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9
10 Abstract: Micro-plasma is generated in ultra-high-pure hydrogen gas filled inside a cell at a pressure
11 of (1.08 + 0.033) x 10° Pa (810 + 25 Torr) by using a Q-switched Nd:YAG laser device operated at
12 1064 nm wavelength and 14 ns pulse duration. Micro-plasma emission spectra of the hydrogen
13 Balmer alpha line, Ha, are recorded with a Czerny-Turner type spectrometer and an intensified
14 charge-coupled device. The spectra are calibrated for wavelength and corrected for detector
15 sensitivity. During the first few tens of nanoseconds after initiating optical breakdown, significantly
16 Stark-broadened and Stark-shifted Halines mark the well-above hypersonic outward expansion.
17 The vertical diameters of the spectrally resolved plasma images are measured for time delays of

18 10 ns to 35 ns to determine expansion speeds of the order of 100 km/s to 10 km/s. For time delays of
19 the order of 0.5 us to 1 us, the expansion decreases to the speed of sound of 1.3 km/s in the near

20 ambient temperature and pressure hydrogen gas.
21 Keywords: Laser-plasma interactions; Plasma dynamics and flow; Hypersonic flows; Emission
22 Spectra

23 1. Introduction

24 Inlaser-induced plasma, the ambient gas can foster or diminish the plasma expansion. Pressure and
25 types of gases also influence post-breakdown phenomena. For example, at low pressure, the losses
26  and uniformity of the plasma energy distribution increases [1]. Plasma size, propagation speed, and
27  emission property are also related to the ambient gas into which the plasma expands. Here, we focus
28  on the determination of the expansion speed of the micro-plasma generated in the ultra-high-pure
29  (UHP) hydrogen gas inside a cell. Experimental result shows high plasma expansion speeds of 100
30  km/s to 10 km/s at early time delays of 10 ns to 35 ns. The physical cause of this high speed is the
31  large pressure difference between the plasma and its surrounding environment. The high expansion
32 speed decreases continuously as the time delays increase. Study of the plasma expansion is applicable
33  for astrophysical, engineering, scientific research as well as other various applications [2, 3, 4].

34 During the plasma expansion, spatial and temporal variations of density, temperature and pressure
35  are observed. Investigation of these spatial and temporal profiles allow us to infer the expansion
36 speeds. Plasma at elevated temperature and pressure expands with high velocity and drives the
37  shock wave into outward direction to release the high pressure. Figures 1 to 3 display the recorded
38  Ha plasma spectra at early time delays of 10 ns to 35 ns in 5 ns steps. The 2-dimensional spectra of
39  slit-height versus wavelength are significantly Stark-broadened and Stark-shifted at early time
40  delays. The measured intensity is increasing for successive time delays. However, the area under the
41  spectral profiles decreases continuously due to the decrease of the line widths, consistent with
42 decreasing electron density. If the incident laser beam is focused to above breakdown threshold
43 irradiance, breakdown occurs at a location before the pulse reaches its focal point, as indicated in
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44 Figure 5 of Reference [5]. This type of behavior is also observed in the hydrogen experiments reported
45  in this work.

46  The interaction between the laser beam and material is a complex process, and depends on many
47  characteristics such as laser parameters or target material. Various factors affect the interaction
48  including the properties such as the pulse width, spatial and temporal fluctuation of the pulse as well
49  as the peak irradiance variations. For example, effects of pulse width on nascent laser-induced
50  bubbles for underwater laser-induced breakdown spectroscopy (LIBS) show that a long pulse causes
51  well-defined, clear line spectra. In turn, a short pulse usually causes considerably asymmetric or
52 deformed spectra. However, this effect is more significant for solid target material than for gases [6].

53 2. Results

54  From the recorded Ha plasma spectra at early time delay as displayed in Figures 1 — 3, plasma
55  expansion speeds are determined. The diameter of the plasma in the lateral or slit-height direction is
56  measured as a function of time, and hence plasma expansion speed can be determined. For example,
57  thered arrows on the spectra images at 10 ns and 15 ns in Figure 1 indicates the spatial plasma ranges
58  used for the determination of the expansion speeds.
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62 Figure 1. Hydrogen alpha plasma spectra images at 10 ns (left) and 15 ns (right) time delays. The
63 red arrow indicates the measured plasma width.
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67 Figure 2. Hydrogen alpha plasma spectra images at 20 ns (left) and 25 ns (right) time delays.
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Figure 3. Hydrogen alpha plasma spectra images at 30 ns (left) and 35 ns (right) time delays.

The recorded images of the laser-induced plasma with 14 ns pulses depict higher intensity
towards the laser at early time delay of 10 ns to 35 ns. On the other hand, previous
experiment performed in hydrogen gas at 1.08 x 105Pa (810 Torr) pressure with 6 ns pulse
duration show higher intensity away from the laser propagation direction, for time delays
of 12 ns and 30 ns. Opposite behavior occurs for a time delay of 300 ns [7]. This opposite
behavior at later time delay is also observed in the experimental records as displayed in
Figure 4.
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Figure 4. Hydrogen alpha plasma spectra images at 400 ns (left) and 900 ns (right) time delays.

In comparison, the experimental results in air, using Nd:YAG laser at the wavelength of 532 nm and
pulse width of 6.5 ns, show two distinct regions with higher intensity towards the laser propagation
direction for time delays of 25 ns to 10 ps, see Figure 8 in Reference [8]. Schlieren images of the laser-
induced plasma generated in air at standard ambient temperature and pressure also show the jet
propagation towards the laser for time delays of 1 ps to 20 ps [9]. However, the jet propagation
direction depends on the type of gas and its pressure as displayed in Figure 3 in Reference [9].
Furthermore, the jet propagation depends on the ratio of energy absorbed in the plasma and
threshold irradiance for optical breakdown [9].
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92 From the images in Figures 1 to 3, the diameter of the plasma in lateral or slit height direction is
93  measured as a function of time, and hence plasma expansion speeds can be diagnosed. The measured
94  diameters of the plasma and corresponding speeds at various time delays are displayed in Table 1.

95 Table 1. Plasma expansion speed at various time delay using lateral direction expansion from the
96 contour plots exhibited in Figures (1 —4).
Time | Diameter | Distance in 5ns | Speed
(ns) (mm) (mm) (km/s)
10 1.32 -- --
15 2.03 0.71 142
20 242 0.39 78
25 2.71 0.29 58
30 2.86 0.15 30
35 2.92 0.06 12
400 0.96 -- --
900 1.81 0.85 1.70
97 *Distance is for 500 ns.
98
99

100  The predicted plasma expansion speeds are of the order of 100 to 10 km/s at the indicated time delays.
101  The determined expansion speeds are well-above hypersonic speed (Mach number > 5) or above re-
102 entry speeds (Mach number < 25) at these time delays, as displayed in Figure 5.

103
| = expansion speed
_ 100 - 142 km/s
0 ] ; 1 .
E 78 km/s +
T
o 58 km/s
(]
Q.
(2]
S 30 km/s |
(7]
c
©
Qo
s +
10 12 km/s
1 v ) M 1 M 1 ' 1 v ) M ) !
10 15 20 25 30 35 40
time delay (ns
104 Y (ns)

105  Figure 5. Plasma expansion speeds in log scale (see Table 1). The indicated time-delay error bars are
106 due to the gate width of 5 ns.

107  The speed decreases to typically hypersonic speed for larger time delays than indicated in Figure 5.
108  The predicted expansion speeds agree with results from previous experiments [9, 10]. Computer
109  simulations show a shock wave expansion speed of 60 km/s at a time delay of 20 ns in air and at
110  atmosphere pressure [11], thereby indicating that the determined speeds are in agreement with other
111 experiments as well. The notable point here is that speed of sound in hydrogen gas is 1.3 km/s, a
112 factor of 3.5 higher than in air. For later time delays of about 1 ps, the images in Figure 4 are utilized
113 for the diagnostics of the plasma expansion speed. The determined speed is 1.7 + 0.5 km/s at 900 ns.
114 This result appears reasonable when comparing to the results of the recent hydrogen experiments
115 [12]. The estimated error bars for these speeds are + 30%.
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116

117 3. Discussion

118  The laser-induced plasma expands with well-above hypersonic speed depending upon the ambient
119  conditions and time delays. The spectra recorded during the evolution of the plasma are significantly
120  Stark-broadened and Stark-shifted, therefore, a larger percentage error occurs for the predicted
121 speeds for earlier time delays. For later time delays, plasma expansion speeds decrease considerably,
122 therefore, larger differences occur for the speed measurement due to the increased temporal interval.
123 Toimprove the graphically inferred expansion speeds, Abel inversion methods can be applied so that
124 radial information will be extracted from the recorded line-of-sight measurements [13]. The predicted
125  expansion speeds may be useful for the NASA hypersonic technology (HT) project. Hydrogen
126  redshifts of hydrogen alpha and hydrogen beta lines are applicable in the study of white dwarfs [14].
127 Details of the focal volume irradiance distribution [15] for the study of laser-induced optical
128  breakdown may augment the analysis.

129

130 4. Materials and Methods

131  In the experimental arrangement, ultra-high-pure (UHP) hydrogen gas is filled inside a cell at
132 pressure of (1.08 + 0.033) x 105 Pa (810 + 25 Torr). To study time-resolved and space-resolved emission
133 spectroscopy, a Q-switched Nd:YAG laser device is used at its fundamental wavelength of 1064 nm
134 with 10 Hz repetition rate and 14 ns full-width-half-maximum pulses. The measured energy per
135 pulse is 120 m]. The laser beam was passed through a dichroic beam splitter to remove the residual
136 532 nm component. A silicon photodiode detector was used to record a portion of the laser radiation
137 reflected off of the beam splitter at the exit of the laser source. The photodiode is connected to the
138 oscilloscope to monitor the optical pulse. Three mirrors (NB1-K13; Thorlabs) are used to align the
139  beam parallel to the spectrometer slit. A holographic grating of 1200 grooves/mm is selected to
140  disperse the radiation from the plasma. For the recording of temporally and spatially resolved plasma
141  emission spectra images along the slit height, the following instrumentation is employed: Czerny-
142 Turner type spectrometer (0.64 m - HR640; Jobin-Yvon) and 2-dimensional integrated charged
143 coupled device (ICCD) (Andor technology model iStar). The spectral resolution amounted to 0.11
144 nm. The data were recorded with a 5 ns gate width and an average of 100 consecutive laser-plasma
145  events were accumulated. For later time delays of 400 ns and 900 ns, 20 ns gate width and 50
146  consecutive laser-plasma events were accumulated. The recorded spectra are wavelength calibrated
147  and corrected for detector sensitivity.

148 5. Conclusions

149 Optical breakdown is induced by using pulsed laser radiation. Emission spectra are collected by
150  employing a spectrometer equipped with an intensified charge-coupled device. Laser-induced micro-
151  plasma dynamics are investigated in ultra-high-pure hydrogen gas focusing on atomic spectroscopy
152 of hydrogen in the visible region. Line-of-sight measurements are analyzed to obtain the plasma
153 dynamics that occur initially well-above re-entry speeds, diminish to hypersonic, and then
154  supersonic expansions. Expansion velocities are measured that are above three hundred times the
155  speed of sound in standard atmosphere. The recorded spectra can also be utilized to explore the
156  spatial distributions of electron densities and excitation temperatures.
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