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Abstract
Strongly coupled plasmas (SCPs) exist in various places throughout the Universe, examples of
which are inertial confinement fusion experiments, Jovian planets’ cores, neutron stars, and
white dwarf stars. In recent decades, theoretical and numerical studies have been pursued to
characterize the equation of states and thermodynamic properties of SCPs, which are
fundamentally different from those of weakly coupled plasmas. One of the essential research
topics is energy transport by radiation or opacity. In particular, in a subcritical medium at a low
temperature, condensation renders the medium inhomogeneous, which significantly affects the
radiation transport or opacity. However, no study has been conducted for opacity in
inhomogeneous supercritical fluids (SCFs). A recent study reveals that an inhomogeneous SCF
with nanometer-sized clusters and micrometer-sized droplets can be prepared. Here, we
experimentally demonstrate that the emission timescale of an SCP in an inhomogeneous SCF is
extended by up to 50% compared to that in a homogeneous SCF. This implies that the
inhomogeneity of the SCF significantly enhances the photon confinement. This result is
expected to draw interest in the investigation of radiation transport or opacity in the
inhomogeneous SCF. A better understanding will lead to a method for increasing the brightness
and light emission time from a dense plasma.

Supplementary material for this article is available online

Keywords: laser produced plasma, strongly coupled plasma, inhomogeneous supercritical fluid,
equation of state

(Some figures may appear in colour only in the online journal)

5 These authors contributed equally.
∗

Authors to whom any correspondence should be addressed.

Original Content from this work may be used under the
terms of the Creative Commons Attribution 4.0 licence. Any

further distribution of this work must maintain attribution to the author(s) and
the title of the work, journal citation and DOI.

1361-6587/22/095010+8$33.00 Printed in the UK 1 © 2022 The Author(s). Published by IOP Publishing Ltd

https://doi.org/10.1088/1361-6587/ac7ee8
https://orcid.org/0000-0002-3292-4967
https://orcid.org/0000-0002-0676-5405
https://orcid.org/0000-0001-8394-2076
https://orcid.org/0000-0002-1880-5865
mailto:kimd@postech.ac.kr
mailto:gunsu@postech.ac.kr
http://crossmark.crossref.org/dialog/?doi=10.1088/1361-6587/ac7ee8&domain=pdf&date_stamp=2022-7-25
https://doi.org/10.1088/1361-6587/ac7ee8
https://creativecommons.org/licenses/by/4.0/


Plasma Phys. Control. Fusion 64 (2022) 095010 S Lee et al

1. Introduction

Strongly coupled plasmas (SCPs) are plasmas in which
the average Coulomb potential energy of the interacting
particles exceeds their average thermal kinetic energy.
For electrons, the coupling parameter is defined as
Γ = (e2/4πε0kBTe)(4πne/3)1/3, where e, ε0, kB, Te, and ne are
the electron charge, vacuum permittivity, Boltzmann constant,
the electron temperature, and the electron density, respect-
ively. Standard theories for an ideal plasma fail to describe
strongly-correlated systems with Γ≳ 1 [1, 2]. Unlike ideal
plasmas, the Debye shielding assumption fails in SCPs. Fur-
thermore, as Γ increases, the plasma differs from the gaseous
behavior and exhibits liquid or solid characteristics. The short-
range order interaction between particles makes the theoret-
ical approach to SCP challenging. The plasma may undergo
the Wigner crystallization when the Γ exceeds ∼180 [1, 3].
Recently, there have been efforts to calculate structural and
thermodynamic properties for SCPs with high Γ values [3].
More importantly, SCPs are encountered in many contexts
such as galaxies, white dwarf stars, cores of Jovian planets
[4], lightening in thick planetary atmospheres [5], and inertial
confinement fusion experiments [6].

Owing to their scientific importance and possible practical
applications of SCPs, significant efforts have been made for
several decades to study thermodynamic properties of SCPs,
in particular, the equation of states, which connects the ther-
modynamic quantities of the plasma such as internal energy
density and pressure [7]. However, experimental determina-
tion of equation of states is still challenging due to the short
time scales of most SCP experiments. The radiation transport
in SCPs is also considered important for understanding energy
transport during star formation in an accretion disk and nuc-
lear burning in the core of the star. The opacity, which is a con-
venient measure of the resistance to the transmission of radi-
ation, is determined by various collisional processes involving
free and bound electrons such as inverse Bremsstrahlung, pho-
toionization, and inelastic scattering. Relative contributions
of individual collision processes depend mostly on the elec-
tron temperature Te, e.g. the inverse Bremsstrahlung is more
important for higher Te. For low temperature plasmas with
Te ∼ 1eV, scattering and absorption by ice, droplets, or dust
grains in the medium cannot be ignored. A number of mod-
els have been reported to analyze such inhomogeneous media
containing microscopic constituents by considering the chem-
ical equilibrium of each component across the phase bound-
ary; that is, the first-order phase transition of a subcritical fluid
is presumed [8–10].

In the present work, we demonstrate an efficient generation
of long-lived high-density plasmas by applying nanosecond
(ns) laser pulse on supercritical fluids (SCFs). We chose such
medium for high-density plasma discharge, in part because
discharge in SCFs would require less power compared to that
in liquids, owing to the absence of liquid-gas phase trans-
ition, and in part because an inhomogeneous SCF can be pre-
pared as we recently discovered that liquid-like fluid packages

(nanometer-sized clusters and sub-micrometer-sized droplets)
persist for a surprisingly long time in the SCF that is obtained
through a non-equilibrium process [11]. Note that the latter
work breaks the conventional wisdom that an SCF is homo-
geneous and structureless single phase medium, and extends
the related studies about liquid- or gas-like properties of SCFs
in equilibrium [11–21].

In the following sections, we show that the plasma reaches
and stays in the SCP state for a duration of about ten times
longer than the pulse length, which alleviates the difficulty
in measuring plasma parameters. The temporal evolution of
plasma temperature and density is accurately measured by
fitting the optical emission spectra and solving the Saha
equation modified by the ionization potential reduction. In
addition, we demonstrate the effect of the microscopic con-
stituents in inhomogeneous SCFs on the plasma’s opacity.
Our study demonstrates an enhanced photon confinement in
SCPs produced in inhomogeneous SCFs, suggesting that the
phase-separated microscopic constituents play a vital role on
the radiation process in SCP. The relevant examples include
lightening in a thick planetary atmosphere that is instantan-
eously cooled and locally condensed by storms, inertial con-
finement fusion discharges of targets with inevitable defects
from the fabrication process [22, 23], nanomaterial synthesis
[24], and laser-produced plasma light sources for extreme
ultraviolet (EUV) nanolithography [25–27].

2. Generation of jet-shaped plasma

In the process of increasing the chamber pressure up to 100 bar
by controlled compression-expansion cycles of argon fluid,
large populations of liquid-like fluid packages ranging in
size from several nanometers (clusters) to sub-micrometer
(droplets) are created (a more detailed explanation can be
found in the supplementary information and [11]). The liquid-
like mesoscopic particles survive in SCF for a long timescale
of the order of an hour, making the medium inhomogeneous.
After two hours or so, the majority of the liquid-like particles
dissolve into the background, and the medium becomes homo-
geneous. A nanosecond laser pulse is focused into either
inhomogeneous or homogeneous medium to produce dense
plasma. A detailed experimental setup is described in the
Methods section.

The laser pulse pre-ionizes the medium within its envelope
as it propagates to the focal point. A high-density plasma blob
is initially formed at the focal point and it grows toward the
laser upstream, i.e. in the opposite direction to the propaga-
tion of the laser pulse. The electron density of the initial plasma
exceeds the critical density of the laser’s optical frequency [28]
as evidenced by negligible passage of laser power onto the
beam dump. That is, the laser pulse is reflected backward,
further ionizing the medium in the upstream region. Thus,
the laser energy is asymmetrically deposited with respect to
the focus, and as a result, the plasma undergoes backward
expansion (see the supplementary information). This same
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Figure 1. Filtered images of the plasma discharges. The first (last) two columns show the images with a bandpass filter 290± 13 nm
(700± 25 nm). For each filter, the images are taken under two different medium conditions (inhomogeneous and homogeneous) and are
respectively normalized with respect to the maximum intensity of the two cases at each time frame. Jet-like plasma shapes are similar in
both medium conditions with their boundaries following the laser beam’s envelope (yellow dashed line). The plasma shape is attributed to
the progressive backward expansion of the plasma absorbing the laser energy. The spectral data presented in figures 2 and 3 are taken at the
spatial origin (r= 0 and z= 0).

expansion process occurs in both medium conditions and pro-
duces an elongated, jet-shaped plasma. In the ICCD images of
the plasmas (figure 1), the time origin (t= 0) and spatial ori-
gin (r= 0 and z= 0) are defined at when and where the plasma
emission is the most intense, respectively.

The average expansion speed is about 1000 km s−1, which
is much faster than any particle diffusion and consistent
with previous observations reported in literature [28, 29].
The expansion is likely due to laser absorption via inverse
Bremsstrahlung process during ion-electron collisions [30].
As expected, the timescale of plasma expansion is comparable
to the laser pulse duration of about 6 ns. Both the plasma dens-
ity and the temperature increase from about t=−6 ns until
t= 0 ns, and then the expansion ceases.

3. Strongly coupled plasma

The bulk characteristics of the plasmas in the homogeneous
and inhomogeneous cases are indistinguishable in the early
stage when the continuum emission is dominant over the line
emissions whereas the difference due to the medium condi-
tions emerges at later time (figure 2(a)). We analyze the optical
emissions to investigate the plasma evolution and check the
strongly coupled condition along the way.

We observe that continuum emissions are in the
230–640 nm spectral range and broadened line emissions
in the infrared region. A similar feature has been observed
in micro-discharge plasmas in liquids [31–34]. In such dense
plasmas including our case, the radiation mainly arises from
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Figure 2. Blackbody analysis of the plasma radiation spectrum.
(a) Absolutely calibrated broadband spectra from the plasmas along
with the corresponding blackbody fits. The spectra are fit with the
blackbody radiation model within 230–640 nm, which excludes the
highly broadened argon atomic line emissions that appear in the red
and near-infrared region on top of the rising baseline. The emission
is mostly continuum in the early stage, and line emissions gradually
increase with time. While the Ar I peaks appear for both cases, the
Si I peaks are only observed in the case of inhomogeneous medium.
The radiations from plasmas in different medium conditions deviate
increasingly with time. (b) Emissivity and temperature of the
plasmas as a function of time at the origin (r= 0 and z= 0). The
emissivities for both plasmas are identical when t⩽ 50 ns. However,
after t > 50 ns, the emissivities start to deviate from each other,
indicating the photon confinement of the plasma in the
inhomogeneous medium exceeds that in the homogeneous medium,
for identical temperature.

three-body recombination processes of electrons and ions
[35], and is thermalized due to the high absorptivity of the
plasma [31], yielding a blackbody emission spectrum. We use
the Planck’s blackbody function to fit the continuum in the
230–640 nm spectral region [31]. The spectral irradiance of
an ideal blackbody is

Iideal(λ;T) =
2πhc2

λ5 {exp(hc/λkBT)− 1}
, (1)

where h, c, λ, and T are the Planck constant, and the speed of
light, the wavelength, and the blackbody temperature, respect-
ively. The emissivity of the plasma εp is defined by the ratio
of the radiation intensity from the plasma to that from an ideal
blackbody of the same temperature,

Iexp(λ;T) = εpIideal(λ;T). (2)

Hence, the closer to unity εp is, the closer to an ideal black-
body the plasma is. The high emissivity of the plasma in
the early phase (t < 50 ns) is due to the high electron dens-
ity which provides high photon confinement. As the elec-
tron density decreases in the later time t > 50 ns, the photon
confinement and the emissivity exhibit noticeable depend-
ence on the medium condition (which will be discussed
later).

By fitting equations (1) and (2) to the continuum emis-
sions at different times, one obtains the temporal change of
the emissivity and temperature (figure 2(b)). The emissivities
of the plasmas in both medium conditions are∼0.6 initially (at
t= 0 ns) and decrease exponentially. The emissivities start to
deviate from each other at around t= 100 ns. The temperature
evolution is similar in both conditions. The initial temperature
is on the order of 10 000 K, rapidly decreases on a timescale of
50 ns, and slowly increases for a much longer period. Note that
the radiation better fits the blackbody shape after 50 ns, result-
ing in smaller errors. (The confidence intervals of the fitting
parameters of all data are given in the supplementary inform-
ation.)

The electron density of a dense plasma can be calculated
when it is transitioning from opaque to transparent, i.e. when
the emissivity deduced from the blackbody spectrum first
drops below unity [36, 37]. However, in our experiment, the
most opaque plasma at t= 0 ns has an emissivity of 0.6, inca-
pacitating the plasma opacity analysis. Instead, we try an indir-
ect method to estimate the electron density, which solves two
coupled equations—the potential lowering equation and the
corrected Saha’s equation.

In high-density plasmas, collisional processes are domin-
ant over radiative processes. De Giacomo et al [35] shows
that three-body recombination is much faster than radiative
recombination even for T= 10000 K at ne = 1021 cm−3. The
three-body recombination timescale is only about 10 fs [35]
which is much faster than the timescale of the plasma evolu-
tion in our experiment. It is then reasonable to assume estab-
lishment of Saha equilibrium among the ionization stages.
For the equilibration process in dense plasmas, one must con-
sider the reduction of ionization potential due to the Debye
screening [35, 37]. The lowering of the ionization poten-
tial allows the atoms to be easily ionized, even when the
photon energy (1.2 eV or 1064 nm) is much smaller than
unperturbed ionization energy (χ0 ≈ 15.8 eV for Ar I). The
potential lowering is roughly estimated to be on the order
of 10 eV or so, which allows Ar I easily to be ionized
by laser photons leading to the ionization avalanche as the
electron density increases during the formation of the initial
plasma.

For a more precise description, the amount of the ionization
potential reduction in a dense plasma is given by

∆χ=
(Z̄+ 1)e3

4πε0

√
Z̄(Z̄+ 1)n0
ε0kBTe

, (3)

where n0 is the atomic number density of the medium, and
Z̄= ne/n0 is the effective ionization level [37, 38]. The Saha
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equation is corrected under the presence of potential reduction
accordingly:

xm+1xe
xm

=
2
n0

um+1

um

(
mekBTe
2πℏ2

)3/2

exp

(
−χm−∆χ

kBTe

)
, (4)

where xm, xe, um, χm, me, and ℏ are the ion concentration frac-
tion, electron concentration fraction, electronic partition func-
tion, ionization potential for themth ion (m= 0 corresponds to
the neutral atom), the electron mass, and the reduced Planck
constant, respectively [37–39]. Assuming that the singly ion-
ized argon is the dominant ion species, x0 = 1− Z̄ and x1 =
xe = Z̄, and the Saha equation (4) for m= 0 becomes

Z̄2

1− Z̄
=

2
n0

u1
u0

(
mekBTe
2πℏ2

)3/2

exp

(
−χ0 −∆χ

kBTe

)
, (5)

where χ0 is the ionization potential of the isolated neut-
ral argon atom. Solving equations (3) and (5) simultan-
eously using the observed plasma temperature of 10 000 K
at t= 0 ns in our experiments and using u0 = 1, u1 = 5.66,
χ0 ≈ 15.8eV [40], and n0 = 2.53× 1021 cm−3 for the super-
critical argon fluid medium at 300 K and 100 bar [41], we
obtain the degree of ionization Z̄≈ 0.48 and potential lower-
ing ∆χ≈ 13 eV. These values yield an electron density of
ne ≈ 1.2× 1021 cm−3 and a Coulomb coupling parameter of
Γ≈ 2.9 (see the supplementary information), showing that
the plasma in the early phase is in the strongly coupled state.
The strongly coupled state is maintained approximately for
t≲ 50 ns until the electron density remains sufficiently high.

The plasma relaxes out of the strongly coupled state as
indicated by the exponential decrease in emissivity, which
implies acceleration of electron loss. The main electron loss
channel is three-body recombination as discussed earlier [35].
To check if diffusion plays any significant role, let us consider
the self-diffusion coefficient D of SCP given by [36, 42]

D≈ D∗a2ωp, (6)

where the Wigner–Seitz radius a= (4πne/3)−1/3 ≈ 0.58 nm,
the plasma frequencyωp =

√
nee2/ε0me ≈ 2.0× 1015 Hz, and

the normalized self-diffusion coefficient D∗ ∼ 0.7 for Γ≈ 2.9
[42]. Therefore, for a time duration∆t= 100 ns, themaximum
diffusion length ∆x∼

√
D∆t∼ 7 µm, which is much smaller

than the radial size of the plasma r0 ≈ 1 mm by that time. Dif-
fusion is thus negligible.

4. Enhanced photon confinement

As time elapses, the plasma becomes diluted while the volume
shrinks, and line emissions appear on top of the continuum.
The argon line emissions are observed in both medium condi-
tions as expected. Interestingly, on the other hand, silicon line
emissions are observed in the spectral region of 250–300 nm
only for the case of inhomogeneous medium, and are com-
pletely absent for the case of homogeneous medium. Si I

Figure 3. Asymmetric Stark broadenings. (a) Asymmetric Stark
broadening for the Si I emission line (4s1P◦

1 → 3p1D2, 288.16 nm)
and the Ar I emission line (4p2[1/2]1 → 4s2[3/2]◦2 , 696.54 nm). The
silicon line emission is only observed for the plasma generated in
the inhomogeneous medium, whereas the argon line emission is
detected for both conditions. The total broadening and shift decrease
with time. At 1000 ns, the argon line emissions disappear for both
medium conditions. (b) Temporal evolution of electron density. The
electron densities of the plasmas in both media are of the same order
in contrast to the large difference of the plasma emissivities. The
error bars show the standard deviations of the Stark broadening
analysis results based on the total shifts and widths of the silicon
and argon lines.

line emissions are due to Si-containing impurity molecules
that are expected to originate from the lubricant oil in the
compressor. A trace amount of oil vapor can permeate into
the high-pressure chamber during the compression-expansion
process. The impurity molecules can provide the nucleation
sites for the formation of liquid-like fluid packages and would
float with them until they dissolve. It appears that the impurity
molecules diffuse away and stick to the wall by the time that
the supercritical medium becomes homogeneous. The exist-
ence of Si impurities is fortunate rather than being a nuis-
ance because a trace amount of Si can generate high intens-
ity optical emissions owing to the high transition strengths of
many energy levels of the neutral Si atom. Thus, we utilize the
Si line emissions to measure the electron density at a later time
(t⩾ 50 ns) when the plasma becomes diluted (figure 3) and
the electron density estimation by the modified Saha equation
becomes unviable.

A large asymmetric Stark broadening is observed in both
the silicon and argon line emissions. It is well known that
the asymmetry originates from the influence of the static ions
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[43, 44]. The line profile considering both electron and ion
Stark effects is given by [43, 45]

jA(λ̄) =
ˆ ∞

0

H(β)dβ

1+
(
x−A4/3β2

)2 , (7)

where jα is the relative intensity of the profile; H(β) is the
microfield strength at the emitting neutral atom as a func-
tion of the reduced field strength β; A is the ion broaden-
ing parameter which is a measure of the ion contribution to
the asymmetry (also known as α); λ̄=±(λ−λ0 − de)/we is
the reduced wavelength and the sign determines the direc-
tion of the asymmetry (for a positive sign, the asymmetric tail
stretches out to the longer wavelength); λ0, de, and we are the
center wavelength of unperturbed line emission, the electron
impact shift, and the electron impact width, respectively. The
asymptotic approximation to the microfield strength yields

H(β)≈ K̃β−5/2 exp
(
−Γ̃β1/2 −β−3/2

)
, (8)

where K̃ is determined from the normalization constraint,
whereas Γ̃ is a free parameter close to Γ [46]. For our analysis,
we choose Γ̃≈ 0.35 using the approximate plasma paramet-
ers ne = 1018 cm−3 and Te = 8000 K with the corresponding
Coulomb coupling parameter Γ = 0.34 and noting that the fit-
ting function is not very sensitive to the value of Γ̃. The total
shift and width of the line emissions are obtained by fitting
the measured line profile using equations (7) and (8), and then
the electron densities are estimated (figure 3(b)) by comparing
them with the literature [45, 47]. Note that the instrumental
broadening of 0.45 nm is negligible, compared to the Stark
effect (larger than 0.8 nm except for Si I lines when t⩾ 200 ns
which are excluded for this analysis) as shown in figure 3(a).

The estimated electron density of the plasma after 50 ns is
on the order of 1018 cm−3 for both SCF medium conditions.
Even though the inherent error is large in the Stark broad-
ening analysis, we can infer that the electron densities for
both medium conditions are of the same order. However, even
under similar electron densities, the emissivity of the plasma
generated in the inhomogeneous SCF surpasses the case of
the homogeneous SCF by an order of magnitude at t= 300 ns
(figure 2(b)). As previously mentioned, the medium condi-
tion affects the photon confinement more significantly than the
electron density when the electron density becomes low in the
relaxation stage (t > 50 ns).

The integrated extinction coefficient of plasma bulk along
the line of sight αr0 (where r0 is the radius of the plasma) is
equal to the total emissivity of the plasma εr0 = εp when the
object is in thermal equilibrium [48] according to Kirchhoff’s
law of thermal radiation. Using the radius of the plasma
r0 ≈ 1 mm and the extinction coefficient of the inhomogen-
eous SCF αinhomo ≈ 0.005 mm−1 [11] in our experiment,
αinhomor0 = 0.005 (note that the absorption and scattering of
the homogeneous medium is negligible). This estimation sup-
ports the experimental observation after t= 50 ns: the sep-
aration of emissivity between the different medium condi-
tions without compelling differences in electron density and
temperature (figure 2(b)). Microscopically, the high extinction

coefficient of the inhomogeneous SCF mainly comes from the
scattering by the nanometer-sized argon clusters [11].

One last feature of the plasma from the inhomogeneous
medium before the radiation completely disappears is that
the light emission emanates from the sub-micrometer-sized
droplets floating in the medium (see the images for t⩾ 300 ns
in figure 1). This suggests that the droplets inside the plasma
act as recombination sites because atomic line emissions fol-
low from electron-ion recombination. Therefore, the particles
submerged in SCP attract a considerable amount of electrons
and serve as the charge reservoirs. The charge in dusty plasma
is understood based on the unequal charge flow of electrons
and ions at the dust surface [49] is still applicable in this case.
Therefore, once an SCP is generated, electrons are attracted
to the droplets, and the recombinations with ions that occur at
later times are localized near the droplets.

5. Conclusion

We showed that the single-component SCF is an energy-
efficient medium for generation of high-density SCP plasmas
by laser pulse, as there is no latent heat associated with temper-
ature changes during the discharge process. Furthermore, we
revealed that the liquid-like mesoscopic particles in the phase-
separated inhomogeneous SCF [11] enhance the confinement
of radiation from the plasma. Recalling that the major uncer-
tainty in modeling the opacity of fluids in a subcritical con-
dition originates from phase transitions when the temperature
and density change (chapter 6 in [7]), our experiment suggests
a new research area for dusty SCFs. This finding may also
provide a method of increasing the brightness and duration of
light emission from a dense plasma. In particular, considering
the fact that the Rayleigh scattering cross-section is inversely
proportional to the fourth power of the wavelength, it can be
expected that the nanometer-sized clusters in the medium cre-
ate a more effective optical confinement to applications for
short wavelengths such as EUV or x-ray generation by laser-
produced plasmas. In addition, SCPs in such inhomogeneous
SCFs may be a good platform to study other anomalous trans-
port properties regarding charge or heat.

6. Methods

6.1. Experimental setup

The SCP is generated using an Nd:YAG pulse
laser (Quantel)—wavelength: 1064 nm, pulse energy:
730 mJ/pulse, duration: 6 ns, and operation frequency: 2 Hz.
The laser repetition rate is set to avoid the residual turbulence
of the medium from successive pulses (see the supplement-
ary information). The laser is focused with a 50 mm AR
coated plano-convex lens (Thorlabs) into the high-pressure
chamber and the final intensity at focus is estimated to be on
the order of 1012 W cm−2 (detailed analysis is given in the
supplementary information). The cube-shaped stainless steel
chamber has five optical viewports, each of which consists
of a sapphire window and stainless steel housing (Rayotek).

6
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The light emission from the plasma is guided by a lens and an
optical fiber (Thorlabs)—collection area: ∼0.43 mm2 to the
Czerny-Tuner typemonochromator (Princeton Instruments)—
focal length: 300 mm and ICCD (Princeton Instruments). The
ICCD camera is synchronized with the electrical signal that
precedes the Q-switch of the Nd:YAG laser. The gate of ICCD
opens at the rising edge of the trigger signal (timing jitter <
1 ns). Regardless of the gate width, the time delay of each
experiment refers to the gate opening event. For instance,
if the time delay t= 300 ns and the gate width w= 30 ns,
the ICCD acquires the signal from 300 to 330 ns. The gate
width of ICCD is manipulated from 3 to 50 ns depending on
the time delay, and each spectrum is averaged over 10–600
plasma discharges to improve the signal-to-noise ratio (the
supplementary information includes a detailed description of
acquisitions). The shot-to-shot fluctuation of the laser pulse is
negligible, and that of the plasma emission is less than 20%.
The spectral response of the measurement system is abso-
lutely calibrated by using a standard light source to 15% of
errors (Ocean Optics). The filtered image of plasma discharge
is taken separately with the imaging optics and ICCD. All
images presented in figure 1 are single-shot images without
averaging.

6.2. Radiative transfer equation

The radiative transfer for an emitting and absorbing medium
by incorporating both effects into a single equation along a ray
is given by [31, 48]

dIλ
ds

=−αλIλ +αλBλ(T), (9)

where s, Iλ, αλ, and Bλ(T) are the distance, the spectral irra-
diance, the net absorptivity per unit distance (also called the
extinction coefficient to distinguish it from the ‘true’ absorp-
tion coefficient which excludes the scattering effects [48]), and
the Planck function, respectively. If we choose a boundary
condition Iλ(0) = 0, which implies the light emission at the
starting point is zero because there is no emitter and the emis-
sion gradually integrated along with the line of sight, equation
(9) yields

Iλ(s) =
{
1− e−αλs

}
Bλ(T). (10)

For a gray-body plasma where αλs≪ 1, equation (10) is
reduced to Iλ(s)≈ αλsBλ(T). By the Kirchhoff’s law of
thermal radiation, when the object is in thermal equilibrium,
the extinction coefficient and emissivity is identical (αλ = ελ).
Considering the line integrated emissivity ελs= εp, we have
Iλ = εpBλ(T), which is identical to equation (2).
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