collisional recombination within the gaseous volume
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> can make a significant contribution to the population of
3 particular excited levels of sample atoms.'® The factors which
4 affect the magnitude of the enhancement are discussed below.
5 The process is probably dependent on the discharge current, gas
6 pressure and temperature, and most importantly on the
7 availability of atomic states of the sputtered atoms with the
8 appropriate excitation energy.
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The intensity ratios (line intensity using argon — molecular gas
mixture / intensity using argon) of observed sample atomic
lines as a function of their excitation energy for various
hydrogen concentrations are shown in Fig. 3, for manganese,
iron and copper samples. The intensity ratios of lines with
excitation energy near to 5 eV increase significantly with the
increase of hydrogen concentration in argon plasmas. At low
hydrogen concentration (0.05% v/v), the enhancement near to
5 eV cannot be clearly identified. However, at higher hydrogen
concentrations the enhancement of the intensity ratios becomes
more significant. In general, hydrogen in an argon plasma
reduces the sputter rate of analyte materials; however, Fig. 3
shows that even without including sputter rate changes in this
case (i.e. intensity ratios, not emission yield ratios), the excited
populations in the 5 eV energy range increase significantly with
the increase of hydrogen.

In Fig. 4(a), the changes in iron atomic line intensities as a
function of their excitation energy in Ar/H, mixtures for
different currents are shown. Similar studies have been carried
out on iron atomic lines in Ar/O, mixtures for two different
currents and results are presented in Fig. 4(b). It is quite clear in
Fig. 4(a), when Ar/H, mixtures are used for two different
currents, the enhancement of Fe | lines due to a three body
collisional recombination process is more pronounced when
lower currents are used. As discussed above, the enhancement
for various analyte atomic lines is more pronounced at higher
H, or O, concentrations. However, under these conditions the
sputter rate for some analytes decreases very significantly in
Ar/O, plasmas, much more than those with Ar/H, mixtures,?
hence the overall intensity falls and in some cases (at 700 V and
10 mA) many analyte atomic lines cannot be observed in Ar/O,
mixtures. Therefore, for an iron sample with Ar/O, mixtures,
intensity ratios are shown for currents of 20 and 40 mA. Even
then, the effect of the added oxygen is an overall fall in
intensities. It can be observed that the selective enhancement,
though less than with hydrogen, is again more pronounced
when lower currents are used. The effect of current was shown
by Steers etal.,'® where changes in titanium atomic line
intensities as a function of their excitation energy for various
currents are reported. As the current is increased, the number
density of sputtered atoms increases, whilst that of the
molecular gas atoms does not change greatly, so that the
selective process has a smaller role in the overall excitation.
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Fig. 4 Ratios of the Fe | line intensities in (a) Ar + 0.5% v/v H,,
700 V, 10 mA and 20 mA and (b) Ar + 0.8% v/v O, 700 V, 20 mA
and 40 mA to intensities in pure argon, plotted against excitation
energy of upper level.

Some of the measurements using polychromators on the effect
of added hydrogen or oxygen on particular lines also show
strong enhancement when the energy of the upper level is about
5 eV, though with only one or two lines it is not possible to see
the full picture. Thus Bengtson and Hanstrdm? showed that the
Cr1305.388 nm line (upper level 5.089 eV) and the Sil
288.158 nm line (upper level 5.082 eV) were both enhanced in
the presence of hydrogen, and Hororoaba et al.” confirmed the
effect for the silicon line. In other cases, with somewhat greater
energies of the upper level, reported enhancements may well be
due to the reduction of self absorption.

Conclusions

In many cases in both argon and neon plasmas, there is
enhanced excitation of analyte atomic lines with upper energies
close to 5 eV in the presence of small amounts of hydrogen or
oxygen. To observe this effect fully, it is essential to record
spectra over a very wide spectral range, so as to include as
many energy levels as possible, otherwise critical values may
be overlooked.

4| J. Name., 2012, 00, 1-3

We suggest in this communication, that the enhancement is due
to three body collisions involving two hydrogen or oxygen
atoms and a sample atom resulting in the formation of an H, or
O, molecule and the excitation of the sample atoms by the
recombination energy released by the molecule. This effect is
more pronounced when higher concentrations of added oxygen
or hydrogen in plasma and lower values for discharge currents
are used. The amount of hydrogen introduced into a plasma
when there is hydrogen contamination is sufficient to cause
changes in relative intensities.? On the other hand, effects with
oxygen only become significant at higher oxygen
concentrations than those that occur when an oxide is
sputtered.”*® It is not clear what selection rules, if any, apply
for this process, and why very pronounced enhancement of
some particular levels occurs for some element/molecular gas
combinations, whilst for others the effect seems to be smaller in
magnitude and less selective.

Detailed studies of the three body collisional recombination in
low pressure glow discharges in presence of oxygen or
hydrogen are continuing.
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