
Spectrochimica Acta Part B 65 (2010) 218–224

Contents lists available at ScienceDirect

Spectrochimica Acta Part B

j ourna l homepage: www.e lsev ie r.com/ locate /sab
The effect of OH radicals on Cr–I spectral lines emitted by DC glow discharges

P. Mezei a,⁎,1, T. Cserfalvi b,2, P. Hartmann a,1, L. Bencs a,1

a Research Institute for Solid State Physics and Optics of the Hungarian Academy for Sciences, H-1525 Budapest, 114. P.O.B. 49., Hungary
b Aqua-Concorde Water Analysis R&D LLC, H-1545 Budapest, Bosnyák u. 11, Hungary
⁎ Corresponding author: Research Institute for Solid
Hungarian Academy of Sciences, H-1525 Budapest, POB 4
22/1692; fax: +36 1 392 22 15.

E-mail address: mezeipal@szfki.hu (P. Mezei).
1 www.szfki.hu.
2 www.aqua-concorde.hu.

0584-8547/$ – see front matter © 2010 Elsevier B.V. A
doi:10.1016/j.sab.2010.02.010
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 21 September 2009
Accepted 13 February 2010
Available online 20 February 2010

Keywords:
Electrolyte cathode
Atmospheric glow discharge
Atomic emission spectroscopy
The intensity distribution of the Cr–I 428.97 nm resonant and 520.60 nm non-resonant lines was studied as a
function of the distance from the anode in a low pressure DC-GD fitted with a Cr metal cathode and operated
in various gas atmospheres, including helium (P=4mbar), ambient air and water vapor (P=0.8 mbar). In
the helium and ambient air atmospheres, the intensity peaks occurred in the near cathode region (cathode
glow) in accordance with the literature. When operated in water vapor, however, the Cr–I 428.97 nm
resonant line disappeared, whereas the intensity of the non-resonant 520.60 nm line was enhanced. This
result may be attributed to resonant energy transfer collisions taking place between OH radicals excited to
the first vibrational level and Cr*428 atoms excited to the z7P0 upper level of the 428.97 nm transition. The
similar gas phase composition encountered with a DC electrolyte cathode atmospheric pressure glow
discharge (ELCAD) and the Cr metal cathode GD operating under a low pressure of water vapor suggests that
the zero intensity of the Cr resonance lines (428.97 nm, 360.53 nm) produced in the ELCAD may be
attributed to similar energy transfer processes. Our results show that the intensity of the Cr–I 520.60 nm line
can be used for analytical purposes in the ELCAD.
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1. Introduction

The electrolyte cathode atmospheric glow discharge (ELCAD)
was first described as a new optical emission source for monitoring
the metal content of solutions [1]. For this purpose, the atomic
resonant spectral lines emitted by the direct current (DC) ELCAD
have generally been used and several heavy metals (e.g., Zn, Cu, Cd,
Ni and Pb) can be determined by ELCAD spectrometry. However,
several important toxic elements (e.g., Cr and Hg) cannot yet be
detected [1–3]. It is well known that contamination of wastewaters
by Cr is a serious environmental problem in industrialized regions.
Because of this concern, the development of an effective method for
monitoring the concentration of Cr pollution in natural and waste
waters is a principal research goal with ELCAD. In accordance with a
model for plasma sputtering in an electrolyte solution that well
describes characteristics for a wide range of elements, Cr has one of
the highest sputtering rates [1,3]. The excitation energies of the
most intense resonant Cr–I lines widely used in arc, spark and
inductively coupled plasma (ICP) sources lie in the range of 2.89–
3.46 eV. Therefore, it is expected that Cr–I lines emitted by the
ELCAD should be easily adopted for monitoring the Cr content of
aqueous solutions. Unfortunately, spectra emitted from the ELCAD
plasma do not contain such resonant Cr–I lines; resonant ultraviolet
(λ=357.87–360.53 nm) lines of Cr–I are completely missing and
the visible lines (λ=425.43–428.97 nm) are very faint [1–3].
However, a non-resonant transition system near 520 nm appears
to be suitable for practical analytical purposes.

To understand these observations, it is necessary to study the
effect of different gas atmospheres on Cr–I line intensities. Since the
ELCAD operates in an environment saturated with water vapor [1,4]
due to the sputtering of the solution cathode, very little of the outer
(e.g., atmospheric) gases enveloping the plasma can diffuse into this
region. Consequently, the intensity of the atomic lines of metals are
found to be independent of the nature of the applied (outer) gas (Ar,
N2) atmosphere [4,5].

Considering the above, it is evident that the plasma atmo-
sphere can be changed only if the solution cathode is replaced by a
metal cathode (i.e., in our case by a Cr metal cathode). In such a
classical arrangement of a DC-GD, the intensity of the atomic Cr
lines (λ=428.97, 520.60 nm) can be easily studied in different gas
atmospheres.

At the atmospheric pressure, the emitting cross-section of a Crmetal
cathode DC-GD was quite narrow, i.e., similar to a filament [6–8].
Furthermore, the low average electron energy and low rate of cathode
sputtering at high pressure significantly decreased the emission
intensity of atomic metal lines.
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To obtain higher intensities, measurements were thus conducted
in low pressure DC-GDs fitted with a Cr-cathode operating in He
(P=4 mbar), ambient air and H2O vapor (P=0.8 mbar).
Fig. 2. Intensity distribution of the Cr–I 428.97 nm line as a function of the distance from
the anode in a helium atmosphere.
2. Experimental

A low pressure (4 mbar for He, 0.8 mbar for ambient air and H2O
vapor) discharge was produced in a closed chamber with a side
quartz window for the optical measurements. At the bottom of the
chamber a Cr metal plate served as the cathode and a stainless steel
anode plate was placed 50 mm above it. At the applied low pressure,
a high rate of cathode sputtering, hence a relatively high intensity of
the Cr–I lines could be obtained. As well, with this geometry (large
electrode distance) the different parts of the glow discharge could be
well distinguished. A flowing gas system was applied within the
chamber with a gas flow rate of 2.5 cm3/min. The discharge current
was 4 mA.

To study the intensity distribution of the spectral lines, the
discharge was vertically scanned by means of a glass optical fiber
connected to the 0.3 mm wide entrance slit of a ZEISS PGS 2
monochromator. The glass fiber optic cable was moved by an electric
stepper motor along the vertical axis of the discharge in 0.5 mm
steps while the intensities were detected by a photomultiplier tube
(Pacific Photometrics Instruments, Type 62/3A14). A PC controlled the
stepper motor and evaluated the measured intensity data yielding
intensity distributions as a function of distance from the anode.
At every measurement point, the signal of the photomultiplier
was averaged over a time period of 4 s by means of a digital storage
oscilloscope.

The intensity distributions of the resonant Cr–I 428.97 nm line and
the non-resonant 520.60 nm line as a function of the distance from the
anodewere recorded. Experiments were performed in helium, ambient
air and H2O vapor atmospheres, with the latter being produced by
means of a self-controlling evaporation system shown in Fig. 1. In order
to change the atmosphere in the V≈1000 cm3 discharge vessel, several
intermittent evacuations and fillings were applied to achieve N99% of
the desired final composition (1 min flushing with ambient air ⇒
2.5 cm3 air at 1 bar⇒3130 cm3 at 0.8 mbar; 10 minflushingwithwater
vapor ⇒ 25 cm3 vapor at 200 mbar ⇒ 3000 cm3 at 0.8 mbar).
Fig. 1. Schematic of the atmosphere control system.
3. Results

3.1. Measurements in He atmosphere

In a helium atmosphere, the intensities of the Cr–I 428.97 nm and
520.60 nm lines increased with distance from the anode; a maximum
occurring near the cathode region, as shown in Fig. 2. These intensity
distributions are in accordance with that obtained in a low pressure
GD [9–11] and the relative magnitude of the intensities corresponds
to the excitation energy of the transition.
3.2. Observations in air and water vapor

In ambient air, the Cr–I 428.97 nm line shows classical behavior,
illustrated in Fig. 3. Two peaks occur, a wide, slightly lower peak
followed by a second, narrow one appearing in front of the cathode.
This later can be considered as the cathode glow occurring at
sufficient low pressure conditions. This behavior also agrees with
results obtained in low pressure DC-GDs [9–11]. However, in the
presence of water vapor, the intensities were completely suppressed
over the whole discharge volume.
Fig. 3. Intensity distribution of the Cr–I 428.97 nm line as a function of distance from the
anode in ambient air and H2O vapor discharges.



Fig. 4. Intensity distribution of the Cr–I 520.60 nm line as a function of the distance from
the anode in ambient air and H2O vapor discharges.
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The intensity distribution of the non-resonant Cr–I 520.60 nm line
also exhibits classical behavior in the ambient air atmosphere, similar
to that generated in He gas. However, in the presence of water vapor,
its intensity increased over the entire discharge volume compared
with that observed in air and He gases (Fig. 4).

4. Discussions

The resonant Cr–I 428.97 nm line corresponds to a z7P0→a7S, the
non-resonant 520.60 nm line does to a z5P0→a5S one. The energy of
z7P0 level is 2.89 eV and that of z5P0 level is 3.32 eV [12]. The energy
difference Δ between the z7P0 and z5P0 upper levels is very small:

Δ = E z5P0
� �

−E z7P0
� �

= E520−E428 = 0:43eV: ð1Þ

In He gas, the intensity distributions of the Cr–I 428.97 nm and the
520.60 nm lines were found to be similar.

Considering relation (1) and that the energy of excited He levels are
significantly higher than either of these two atomic Cr transitions, the
resulting similar intensity distributions may be attributed to the
following processes: the cathode sputtering produce the neutral metal
atoms which are excited by electron impact. This is in accordance with
observations in classical low pressure DC-GDs [9–11].

In the ambient air atmosphere at a pressure of 0.8 mbar, the Cr–I
428.97 nm and 520.60 nm lines can be detected. Their similar
behaviors are also in accordance with classical low pressure DC-GD
operation [9–11].

In the intensity distribution of the Cr–I 428.97 nm line, the cathode
glow appeared in the front of the cathode. This is a well-known and
thoroughly studied phenomenon in the DC-GDs operating at the
sufficient low pressures and corresponding high electrode distance. In
this case, a high number of fast ions and neutral particles are present
in the near cathode region. If their energy is enough, they are able to
excite via collisions the corresponding atomic transitions [9–11].
Since the effects observed in the H2O vapor are relevant for us, we are
not dealing with the more detailed investigation of this phenomenon.

In the other part of the discharge, the measured intensity
distribution indicates that the neutral Cr atoms produced by the
cathode sputtering are excited by electron impact.

In the presence of water vapor, the intensity of the Cr–I 428.97 nm
was suppressed over the entire discharge volume, while that of the Cr–I
520.60 nm was enhanced throughout the whole discharge volume.
If we suppose that both z7P0 and z5P0 upper levels are excited only
by electron impact, we obtain the similar rate equation [13] for both
levels. Under steady state conditions:

dN⁎
Cr

dt
= neN

0
Cr〈σelve〉−AN⁎

Cr = 0 ð2Þ

where ne is the electron density, N0
Cr is the density of ground state Cr

atoms, σel is the cross-section for electron impact excitation, vel is the
velocity of electrons,N*

Cr is the Cr-atomdensity in the upper level, andA is
the transition probability. Expressing N*

Cr from relation (2), the emitted
intensity is:

I = N⁎
CrAhν = hν · neN

0
Cr〈σelve〉: ð3Þ

For Cr–I 428.97 nm line, the emitted photon energy is hν=2.89 eV,
in the case of the Cr–I 520.60 nm line it is hν=2.38 eV, the difference
between them is very small (0.51 eV), hence hν can be considered about
the same for both cases. N0

Cr and ne are the same for both upper levels.
The values of bσelveN can be considered to be the same for both upper
levels, since the electron velocity is the same and theσel cross-section of
electron impact excitation is nearly the same for both transitions
because of relation (1). In this way, we obtain about the same intensity
for both Cr–I lines.

But this result does not agree with the experiments. The correct
interpretation of experimental observations requires to take into
account another process besides the electron impact excitation, which
simultaneously depopulates the z7P0 level and populates the z5P0 one.

A DC-GD operating in H2O vapor (ELCAD) was also investigated in
detail. The ELCAD plasma operates in a saturated water vapor at
atmospheric pressure, in which H2O+ molecular ions are the positive
ions [14,15]. In the cathode dark space, the main loss of these
molecular ions occurs via dissociative recombination, producing H
and OH species [14,15]:

H2O
þ þ eslow→H þ OH ð4Þ
The rate of reaction (4) is [16,17]:

r≈ kTeð Þ−
1
=2≈ ffiffiffi

p
p ð5Þ

where p is the pressure, k is the Boltzmann-constant and Te is the
electron temperature.

The intensity maximum of the emitted metal atomic spectral lines
appeared in the negative glow region of the ELCAD plasma. In this region,
the gas and electron temperatures were found to be Te≈Tgas≈7000 K
[1,2]. For such a high temperature, the rate coefficient of the dissociative
recombination (kd,r) [15] is:

kd;r≈4:4 × 10−8 cm3s−1 ð6Þ

Furthermore, the thermal dissociation of water was thermody-
namically modeled. The equilibrium composition was calculated by
using the free enthalpy minimization. It was found, that above
T≈4500 K all the H2O molecules dissociate to OH and H [18].

The thermal dissociation (the thermolysis) of water molecule is
given by the following reaction:

H2O þ H2O→OH þ H þ H2O: ð7Þ
At the temperature of Te≈Tgas≈7000 K, the rate coefficient of

reaction (7) (kth) is [19]:

kth≈3:1 × 10−9 cm3s−1
: ð8Þ

The high value of the rate coefficients kd,r in Eq. (5) and kth in Eq. (8)
indicates that, the reactions (4) an (7) produce a very high number of



Fig. 5. Excitation scheme for the z7P0 upper level of the resonant Cr–I 428.97 nm and
the z5P0 upper level of the non-resonant Cr–I 520.60 nm transitions.

Table 1
The calculated G(v) vibrational energies of OH (Χ2Π,v=0–10) in eV units [24,25,29,30].

v V=1 V=2 V=3 V=4 V=5 V=6 V=7 V=8 V=9 V=10

G(v) 0.44 1.09 1.50 1.88 2.24 2.58 2.90 3.20 3.46 3.74
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OH radicals in the ELCAD plasma. This is supported by the very high
intensity of OH bands measured in the ELCAD emission spectrum
[1,2,14,20]. Thus, theH2O+molecular ions, OH radicals, and theH atoms
are the dominant, stable species in the ELCAD plasma operating in a
saturated H2O vapor. Other species, such as Cr atoms, are generated by
cathode sputtering [1]. Since hydrogen is a volatile gas, it rapidly escapes
the plasma discharge volume.

At low pressures, the gas temperature Tgas (∼102 K, or less) and the
density of H2O molecule are low, while kTe average electron energy is
high (∼6–10 eV) [9–11]. Therefore, the rate of reactions (4) and (7)
significantly decrease. But the H2O molecules can be split by electron
collisions also:

H2O þ e→H þ OH þ e ð9Þ
The threshold energy of this reaction is 5.1 eV [21–23]. In a low

pressure DC-GD, the reaction (9) can produce a high number of OH
radical due to the high average electron energy. The rate coefficient of
reaction (9) is given only in the case of Tgas=425 K [23]:

kel≈3:57 × 10−10 cm3s−1
: ð10Þ

Furthermore, the H2O+ molecular ions are the positive ions in a low
pressurewater vapor also [15]. Therefore, itmaybeassumed that aDC-GD
fitted with a metal cathode of Cr operating in H2O vapor at a pressure of
0.8 mbar contains the same dominant species, but at a lower density due
to the lower pressure. Additionally, the Cr atoms generated by cathode
sputtering are also firstly excited by electron impact [9–11].

Since the excited atomic hydrogen energy levels (10.2–13.6 eV) are
muchhigher than those of the atomic Cr transitions (2.89–3.46 eV) [12],
theH atoms exert no influence on the intensity of the Cr–I lines and they
quickly leave the plasma due to their mobility.

The high number of OH radicals appearing in a DC-GD operating in
a low pressure of H2O vapor can be excited by electron impact to
various vibrational states. It is significant that the energy of the OH
radical excited to its first vibrational level in the Χ2Πi electronic
ground state is [24–31]:

G v = 1ð Þ = 3569:59cm−1 = 0:44eV: ð11Þ

This G(v=1) value is in a close coincidence (within 0.01 eV) with the
Δ=0.43 eV energy difference between z7P0 and z5P0 upper levels of
Cr–I given by relation (1). Considering this close energy coincidence,
the occurrence of resonant energy transfer (RET) collisions can be
expected between the Cr atoms excited to the z7P0 upper level of the
428.973 nm transition (Cr*428) and the OH radicals excited to their first
vibrational state (OH*(Χ2Πi,v=1)), i.e.,

Cr*428 + OH* X2∏i; v = 1
� �

→Cr*520 + OH X2∏i; v = 0
� �

: ð12Þ

The RET collisions (relation (12)) produce excited state Cr atoms in
the z5P0 upper level of the 520.6 nm transition (Cr*520) and hydroxyl
radicals in their ground state (OH(Χ2Πi,v=0)). As a result of the close
energy coincidence mentioned above (0.01 eV), the cross-section of
this RET collision (σRET) is orders of magnitude higher than that for
electron impact excitation (σel) [13]:

σRET≈10−14 cm2
NN σel≈10−18 cm2

: ð13Þ

This implies that electron impact excitation populates the z7P0

upper level of the Cr–I 428.9 nm transition, but RET collisions
(relation (12)) are able to convert all Cr atoms from this z7P0 upper
level to the z5P0 upper level of the Cr–I 520.60 nm transition, as
illustrated in Fig. 5. Thus, the intensity of the Cr–I 428.97 nm line
significantly decreases, i.e. it becomes practically zero, whereas the
intensity of the Cr–I 520.60 nm line is enhanced.
This discussion correspond to aDC-GDfittedwith a Crmetal cathode
operating in a low pressure of water vapor. On the basis mentioned
above, there is a similarity between the gas phase of the Cr metal
cathode discharge operating in a low pressure of H2O vapor and the
ELCAD.BothDC-GDsareoperating in the sameH2Ovapor containing the
samedominant species, includingH2O+molecular ions, OH radicals and
H atoms. In bothH2Oplasmas, the neutralmetal atoms are generated by
cathode sputtering [1,4,9–11]. In general, these neutral metal atoms are
firstly excited by electron impact. These two gas phases differ from each
other in their average electron energy, the rate of cathode sputtering
and hence their emitted atomic Cr line intensities. On the basis of this, as
a first approximation, it can be assumed that the dominant processes
determining the occurrence of the atomic Cr lines are very similar in the
gas phase of both discharges. In this way, the very faint intensity of the
atomic Cr 425.43–428.97 nm lines measured in the ELCAD plasma can
also be attributed to similar resonant energy transfer collisions
(reaction (12)) between the Cr atoms excited to the z7P0 upper level
of the 428.97 nm transition (Cr*428) and hydroxyl radicals excited to
their first vibrational level (OH*(Χ2Πi,v=1)).

The similarity of both gas phases, the fact that the OH radical has a
ninth vibrational state in its Χ2Πi electronic ground state [32–36] and
its energy is very close to the y7P0 upper level energy of the Cr–I
360.53 nm transition suggests that, the practically zero intensity of
the ultraviolet resonant Cr–I 360.53 nm line emitted by the ELCAD can
be studied by invoking similar RET collisions.

The G(v=9) energy of the OH radical excited to its ninth
vibrational state OH*(v=9) in the Χ2Πi electronic ground state can
be calculated assuming an anharmonic oscillator approximation by
means of the relation [24,25,30]:

G vð Þ = ωe v +
1
2

� �
−ωexe v +

1
2

� �2
+ ωeye v +

1
2

� �3
−ωeze v +

1
2

� �4
+ ::

ð14Þ

In this case, ω=ν / c, where ν is the vibrational frequency of the
anharmonic oscillator and c is the velocity of light. The parameters xe,
ye and ze are proportional to the amplitude of the oscillation. Values of
ωexe, ωeye, and ωeze can be found in the literature [24,25,29,30]; thus
the value of G(v=9) can be calculated from Eq. (14) (Table 1) as:

G v = 9ð Þ≈3:46eV: ð15Þ



Fig. 6. Excitation scheme of the y7P0 upper level of the resonant Cr–I 360.53 nm transition.
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Fig. 6 shows that the y7P0 upper level energy of the Cr–I 360.53 nm
transition is 3.44 eV, which differs from G(v=9)≈3.46 eV by only
0.02 eV. Because of this close energy coincidence, we can assume that
RET collisions occur between the ground state OH radicals and the Cr
atoms excited by electron impact to the y7P0 upper level of the
360.53 nm transition Cr*360:

Cr*360 + OH X2∏i; v = 0
� �

→Cr + OH* X2∏i; v = 9
� �

: ð16Þ

The RET collisions described above (reaction (16)) produce Cr
atoms in the ground state (Cr) and hydroxyl radicals excited to their
ninth vibrational state OH*(Χ2Πi,v=9). The cross-section of this RET
collision is also high (σRET≈10−14cm2) due to the close energy level
coincidence [13]. Therefore, electron impact excitation populates the
y7P0 upper level of the Cr–I 360.53 nm transition but RET collisions
described by reaction (16) are able to convert all Cr atoms from this
level to their ground state, as illustrated schematically by Fig. 7. Thus
the intensity of the Cr I 360.53 nm line becomes practically zero.

4.1. Estimations for ELCAD

The interpretations relating to the ELCAD can be supported by the
simple estimations. To present the dominant effect, it is enough to
consider only the order of magnitude of the corresponding data.
Fig. 7. Intensity of the non-resonant Cr–I 520.45–520.84 nm lines emitted by the ELCAD
plasma. Cr concentration: 100 µg/ml; discharge voltage: 950 V; current: 80 mA; the
solution pH: 1.55, adjusted with HCl.
Under steady state conditions, on the basis of the processes shown by
Fig. 5, the Cr atom density in the z7P0 upper level of the 428.97 nm
transition can be calculated by the following rate equation [13]:

dN⁎
Cr;428

dt
= neN

0
Cr〈σelve〉−A428N

⁎
Cr;428−N⁎

Cr;428N
⁎
OH〈σRETv〉OH = 0 ð17Þ

where ne is the electron density, N0
Cr is the density of ground state Cr

atoms, σel is the cross-section for electron impact excitation, vel is the
velocity of electrons, N*

Cr,428 is the Cr atom density in the z7P0 upper
level, A428 is the transition probability, N*

OH is the density of OH*(Χ2Πi,
v=1) (OH excited to the first vibrational state) and vOH is the average
velocity of the OH radicals.

On the right side of Eq. (17), the first term describes the electron
impact excitation of the upper level, the second indicates the
spontaneous emission from this upper level and the third accounts
for RET collisions with OH*(Χ2Πi,v=1) radicals.

The 〈σelve〉 and 〈σRETvOH〉 are integrals which include the product
of the corresponding cross-section as a function of energy σ(E) and
the velocity (or energy) distribution function v(E).

The Cr atom density in the z7P0 upper level of the 428.97 nm
transition can be expressed from relation (17):

N⁎
Cr;428 =

neN
0
Cr〈σelve〉

A428 + N⁎
OH〈σRETvOH〉

: ð18Þ

In H2O vapor, the correct form of σ(E) and v(E) are unknown,
therefore, the values of the 〈σelve〉 and 〈σRETvOH〉 integrals can only be
estimated.As afirst approximation,wecanassume that 〈σv〉∼σ·v. Hence,
these values can be considered to be correct only within an order of
magnitude.

The density of H2O molecules can be calculated from the ideal gas
law [16]:

NH2O =
3:3 · 1016 · p torr½ � · 293 K½ �

Tgas
: ð19Þ

The intensity peaks of atomic metal lines appear in the negative
glow. In this region of the ELCAD plasma operating at atmospheric
pressure (P=760 torr), the electron Te and the gas temperature Tgas
were found to be [2]:

Te≈Tgas≈7000K: ð20Þ

Substituting these values into relation (19), we obtain the density
of H2O molecules:

Nwater≈1018 cm−3 ð21Þ

however, at such high temperatures (Tel≈TG≈7000 K), all H2O
molecules would be dissociated through thermolysis[18], thus:

Nwater≈N0
OH≈1018 cm−3

: ð22Þ

The density of excited OH*(v=1) radicals (N*
OH) can be estimated

by means of the Boltzmann-distribution:

N⁎
OH = N0

OH · exp − E = G v = 1ð Þ
kTe

� �
: ð23Þ

Using relations (11), (20) and (21), we obtain:

N⁎
OH≈5 · 1017 cm−3

: ð24Þ
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Applying relation (20) and mOH≈7×10−26 kg, the average
velocity of OH radicals can be estimated:

vOH =

ffiffiffiffiffiffiffiffiffiffiffiffiffi
3kTgas
mOH

s
≈2 · 105 cm · s−1

: ð25Þ

In a similar way, we can obtain the average velocity of electrons:

vel =

ffiffiffiffiffiffiffiffiffiffi
3kTe
mel

s
≈6 · 107 cm · s−1

: ð26Þ

The electron density is given by [37]:

nel≈2 · 1013 cm−3
: ð27Þ

The transition probability is [12]:

A428 = 3 · 107 s−1
: ð28Þ

Substituting relations (13), (24), (25), (26), (27) and (28) into
Eq. (18),weobtain theCr atomdensity in theupper level of the428.97 nm
transition:

N⁎
Cr;428

N0
Cr

≈10−6
: ð29Þ

This result indicates that the Cr atom density in the z7P0 upper
level is 10−6 times lower than that of the a7S ground state. Hence, the
upper level density is practically zero, i.e., the RET collisions effectively
convert nearly all Cr atoms from the upper level of the 428.97 nm
transition. If the ratio of the Cr-atom density on the z7P0 upper level
and a7S ground state is calculated only by means of the Boltzmann-
distribution, the result is 8.3×10−3. This is higher with three orders of
magnitude than Eq. (29) demonstrating that the RET collisions can
indeed effectively convert all Cr atoms from the z7P0 upper level to the
z5P0 one.

The Cr–I z7P0→a7S transition is a series containing λ=425.43 nm,
λ=427.48 nm and λ=428.97 nm lines. Their upper level energy is in
order of 2.91 eV, 2.90 eV and 2.89 eV. Hence the energy difference Δ
between them and G(v=1)=0.44 eV vibrational energy of OH*(Χ2Πi,
v=1) are in order of 0.03 eV, 0.02 eV and 0.01 eV. The highest value of
Δ=0.03 eVobtainedwith theupper level energyof425.43 nmtransition.
In this case, the cross-section of RET collisions is σRET≈10−15 cm2 [13].
Using this data in relation (18), the ratioof Cr-atomdensityof z7P0 anda7S
levels is:

N⁎
Cr;428

N0
Cr

≈10−5
: ð30Þ

From the Boltzmann-distribution (corresponds to the electron
impact excitation only) is obtained:

N⁎
Cr;428

N0
Cr

≈10−3
: ð31Þ

The value of Eq. (30) is lower with two orders of magnitude than
that of Eq. (31) indicating that the RET collisions determine the
population of the upper level of 425.43 nm transition. In the case of
427.48 nm and 428.97 nm transitions, the values of Δ are lower than
0.03 eV resulting in higher σRET values. Therefore, the RET collisions
determine the upper level population of these two transitions also.

The density of Cr atoms in the y7P0 upper level of the 360.53 nm
transtion can be estimated also by using the relations presented
above.
The relation corresponding to Eq. (18) is:

N⁎
Cr;360 =

ne · N0
Cr · 〈σe · ve〉

A360 + N0
OH · 〈σRET · vOH〉

: ð32Þ

In this case, the transition probability is [12]:

A360≈3 · 107 s−1
: ð33Þ

Substituting Eqs. (13), (22), (25)–(27) and (33) into Eq. (32), we
obtain:

N*Cr;360∼N
0
Cr · 3 · 10−7 cm−3

: ð34Þ

Eq. (34) indicates that the density of Cr atoms in the y7P0 upper
level is 10−7 times lower than that of the a7S ground state. Hence, the
y7P0 upper level density is practically zero, i.e., RET collisions
effectively convert nearly all Cr atoms from the y7P0 upper level of
the 360.53 nm transition to the a7S ground state. The ratio of Cr-atom
density on y7P0 upper level and the a7S ground state determined only
by means of the Boltzmann-distribution is 3.4×10−3. This is higher
with four orders of magnitude than Eq. (34) supporting that the RET
collisions can indeed effectively convert all Cr atoms from the y7P0

upper level to the a7S ground state.
But the Cr–I y7P0→a7S transition is also a series containing the

λ=357.87 nm, λ=359.35 nm and λ=360.53 nm lines. Their upper
level energy is in order of 3.46 eV, 3.45 eV and 3.44 eV. The vibrational
energy of OH*(Χ2Πi,v=9) is G(v=9)=3.46 eV. The highest
Δ=0.02 eV energy difference between these Cr–I levels and OH*

(Χ2Πi,v=9) can be obtained (Δ=0.02 eV), with the upper level
energy of 360.53 nm transition. In this case, the cross-section of RET
collisions is σRET≈10−15 cm2 [13], hence the ratio of Cr-atom
densities of y7P0 and a7S levels is:

N⁎
Cr;360

N0
Cr

≈4:5 · 10−5
: ð35Þ

Again, from the Boltzmann-distribution gives:

N⁎
Cr;360

N0
Cr

≈3:4 · 10−3
: ð36Þ

The value of Eq. (35) is lower with two orders of magnitude than
that of Eq. (36). This comparison indicates, that in this case, the RET
collisions determine the upper level population of Cr–I 360.53 nm
transition. Because of similar reasons mentioned above, this is valid
for the upper level population of the 357.87 nm-360.53 nm transi-
tions also.

The estimations presented above for the case of ELCAD indicate the
very high efficiency of RET collisions. This is caused by not only the
high value of σRET due to the close energy coincidence between the
corresponding excited atomic Cr and OH levels, but the very high
density of OH radicals also produced by reactions (4) and (7).
Considering the result reported in Ref. [18], at the temperature of
Tel≈TG≈7000 K, all H2O molecules dissociate to H and OH.

As our results show, in the case of the ELCAD, the intensity of the
Cr–I non-resonant lines emitted at 520.45–520.84 nm can be used for
the determination of the Cr content of the electrolyte solution. The
intensities of these Cr–I non-resonant green lines were measured as a
function of the wavelength emitted by the ELCAD plasma. In this case,
CrCl3 was dissolved in the cathode solution to provide a concentration
of 100 µg/mL and the pH was adjusted to 1.55 with HCl. The discharge
voltage was 950 V, the current was I=80 mA and a solution flow rate
of 130 ml/h was used. The resultant spectra are shown in Fig. 7. Using
a flow injection analysis system andmeasuring the intensity of the Cr I
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520.60 nm line emitted by the ELCAD plasma, a LOD of 0.5 µg/ml was
attained for detection of Cr.

But in the ELCAD emitted spectrum, the measured intensity of the
Cr–I 520.60 nm line was not so high compared with that obtained for
Zn–I 213.8 nm and Cd–I 228.8 nm lines. Since the a5S lower level of
the Cr–I 520.60 nm transition is a metastable state, it is plausible to
assume as a first, approximation, that the Cr atoms can accumulate on
this a5S lower level. During the lifetime of this metastable state,
transitions from this level to the ground state cannot occur. In this
manner, the rate of transitions of Cr atoms from here to the ground
state can be small, hence the number of Cr atoms available for further
excitation can be limited. Of course, this interpretation is only a
possible assumption, it is necessary to perform further experiments to
support it.

5. Conclusions

The intensity distributions of the Cr–I resonant 428.97 nm and the
non-resonant 520.60 nm lines were investigated as a function of
distance from the anode in a DC glow discharge fitted with a Cr metal
plate as a cathodeandoperated at pressures of 0.8–4 mbar. Experiments
were conducted in helium, ambient air, and in water vapor.

In helium and ambient air atmospheres, the resultant intensity
distributions were in accordance with those obtained in such low
pressure DC glow discharges, indicating that the intensity of the Cr
atomic lines is determined by the rates of cathode sputtering and
electron impact excitation. In the water vapor atmosphere, however,
the intensity of the Cr–I 428.97 nm resonant line practically
disappeared, while that of the Cr–I 520.60 nm line was enhanced, a
consequence of RET collisions between excited Cr*428 atoms and the
excited OH*(v=1) radicals. These RET collisions simultaneously
depopulate the z7P0 upper level of the Cr–I 428.97 nm line and
populate the z5P0 upper level of the Cr–I 520.60 nm line, resulting in a
practically zero intensity of the Cr–I 428.97 nm line and an enhanced
intensity of the 520.60 nm line.

Considering that similar gas phases occur with the ELCAD plasma
and the Cr metal cathode discharge operating in a low pressure water
vapor, it has been shown that the very faint intensity of the atomic Cr–I
428.97 nm line emitted by the ELCAD can be explained by similar RET
collisions. On the basis of the similar gas phases for both discharges, the
nearly zero intensity of the Cr–I 360.53 nm line obtained in the ELCAD
could also be explained by RET collisions between the excited Cr*360
atoms and ground state OH radicals.

The emitted intensity of Cr–I 520.45–520.84 nm lines can be used
for analytical purposes with the ELCAD source.
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