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ARTICLE INFO ABSTRACT

Handling Editor: Prof. L.G. Hultman A detailed time-resolved analysis of laser-produced plasmas (LPPs) is essential for understanding the effects of
ambient gas on plasma characteristics. In this work, a nanosecond pulsed laser (1064 nm, 7 ns) generates LPPs
from a tungsten (W) target, which is comprehensively analyzed using optical emission spectroscopy, laser plasma
interferometry, shadowgraphy, and imaging. Measurements reveal that varying the ambient pressure in the 1.33
x 10% Pa - 5.33 x 10* Pa range significantly affects the plasma temperature, number density and plume
morphology. Spectral analysis reveals a strong correlation between number densities obtained from Stark
broadening measurements of the H-alpha and W I lines. The interferometric method enables the study of plasma
plume morphology and retrieval of number densities even in the presence of strong continuum emission. Density
maps obtained from interferometry show inhomogeneities. Shadowgraphy images show the expansion of
shockwaves at different pressures, and they also reveal that the transition of plasma from non-collective to
collective behavior occurs around 1 x 10% Pa. Despite inhomogeneities, plasma remains in Local Thermodynamic
Equilibrium during the observed time window of up to 1 ps. Due to well-established Stark parameters and strong
linear correlation with the W I line, the H-alpha line provides a more straightforward estimation of number
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densities in tungsten LPPs.

1. Introduction

Laser-produced plasmas (LPPs) display complex and dynamic char-
acteristics encompassing a wide range of parameters such as tempera-
ture, number density, charge states and charged particle kinetics. These
parameters depend on many factors such as the irradiation conditions,
target geometries and the background medium [1,2]. Multiple tech-
niques are available for determining the plasma parameters such as
temperature and number density, including Langmuir probe, laser
interferometry, Thomson scattering, and Optical emission spectroscopy
(OES) [2-5]. The OES of LPPs, commonly referred to as Laser Induced
Breakdown Spectroscopy (LIBS), is an excellent technique for providing
rapid, in-situ, and non-destructive quantitative analysis of materials
[5-7]. LIBS has widespread applications in defence, archaeology,
biology, robotic planetary exploration and various industries like nu-
clear, solar, mining and waste management [8-13]. The key advantages
of LIBS over other techniques are the non-requirement of sample
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pre-processing, remote sensing capability and the analysis speed. The
spectra and the continuum emission from the LPPs depend on the tem-
perature, electron number density and the number densities of the
constituent atoms and ions. Therefore, a comprehensive LPP charac-
terization is important in improving LIBS accuracy.

It is important to recognize that LPPs, and hence LIBS, is inherently
complex due to the many parameters governing its properties, including
laser parameters such as energy, pulse duration and beam spot size, and
ambient gas parameters such as pressure and type. The surrounding
gas’s type and pressure significantly impact the properties of LPPs,
resulting in its confinement, splitting, sharpening, energy transfer to the
background and shockwave generation. Plasma parameter gradients
have been observed in the presence of background gases and air
[14-16]. Plume splitting and sharpening are observed in laser-produced
aluminium plasmas, where the plume front is spherical at early times. As
it expands, the plume front gets sharpened. It splits into fast and slow
components at a pressure range where the transition of collisional to
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Fig. 1. Schematic of the experimental setup used for Optical Emission Spec-
troscopy measurements of laser-produced tungsten plasma. M: Mirror, L: Lens,
FC: Fiber coupler.

collisionless interaction of the plume with the background gas happens
[17]. For lower background pressures, the interaction of the ablated
vapour with the surrounding gas occurs through diffusion, and for
higher pressures, collective processes dominate and can lead to shock-
wave propagation. The collective and non-collective behaviour of
plasma is dynamic under the influence of background pressure. It is
susceptible to the local number density and ambient gas species and thus
can depend on the laser fluence and the target material [14,18]. One
way to alleviate the complexity of the dynamic laser-produced plasmas
is to consider them as homogenous and assume that they follow Local
Thermodynamic Equilibrium (LTE) conditions [5,19]. However, care
should be taken for the transient and inhomogeneous nature of the
plasma while assessing LTE conditions, where the plasma’s relaxation
processes and diffusion length of atoms/ions play a critical role [20].
In most tokamaks, the primary choice of material for plasma facing
component (PFC) is tungsten, which is used as a first material wall
because of its low retention of fusion fuel compared to other elements
such as C. It is also a good material for divertor in ITER due to its high
melting point, sputtering yield and low tritium retention [21,22]. Reg-
ular diagnostic assessments of the reactor wall material are crucial for
ensuring the safety of ITER-like tokamaks. LIBS has been shown as an
ideal candidate for the real-time, online diagnostics of impurity and fuel
retention on the first wall and divertor tiles in tokamaks. LIBS has been
used for the quantitative study of retention of fusion fuel on tungsten
substrates [23,24]. A comprehensive study of LPPs from tungsten targets
is essential for improving PFC diagnostics. Further, in additive
manufacturing with tungsten, understanding plasma dynamics in rough
vacuum conditions can be beneficial for quantifying the alloying ele-
ments, that can help mitigate cracking [25]. Understanding laser plasma
behavior under rough vacuum conditions is crucial for quality control in
additive manufacturing, as LIBS enables precise elemental analysis [26].
These processes are carried out in rough vacuum conditions which can
be attained by a single environment friendly diaphragm pump or oil free
scroll pump as opposed to complex multi-stage setups. Rough vacuum
levels are also highly beneficial for material processing, micro-
machining, and laser-based manufacturing [27]. Moreover, laser pro-
duced tungsten and tungsten alloy plasmas have been studied for
qualitative and quantitative studies including the dependence on laser
fluence, spot size, different ablation geometries and microstructural
properties [21,28-33]. The effect of pressure on laser-produced tungsten
plasma in the range 102 Pa-10° Pa using OES and imaging were used to
optimize the LIBS in a coaxial optical geometry [34]. The LTE conditions
of tungsten plasma using time resolved OES have been verified at
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Fig. 2. Geometry of the interferometry setup used for measurements of laser-
produced tungsten plasma. M: Mirror, L: Lens, BS: Beam-splitter, BP: Band-
pass filter, BB: Beam block.

atmospheric pressure at various laser fluences, where the validity of LTE
in tungsten plasma is discussed with plasma relaxation processes and
diffusion length [35]. In another previous study, the effect of pressure up
to atmospheric on laser-produced tungsten plasma in large pressure
intervals and longer gate-delays have been investigated [34].

Here we use complementary approaches for a better understanding
of the evolution of the plasma parameters, spatial electron density dis-
tribution, inhomogeneities in the plasma, and validity of LTE for the
early plume expansion time window (up to 1 ps), at ambient pressures
>1.33 x 10° Pa where collective behaviour is observed. Within this
pressure range, combining spectroscopic methods with techniques like
laser interferometry and shadowgraphy provides valuable insights into
collective behavior and its impact on plasma evolution and gradients
during the first few hundred nanoseconds after formation.

2. Experimental setup
2.1. Optical emission spectroscopy and imaging

1064 nm pulses of energy 35 mJ with a pulse width (FWHM) of 7 ns,
obtained from a Q-Switched Nd: YAG laser (Quanta Ray, Spectra-
Physics) with a repetition rate of 10 Hz were used for generating
plasma from the tungsten surface (Fig. 1). The input energy is controlled
by using a combination of half-wave plate and polarizing beam splitter.
The beam is focused on to the tungsten target (99.99 % pure) which is
mounted on a movable stage placed inside the vacuum chamber using a
40 cm plano-convex lens. For imaging, laser-produced plasma emission
is guided onto an intensified charge-coupled device (ICCD, Andor i-star
334 T) using a combination of two plano-convex lenses of focal lengths
25 cm and 50 cm respectively. The time-resolved emission spectra are
recorded using the same ICCD employing a 0.75 m Czerny-Turner
spectrometer (Shamrock 750) having a 1200 grooves/mm grating. The
input slit was kept at 30 pm width. The ambient gas in this study is air,
with humidity maintained at 70 % at 20° C. The vacuum chamber is
connected to a dry pump (DBP 050-4, Pfeiffer Vacuum) to reduce the
pressure and a leak valve to inject air to the vacuum system. A pressure
gauge (TPR 200, Pfeiffer Vacuum) monitors the pressure.

2.2. Interferometry and shadowgraphy

Interferometry: A Mach-Zehnder interferometer (Fig. 2) was set up to
measure the electron number density of the laser-produced tungsten
plasma [36]. 100 fs laser pulses of 800 nm wavelength (TSA:
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Table 1

Spectral lines used for temperature and number density calculations.
Wavelength (nm) Tonization E; (eV) E; (eV) Ay (s H1o0”
424.14 WI 4.839134 1.916797 5.35
424.44 WI 3.691424 0.771099 1.52
426.93 WI 3.269126 0.365913 1.52
427.54 WI 5.145274 2.246202 6.5
434.81 WII 4.483932 1.633285 1.01

Spectra-Physics) and beam diameter ~8 mm are used to produce the
interferograms. The beam was expanded ~2 times using a Galilean
telescope beam expander configuration consisting of two lenses of focal
lengths —25 cm and 50 cm respectively. The time-resolved interfero-
grams are captured using a CCD camera (Thorlabs DCU224C). A single
plano-convex lens of 25 cm was used to direct the interferograms to the
CCD. A narrow bandpass filter (800 nm) was used to reduce the coupling
of the intense plasma continuum emission to the CCD. A digital delay
generator (Stanford Research Systems DG645) was used to vary the
delay between the lasers pulses. The noise and high-frequency compo-
nents in the interferograms are filtered out using a Gaussian filter in the
frequency domain.

Shadowgraphy: The probe beam was expanded to 2 cm diameter for
focused shadowgraphy. Two plano-convex lenses (25 cm and 10 cm)
were used to collect the shadowgrams onto the CCD. A digital delay
generator (Stanford Research Systems DG645) was used to vary the
delay between the laser pulses for taking measurement.

3. Results and discussion
3.1. Determination of temperature and number density from spectra

The temperature of the tungsten plasma was obtained by the Boltz-
mann plot method. For a plasma in Local Thermodynamic equilibrium
(LTE), the spectral line intensity of an electronic transition between the
upper (j) and lower (i) levels is related to the upper energy state E; and
temperature T by the equation,

L 1 hcn
In[ XY ) =—F +1 1
n(gA) kW “<4nU<T>) W

where 4; is the wavelength corresponding to the transition from j to i, g
is the statistical weight of the upper level, A; is the transition proba-
bility, T is the temperature, n is the number density of the ionization
stage, and U(T) is the partition function of the element under consid-
eration. The temperature is obtained from the slope of the Boltzmann
plot utilizing several transitions. The electron number density ne is ob-
tained from the Saha-Boltzmann method given by the equation,

175
a —o—1.33x103 Pa

—o—1x104 Pa
—o—2.66x104 Pa
—o—4x104 Pa
5.33x104 Pa

1.50 1

1.251

Temperature (eV)

1.00 1

0.75

Number density (x10'8 cm'3)

0 200 400 600 800 1000

Delay (ns)

1200

Vacuum 239 (2025) 114449

3
PgtlA*1)? (2nm kT 2 E*l —E* 1 Ep
n. :Iz+1ngZ)\z+1< h2 2 xexp| - T keT @

where z and z+1 correspond to the degree of ionization. Epp is the
ionization potential [37].

The lowering of the ionization potential due to plasma interaction is
neglected in the calculation of the electron number densities. The
spectral lines used for the temperature and number density calculations
are shown in Table 1. It is to be mentioned that both methods are used
under the assumption that the plasma is in LTE during the window of
observation (gate delays of 0.1-1.0 ps, and gate-width of 100 ns). The
minimum n, value that warrants the plasma to be in LTE is given by the
McWhirter criterion,

n,(cm®) >1.6 x 1072 (A E;)° ®3)

where T and AEj; are in K and eV units respectively. Based on the first
resonant line of W I (AE;; = 3.22 eV), the lower bound of number den-
sities obtained from Equation (3) for the temperature range in our study
is 5.46-6.71 x 10® cm 3 for all ambient pressures. While this condition
is necessary, it is not sufficient to confirm LTE. A more reliable way to
assess LTE includes a comparison of number densities obtained from
different methods such as the McWhirter expression, Saha equation and
Stark broadening of suitable lines [20].

To verify the number densities obtained, we choose the Stark
broadening method, which is successfully used to estimate n. even for
plasmas which have a gradient in plasma parameters. The electron
number density is related to the FWHM of the stark broadened line ac-
cording to the following equation,

. _ AFWHM (107 cm™2) 4)
Wy

The stark broadening parameter w; of the W I line (429.4 nm) is used
to find ne [38,39]. We also utilize the Stark broadening of the Hu line in
our calculations [36]. The electron density can be calculated from the
FWHM of the Stark-broadened H, line at 656.28 nm because Hydrogen
Balmer lines are sensitive to the micro-field induced by charged particles
in the plasma [38,40,41,42]:

n,=8.02x 102 |—2 )

where a;, is a coefficient which is weakly dependent on the tempera-
ture and pressure through ion-ion correlation, Debye-shielding correc-
tion, and impact broadening. A\ /o is the FWHM of the H, line fitted
with the Lorentzian profile. The o/, coefficients are obtained from
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Fig. 3. Temporal evolution of the temperature (a) and number density (b) of laser produced tungsten plasma at different pressures ranging from 1.33 x 10° Pa to
5.33 x 10* Pa. The emission spectra are collected 0.5 mm away from the target surface with gate interval and gate width of 100 ns each.
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Fig. 4. Time resolved optical emission spectra of Laser produced tungsten
plasma at different ambient pressures from 1.33 x 10 Pa to 5.33 x 10* Pa at
delay 240 ns.

Ref. [43].

Fig. 3(a) shows the temperature calculated from the W I lines given
in Table 1, and Fig. 3(b) shows the evolution of the number densities
calculated from the W II line (434.81 nm) and W I line (427.54 nm). For
the aforementioned slit width the instrumental broadening was found to
be approximately 0.034 nm by using a narrow bandwidth HeNe laser.
Fig. 4 shows the optical emission spectra of laser produced tungsten
plasma at pressures ranging from 1.33 x 10% Pa to 5.33 x 10* Pa. At
1.33 x 102 Pa the decrease in n. and temperature are gradual, which
may indicate minimal influence from the background air (See Fig. 3).
The higher pressures of 1 x 10% - 5.33 x 10* Pa exhibit a distinctive
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pattern where T and n, show spikes within the observation window of 1
ps, which could be due to the shockwave formation resulting from the
interaction of plasma with the ambient air. The rapid reduction of n, for
the pressures 4 x 10* Pa and 5.33 x 10* Pa in the initial delays,
compared to lower pressures, is possibly due to the collision of the
plasma with the background air and consequent energy transfer. This
decrease is more prominent at 4 x 10* Pa and 5.33 x 10* Pa, suggesting
considerable energy transfer to the background [44,45]. The highest
number density values were observed at 4 x 10* Pa and 5.33 x 10* Pa
with a 140 ns delay, potentially indicating enhanced laser-matter
coupling during the initial stages of plasma formation at these pres-
sures, along with the influence of pressure confinement. Therefore, even
though laser-matter coupling and ambient gas confinement are strong at
these pressures, collisions with the background gas cause a rapid decline
in ne.

Similar to the Saha-Boltzmann method, the number densities ob-
tained from the Stark broadening of the W I and H,, lines also show a
decreasing trend (Fig. 5). The corresponding Lorentzian fits are also
displayed. The similarity between electron densities calculated from the
W1 line and Ha lines is high as seen in Fig. 6(a), giving correlation values
(r) greater than 0.9. Although a robust linear relationship exists between
the two measured number densities from the stark broadening of Hy, and
W I, these number densities are generally less compared to those ob-
tained from the Saha-Boltzmann equation. Higher estimates of electron
density derived from the Saha-Boltzmann equation have been observed
for Al and Mg emission lines, making it particularly suitable for temporal
profiling rather than for specific conditions [46]. The observed differ-
ences in electron density between the methods may be attributed to
plasma inhomogeneity, where the populations of W I, W II, and H atoms
exhibit spatial separation [47,48]. This separation can effectively
diminish Stark broadening along the line of sight. However, as discussed
above, the highest number densities are observed at 4 x 10* Pa and 5.33
x 10% Pa pressures. The strong correlation between W I and Hy line
methods makes measuring Stark broadening of spectral lines a relatively
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Fig. 5. (a) Number densities from H, line (b) The Lorentzian fits to the line profile at 1 x 10* Pa for the delays 140 ns, 340 ns and 640 ns.(c) Number densities from W
I line 429.4 nm nm with wg = 0.0513 nm [38]. (d) The Lorentzian fits to the W I line at 1 x 10* Pa.
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value is 0.98 showing a strong correlation between the calculated number densities.
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inhomogeneity in the plasma.

more straightforward method for determining n, of Laser produced
tungsten plasma [38].

3.2. Determination of number density from interferometry

We use femtosecond laser plasma interferometry [49] to probe
electron number density evolution and spatial distribution where the
continuum emission is present. The electromagnetic waves in one of the
interferometer arms acquire a phase due to the optically thin plasma
resulting in a distortion of the interferogram. From the interferograms,
the interferometric phase wrapped in the range (-, ) can be unwrapped
to obtain the smooth phase field [50]. The phase shift A¢ is then ob-
tained by taking the difference of the unwrapped interferogram in the
presence and absence of laser-produced plasma. The electron density is
related to the phase shift by

A(/):£ / n.dr 6)

n,

Where n, = 1.11 x 10?1 /22, cm 2 is the critical density which is 1.74 x
10%! em™2 for our probe beam [51] and Ay, is the probe beam wave-
length in pm. Under the assumption that the plume has an axial sym-
metry, the spatially resolved number densities are retrieved through an
Abel inversion [52]. By assuming that radial projection data are taken at
equally spaced radial positions Ar, the Abel integral can be solved by a
deconvolution operator Dy acting on the Line-of-Sight integrated pro-
jection ¢(r) [53],

1 ©
F(r) =7 ijoDij »(r) @

Using the linear operator method, we eliminate the need to calculate
derivatives of the phase in the Abel integral, as well as avoid the
divergence of values along the symmetric axis [50]. The phase retrieval
is done under the assumption that the major contributor to the phase
shifts of the interferogram are the free electrons (positive fringe shift)
and the total refractive index is less than unity. Fig. 7(a) and (b) show
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Fig. 8. Number densities obtained for time delays 80 ns, 120 ns and 140 ns when continuum emission is present. The inhomogeneities in the plume are visible. The
plume edge becomes sharper as the delay is increased for 4 x 10* Pa and 5.33 x 10* Pa pressures.

interferograms taken at 80 ns and 240 ns delay, respectively, while Fig. 7
(c)-7(d) present the retrieved phase map and electron density distribu-
tion at 80 ns, and Fig. 7(e) illustrates the radial electron density distri-
bution at an axial distance of ~0.3 mm from the target at 80 ns. All
images were taken at 1 x 10* Pa pressure. In the time scale 80 ns — 140
ns the phase shift and the electron number density show inhomogeneity
where the density closer to the target is lower than the periphery (See
Figs. 7 and 8). The maximum number density reaches ~1.5 x 10! cm™3
(delays of 80 ns and 120 ns). It is also observed that, starting at 4 x 10*
Pa, the plasma gets transitioned from a spherical to an axially elongated
form (plume sharpening) with increasing delay for high pressures. Many
experiments have demonstrated that LIP expansion dynamics is highly
dependent on both background gas pressure and composition. Previous
studies, particularly in applications such as pulsed laser deposition
(PLD), have shown that LIP dynamics transitions from nearly free-plume
expansion at very low pressures to plume splitting (the formation of
multiple components) and plume sharpening at higher pressures [54].
This behavior is consistent with our observations, where plume sharp-
ening becomes prominent as the ambient gas pressure is increased. In
contrast, at 1 x 10% Pa and 2.66 x 10* Pa, the effect is reversed for the
initial delays. Throughout the expansion, the maximum number density

is observed at the distance of a few millimeters from the target. The
deviation of plasma shape from spherical can be attributed to the
anisotropy in the axial and radial expansions due to the forward-directed
nature of plume evaporation [55]. The same axial pull towards the laser
direction could also be the reason for the maximum number density to
shift away from the target surface. The average values of the electron
number densities from the interferograms at 140 ns for all studied
pressures are within the range 3.5 x 107 em ™3 to 5.7 x 107 em 3.
These densities are in the range of densities obtained from W I and H,
lines and can be correlated to the spectral measurements [3,51].

We notice that at later times of plasma evolution, the plume edges
contribute to a negative fringe shift, where fringes bend towards the
target side. Since the fringe shift is positive for earlier times of plasma
evolution (<140 ns), where free electron density is high, the negative
fringe shift after 140 ns (Ref Fig. 7 (b)) could be due to bound electron
contribution to the total phase shift. The influence of the bound elec-
trons on the refractive index at photon wavelengths located orders of
magnitude further from the line centers and resonance lines has been
suggested [56,57]. Thus, although there are no resonance or
near-ground level tungsten lines within the 12 nm spectral bandwidth of
the probe pulse centered at 800 nm, the contribution of bound electrons
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Fig. 9. Shadowgraphs showing shockwave formation from time delay 80 ns to 2 ps at different ambient pressures.

remains evident, as resonance lines can influence the refractive index at
photon energies significantly beyond their linewidth resulting in the
fringe reversal [58,59]. This is an indication that the bound electron
contribution in the plume edge could be either from the WI or W II
transitions since the higher charge states are found in the hot region of
the plasma [60].

As it is evident that the laser-produced tungsten plasma is inhomo-
geneous and transient, two additional criteria should be met for the
plasma to be in LTE other than McWhirter. These are given by the re-
lations [20]:

T(t 4 7ra) — T(t) N (t + Tret) — Me(t)

T < <1 (0 <1 8
and
T(x) - T(x +4) Me(x) = ne(x + 4)
W< <1 T < <1 9

where 7. is the time needed to establish excitation and ionization
equilibria, and A is the diffusion length during the time 7, which is
given by

6.3 x 10*
Tleflz < g >

Trel =

AE (kT exp (%) 10)
where fp5 is the transition strength and g is the Gaunt factor [30]. For
AEg; = 3.22 eV, T is in the range of ~107? s for the present study,
ensuring that thermodynamic parameters vary sufficiently slowly so
that electrons and atoms have enough time to reach equilibrium. An
inhomogeneous plasma’s equilibrium condition is met when the plasma
plume diameter is at least 10 times larger than its diffusion length A,

Ax1.4 x 10'?

3
(KT) AE AE
(MAﬁz <8 >) op (ﬁ) an

where My is the relative mass of species considered, A is~107° cm, and
the plume diameter is ~107! cm, verifying LTE [20].

ne

3.3. Shadowgraphy and image analysis

A hot and dense plasma that expands rapidly in an ambient medium
compresses the air around it and generates a shock wave. Focused
shadowgraphy is used to probe the evolution of the shockwaves formed
during the ablation of tungsten in the pressure range 1 x 10* Pa to 5.33
x 10* Pa.

The obtained shockwaves are shown in Fig. 9. The shockwave fol-
lows the same shape as the plasma plume in the early stages of evolution
leading to shock edge elongation in the expansion direction due to the
plasma shielding of laser energy [61,62]. Due to this the shock radius is
calculated along the target surface because the plume and hence the
shockwave elongation due to absorption of the laser energy happens
predominantly in the direction of the laser pulse. For strong shocks with
Mach number M > 7 the propagation can be modelled by a point ex-
plosion for a spherical wavefront by Taylor-Sedov theory [35,63,64],

E\Y5
_ (B /5
R—(Kp) 2 12)

where R, E, v;, and p are the radius of the shockwave, adsorbed energy,
speed of sound and unperturbed density, respectively. K is a quantity
that depends on the specific heat and varies between 0.6 to 0.8. By using
the Taylor- Sedov model the blast energy E can be obtained which shows
how much energy was spent on the expansion of the shockwave after
energy losses due to plasma shielding and the sample’s thermal
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Fig. 10. (a) Radius (b) Velocity (c) Pressure and (d) Density of the shockwave front at pressures 1 x 10* Pa to 5.33 x 10* Pa.

Table 2
Adsorbed energy E from Taylor-Sedov model and A, t; and n obtained from
exponential fits. The exponential model is fitted from 240 ns onwards.

Pressure (Pa) E (mJ) A to (ns) n

1x 10*Pa 8+0.2 1.66 + 0.3 —147 + 4.4 0.47 + 0.01
2.66 x 10* 17.1 +0.03 1.1 +£0.16 —91.8 + 3.4 0.45 + 0.01
4 x 10* 25.3 £ 0.04 0.957 + 0.14 —66.9 + 2.7 0.44 £ 0.009
5.33 x 10* 32.1 + 0.05 0.91 + 0.09 —48.7 + 2.0 0.43 + 0.007

conductivity. It has been suggested that the blast wave model may
provide an upper estimate of the initial energy [52]. Further, when the
shockwave velocity approaches the sound velocity, the exponential in
the Taylor- Sedov model deviates from the value (2/5) and tends to be
higher [61,65]. Since this model agrees well in the initial stages of
shockwave expansion and deviates when the shock becomes of inter-
mediate strength, the expansion for shocks of intermediate strength for
all pressures is modelled by a simple exponential fit R = A (t-to)". The
factor t is introduced to offset the non-zero initial value of time, and the
exponential accounts for the deviation from the Taylor-Sedov model.
The shockwave expansion trajectories obtained from the shadowgraphs
(Fig. 10) show rapid evolution of the shockwaves at the lower pressure
of 1 x 10* Pa. The velocities, along with the corresponding shock den-
sities and pressures calculated using the Rankine-Hugoniot relations (see
Supplementary Material), are also presented. The shocks are hypersonic
for time delays less than ~300 ns. The radius of expansion and velocity
at a given time are high for 1 x 10* Pa compared to higher pressures. For
the pressures 5.33 x 10% Pa, 4 x 10% Paand 2.66 x 10* Pa the expansion
is very similar in terms of radius, but a significant difference is seen in
their densities and pressures since the Rankine-Hugoniot relations are
very sensitive to the Mach velocity of the shock front. The shockwave
pressure and density are the highest for 5.33 x 10* Pa with the highest
pressure being ~100 MPa.

The fitting parameter E for the Taylor-Sedov model and the param-
eters A, to and n for the exponential fit are listed in Table 2. As the
pressure decreases, the energy deposited E, obtained from the Taylor-

Sedov model, gets reduced. This reduction in energy could mean that
the pulse energy is being deposited somewhere else other than for
shockwave generation, which may point to laser supported detonation
(LSD) and plasma shielding at lower pressures. Since the shockwave
shape is closely related to the shape of the plume that displaces the
ambient gas, plume splitting is evident from the shadowgraph at 1 x 10*
Pa (around ~ 540 ns). The shockwave front is found to be distorted at
this time delay. Notably, this is also the pressure where the E value from
the Taylor-Sedov fit drops to the lowest. However, a definitive conclu-
sion on LSD or plasma shielding could not be established, as obtaining E
values at lower pressures was hindered by the limited visibility of the
shockwaves.

Fast imaging of the plume was done using a gated ICCD. Spectrally
integrated images of the plume were taken at different gate delay times
(tq) for pressures from 5.33 x 10% Pa - 13.3 Pa. Two sets of images were
taken, namely, (a) images taken with 10 ns gate width (t,,), and (b)
images with gate width equal to 10 % gate delay (for delays above 500
ns). Those taken with t, = 10 % tq are found to contain more infor-
mation, and hence have been used in the analysis [34]. The position of
the plume front can be obtained from the plume images (Fig. 11), which
can then be plotted against the delay time (R-t plot, Fig. 12). It can be
seen that at lower pressures, the interaction of the plasma with the
background gas is minimal, and the plume expands freely. As the pres-
sure increases beyond 1.33 x 102 Pa the plasma interacts with the
background gas, changing the plume expansion dynamics. At moder-
ately high pressures the background gas interpenetrates the plasma, and
at still higher pressures the dynamics of the plasma is entirely deter-
mined by the nature and properties of the background gas. Thus, the
plasma expands adiabatically at low pressures (~13.3 Pa), where the
background gas has minimal influence, resulting in an R-t plot that
follows a linear expansion model. The plume front follows the shock
wave model for pressures ranging from 1.33 x 10? Pato 1 x 10* Pa as
background gas confinement effects become significant. For pressures
above 1 x 10* Pa the R-t plot shows an expansion that corresponds to the
drag model, given by the equation

R=Ry(1—exp(ft)) 13)
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Fig. 11. Plume images at different ambient pressures and time delays. As seen from the electron density distribution, the emission from the plume changes from a
spherical shape to an axially elongated shape after a few nanoseconds. The confinement effect can be seen for pressures higher than 1.33 x 102 Pa. Plume splitting at

1 x 10* Pa is also visible.
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Fig. 12. R-t plots for different ambient pressures showing linear, shockwave
and drag models fitted to plume front expansion.

Which predicts that the plume will eventually stop due to resistance
from collisions with the background. Here R, represents the stopping
distance, and g is the deceleration constant [29].

4. Conclusion

This study investigates the effect of intermediate ambient pressure
(1.33 x 10% Pa- 5.33 x 10* Pa) on laser-produced tungsten plasma using
optical emission spectroscopy (OES) and complementary plasma di-
agnostics methods. The Saha-Boltzmann method, Stark broadening of
the Ha line, interferometry, and time-resolved plume imaging tech-
niques are utilized to obtain the plasma parameters, radial electron
density distribution, plume emission, and expansion dynamics. Number
density calculations based on the Stark broadening of the Ha line and
tungsten spectral line show a mutual strong correlation. An in-
homogeneity in electron density distribution is observed within the
pressure range studied. Despite its transient and inhomogeneous nature,
the plasma is observed to be in local thermodynamic equilibrium (LTE)
throughout the observation window. The transition from non-collective
to collective behaviour of plasma is observed at the pressure of 1 x 10*
Pa from shadowgraphy and time-resolved imaging. These findings pro-
vide valuable insights into the characteristics of laser-produced tungsten
plasma at this pressure range, and can have significant implications for
different fields of study, including materials science, and plasma fusion.
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