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We report on the observation of new fluorescence emission spectral transitions obtained from NO diatomic molecule
in the region from ultraviolet (UV) to near infrared (NIR) in a low power glow discharge system. This glow discharge
electronic excitation populates different quartet and doublet states of NO in its proximity such as the A2 (v = 2), b*EL~
(v =3), B2T1 (v =4), and X1 (v = 33-32) states. Due to inter-system crossing, emission lines originating from these
levels to lower lying states are recorded and spectral line assignments are performed. The observed systems include b*L™—
a*T1, BATI-a*T1, a*TI-X 211, A2L-X 211, X2T1-X 21 (33-15), X 2T1-X 211 (33-17), X 2TI-X 211 (33-20), and X 2TT-X2IT (33—
18). This new information will conduce to the better understanding of the interesting features of NO molecule. Such
parameters that affect the recording of low density of NO molecules are also discussed In addition to the factors such as
the time evolution, argon gas concentration relative to NO mixture, the percentage of NO molecular gas concentration,
discharge electric current signals and discharge applied voltage are studied. Those factors would enhance the fluorescence
signal intensity of NO molecules. The recent results might be significant as reference data for optimizing the glow discharge

spectrometer and diagnostics of NO gas.

Keywords: fluorescence emission, NO molecule, quartet states, intersystem crossing, glow discharge
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1. Introduction

The importance of nitric oxide emerges from its diverse
functions and roles. For example, NO molecule plays an im-
portant role in agriculture,!!! plants and bacteria,!?! and the
atmosphere.?! NO molecular emission from fuel combustion
contributes to the greenhouse effect due to its contribution in
increasing the level of troposphere ozone while depleting it
from the stratosphere.[*! Moreover, NO molecule possesses
an important function in the human body, which is conducive
to regulating blood pressure, immune defense system, brain
memory, and other functions.!>! Hence, the study of the NO
molecule can be highly useful in many fields.

Due to these reasons, the nitrogen monoxide molecule has
been investigated intensively, both experimentally and theoret-
ically, in the past years.”~*] The spectra included bands in the
radio wave, microwave, infrared, visible and UV regions. The
wealth of information aids in giving a complete and detailed
picture of the electronic structure of NO beyond its first ion-
ization limit.

The fluorescence of the y, €, and & systems of NO
molecule have been previously studied.!!>] The fluorescence
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intensity spectra under applied electromagnetic waves with
high resolution conduce to the understanding the electronic

[16-18]' A prominent feature of the

structure of NO molecule.
NO molecule is the fluorescence of the A2X-X?IT system by
UV radiation in the atmosphere.[!! In addition, the observing
of the emission spectrum of NO molecule by glow discharge
excitation is an important tool for studying the chemistry of
the atmosphere and the environmental pollution.

Another important feature investigated in this study is the
observation of quartet states of the NO molecule, such as the
a*T1 and the b*X~. The quartet a*IT state is the lowest excited
state and plays an important role in rearranging the ground
state atoms O 3(P) and N #(S). Another interesting feature for
the NO molecule is the crossing of the quartet ¢*IT state with
the doublet A?Y. and the crossing of the quartet 5*X~ with both
the doublet states A?Y. and BT1. These states crossing can pre-
dict the possibility of interesting interactions due to the over-
lapping between doublet and quartet states.

A resemblance between spectra from the ¢*IT and b*L~
systems and the first bands of the O; molecule was noticed
by Feast.[?] Later, attempts to formulate a Deslander table for
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measuring transition was undertaken without being able to ob-
tain a complete vibration analysis.[?!:>?]. Nonetheless at that
time the assignment of Vichon et al.[>3! was verified.

Moehlmann and Heer!®¥ reported that the experimen-
tal threshold energy for the observation of the b*X —a*Il
emission was 6.4 eV and they measured the lifetimes of the
b*Y™ (v =1,2). A year Later Frueholz et al.'> reported
the quartet—doublet transitions 5*E~—X>I1 and a*TI-XII by
analyzing an electron-impact spectrum with accuracy up to
30 cm~ L. The electronic level of ¢*I1 (v = 0) was found to be
at 38250 cm~! whereas the level 5*X~ (v = 0) was assigned
to be at 46120 cm™~!, above the X211 (v = 0) level.

The formation of the a*IT and b*X ™ states, as precursors
to the population of the B>IT state, were investigated by Camp-
bell and Mason.?®! This resulted in the reassignment of the
vibration levels of the b*X~ state to give a dissociation energy
of 275.6 1.6 K-J-Mol~!. They reported that the highest ob-
served level of the b*L ™ is v = 6.

With the aim of locating the quartet states with respect
to the doublet states, Miescher[?”! studied the interactions be-
tween quartet and doublet states in the emission spectrum of
NO molecule. Later, Huber and Vervloet/?8! obtained the
emission spectra of the b*~~—a*IT system of NO molecule by
using a supersonic jet discharge. The spectrum covered the
range from 750 nm to 2500 nm and a rotational analysis was
performed. The relative positions of the quartet »*L~ and a*TI
states were reevaluated to be (a*IT) = 38267.2+2 cm™~ and

(b*L7) =46171.8 £2 cm~! relative to the X°IT (v = 0).

Bachir et al.!*°! studied the intermolecular V—E transfer
processes between molecules separated by a large distance and
coupled by long range dipole—dipole interaction. They ob-
served that these transfer processes induce the b*L~—a*IT elec-
tronic transition and reported the vibration lines b*X~ (v = 0—
5)—a*II (v = 0).

In the present work, we report on the fluorescence emis-
sion spectra of NO molecules excited using low power glow
discharge under various experimental conditions such as gas
pressures, buffer gases, NO concentrations, discharge voltage
and time evolution of Ar/NO density ratio as well. This inves-
tigation will assist in understanding the interesting features of
NO molecules such as collision processes, population dynam-
ics and energy transfer within molecules. Furthermore, such
an investigation can assist in developing new sensitive sensors
that can monitor and track small quantities of NO diatomic
molecule as a gas in air. To our knowledge, this is the first ob-
servation of a fluorescence emission spectrum of NO diatomic
molecule excited by the low power glow discharge.

2. Experimental setup

Figure 1 shows the schematic diagram of the experimen-
tal setup of the CW gas discharge cavity tube with a length
of 1 m and an 80% transmission output coupler for obtaining
fluorescence emission spectrum of NO molecular gas via glow
discharge.

spectrometer

optics fiber

berwster window

DC power
supply

anode cathode

gas in gas out

pressure

gauge

-

gas cylinder

vacuum pump

Fig. 1. (color online) Schematic diagram of experimental setup for obtaining emission spectrum of NO molecular gas (95% purity) at a pressure around

25 mbar via glow discharge voltage of 30 kV and current of 50 mA.
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A special kind of glass cell, having four ports as shown
in Fig. 2, was designed in our laboratory to create an electri-
cal discharge for studying the fluorescence emission spectra of
NO gas. The cell was initially evacuated using a rotary pump
to prevent any contamination by atmospheric air. The cav-
ity tube was then flushed with a purity of 95% NO diatomic
gas at a specific pressure. It is worthy to mention that the
optimum NO gas pressure conditions were accurately deter-
mined. The gas pressure around 25 mbar (1 bar = 10° Pa) was
used. Both cathode and anode were made of steel and small
pieces of tungsten wire of around 2-mm diameter, and they
were screwed in the electrodes for connection with flowing tap
water. The cathode cylinder and the anode pins were sealed in-
side the cavity tube and both were separated from each other
by a distance of 120 mm. A water jacket with an outer diam-
eter of 50 mm coaxially surrounded the central portion of the
plasma tube with an internal diameter of 13 mm for the cir-
culation of the chilled water for cooling the plasma tube. The
tube was mounted on a wooden base with 200 mm in length,
120 mm in width, and 20 mm in height. The electric discharge
tube included the gas flow at a low rate (1-20 litres per minute)
In this work, A DC power supply of 30-kV discharge voltage
and 50 mA was used to run the electrical discharge. Once the
gas passed through the tube, the electrical discharge excited
NO gas, resulting in the production of an emission spectrum.

Energy/10* cm™!

J excitation
process

1 =

0 T T T T T T T T T

06 0.8 1.0 1.2 1.4 1.6 1.8 2.0 22 24 2.6
R/A

Fig. 2. (color online) Potential energy curves of the low lying quartet and
doublet states of NO molecule vibrational states A2 (v = 2), b*% (v = 3),
B2I1 (v = 4), and XTI (v = 33-32) all at a level of excitation energy.

The expected temperature inside the axial flow was 20 °C
above the cooling water temperature. Whereas the cooling wa-
ter temperature was fixed at 10 °C. The direct current (DC)
power supply of 30 KV consisted of a 15-A Variac and a high
voltage setup transformer. Longer bore led to the increase
of the voltage for producing the discharge and the higher gas
pressure needs more voltage for breakdown. Once the gas was

passed, the current density per bore area could be recorded.

The maximum current density was limited by the pump dis-
placement

The fluorescence spectrum of the NO diatomic molecule
was recorded using an Ocean Optics 25004 spectrometer
through a multimode UV graded fused silica (100-mm long)
optical fiber with SMA connector. The data were transferred
to an LIBS25004 spectrometer (Ocean Optics) which con-
tains seven spectrometer modules to provide high resolution
(FWHM 0.1 nm) in the ultraviolet (UV) to near infrared (NIR)
wavelength region. In this experiment, we used a gated CCD
camera with 14336 pixels as a detector to record the emission
spectrum over a broad band of spectra simultaneously with a
high spectral resolution of 0.1 nm. The experimental setup for
NO diatomic molecular spectrum is applicable for the inves-
tigation of more gas molecular spectra. It will be interesting
process to extend such studies in our laboratory to a wide range
of gases in the Periodic Table and discover some correlations
with the molecular geometries of the objective gases.

3. Results and discussion
3.1. Line assignments and dissociation energy of NO

In this work, the fluorescence spectrum of NO diatomic
molecule is observed in a wavelength range of 200 nm—
1500 nm. In order to achieve correct assignment of the spec-
trum lines two steps are performed. The first step is to con-
struct the potential energy curves of the doublet and quartet
low energy states of NO molecule and the second step is to
determine the allowed transitions and their assignments using
a self- developed, special computer program (code)

The potential energy curves of the lower lying level of
NO diatomic molecule are constructed using the Rydberg—
Klein—Rees (RKR) method with the help of the Bound pro-
gram of Foth et al.!*%! Those states are X°IT, a*TI, A>X, BII,
and b*X~.
to construct the potential energy curves are cited from the
literature!!%19-321 and are listed in Table 1.

The essential spectroscopic constants required

By using the RKR method, the turning points of the vi-
bration levels of the X2I1, a*I1, A2Y, B2I1, and b*X ™ states are
listed in Tables 26, respectively. Figure 2 shows a schematic
diagram of the potential energy curves of the lower lying dou-
blet and quartet state of NO diatomic molecule The fluores-
cence experimental spectrum of NO obtained in the work is
induced by the glow discharge system. Figure 2 shows that
the vibration states AZX (v = 2), b*E~ (v = 3), B*I1 (v = 4),
and X2IT (v = 33-32) all lie in their corresponding level of the
excitation energy. Therefore, these levels are populated by the
glow discharge excitation energy, and emission lines originat-

ing from these levels of the ground state are observed.
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Table 1. Spectroscopic constants (in unit cm™!) for low lying doublet and quadric states of NO molecule.

b4):[28] B4H[10] AZZ[IG] a4n[28] XZH[IO]
Electronic term T. 48680 45942.6 43906.2 38440 0
Vibrational terms 2 G,  Yjo  1262.354 1042.4 2374.37 1016.214 1904.13455
Yoo —14.797 —7.7726 -16.159  —10.313 —14.088358
Y3 0.0423 0.11596 —0.0259 0.0100467
Yi0 —3.96x 1073 —6.41x1073 —1.53x10"*
Ys0 —9.77x10°°
Ys0 —1.91x 1077
Y70 —5.27x 107
Rotational terms =~ B, Yy 1.3594 1.1244 1.9956 1.11677 1.70488847
Y —0.02002 —0.013433 —0.01871 —0.01485 —0.0175416
o1 —191x107* 2.99x 1073 —2.15x107*  0.00
Y31 —3.18x10°° 0.00
Y —473%x 1078
Ysi 1.01 x 1072
Yo1 —6.06x 10~ 1

Table 2. Turning points of vibrational levels of X2 IT state.

v G(v)/em™! Ruin/A Rmax/A
—0.50005 0 1.150783 1.150783
0.0 948.6466 1.104947 1.202649
1.0 2824.636 1.074751 1.245028
2.0 4672.534 1.055459 1.276675
3.0 6492.391 1.040623 1.304045
40 8284.249 1.028379 1.329007
5.0 10048.14 1.017878 1.352415
6.0 11784.1 1.00865 1.374748
7.0 13492.12 1.000401 1.396306
8.0 15172.21 0.992938 1.417293
9.0 16824.34 0.986119 1.437859
10.0 18448.46 0.979843 1.458116
11.0 20044.51 0.974032 1.478155
12.0 21612.39 0.968624 1.498051
13.0 23151.97 0.963571 1.517868
14.0 24663.08 0.958833 1.537664
15.0 26145.5 0.954379 1.557492
16.0 27598.98 0.95018 1.577402
17.0 29023.19 0.946214 1.597444
18.0 30417.77 0.942463 1.617669
19.0 31782.26 0.938909 1.63813
20.0 33116.14 0.935538 1.658881
21.0 34418.8 0.93234 1.679984
22.0 35689.54 0.929304 1.701506
23.0 36927.55 0.926422 1.723521
24.0 38131.9 0.923685 1.746116
25.0 39301.54 0.921088 1.769387
26.0 40435.28 0.918626 1.793448
27.0 41531.79 0.916293 1.818432
28.0 42589.55 0.914085 1.844496
29.0 43606.87 0.911998 1.871828
30.0 44581.88 0.910028 1.900656
31.0 45512.47 0.908168 1.931258
32.0 46396.32 0.90641 1.96398
33.0 47230.87 0.904743 1.999259

Strong spectral lines in the fluorescence spectrum are ob-
served. Those lines are transited from the A2X (v = 2) vibra-
tion state to the ground XTI (v = 10) state and from the A2X

(v = 0) state to the X2II (v = 1) state. The excitation of other
doublet and quartet states observed by the spectral lines re-
sult from the transitions of the populated levels b*X~ (v = 3)
and BTI (v = 4) to the lower lying. Those transitions include
the lines »*X~ (v = 3-0)—a*II (v = 0), b*L~ (v = 0)-a*I1
(v =1), B (v = 4-0)-a*II (v = 0) and BII (v = 0)-a*I1
(v = 1). The relaxing lines from the a*II (v = 0) state to the
ground state X°IT (v = 7, 15) are also identified.

Table 3. Turning points of vibrational levels of a*IT state.

) G(v)/em™! Ruin/A Rmax/A
—0.499963 0 1.42187 1.42187

0.0 505.4876 1.359681 1.493564
1.0 1500.959 1.319405 1.553328
2.0 2475.386 1.29408 1.598805
3.0 3428.305 1.274893 1.638841
4.0 4359.099 1.25929 1.676036
5.0 5266.997 1.246097 1711612
6.0 6151.074 1.234653 1746291
7.0 7010.253 1.224534 1780568
8.0 7843.301 1.215442 1.814824
9.0 8648.831 1.207151 1.849386
10.0 9425.305 1.199478 1.884557
11.0 10171.03 1.192262 1.920645
12.0 10884.15 1.185355 1.957975
13.0 11562.68 1.17861 1.996918
14.0 12204.44 1.171873 2.03791

15.0 12807.15 1.164971 2.081484
16.0 13368.32 1.157698 2.128322
17.0 13885.36 1.149802 2.179322
18.0 14355.47 1.140949 2235724
19.0 14775.75 1.130676 2.299316
20.0 15143.11 1.118304 2.372834

The glow discharge excites not only the doublet and quar-
tet states, but also the higher vibrational levels of the ground
state X2IT (v = 33, 32) of NO diatomic molecule. In this
work, the transitions X2IT (v = 33)-X2II (v = 15, 17, 20) and
X211 (v = 32)-X2I1 (v = 18) are well identified. Those transi-
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tions have high intensity in the 400 nm—-800 nm region. To our
knowledge, none of those new lines obtained experimentally
has been reported in the literature.

Table 4. Turning points of vibrational levels of A> L state.

v G(v)/em™! Rumin/A Runax/A
—0.50002 0 1.063665 1.063665
0.0 1183.184 1.022494 1.109963
1.0 3525.236 0.995217 1.147588
2.0 5834.97 0.977711 1.175567
3.0 8112.386 0.964196 1.199684
4.0 10357.48 0.953001 1.221613
5.0 12570.26 0.943364 1242122
6.0 14750.73 0.934861 1.261635
7.0 16898.87 0.92723 1.280421

Table 5. Turning points of vibrational levels of B*IT states.

v G(v)/em™! Ruin/A Riax/A
—0.499965 0 1.417035 1.4170345
0.0 519.6047 1.355358 1.4874414
1.0 1546.817 1.315141 1.5452583
2.0 2559.412 1.289685 1.5885212
3.0 3557.897 1.270291 1.6259401
4.0 4542.682 1.254446 1.6600389
5.0 5514.084 1.241009 1.6919739
6.0 6472.322 1.229346 1.7223946
7.0 7417.523 1.219063 1.7517147

Table 6. Turning points of vibrational levels of b* L state.

v G(v)/em™! Ruin/A Runax/A
—0.49997 0 1.288748 1.288748
0.0 627.4384 1.233233 1.353434
1.0 1860.336 1.197581 1.407851
2.0 3064.02 1.175292 1.449487
3.0 4238.745 1.158491 1.486238
4.0 5384.764 1.144914 1.520394
5.0 6502.331 1.133534 1553006
6.0 7591.7 1.123789 1.584663
7.0 8653.125 1.115331 1.615744

In addition, few strong sharp lines of NO diatomic
molecule are observed in the 600 nm—700 nm spectral region.
Those lines prove that the presence of atomic lines of oxygen
(630 nm) line and nitrogen atoms. Some weak lines are ob-
served at 709 nm and 619 nm of O and N atoms, respectively.

Table 7 lists the fluorescence emission molecular lines
produced by the excitation glow discharge in this work. Fig-
ure 3 shows the assignments of these lines in the spectral re-
gion at fixed 30-kV glow discharge voltage, 25-mbar NO gas
pressure, and 50-mA discharge current. In Fig. 3, it can be
noticed that the (3—0) transition of b*X~—a*IT system and the
(4-0) transition of B>TI-a*IT system have high intensity due
to the overlapping of emission lines in that region as a result
of the levels b*L~ (v = 3) and BT (v = 4) being in the same

proximity of energy as can be seen from the RKR curves in
Fig. 2.

Table 7. Observed lines and assignment of the fluorescence spectrum of
NO in region of 200 nm—1500 nm.

System v',v) A/nm System v',v) A/mm
A2X-X°’T1  (0,1) 237.02  X?II-X?I1  (33,15) 474.26
2,0) 320.11 (33,17)  549.22
dTI-X2IT (0,7) 395.56 (32,18)  625.84
0,15)  791.94 (33,20)  708.48
B’II-a*I1 (4,0 867.56  b*YX —a*II (3,0) 868.52
(3,0) 948.34 (2,0) 954.18
(2,00  1047.14 (1,0) 1109.99
(1,0) 1184.9 (0,0) 1269.62
0,00 134343 0,1 1424.39
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Fig. 3. (color online) Fluorescence spectra of NO diatomic molecules in
the UV to NIR spectral region. The line assignments made for transitions
X2TI-X11 (33-15), X*TI-X?11 (33-17), X?>TI-X?11 (33-20), and X2TI-
XTI (33-18) respectively at fixed 30-kV glow discharge voltage, 25-mbar
NO gas pressure, and 50-mA discharge current.

In order to determine the dissociation energy of the NO
diatomic molecule, the top of vibration levels in the ground
XIT state have been investigated using our experimental spec-
trum in this work The line assignments made for the transi-
tions X 2I1-X 211 (33-15), X2I1-X 211 (33-17), X 2IT-X 2I1 (33—
20), and X2TT-X2T1 (33—18) respectively have been analyzed.
The energy values for the vibration levels v = 32 and 33 for
the ground X°IT state are determined to be 46294.96 cm™!
and 47203.02 cm™!, respectively. Therefore, it can be able to
calculate the dissociation energy of the ground state of NO di-
atomic molecule by using the Birge—Sponer method. Whereas,
the difference in energy between vibration energy levels on the
vertical axis and the vibration quantum number on the horizon-
tal axis is exactly plotted. The intersection of the extrapolated
curve with the horizontal axis gives the highest vibration quan-

tum number and the dissociation level.
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The highest vibration level of the ground X>I1 state is re-
ported at v’ = 22. We use the experimental values for lev-
els v’ = 0-22 and the calculated values for the higher vi-
bration levels v’ = 32-33 (see below) to perform the Birge—
Sponer extrapolation method The dissociation energy of the
NO molecule is found to be 51336 cm ™! at level v),,, = 44
with Dy.
Ref. [14].

This is in agreement with the value reported in

3.2. Temporal development of NO molecular density

The time evolution of the fluorescence intensity of NO
molecular density in the post-discharge region of NO/O,/Ar
mixture at various argon gas concentrations, Ar (1%)/NO, Ar
(5%)/NO, Ar (10%)/NO, and Ar (20%)/NO at fixed 30-kV
glow discharge voltage and 50-mA discharge electric current
are depicted in Fig. 4. The NO concentration is adjusted by
the mixing ratio of NO/O,/Ar gas, measured with an NO, an-
alyzer. It is observed that the fluorescence intensity of the
initial NO density decreases with increasing argon concentra-
tion at a fixed time of 60 us. The reduction in density can be
attributed to the variation of the discharge power. The neg-
ative gas like oxygen (O;) may diminish the electron mean
energy which leads to less NO yield. The NO molecules de-
cays monotonically after discharge pulse at a constant time
(t = 65 us) which may be due to the diffusion from the obser-

vation volume and/or recombination between plasma species.
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Fig. 4. (color online) Time evolution of fluorescence intensity of NO molec-
ular density in the post-discharge region of NO molecular gas relative to ar-
gon gas mixture in the probed state after glow discharge at various argon
ambient gas concentrations Ar (1%)/NO, Ar (5%)/NO, Ar (10%)/NO, and
Ar (20%)/NO at fixed 30-kV glow discharge voltage, 25 mbar, and 50 mA.

The decay saturation of NO diatomic molecule may be
due to “ozone interference”.*3 The glow discharge dissoci-
ates ozone into O (' D) radical and O,, which react with NO to

form NO,. Therefore, the photo-dissociation of ozone tends

to raise the NO-fluorescence intensity. In addition, the de-
cay saturation behavior in Fig. 4 might be caused by photo-
dissociation of long-lived molecules such as HNO, like ozone
interference. The lower limit of NO density can be determined
by fluorescence process if the ozone interference is present.

3.3. Dependence of fluorescence signal intensity on NO
molecular gas concentration

The fluorescence signal intensity depends on the number
of the particles "N’ of NO molecules excited to the higher state

[TX3]
1

“j” which is de-excited to lower state ‘7 to emit the radiation
spectrum. Figure 5 shows the variations of the fluorescence
intensity of the emission lines of NO diatomic molecules with
the percentage of NO molecular gas concentration, respec-
tively, at different discharge electric current values of 10, 30,
50, 80, and 100 mA with glow discharge voltage fixed at 30 kV
in the glow discharge. The temperature in the cavity tube is
kept at 40 °C. The fluorescence intensity varies from 40 to 130
arbitrary units (a.u.) for 10 mA, from 150 a.u. to 425 a.u. for
30 mA, from 235 a.u. to 670 a.u. for 50 mA, from 330 a.u. to
950 a.u. for 80 mA, and from 300 a.u. to 1290 a.u. for 100 mA.
For each NO molecular gas concentration, the average spec-

trum is recorded.
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Fig. 5. (color online) Variation of the fluorescence intensity from the emis-
sion lines of NO molecule with percentage of NO molecular gas concen-
tration at different discharge electric current values of 10, 30, 50, 80, and
100 mA, a fixed glow discharge voltage at 30 kV in the glow discharge and
25-mbar NO gas pressure. The temperature in cavity tube is kept at 40 °C.

It is observed that at lower NO molecular gas concen-
tration, the fluorescence intensity increases slowly and then
follows on a faster scale toward the saturation. The variation
in the fluorescence intensity is affected by increasing the NO
molecular gas concentration. This means that more exciting
molecular species are produced, hence the fluorescence inten-

sity increases. At higher NO molecular gas concentration the
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dense plasma is produced and the fluorescence intensity is sat-
urated which may be due to plasma shielding. Whereas the
free electrons in the plasma could not absorb more energy
coming from the glow discharge emitted light and the satu-
ration of the fluorescence intensity will occur. The relation-
ship between excitation power in fluorescence measurements
and fluorescence intensity can be complicated. It is worthy
to mention that at high excitation power, the saturation effects
can occur where the excited states of fluorescent molecules are
depopulated during stimulated emission®*! or those molecules
are photobleached.®>! If dense plasma is formed, this means
that the higher electron density is produced and high energy
is transferred to the background gas (NO) to produce a larger
number of excited NO molecules, and then higher emission
spectra are emitted. While at low excitation energy, fluo-
rophores may not exhibit fluorescence at all.[*®) Hence, the
excitation radiation power can possibly have a large influence
on the intensity of fluorescence light measured.

3.4. Dependence of fluorescence intensity on applied dis-

charge voltage

The influence of applied discharge voltage on fluores-
cence intensity of NO molecules is studied. Figure 6 shows the
dependence of NO molecular gas on applied discharge voltage
(13 kV=-37 kV) in the glow discharge with the electric current
fixed at 50 mA. It can be seen that the fluorescence intensity
of NO molecule increases linearly with applied discharge volt-
age increasing. It is worth mentioning that a high- discharge
voltage efficiently produces high emissions. The current pass-
ing through the electric discharge is measured to estimate the
discharge power precisely. A lot of efforts are still made to de-
termine the discharge power in future work. This study could
be useful for better understanding the chemical and physical

process occurring in the glow discharge plasma.
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Fig. 6. (color online) Dependence of fluorescence intensity on applied dis-
charge voltage (in a range of 13 kV-37 kV) in the glow discharge, with
pressure fixed at 25 mbar and electric current at 50 mA.

4. Conclusions

In this work, the NO diatomic molecular spectrum is in-
vestigated by using a glow discharge as an excitation source.
The NO fluorescence intensity is studied in a glow discharge
plasma. The fluorescence spectrum is recorded in the ultravi-
olet, UV — near infrared, NIR region. Using the potential en-
ergy curves for the different electronic states of NO diatomic
molecule in the proximity of the glow discharge energy, an ex-
planation of the most probable transitions is suggested. For
the recorded spectra of NO diatomic molecule, the line as-
signments are performed, which includes the transitions from
higher doublet and quartet states to the ground state. More-
over, strong lines are observed in a region of 500 nm—800 nm
which is assigned to vibration transition from the v = 32-33
levels to lower level in the X°IT state. These vibration lev-
els are near to the dissociation energy of NO ground state;
hence a more accurate evaluation of the dissociation energy of
the ground state is performed. To the best of our knowledge,
some of the transitions reported in this work have not been
reported previously in the literature. Moreover, the value cal-
culated from the dissociation energy of the ground state of NO
diatomic molecule is more accurate as it includes the informa-
tion about the highest vibration energy levels of this state. The
influence of Ar and NO molecular gas concentration, and ap-
plied discharge voltage on the fluorescence intensity are also
studied by using the fluorescence of the glow discharge. It is
depicted that the fluorescence process is a promising diagnos-
tic technique for recording the NO molecular spectrum in glow
discharge.
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