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Abstract: Micro-plasma is generated in ultra-high-pure hydrogen gas, which fills the inside
of a cell at a pressure of (1.08 + 0.033) x 10° Pa by using a Q-switched neodymium-doped
yttrium-aluminum-garnet (Nd:YAG) laser device operated at a fundamental wavelength of 1064 nm
and a pulse duration of 14 ns. The micro-plasma emission spectra of the hydrogen Balmer alpha line,
Hg, are recorded with a Czerny-Turner type spectrometer and an intensified charge-coupled device.
The spectra are calibrated for wavelength and corrected for detector sensitivity. During the first few
tens of nanoseconds after the initiation of optical breakdown, the significant Stark-broadened and
Stark-shifted H lines mark the well-above hypersonic outward expansion. The vertical diameters
of the spectrally resolved plasma images are measured for the determination of expansion speeds,
which were found to decrease from 100 to 10 km/s for time delays of 10 to 35 ns. For time delays of
0.5 ps to 1 us, the expansion speed of the plasma decreases to the speed of sound of 1.3 km/s in the
near ambient temperature and pressure of the hydrogen gas.
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1. Introduction

In laser-induced plasma, the ambient gas can foster or diminish the plasma expansion.
The pressure and type of gases also influences the post-breakdown phenomena. For example,
at low pressures, the losses and uniformity of the plasma energy distribution increases [1]. Plasma size,
propagation speed and emission properties are also related to the ambient gas into which the plasma
expands. The physical cause of the high-speed expansion is the large pressure difference between the
plasma and its surrounding environment.

This work investigates the expansion dynamics of plasma in hydrogen gas at a pressure that is
slightly above 10° Pa. The study of the plasma expansion is applicable for astrophysical, engineering
and scientific research as well as other various applications [2-5]. The astrophysical interests include
the interpretation of white dwarf photosphere absorption spectra by simulating the conditions of these
selected stars in laboratory settings [2—4] and by exploring laser-induced plasma [4] with time-resolved
laser spectroscopy. The motivation behind this engineering and scientific research [5] extends to the
measurement of phenomena that occur at hypersonic speeds to re-entry speeds that are in the Mach
number range of 5-25 or above.

During the plasma expansion, the spatial and temporal variations of density, temperature and
pressure are observed. Investigations of these spatial and temporal profiles allow us to infer the
expansion speeds. Plasma at elevated temperatures and pressures expands at a high velocity and
causes a shock wave that propagates into the outward direction. As the incident laser beam is focused
at a point above the breakdown threshold irradiance, the breakdown occurs at a location before the
pulse reaches its focal point [6].
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The interaction between the laser beam and the material is a complex process, which depends on
many characteristics, such as laser parameters or target materials. Various factors affect this interaction,
including the properties of the pulse, such as the pulse width, spatial and temporal fluctuation of the
pulse, as well as the peak irradiance variations. For example, the effects of the pulse width on nascent
laser-induced bubbles for underwater laser-induced breakdown spectroscopy (LIBS) show that a long
pulse causes well-defined spectra with clear lines. In turn, a short pulse usually causes considerably
asymmetric or deformed spectra. However, this effect is more significant for a solid target material
than for a gaseous target material [7]. Moreover, the images of laser-induced breakdown plasma in
air [8] nicely illustrate expansion dynamics.

The experimental results in air, which were obtained using a Nd:YAG laser at the wavelength of
532 nm and the pulse width of 6.5 ns [8], show two distinct regions with higher intensity towards the
laser propagation direction for time delays of 25 ns to 10 ps. Schlieren images of laser-induced plasma
generated in air at the standard ambient temperature and pressure also show plasma jet propagation
towards the laser for time delays of 1-20 us [9]. However, the jet propagation direction depends on the
type of gas, the gas pressure, the ratio of energy absorbed in the plasma and the threshold irradiance
for the occurrence of optical breakdown [9].

2. Results

This section elaborates on the determination of the expansion speed of the micro-plasma,
which was generated in the ultra-high-pure hydrogen gas inside a cell. Experimental results show high
plasma expansion speeds that decreased from 100 to 10 km/s at early time delays of 10 ns to 35 ns.

Figure 1 displays the recorded H, plasma spectra at early time delays of 10 ns to 35 ns, which were
measured at 5-ns time intervals. The 2-dimensional spectra of slit-height versus wavelength are
significantly Stark-broadened and Stark-shifted at early time delays. The measured intensity increases
for successive time delays. However, the area and line-width of the spectral profiles decrease
continuously, which implies decreasing electron density. Based on the recorded H plasma spectra at
early time delays as displayed in Figure 1, plasma expansion speeds were determined. The diameter of
the plasma in the lateral or slit-height direction is measured as a function of time and hence, the plasma
expansion-speed can be determined. For example, the red arrows on the spectra images at 10 ns and
15 ns in Figure 1 indicate the spatial plasma ranges used for the determination of the expansion speeds.
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Figure 1. Hydrogen alpha plasma spectra images for selected time delays: (a) 10 ns; (b) 15 ns; (c) 20 ns;
(d) 25 ns; (e) 30 ns; and (f) 35 ns.

The recorded images of the laser-induced plasma with 14-ns pulses depict a higher intensity
towards the laser at early time delays of 10 ns to 35 ns. However, the opposite behavior is observed at
later time delays, e.g., for time delays of 400 ns. Figure 2 illustrates the experimental records for time
delays of 400 and 900 ns.
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Figure 2. Hydrogen alpha plasma spectra images at time delays of (a) 400 ns and (b) 900 ns.
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From the images in Figure 1, the diameter of the plasma in the lateral or slit-height direction
is measured as a function of time and hence, plasma expansion speeds can be determined. Table 1
displays the measured diameters of the plasma and the corresponding speeds at various time delays.

Table 1. Plasma expansion speed at various time delays using lateral direction expansion from the
contour plots exhibited in Figures 1 and 2.

Time Diameter Distance in 5 ns 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

* Distance is for 500 ns.

The predicted plasma expansion speeds decrease from 100 to 10 km /s for time delays of 15 to 35 ns.
The determined expansion speeds are well above the hypersonic speed (Mach number 5) or above the
re-entry speeds (Mach number 25) at these time delays. Figure 3 illustrates the tabulated results.
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Figure 3. Plasma expansion speeds in log scale (see Table 1). The indicated time-delay error bars are
due to the gate width of 5 ns.

The plasma expansion typically decreases to hypersonic and sonic speeds for larger time delays
as indicated in Figure 3. The measured expansion speeds are consistent with the results from previous
experimental studies [10,11]. However, computer simulations show a shock-wave expansion speed
of 60 km/s at a time delay of 20 ns in air at atmospheric pressure [12], thereby indicating that the
determined speeds are consistent with other experimental results. It is important to note that the
speed of sound in hydrogen gas is 1.3 km/s, which is 3.5-fold higher than in the ambient pressure and

temperature of the air.

For longer time delays of about 1 pus, the images in Figure 2 are utilized for the determination of the
plasma expansion speed. The determined speed is 1.7 = 0.5 km/s at 900 ns. The estimated error bars for
these speeds are £ 30%. These results agree well with those of the recent hydrogen experiments [13].
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3. Materials and Methods

During the experiment, a cell is filled with ultra-high-pure hydrogen gas at a pressure
of (1.08 + 0.033) x 10° Pa. To study time-resolved and space-resolved emission spectroscopy,
a Q-switched Nd:YAG laser device (Quanta Ray DCR-2A (10), Spectra-Physics, Santa Clara,
CA, USA [14]) is used at its fundamental wavelength of 1064 nm with 10-Hz repetition rate and
full-width-half-maximum pulses of 14 ns. The measured energy per pulse is 120 m]. The laser beam
was passed through a dichroic beam splitter to remove the residual 532-nm component. A silicon
photodiode detector was used to record a portion of the laser radiation that is reflected off of the beam
splitter at the exit of the laser source. The photodiode is connected to an oscilloscope to monitor the
optical pulse. Three mirrors (NB1-K13; Thorlabs, Newton, NJ, USA [4]) are used to align the beam to
be parallel to the spectrometer slit. Figure 4 illustrates the experimental schematic.

I —
Beam Splitter DG — Delay Generator

Figure 4. Experimental schematic for time-resolved laser spectroscopy.

A holographic grating of 1200 grooves/mm is selected to disperse the radiation from the plasma.
For the recording of temporally and spatially resolved plasma emission spectra images along the slit
height, the following instrumentation is employed: Czerny—Turner type spectrometer (0.64-m HR640;
Jobin-Yvon, Longjumeau, FR [4]) and intensified charge-coupled device (ICCD) (Andor technology
model iStar DH334T-25U-03, South Windsor, CT, USA [4]). The spectral resolution was 0.11 nm.
The data were recorded with a 5-ns gate width and an average of 100 consecutive laser-plasma events
were accumulated. For later time delays of 400 ns and 900 ns, 50 consecutive laser—plasma events were
accumulated using a 20-ns gate width. The recorded spectra are wavelength calibrated and corrected
for detector sensitivity. Matlab® (Mathworks, Nattick, MA, USA [4]) scripts are utilized for wavelength
calibration and sensitivity correction, while Origin Software (OriginLab, Northampton, MA, USA [4])
is employed for the graphical display of the experimental data.

4. Conclusions

The laser-induced plasma expands at a well-above hypersonic speed depending upon the ambient
conditions and time delays. The spectra recorded during the evolution of the plasma are significantly
Stark-broadened and Stark-shifted. Therefore, a larger percentage error occurs for the predicted speeds
for earlier time delays. For longer time delays, the plasma expansion speeds decrease considerably
and thus, larger differences occur for the speed measurement due to the increased temporal interval.
To improve the graphically inferred expansion speeds, Abel inversion methods can be applied so that
radial information will be extracted from the recorded line-of-sight measurements [14]. The predicted
expansion speeds may be useful for the National Aeronautics and Space Administration (NASA)
hypersonic technology (HT) project. Details of the focal volume irradiance distribution [15] for the
study of laser-induced optical breakdown may augment future experimental studies.
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