JOURNAL OF NANO- AND ELECTRONIC PHYSICS
Vol. 13 No 6, 06012(6pp) (2021)

MYPHAJI HAHO- TA EJIEKTPOHHOI ®I3UKH
Tom 13 No 6, 06012(6¢c) (2021)

On the Time Resolved Optogalvanic Spectroscopy of Neon in a Hollow Cathode Discharge

Koutayba Alnama®, Abdulkader Jazmati

Department of Physics, Atomic Energy Commission of Syria, P.O. Box 6091, Damascus, Syria

(Received 11 March 2021; revised manuscript received 10 December 2021; published online 20 December 2021)

Time resolved optogalvanic (OG) signals of 1s4-2ps (650.65 nm) and 1ss3-2p7 (653.29 nm) transitions
have been studied in neon DC plasma. Numerical fit of the signals based on four-term rate equation model
has been used to elucidate the contributions to the signal from four 1s; levels. Evolution of decay rates of
four 1s; neon states as a function of discharge current has been studied. The dominant discharge processes
for the first transition were photoionization and impact ionization, while for the second transition — the
metastable-metastable collisional ionization mechanism was added to the previously mentioned mecha-
nisms to produce the OG signal. The effective lifetimes of the 1s; states have been determined for both
transitions, where 2 ps is found for the resonance state 1s2, while the 1s345 have an almost equivalent ef-
fective lifetime of 40 ps. The long effective lifetime of all 1s24 states in comparison with their radiative life-
times is attributed to the radiation trapping effect. The contribution of the 1s; states to the OG signals has
been studied. 1s3 state involvement was most important in the 1ss-2p7 transition signal, while the 1s4 state
has a large contribution to the 1s4-2ps transition signal.
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1. INTRODUCTION

Laser optogalvanic (OG) spectroscopy is a low cost,
simple and sensitive technique to probe atomic transi-
tions. It is used in a wide range of applications, includ-
ing trace element detection [1], tunable dye laser cali-
bration [2], plasma diagnostics [3], atomic and molecu-
lar spectroscopy [4], and plasma dynamics [5]. In a
stationary state, a gas-discharge plasma contains at-
oms, molecules, ions, and free electrons. These species
are in a dynamic equilibrium, which results in a de-
fined impedance and subsequently a discharge current.
Illumination of such a medium with radiation having a
frequency corresponding to an atomic or molecular
transition will perturb the equilibrium. Therefore, the
discharge conductivity will change. This process is
known as the OG effect.

Several theoretical and analytical approaches are
suggested to understand the different processes con-
tributing to the OG effect. These models are well de-
scribed in [6]. Han et al. [7, 8] established an extended
version of a mathematical rate equation model for the
distribution of the excited state population of the spe-
cies in a commercial hollow cathode discharge lamp.
This model is based on the collisional ionization rate in
the discharge plasma. According to this model, a four-
term equation (expressing the first four 1s; excited
states) is used to fit the time-resolved OG signals of the
1si-2p;j transitions. Han et al. [7] used only two terms of
the complete equation to fit the 1s5-2p9 transition. In
another work, Han et al. [8] used a three-term equation
to obtain a reasonable fit for the 1s4-2ps transition.
Mahmood et al. [9] described the 1s5-2pg45 transitions
by a two-term equation. Piracha et al. [10] examined
the 1s5-2pe,7,8, 154-2ps,7, 1s3-2p25 and 1s2-2p245 transi-
tions. They found that the transitions 1s2-2p2.45 can be
fitted by a two-term equation, while those originating
from 1s5 and 1s4 need a three-term equation to repro-
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duce the experimental signals well.

The transitions arising from the metastable levels
1s5 and 1s3 show similar OG signals, while the signals
originating from the 1s2 state are in opposite polarity to
those from the metastable states [10]. Piracha et al. [6]
studied the 1s4-2p1.10 transitions and fitted them by a
three-term equation. The temporal signals of the
2p7.8,10 transitions are found to have a double peak
structure, which differs from the rest of the transitions,
where a single peak is observed.

As it was mentioned by other groups [6-10], an error
can occur in deducing and/or attributing the fitting
parameters of the 1s; states, such as the effective life-
time, in the case of a two- or three-term equation. The
objective of this paper is to explore the time-resolved
OG signal in more detail by using a four-term equation
to get more accurate fitting parameters, such as effec-
tive lifetimes of the 1s; states. In this paper, the time
resolved OG signal of Ne is observed in a hollow cath-
ode discharge lamp. A semi-empirical model is used to
fit the associated time resolved OG signals with a four-
term equation describing the four 1s; states. Thereby,
we could characterize more accurately the plasma me-
dium in terms of collision effects and the population
distribution of neutral and ionic species present in the
discharge. This approach is based on a detailed exper-
imental investigation and least-squares fitting of the
time resolved OG signals of neon transitions.

2. EXPERIMENTAL

In the experimental setup, a dye laser (TDL 90)
pumped by a Quantel Nd:YAG-laser (YG 980, 532 nm,
10 Hz) is used. The spectral and temporal widths of the
laser pulse are about 0.05 cm —! and 10 ns, respectively.
A DCM laser dye was utilized to get the desired laser
wavelengths. The dye laser beam was centered inside a
commercial 1.5" diameter hollow cathode lamp (Herae-
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us, Yb-Ne) using a 5 mm diameter aperture.

The hollow cathode lamp pressure is less than
1 mbar, the cathode diameter is almost 1 cm, and it is
operated through a regulated dc power supply (Type
C610, Heraeus Noblelight). The current-limiting RC
circuit consists of a 10 kQ resistor and a 47 nF capaci-
tor. A fraction of the laser beam (3 % of the laser pulse
energy) is directed to the photodiode in order to trigger
the oscilloscope (Tektronix TDS 3054 C). The OG signal
is averaged 512 times for each transition and current
value. The current dependent signals are measured in
a 1.0 mA step.

3. THEORETICAL MODEL

The electronic configuration of the ground state of
neon is 1s22s22p® 1Sg. The excited levels are well de-
scribed by Racah coupling scheme [11]: nf[K]J, where ¢
is the orbital angular momentum of the external elec-
tron, K designates the angular momentum resulting
from coupling of ¢ with the total angular momentum of
the ion core, and </ is the total angular momentum.

This coupling scheme defines the selection rule of
the transitions among the excited states. For simplici-
ty, Paschen notation can be used to describe the excited
states where the configuration 1s22s22p53s gives rise to
four excited levels named 1ss5, 1s4, 1s3 and 1s2, which
correspond to the 3s[3/2]2, 3s[3/2]1, 3s’[1/2]o, 3s’[1/2]1
states, respectively. Following Racah notations, 1s5 and
1s3 represent two metastable states, while 1s4 is a
semi-metastable and 1s2 is a resonant level with radia-
tive lifetimes of 16 ns and 1.2 ns, respectively [12]. The
1s22s22p53p configuration generates ten 2pi, 2ps, ...,
2p10 levels. The Racah notations of these states can be
found in ref. [13]. According to Racah coupling scheme,
these 2pj levels can radiatively de-excite to at least one
of the 1s; levels and have typical radiative lifetimes of
around 19 ns [14].

As the discharge environment is so complex, it is
very hard to describe it by one theoretical model. To be
able to give a quantitative understanding of the OG
signal, all the processes involved in the discharge and
their cross sections must be known. The use of the rate
equation formalism to describe the different discharge
processes can lead to a large number of equations,
whose cross-section values are unavailable. Therefore,
our characterization of a particular discharge is mainly
experimental. Han's model is used in this work to get
quantitative estimation of the collisional process rates
in our gas discharge plasma.

As metastable states live longer than other states,
the main process that maintains the discharge in dyna-
mic equilibrium is the metastable-metastable collisional

ionization Ne +Ne — Ne+ Ne'+e . In addition, pho-
toionization of excited neon states by energetic photons

* —
Ne +hv — Ne' +e

Ne® +e~ — Ne' +2e¢ will also contribute to ionization.

After laser excitation of 1si-2p; occurs, the excited
2p; level will de-excite to the radiation-allowed 1s; lev-
els within the radiation lifetime of the 2p; level, which,
in turn, changes the population of the 1s; levels. There-
fore, the time resolved OG signal is an indirect estima-
tion of the 1s; population density and its decay rate.

and electron impact ionization
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According to this model, the experimental time re-
solved OG signal could be expressed by the following
expression:

a
1-br
c
1-dr
e
1-fr
g
1-hr

S(t) = [exp(—bt) —exp(—t/7)] +

+

[exp(—dt) —exp(—t/7)] +
1)

+

[exp(—ft) —exp(—t/7)] +

+ [exp(=ht) —exp(-t/7)]
where S(¢) is the OG signal, a, ¢, e and g are the ampli-
tudes, b, d, f and h are the decay rates, 7 represents the
coupling between the temporal behavior of the dis-
charge and the response of the electrical circuit used to
extract the OG signal and can be defined empirically.
The four terms in expression (1) represent the four 1s;
states. The 2p; population will de-excite to the 1s;
states. In addition, only one of these amplitudes is
negative to reflect a decrease in the population of the
1s; state, in which laser excitation started.

The decay rates, as defined in the model, have a lin-
ear relationship with the discharge current I as follows:

o, =T, +1o;, 2)

where a; is the decay rate, I'; is the effective decay rate
and o is the electron collisional rate parameter of the
1si level which is related to the total electron collisional
ionization cross section.

The stored signals from the oscilloscope are treated
and analyzed using the least-squares fitting technique.
The Levenberg-Marquardt algorithm is used in the
least-squares fitting. A set of initial values for parame-
ters (amplitudes, decay rates and 7) are predicted based
on an educated guess and previous research. Then the
program minimizes the weighted mean square error
78 by changing the parameters several times until 2

can get a smaller value (generally, it is in the range of
10-7-10-8).

The weighted mean square error 42 is given by the
relation

818G, P)-et)P
ZO == N ’ (3)

S(t, P) is the theoretical prediction from expression (1)
at time ¢ using a set of parameters P, e(t) is the experi-
mentally measured signal at time ¢, and N is the num-
ber of data points.

4. RESULTS AND DISCUSSION

In this work, two transitions 1s3-2p7 (653.29 nm) and
1s4-2ps (650.65 nm) have been studied. The first transi-
tion corresponds to the population excitation from the
1s3 metastable state to the 2p7 state, which is connected
radiatively with all 1s; states. The second transition
corresponds to the population excitation from the 1s4
semi-metastable state to the 2ps state, which is connect-
ed radiatively with 1ss, 1s4, and 1s2 states.
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4.1 1s3-2p7 Transition at 653.29 nm

The time resolved OG signals of this transition are
recorded for nine different discharge current values
from 5 to 13 mA and are shown in Fig. 1. The first peak
of the OG signal is positive and is due to an increase in
ionization or an increase in current, which caused an
increase in the voltage across the ballast resistor. This
positive peak then decays to a negative value and re-
turns to the equilibrium with a time scale of the order
of microseconds.

Photon excitation from the 1ss state will diminish
the metastable atom population (Ne®) and thereby re-
duce ionization of neon atoms in the discharge. This
excitation will simultaneously enhance the population
of 1s4+ and 1s2 levels that, in turn, efficiently radiate to
the ground state, so the number of energetic photons
rises. Consequently, photoionization of the excited neon
states by energetic photons and electron production on
the cathode increase. As a result, this laser transition
causes an increase in the number of energetic photons
in the discharge and depletes the metastable levels.

5mA
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-0.02 4

-0.04 4

Optogalvanic signal (V)

-0.06 4

-0.08 T T T T T T T

Time (us)

Fig. 1 — Observed time resolved OG signals of the neon transi-
tion 1s3-2p7 (653.29 nm) for nine different currents (5-13 mA).
Each signal is an average of 512 laser pulses

Since the laser beam passes through the discharge
in the axial direction, the observed signal is an integral
over the OG signals in different regions of the dis-
charge [15]. In each discharge region, a competition
between the various mechanisms discussed above oc-
curs, and the behavior of the OG signal of the 1s3 to 2p7
excitation effectively depends on the initial 1s3 popula-
tion redistribution between the lower 1s; levels and on
their decay rates by diverse mechanisms [16]. Compar-
ing the transition probability from 2p7 to 1s; manifold,
we can notice a high probability of the transition to the
1ss state which, in turn, produces energetic photons
and a reasonable probability of transitions to metasta-
ble states, while 1s2 has the smallest transition proba-
bility [17].

As a consequence, we could consider that in the first
2 us of the observed signal in this work, ionization by
energetic photons and electron impact ionization are
the dominant mechanisms due to the excess of elec-
trons produced at the cathode by the VUV radiation.
After this time, metastable-metastable collisional ioni-
zation can take over and become the dominant mecha-
nism, which prompts a negative signal due to the de-
creasing population of metastable states.
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Fig. 2 — Intensity of OG signals of the neon transition 1s3-2p7
(653.29 nm) vs. discharge current

The observed shape of the 1s3-2p7 OG signal is quite
similar to all transitions reported in literature originat-
ing from the 1s3 or 1ss state [8, 9]. This confirms that
all time resolved signals of transitions originating from
the 1s3 or 1ss state are similar and do not depend on
the 2pj states [10].

The OG signals of the transition plotted in Fig. 1
show that the signal amplitude decreases with increas-
ing current, as presented in Fig. 2, which indicates that
with an increase in the discharge current, metastable-
metastable collisional ionization becomes the dominant
mechanism in the discharge.

It was reported that the intensity of the transitions
originating from 1ss and 1ss states decreases with increas-
ing current [10]. The same applies to the result shown in
our work, as illustrated in Fig. 1. However, we have to
mention that Mahmood et al. [9] reported that the 1s5-2pg
and 1s5-2ps transitions increase with current, while the
1s5-2p5 transition decreases with current. Therefore, the
OG intensity behavior with current for transitions origi-
nating from 1s3 and 1ss states still needs further efforts.

Monte Carlo least squares fitting for these different
OG signals is performed using the four terms of ex-
pression (1). The behavior of the decay rates with cur-
rent, as well as their fitting equations, are shown in
Fig. 3. They are well expressed by the following linear
fitting equations:

b=0.49+0.0561, (4)
d=0.04+0.00581, (5)
f =0.027 +0.0077 1, (6)
h =0.027 +0.00771, (7)

where b, d, f and h are in ps and the discharge current
Iisin mA.

From equations (4)-(7), four lifetimes of 1s; levels
are found: 2, 25, 33 and 33 ps. Basically, the 2p7 state
can de-excite to the four 1s; states. As the parameter d
is assigned to the negative amplitude (- 1V), it is con-
cluded that the lifetime of the 1s3 state is 25 ps.

The lowest lifetime found from the fit (2 us) is as-
signed to the 1s2 state because it is a resonant state.
The two other lifetimes must be attributed to the 1ss
and 1s4 states. The three states 1s3, 1s5 and 1ss4 show
almost similar lifetime in the discharge.
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Fig. 3 — Plot of decay rates of the four 1s; states vs. discharge
current and their linear fit for the 1s3-2p7 neon transition

As shown from Fig. 3, the ratio of the decay rates is
b/d = 10-12. This is expected because the 1s2 state is a
resonant state which decays faster than other states
via VUV radiation, while the ratio of the decay rates of
other states is almost equal to 1, so the 1s345 states
decay at the same rate through different mechanisms.

The amplitude ratios extracted from the fitting pa-
rameter values show that the contribution of the 1s3
state is the most important in the observed OG signal,
the other 1s; states have almost equivalent involve-
ment in the signal.

The obtained effective lifetimes of the 1s2 and 1s4
states found here are much greater than the radiative
lifetimes, which are 1.2 ns and 16 ns, respectively [12].
This can be explained by the radiation trapping mech-
anism. In this mechanism, the radiation emitted from
the 1s; states resulting from de-excitation to the ground
state will be partially re-absorbed by another atom,
and the fluorescence will be reproduced again. This
mechanism makes the effective lifetime of 1s2 and 1s4
states much longer, and the population will not decay
radiatively to the ground state with the same rate.

The shift of the peak with increasing current shown
in Fig. 1 matches the expected behavior (towards a
shorter time) because this transition 1s3-2p7 follows the
selection rule AJ = AK =+ 1 [9].

4.2 1s4-2ps Transition at 650.65 nm

The OG signals of this transition are recorded for
six different discharge current values from 6 to 11 mA
and are presented in Fig. 4. The OG signal consisted of
two positive peaks, followed by a decay to equilibrium
with a time scale of tens of microseconds. The temporal
shape is quite similar to the shape reported by different
authors [6, 17].

The signature of the OG signal for the 1s4-2ps exci-
tation effectively depends on the initial population
redistribution of the 1ss4 state between the 1s; levels
and on their decay rates. The excited population of the
1s4 state is redistributed after de-excitation to 1ss with
a large probability, to 1s5 and finally to the 1s2 state
[17]. This population redistribution will increase the
population in the 1s; metastable state and slightly
increase the population of the 1s2 resonance state.
Therefore, the observed signal is again an integral over
the OG signals in different regions of the discharge

J. NANO- ELECTRON. PHYS. 13, 06012 (2021)

[15], where in each region there is competition between
the different mechanisms discussed above.

The Monte Carlo least-squares algorithm was used
to fit the OG signals of this transition at different dis-
charge currents. An excellent agreement between the
experimental and fitted signals is observed.
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Fig. 4 — Observed time resolved OG signals of the neon transi-
tion 1s4-2ps (650.65 nm) for six different currents (6-11 mA).
Each signal is an average of 512 laser pulses
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Fig. 5 — Plot of decay rates of the four 1s; states vs. discharge
current and their linear fit for the 1s4-2ps neon transition

The negative amplitude c, associated with the decay
rate d, correlates with the total decay rate of the initial
1s4+ state upon excitation to the 2ps level. As demon-
strated in Fig. 5, the decay rates b, d, f and h follow a
linear relationship with current, as expected from ex-
pression (2). So, the effective lifetimes and the electron
collisional rate parameters of the 1ss, 1s3, 1s4 and 1ss5
states could be deduced.

The decay rates are expressed by the following fit-
ted equations:

b=0.47+0.0221, ®
d =0.042 +0.0221, )
h =0.025 +0.0024 1, (10)
f=0.027 +0.0211, (11)

where b, d, f and h are in pus and the discharge current
Iisin mA.

From equation (9), the value of the effective lifetime
of the 1s4 state is deduced as 24 ps, which is consistent
with what was found above for the 1s3-2p7 transition.
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Fig. 6 — Intensity of OG signals of the 1s4-2ps neon transition
(650.65 nm) vs. discharge current

This value is much shorter than the radiative lifetime
of this state, which is 16 ns [14]. This is attributed
again to the radiation trapping effect. The lifetime of
the 1sg state is found to be 2 us. The effective lifetimes
extracted from equations (10) and (11) are 37 and 40 us
which are related to the 1s3 and 1s5 states.

The decay rate ratio extracted from Fig. 5 for the
different 1s; states shows that the 1sz state decays
faster than other states due to VUV emission, while the
1ss state decays faster than 1s35 due to the same
mechanism. It should be noted here that the decay rate
of the 1s3 and 1s5 states is different and the ratio be-
tween them is around 4-5. We can explain this behavior
by considering that the 2ps state decays only to 1s5 and
not to 1s3, we expect that 1s5 takes more time to decay
than 1ss3, and the effective lifetime for the 1s3 state is
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IIpo onrorasibBaHiYHYy CIIEKTPOCKOIIiIO 3 PO3IiJIbHOIO 3MATHICTIO B YaCi HEOHY
Y PO3psai 3 HOPOKHUCTUM KAaTOIOM

Koutayba Alnama, Abdulkader Jazmati
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Onroranseaniuni (OG) curaamm 3 po3OiIbHOIO 3ATHICTIO B Yaci mepexomiB 1s4-2ps (650,65 Hm) 1 183-2p7
(653,29 HEM) DOCTIIMKEHO Y HeOHOBIH IIa3Mi HMOCTIMHOrO cTpyMy. YmCI0Ba IiAMOHKA CHTHAJIB Ha OCHOBI MO-
IeJIl PIBHAHHSA IIBAIKOCTI 3 YOTHPHOMA JOJAHKAMHA OyJia BUKOPHCTAHA IJIA 3'sICYBAHHS BHECKY B CUTHAJI Bif
JOoTUPBOX PiBHIB 1s;. JIOC/III3KEHO €BOJIIOIII0 IBUAKOCTEN PO3MALY YOTUPLOX CTAHIB HEOHY 1s; AK PyHKINI
cTpyMy poapanmy. JJoMiHyoUrMY IpoliecaMy PO3PsAy IJIA MEePIIoro mepexomy Oyn (oToloHI3allisa Ta yaapHa
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10Hi3aIlisA, TOml SAK MJIS OPYTOro IepeXoy — MeTacTaOlIbHUN-MeTacTablIbHIUN MeXaHi3M 10Hi3allil 3iTKHeH-
HAM OyB JOJAHUM 10 paHille 3rajaHux MexaHiamiB mysa orpumannsa OG curnary. Busnaueno edexruBumit
qac JKUTTS CTAHIB 18; JJIsT 000X IIePeX0IiB, AKUU I PE30HAHCHOIO CTAHY 1S2 CTAHOBUTH 2 MKC, a JJIs CTAHIB
1s345 — 40 mrc. Besmukuit epeKTUBHUM Yac MKUTTS BCIX CTAHIB 1S24 Y MOPIBHAHHI 3 IX pa/aIlifHUM 4acoM
SKUTTS TIOSICHIOETHCS e(PeKTOM 3aXOIUIeHHs BUIIpoMiHoBaHHs. Jlocmimreno Baecok cradig 1s; B curnamnu OG.
Vuacte crany 1lss Oysa HafOIIBIT BAYKJIWBOI B CHUTHAJIL mepexoay 1Ss3-2p7, Tomal sik cTaH 1S4 Mae BeJIMKHUUN
BHECOK y CUTHAJI IIepexony 1S4-2ps.

Knrouogi cioea: Onroranseauivumii, Edexrusauit yac seurtsa, Heon, Bnactusocri nasmu, [loposxkauctuit
KAaTOJI.
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