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Near-critical phase explosion promoting breakdown plasma ignition
during laser ablation of graphite
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Removal rate, air shock, and ablative recoil pressure parameters were measured as a function of laser
intensity /pey during nanosecond laser ablation of graphite. Surface vaporization of molten graphite at low
intensities Iy <0.15 GW/ cm? was observed to transform into its near-critical phase explosion (intense
homogeneous boiling) at the threshold intensity Ipg~0.15 GW/cm? in the form of a drastic, correlated rise of
removal rate, air shock, and ablative recoil pressure magnitudes. Just above this threshold (Zpeu
=0.25 GW/cm?), the explosive mass removal ended up with saturation of the removal rate, much slower
increase of the air and recoil pressure magnitudes, and appearance of a visible surface plasma spark. In this
regime, the measured far-field air shock pressure amplitude exhibits a sublinear dependence on laser intensity
(%Igégak), while the source plasma shock pressure demonstrates a sublinear trend (Odgélk), both indicating the
subcritical character of the plasma. Against expectations, in this regime the plasma recoil pressure increases
versus I, superlinearly (Oclllj'elak), rather than sublinearly (alﬁéﬁk), with the mentioned difference related to the
intensity-dependent initial spatial plasma dimensions within the laser waist on the graphite surface and to the
plasma formation time during the heating laser pulse (overall, the pressure source effect). The strict coinci-
dence of the phase explosion, providing high (kbar) hydrodynamic pressures of ablation products, and the
ignition of ablative laser plasma in the carbon plume may indicate the ablative pressure-dependent character of
the underlying optical breakdown at the high plume pressures, initiating the plasma formation. The experimen-
tal data evidence that the spatiotemporal extension of the plasma in the laser plume and ambient air during the
heating laser pulse is supported by fast lateral electron and radiative heat conduction (laser-supported combus-
tion wave regime), rather than by propagation of a strong shock wave (laser-supported detonation wave

regime).

DOI: 10.1103/PhysRevE.82.016404

I. INTRODUCTION

High-power laser irradiation of materials surfaces usually
results in intense vaporization of a laser-superheated surface
molten layer and its following intense homogeneous boiling
(phase explosion) at near-critical temperatures T<T,, [1-4].
However, if the vaporized atoms and molecules possess low
first ionization potentials J; (i.e., J,/kgT, <1, where kg is
the Boltzmann constant), laser-induced optical breakdown
and plasma ignition may occur in the vapor during surface
vaporization, i.e., prior the phase explosion [5]. In contrast,
in the other case of J,/kgT,>1, such phase explosion at T
=T, precedes optical breakdown and plasma ignition in the
ablation plume [6]. The relationship between the near-critical
phase explosion and plasma formation, or, in other words,
the order of their appearance on a laser intensity scale, is
very important for multiple applications, such as laser-
induced breakdown spectroscopy (LIBS) in laser plumes [6],
inductively coupled plasma sources for mass-spectrometric,
atomic emission and other analytical techniques equipped
with laser microsampling [7,8]. In particular, such sequence
of phase explosion and plasma formation dictates a compo-
sition of primary gaseous products (vapor, vapor/droplet
mixture, plasma) of laser ablation and basic parameters of
the resulting plasmas.

Interestingly, since the 70s, when this important phenom-
enological criterion based on the ratio J,/kgT,, has been de-
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rived via a broad overview of the large set of experimental
facts [5], representing well-defined plasma formation thresh-
olds during pulsed laser ablation [9], it was neither verified
in any independent experiments, nor tested by theory. Fur-
thermore, no any other advanced relevant criteria, relating
ablative mass removal and laser plasma ignition in ablation
plumes were proposed since that time. Meanwhile, this cri-
terion obviously ignores essential monotonous laser wave-
length [4,10,11] and nonmonotonous vapor pressure effects
[4,11] on an onset of optical breakdown in laser plumes prior
plasma formation, which determine basic relationships be-
tween local (optical breakdown) and non-local (plasma ab-
sorption and screening) optical effects, and corresponding
spatiotemporal dynamics in a near-surface “opaqueness” re-
gion [12] during ignition of the laser ablative plasma. Such
very early (ignition) stage of laser ablative plasma dynamics,
relating together ablative mass removal and plasma phenom-
ena, is crucial for understanding of emissive, hydrodynamic
and energetic characteristics of the hot and dense plasma
core region in laser plumes, and of a stochastic, strongly
perturbative spatial structure of the plasma in the near-
surface “opaqueness” region [12]. Nevertheless, so far there
were only a limited number of experimental studies covering
mass removal, onset and development of plasma during
high-power laser ablation [13—17], as compared to multiple
experimental and theoretical research works on mechanical
coupling (vapor/plasma recoil momentum transfer) to laser-
ablated targets, relating together characteristic intensity val-
ues for the maximum of mechanical impulse coupling coef-
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ficient C,,, optical breakdown in corresponding ablative
plumes and subsequent plasma extension via laser-supported
combustion wave [1,18-20]. As a result, the relationships
between the mass removal, vapor gasdynamic, or plasma hy-
drodynamic flow, and ionization phenomena during high-
power laser ablation are remaining unexplored in details. As
an example, it is not widely accepted yet whether laser
plasma formation in ablation plumes occurs via rather
gradual heating of an expanding vapor through the inverse
Bremsstrahlung absorption mechanism [16,21,22], or such
plasma may appear suddenly in the plume during laser abla-
tion above some threshold intensity value [1,4-6,9-11],
which simultaneously provides sufficient pressure of the tar-
get vapor and its pressure-dependent optical breakdown.
Also, it is interesting to study characteristics of optical
breakdown at high (kbar) vapor pressures typical for laser
ablative plumes, but hardly accessible at stationary compres-
sion of gases [19].

In this work we experimentally demonstrate a strict cor-
relation between a thresholdlike nanosecond laser-induced
phase explosion on graphite surface, providing high removal
rates and high (kbar) hydrodynamic pressures in the resulting
ablation plumes, and the following formation of an ablative
subcritical plasma. These experimental studies and related
modeling show that this sequence of the phase explosion and
optical breakdown (plasma ignition) in the plumes is dictated
by the vapor pressure dependence of the breakdown thresh-
old, revealing interesting spatiotemporal dynamics of the op-
tical breakdown, plasma formation, and extension during the
laser ablation of graphite.

II. EXPERIMENTAL SETUP AND TECHNIQUES

In these experiments we performed laser ablation of
millimeter-thick polycrystalline graphite plates (mass density
po=1.7 g/cm?). A primary laser source was a frequency-
doubled Nd:YAG laser (LTIPCh-412) with a lasing wave-
length A\j,;=532 nm, laser pulse full width at a half maxi-
mum (FWHM) 7,,=25 ns, and a maximum pulse energy in
the TEM,, mode =50 mlJ at a repetition rate of 12.5 Hz. The
532 nm laser pulses were focused using a silica lens (focal
length f=40 cm) into focal spots wy=40-150 wm (at the
1/e level) and their energies were monitored by means of a
thermocouple energy meter (Fig. 1).

Contact ultrasonic measurements of ablative pressure
were carried out in a single-shot mode at variable peak laser
intensities I =0.1-2 GW/cm? in the acoustic far-field re-
gion using a brass-disk protected piezoelectric transducer
(LiNbO3, the effective bandwidth <20 MHz, sensitivity of 1
mV/atm) [23,24], with the graphite plate sliding on the 3mm
thick protective front cover brass disk of the transducer via a
thin lubricating vacuum grease layer. The active front elec-
trode of the transducer was centered relative to the laser focal
point on the front surface of the sample. The acquired ultra-
sonic transients with the first compressive (P, and the
second rarefaction (P,,.) pressure pulses were bipolar
(Peomp™ Prare) at  lower  laser intensities  [peu
<0.15 GW/cm? and almost unipolar (Peomp> Prares Prare
~0) at higher I, values, representing a superposition of
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FIG. 1. Experimental setup for ultrasonic studies during 532-nm
nanosecond laser ablation of graphite: BS—beam splitter, PD—fast
trigger silicon photodiode, VA—variable energy attenuator, FL—
focusing silica lens, EM—thermocouple energy meter, UT1,2—
ultrasonic transducers for rear-side solid and front-side air measure-
ments, MO and CCD—microscope objective equipped by CCD
camera, PC—laptop computer for data acquisition.

Doubled
Nd:YAG laser

graphite

bipolar thermoacoustic (cdI/dt) and unipolar vapor (plasma)
recoil (e<I()) pressure signals [24,25]. The resulting vapor or
plasma recoil pressures were then derived as follows [24,25]

P - P,
Po= (ﬂ%me) (bipolar transients), (1a)
Prec = Peomp  (unipolar transients). (1b)

Also, we performed non-contact ultrasonic measurements of
air transit times (#,) and compressive pressure amplitudes
(Pyir) versus I, =0.01-50 GW/cm? for sonic and super-
sonic (shock) waves, driven in air during the simultaneous
laser ablation of the graphite samples, placing a piezoelectric
transducer Miniwat-2 (PVDF, bandwidth <30 MHz, sensi-
tivity of 10 V/atm, UC VINFIN) [26] at the far-field distance
l,;;=23 mm in front of the samples. The voltage transients
from the transducers were recorded using a 50-€) input of a
digital storage oscilloscope Tektronix TDS-2024, which was
triggered via another 50-€) input by an electric pulse from a
fast photodiode DET-210 (Thorlabs) fed by a weak split laser
beam.

Similarly, average removal rates X per laser shot at differ-
ent /. values were ultrasonically measured for the graphite,
acquiring average intensity-dependent temporal displace-
ments of the corresponding ultrasonic pulse fronts per each
shot to the smaller transit times, driven by extension of the
ablation craters through the graphite plate to the ultrasonic
transducer on its rear side, and multiplying the acquired av-
erage displacement per shot by the longitudinal sound veloc-
ity [27] in the graphite sample C;4,,~2.3 km/s. The latter
value was experimentally measured, detecting ultrasonic
transit times for a few polycrystalline graphite plates of dif-
ferent thickness.

III. EXPERIMENTAL RESULTS
A. Surface phase explosion

At low incident peak laser intensities = Jpeq
=0.15 GW/cm? the measured low removal rate X and re-
coil pressure P, vary super-linearly (06111)'333]() before the next
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FIG. 2. Average removal rate X (dark circles, left axis) and
calibrated recoil pressure P, in bars (light squares, right axis) for
the polycrystalline graphite versus peak laser intensity /., with the
arrows and marks Ipg, I,1,s denoting the phase explosion and plasma
formation thresholds, respectively. The straight thin lines denote
their linear fitting curves with power slopes Kp;=1.30*0.18 (for
Toeak<Ipp) and Kp,=1.08=0.04 (for I,cu > Iyp), as well as the
special fitting curve Igé‘;k{ln[lpeak/ Lpjas)}''* (the upper thick one at
high Z,e.). The horizontal dotted line denotes the maximum abla-
tion pressure value of =620 bar achieved at Ieq = Iy, prior dense
plasma formation.

sharp increase (Fig. 2), correlating to each other and corre-
sponding to the common surface vaporization regime (vapor-
ization front velocity V.,~X/7,~1-10 m/s) [2-4,28].
The superlinear X(/,,) dependence, contradicting, at the
first glance, to previous theoretical predictions (V%I eu
[2,4]), can be nevertheless expressed in the linear form X
% (Lpeak— L) "7 %%, where the vaporization threshold I,y
~0.03 GW/cm? for the polycrystalline graphite is consis-
tent with the nanosecond laser melting threshold for highly-
oriented pyrolitic graphite (HOPG) ~0.02 GW/cm? [24,29],
as graphite melting is known to be accompanied by intense
vaporization of its molten phase [24,30,31] (the extrapolated
P...~ 10 bar at I,;;~0.03 GW/cm? in Fig. 2; see also simi-
lar extrapolated value Pg=~20 bar at I,,,~0.03 GW/cm? in
Fig. 5 below, while note that the equilibrium vapor pressure
could be higher by the factor of 2 because of the unidirec-
tional (off the surface) character of the nonequilibrium vapor
flow [4,28]).

The good correlation between the integral X and instanta-
neous (peak) P,.. magnitudes may mean that the surface va-
porization occurs in a steady-state manner over the incident
laser pulse, and can be used to estimate absolute values of
the measured recoil pressures. For this purpose, the known
hydrodynamic continuity relations (mass and momentum
conservation rules) [4,28] can be employed in the form

pOVev = pvavaap9 (23)

Po Vev Vvap = pvapV%/ap > (2b)

where the vapor recoil pressure P~ poVe,Vy,, is deter-
mined by the removal rate (V,, ~ X/ 7,,) and lift-off velocity
Vyap= (RT/M)"?~2.1X10° m/s of the predominant vapor-
ized carbon species C; [30] with the molar mass M;=1.2
X 1072 kg/mole at the near-critical surface temperature
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T=~T,~7x10% K [30,31]. The estimated ablative recoil
pressures P,..~ 10% in Fig. 2 are in semiquantitative agree-
ment with the equilibrium saturated vapor pressure values at
the near-critical temperatures T<T,, [31], accounting for the
unidirectional character of the vapor flow.

Then, the following drastic correlated increase of the
X(Ipear) and Prec(Ipey) curves at I, =0.15 GW/cm? in Fig.
2 can be related to laser-induced surface phase explosion in
the vicinity of the critical point of carbon at the intensity
threshold Ipg. This assumption is supported by our estimates
of the maximum ablative recoil pressure P...~ 10 bar (Fig.
2) achieved prior an onset of optical vapor breakdown at
L,,s=0.25 GW/cm? (see Secs. III B and IV below), which
is consistent, accounting for the abovementioned unidirec-
tional character of the vapor flow [4,28], with the critical
pressure of carbon P,=2230 bar [30,31]. The persisting
good qualitative correlation for /e, = Ipg between X and P,
magnitudes related by Egs. (2a) and (2b) via V,,, indicates
that the magnitude V,,, remains almost constant during the
heating laser pulse in this ablation regime (the same appears
to be true for the temperature in the near-surface melt layer),
but the removal rate strongly increases under the near-critical
conditions, representing an onset of the surface phase explo-
sion, which may occur as a superposition of consequent pro-
cesses of intense and quasi-continuous surface vaporization,
bulk homogeneous boiling or even spinodal decomposition
of the strongly superheated surface melt [31-33]. More ex-
actly, the liquid/vapor spinodal curve limiting the thermody-
namic existence region of the metastable superheated liquid
phase was demonstrated to be unattainable under ultrashort
pulsed heating [34], while for longer—nanosecond—heating
pulses laser-superheated liquids may closely approach this
limit [35]. In contrast, surface vaporization path appears to
be very arbitrary in the proximity of the spinode curve as the
liquid/vapor surface becomes strongly corrugated by vapor
bubbles released via the competing bulk boiling process [32]
and mean free paths of vapor particles become of the order
of inter-particle distances in such dense near-critical vapors.
Hence, the intermediate—near-critical —homogeneous
boiling—process appears to be the most probable ablative
mass removal mechanism under circumstances of this study.

Simultaneously, the related dependence Pyiy(/jeqr) also ex-
hibits the same initial region of a non-linear pressure varia-
tion prior its succeeding sharp rise near the same intensity
value Ipp=~0.15 GW/cm? (Fig. 3). Meanwhile, in this inten-
sity range the experimentally measured air transit times ¢, for
the pressure perturbations in air show supersonic average
propagation velocities C,,. (in air, the sound velocity equals
to 0.346 km/s at the normal conditions [36]) (Fig. 4), calcu-
lated simply dividing the 23-mm long propagation distance
Lyir by 0 Cave=lai/ 1. In the far-field air region, where the
ultrasonic data acquisition takes place, the air pressure per-
turbations propagate in the form of a spherical (diffracted)
wave with the initial radius Rg, which is proportional to the
waist radius (see the similarity of P,,./w, dependences on
Loea for 15 =0.2-50 GW/ cm? and different laser spot radii
wy in inset to Fig. 3), and the almost hyperbolic radial pres-
sure variation [37]
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FIG. 3. Air pressure P, for the different laser spot radii wg [150
(squares), 55 (circles) and 40 (triangles) um] versus /e, With the
linear fitting curves 1-3 (slopes K| 5 3). Inset: the same, but normal-
ized P/ wy curves versus e,y

P =Ps<’%>, 3)

where Pg is the initial (source) pressure. According to the
pressure dependence of the longitudinal sound velocity in air
C,i; [36] (Fig. 4, inset), such diffraction results in gradually
decelerating radial motion of the pressure waves from the
ablative source on the graphite surface and resulting in the
supersonic average propagation velocities C,,, reading as

lair d -1
Cou=1, f T 1 (4)
YT ) CalP(n)]

Hence, the measured average propagation velocities C,,, in
air can be converted into the initial ablative source pressures
Pg and shock wave velocities Cg. The resulting dependence
Pg(Ipey) in Fig. 5 demonstrates drastic rise at /ey = Ipg, as
well as the related X(/peo) and Prec(Zeq) curves, with the
evaluated ablative pressure values Pg in reasonable agree-
ment with the independently estimated pressure values P,
(Fig. 2); the discrepancy by the factor of 2 may result from
redeposition of the ablated material, significantly decreasing
its removal rate [38]. The derived Pg magnitudes at /ey
=~ [pg are close to the near-critical vapor pressure values of
graphite (Fig. 5), as well as similar (a few kbar) ablative
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FIG. 4. Average (light marks, C,., left axis) and initial (dark
marks, Cg, right axis) for the different laser spot radii wy [150
(squares) and 55 (circles) um] versus /e, Inset: pressure depen-
dence of sound velocity in air (after [36]).
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FIG. 5. Plume/plasma pressure Pg for wy=270 (squares) and 95
(circles) um versus Iy With the low-(Ipey <Ipg) and high-
intensity (Ipea™ Iplas) linear fitting curves 1-2 (slopes K| ). The
dotted horizontal and inclined lines denote the maximum ablation
pressure value of ~1140 bar achieved at Ijeq = Ijjes prior dense
plasma formation, and the estimate of the carbon vapor pressure
upon its laser melting at /jeq = I, =~ 0.03 GW/ cm?, respectively.

pressures of aluminum near its laser-induced phase explosion
threshold [38], indicating the onset of the near-critical sur-
face phase explosion. In agreement with the unidirectional
ablative vapor flow [4,28], the maximum Pg value ap-
proaches 0.5P,~1.1 kbar at lje, =~ I, Where the rising
Pg(I,cq) curve breaks because of optical breakdown. Like-
wise, the initial velocity value of the air shock wave in the
plume Cg=~ 1.4 km/s at leq = I, (Fig. 4) is also in quali-
tative agreement with that one near the phase explosion
threshold in aluminum (Cg=35 km/s) [38].

B. Optical breakdown and plasma formation

Interestingly, at higher laser intensities 0.25 GW/cm?
<Ipeak<0.6 GW/ cm? the removal rate X saturates at the
monotonously increasing P, (Fig. 2) and Pg (Fig. 5) pres-
sures, i.e., the abovementioned correlation between the mass
removal and near-surface plume/plasma pressure quantities
fails. The saturation of X indicates that laser ablation is com-
pletely screened (shielded) by absorption in the dense abla-
tive plume, while this absorption produces an extra pressure
of the plume on the target, which may originate from an
expanding ablative laser plasma, emerging in the plume at
Lk =0.3 GW/cm?> I [Fig. 6(b)]. By the way, on this
and previous images [Figs. 6(a) and 6(b)], corresponding to
Lpear = Ip, light tracks (fountains) of micrometer-sized drop-
lets are visible in the laser plumes after the preceding surface
phase explosions.

The suggestion on emerging ablative laser plasma is
strongly supported by our ultrasonic measurements in air.
First, all P (I,eu) curves in Fig. 3 for the different focusing
conditions—w=40, 55, and 150 um—are well fitted in the
range of 0.2-30 GW/cm? by a square root dependence,
which for the corresponding laser-driven shock waves indi-
cates a square root dependence of source energy density [39].
This functional form is consistent with that of nanosecond
laser-heated sub-critical plasma with the plasma energy den-
sity and temperature increasing as “14211( [40] or, according

to other references, as Mlg,/eik [21,22]. Second, the derived
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FIG. 6. Optical images of single-shot ablative carbon plasmas at
Lpeak=0.15 (), 0.3 (b), 4 (c) and 14 (d) GW/cm? [the scale bar is
similar for images (b)—(d)]. The arrow shows the laser incidence
direction.

Ps(Ipea) dependence demonstrates in the range of
0.25-4 GW/cm? the scaling relationship Mlggk (Fig. 5),
which is also characteristic of pressure dependence on laser
intensity for ablative sub-critical laser plasmas [21,22].
Third, hot and dense ablative nanosecond laser plasma is
known to be responsible for expulsion of multimicron sized
droplets through bulk melting and overheating of solid ma-
terials at GW/cm? laser intensities [3,15,41] and in our
plasma imaging studies we observed such melt expulsion at
high 7, =4 GW/cm? [Fig. 6(c)].

Hence, following our experimental findings for this laser
intensity range (/peq=/11,s=~0.25 GW/cm?>Ipg), one can
conclude on formation of dense screening laser plasmas in
the corresponding “optically thick™ ablative carbon plumes,
resulting from intense phase explosion of the near-critical
superheated melt on the laser-irradiated graphite surface. It is
important to note that the threshold of such near-critical
phase explosion, providing the maximum (plateau) removal
rate (Fig. 2), coincides with those ones for the maximum
mechanical coupling coefficient C,, (Cm~PS/Ipeak) at the
break point (/e = Iy1,s) in Fig. 5, and low-intensity optical
breakdown (plasma ignition) at the high—kbar—pressures in
the ablative carbon plumes, as was anticipated earlier [4].
Then, the following gradual decrease of Cmocrpel;ﬁ at higher
Icac magnitudes can be related to lower pressure generation
efficiency in the near-surface ablative subcritical plasma, al-
most completely shielding the target surface (Fig. 2).

However, there are still two basic experimental facts, re-
maining unexplained within the framework of this physical
picture. First, there is a strict correlation between the onset of
the near-critical phase explosion on the graphite surface, ac-
companied by the drastic rise of carbon vapor pressure in the
dense laser plume, and the succeeding formation of the dense
(sub-critical), hot ablative laser plasma. In this work we do
observe such correlation, but its physical reasons are unclear.
Second, the sub-critical plasma pressure (in this work—the
pressure Pg) usually exhibits a trend Mlggk [22], both for the
time-resolved ultrasonic measurements of the compression
wave amplitude [42], and time-integrated ballistic measure-
ments of the mechanical momentum supplied by the plasma
to the target [10,22]. In contrast, the stronger—slightly
super-linear (Mlé‘eluk)—dependence Prec(lpea) (Fig. 2) ob-
served in this work, may indicate additional effects of an
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intensity-dependent expansion (pressure application) time or
of intensity-dependent dimensions of the extending near-
surface ablative subcritical laser plasma (Fig. 6), which is a
source of ultrasonic emission at the high laser intensities.
Interestingly, one possible important link between the near-
critical surface phase explosion and the formation of the sub-
critical laser plasma, as well as the abovementioned spa-
tiotemporal plasma dynamics, is well-known pressure
dependence of optical breakdown thresholds in gases and
vapors [11]. In the next section, in order to clarify formation
and evolution of the subcritical laser plasma in the ablative
plumes with their intensity-dependent variable peak vapor
pressures and pronounced vapor pressure gradients, we con-
sider the pressure dependence of laser-induced optical break-
down threshold in gases, which determines the spatial di-
mensions of the optical breakdown (plasma) and its duration
in the near-surface region of the ablative plumes.

IV. DISCUSSION

A. Pressure-dependent threshold of the optical
breakdown in laser plume

It is traditionally assumed that optical breakdown in gases
occurs through an electron avalanche, driven by heating of
free electrons by a strong laser electric field via multiple
collisions with gaseous neutral species at a rate v (inverse
Bremsstrahlung absorption) [4,10,11]. The avalanche multi-
plication of free electrons takes place when their kinetic en-
ergy becomes comparable to the first ionization potential J,
of the species, at the time increment 7,,,, which is a function
of laser intensity and wavelength, as well as of gas thermo-
dynamic parameters (pressure P and temperature T) [4,11].
Then, the development of the electron avalanche is assumed
to be terminated (at least, in rarefied gases) by complete gas
ionization [N.() = N] after a number of carrier duplications
steps with the overall ionization time T;,, proportional to the
product of 7, and the natural logarithm of the ratio of the
gas density N at the given P and T, and initial electron den-
sity N.(0) {usually, N.(0) is arbitrarily taken equal to
1 em™, i.e., under the normal air conditions—atmospheric
gas pressure Py=1 bar, T,=~300 K, Ny~ 10" cm™>-T,,
~407,,} [11]. As a result, in this simple model, neglecting
diffusion and recombination of free electrons, as well as their
attachment to neutral atoms to form negative ions, the break-
down threshold intensity /., is defined as the laser intensity
value providing complete ionization of the gas exactly at the
end of the heating laser pulse [11]

4071'0]E ?
break = 2 ( 1 _2> s (5)
Tlas VRe)\las Wiyg

where ¢ is the electromagnetic velocity in vacuum, R,
=e?/m.c®>~3X 10715 m is the classical radius of electron of
the mass m. and charge e, w,s=2mc/\,; is the laser fre-
quency. At the normal conditions for visible laser wave-
lengths and nanosecond pulses the term in square brackets in
Eq. (5) is =1, providing wavelength- and pulse-width-
dependent optical breakdown thresholds Iy e o[ GW/cm?]
~10°/ 7\123571215 with the laser wavelength in microns and pulse
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width in nanoseconds [4,11,42]. However, at higher gas pres-
sures the I, value rapidly (as P,/ P) decreases, comparing
to the atmospheric pressure threshold 7y, o, due to more
frequent electron-neutral particle collisions and the resulting
higher heating rate. This decrease occurs until ¥(P) becomes
equal to wy, at certain pressure P ;,=Polw,/ V(Py)], but
then the breakdown threshold starts to increase monotoni-
cally as P/P, [4,11]. The overall pressure dependence for
Ireax 18 described as follows [11]:

P, P [uv(Py))\?
Ibreak(P) = Ibreak,0|:_0 + _(_0> :| > (6)
P PO Wy

exhibiting the minimum exactly at P,;,.

Importantly, optical breakdown in ablative plumes in front
of solid or liquid targets can be easily distinguished from that
one in the ambient air atmosphere, since the plume break-
down intensities are by two or three orders of magnitude
lower [4,19]. Despite a number of secondary effects [4], in-
cluding electron and ion emission from the targets, the in-
crease of the near-surface laser intensity due to the surface
reflection, local laser electric field enhancement due to sur-
face roughness, the lower average ionization energy for hot
ablation products, the main factor underlying nanosecond
laser-induced optical breakdown in vapor plumes, is consid-
ered to be high vapor pressure of ablation products (in excess
of 10% bar) [4]. For the near-critical surface phase explosion,
raising the plume pressure to the near-critical pressure mag-
nitudes (~10° bar), which are favorable for optical break-
down at lower Iy, [43], the optical breakdown becomes
directly related to the phase explosion threshold /pg. More-
over, though the equation of state for the near-critical vapor
differs significantly from that of ideal gas (P~ NT), in lieu
of a multiphase (vapor-droplet) character of ablation prod-
ucts after the phase explosion [24,44-47], the ideal-gas
equation can still be considered as a good approximation to
account for the vapor density (pressure) effect on /., under
these conditions. In this approximation, for the given plume
pressure P the high (near-critical) temperature of the ablation
products will shift Ii,.,.(P) curve to higher pressures by an
order of magnitude. Furthermore, the high plume tempera-
ture provides the corresponding high initial electron density
N(0) in the plume (~N X exp[—J,/kgT,]) with a minor con-
tribution of thermionic emission, providing complete ioniza-
tion [N.(0) =N] of the plumes in the time period propor-
tional to (J,/kgT,). The slightly modified /lyeu(P)
dependence for the near-critical dense ablation plumes reads
as

el J v(P,)?
Ibreak(P7 T) = - 2 ( - ) ( + 20
7-lasV(PO)Re)\las kT Wiy
Py, P [u(Py))\?
X|:_0+_(V( 0)) :|’ (7)
P P 0\ Wiag
including all the abovementioned important

factors—(J,/ kg T,,), spectral and pressure ones [4,5,10,11],
which affect optical breakdown of vapor under near-critical
laser-heating conditions.
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FIG. 7. (Color online) Plume/plasma pressure Pg for wy
=270 pm (dark squares) versus e, and the calculated lyyeq(P)
dependences for the atomic (continuous curve, ionizing/scattering
species—C,/C,), small (dashed curve, ionizing/scattering
species—C3/C3) and large (dotted-dashed curve, ionizing/
scattering species—C.,/C3) cluster carbon vapor compositions (the
calculation details see in the text). The arrows show the calculated
breakdown threshold Iy, (P*) for C;,Cz and C., ionized species,
and the pressures P, ¢; and Py, ¢3, corresponding to the minimal
breakdown thresholds. The circle corresponds to the experimentally
observed plasma formation region.

The latter equation was used in this work in calculations
of I (P) values for the employed 25 ns, 532 nm laser
pulses, considering, as a zero-order approximation, the near-
critical carbon vapor of the atomic (C;) species [30] with the
evaluated collision cross-section oy~ 1.8X 1072 m? and
first ionization potential J,;~10.9 eV [30], and the near-
critical phase explosion temperature ~7 X 103 K [30,31].
The calculated Iy, (P) curve (Fig. 7) exhibits the minimal
Treax Value of =2 GW/cm? at P,,;,=4.9X 10* bar, in poor
agreement with our experimentally observed plasma forma-
tion threshold /,,;=0.25 GW/cm* (Figs. 2-6) and corre-
sponding recoil and plume pressures P,..,Ps=~1X10° bar
(Figs. 2 and 5) (see two or three orders of magnitude higher
Iy ea Values measured so far for much lower gas pressures, in
Refs. [11,19]). The possible discrepancy between the calcu-
lated and measured magnitudes lyeq and I, respectively,
by the factor of 10 may result from our experimental uncer-
tainties, e.g., neglecting the intermediate electronically ex-
cited species in the carbon plumes, transient surface reflec-
tion, thermionic emission, the rather rough estimates for oy,
related to the rather extensive carbon cluster abundance for
the near-critical carbon vapor composition (predominantly,
C, and Cj; species [48]), as well as from the very approxi-
mate character of the ideal gas equation used in the near-
critical thermodynamic region (i.e., the vapor density will be
higher in the region, approaching to the liquid carbon density
[33]). As an example, according to our calculations, the in-
crease of oy, to =5.4X 1072 m? for C; species (J,;
~12 eV [38]), which are also present (even predominating
[48]) in the near-critical region, would yield in much lower
and closer P,;,~1.6X 10 bar, but in almost the same
Lireac =24 GW/cm? (Fig. 7). These results indicate that the
variation of the vapor composition affects presumably v(P,)
(through oy,), significantly changing P;,=Polwy,/ v(Po)].
Apparently, the breakdown threshold 7., can be influenced
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mostly by changes in J, (e.g., for large graphitelike carbon
nanoclusters C,, simultaneously emerging as a significant
high-mass fraction of a vapor-droplet mixture of ablation
products during such near-critical phase explosions [45-47],
their first ionization potential J,, . may become as low as the
work function of graphite =~4.6 eV [49]), reducing the
threshold by the factor of (J,../J,;3)*~10 and the corre-
sponding magnitude P, by the factor of (J,./J,;3)~3.
However, despite of the reasonable agreement between I,
and Iy, (Fig. 7), when impact ionization of the high-mass
carbon nanoclusters C., is presumably taken in to account,
the rather high electron affinity values (=J,..) for such car-
bon nanoclusters [49] make them poor scattering partners in
electron-neutral collisions due to electronic attachment, so
more efficient laser heating of electrons seems to occur in
their collisions with the most abundant C5 species.

Hence, in the lieu of the incomplete agreement between
the experimental (/,,;) and calculated (/) breakdown
thresholds for low-mass carbon species C; ; ablated from the
graphite target, one can suppose the important role of the
nanocluster (nanodroplet) fraction of the near-critical phase
explosion products during optical breakdown in the ablative
carbon plumes [24], among other factors such as electron and
ion emission from the target, the increase of the near-surface
laser intensity due to the surface reflection, local laser elec-
tric field enhancement due to the surface roughness, and the
lower average ionization energy for hot ablation products
[4]. Similarly, the nanodroplet fraction of the near-critical
surface phase explosion products may be responsible for
highly nonlinear, spatially inhomogeneous electron ava-
lanche in the ablative plumes prior their plasma ignition,
providing the observed stochastic, strongly perturbative spa-
tial structure of the near-surface plasma “opaqueness” region
[12] due to the different optical breakdown thresholds for the
carbon vapor and nanodroplet plume components.

B. Spatiotemporal dynamics of optical breakdown
and plasma in the laser plumes

The correlated drastic increase of X([peu), Prec(Ipear) and
Pg(I,eqr) curves near the phase explosion threshold Ipg (Figs.
2, 3, and 5), which represent, respectively, cumulative and
instantaneous (peak) parameters of the ablative mass re-
moval, indicates that the latter process occurs continuously
during the heating laser pulse with the intensity profile (7).
This fact provides a direct monotonous relationship between
magnitudes of the instantaneous vapor pressure P(f) in the
near-surface Knudsen layer and instantaneous laser intensity
(1), described in each time instant by some functional form,
which can be determined, e.g., using the experimental
Pg(Ipey) dependence. Then, once plotted in Fig. 7, these
curves illustrate how the vapor pressure P(¢) in the Knudsen
layer, rising during the laser pulse versus the instantaneous
(1), at some pulse instant —r* (the Gaussian I(r) profile has
its peak at a zero-time instant) crosses the curve I, (P) in
the point Iy,.. (P*), where the carbon vapor with the local
pressure P*, flowing through the near-surface Knudsen layer,
undergoes to optical breakdown. If I() increases further dur-
ing the laser pulse, the pressure P(r) of the flowing vapor in
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this layer rises too (Figs. 2 and 5), supporting more intense
optical breakdown (since I3 I, for P> P*). The optical
breakdown occurs in the layer in the new portions of ablation
products until the moment +7* when the vapor pressure and
laser intensity fall down to their threshold values P* and
Liea(PY), respectively. Likewise, optical breakdown extends
across the laser spot involving the spatial region where the
vapor pressure exceeds P*. Hence, it appears that, in agree-
ment with previous experimental observations [9], for the
particular nanosecond laser ablation conditions (laser wave-
length, pulsewidths, intensity profile) one can derive a case-
specific optical breakdown threshold intensity 7. (P"),
which determines the onset of plasma formation. The exis-
tence of this threshold introduces the initial radius Wy, of
the breakdown plasma for the incident focused Gaussian
beam

Theak
Wbreak(l peak) =Wy 11’1( Krwp:zTﬂ ) (8)

and duration of optical breakdown in the vapor, Tye=2t"
in the explicit form

I
TorearIneat) = Tias \/ I —&> 9
bred.k( pea_k) Tlas (Ibreak(P*) ( )

Such thresholdlike occurrence of the optical breakdown in
the near-critical vapor plume may considerably affect the
very early formation and expansion stages of the resulting
plasma both on spatial and temporal scales, e.g., by defining
the initial plasma source dimensions or the pressure applica-
tion times on the target surface, respectively. In particular,
our contact ultrasonic measurements on the rear side of the
graphite samples performed by means of the rather slow
transducer for the ultrasonic transients considerably broad-
ened in the polycrystalline graphite samples, may be
significantly affected by the these effects. Indeed, the
slightly ~super-linear Prec(lpeak)OCI[l,'eLk curve in Fig. 2,
which was obtained under the abovementioned conditions,
differs from those obtained via mechanical pendulum
measurements (PpendOCPplaSOCIf,/eik) [22,50] by the factor
{In[Z o/ Toreax (P*) 1'%, while its account in the form Py,
~ Pl In[Lyeqic/ Torea(P) 1}? provides a perfect fit to the ex-
perimental curve (Fig. 2). In fact, such region of super-linear
increase may be present on all the abovementioned obtained
dependences of recoil pressure or mechanical momentum on
laser intensity for /e = Ipg [22,50], but eventually—on the
broad intensity scale—transforms for the saturating factor
{In[Zeaie/ Torea (P) 112 into the pure trend Pplasmlg/eik [22,50].
Hence, one can relate the superlinear region of the Py..(/eux)
curve to the time-integrated character of our ultrasonic mea-
surements with the slow ultrasonic transducer and thick
polycrystalline graphite targets, affected by the duration of
the plasma pressure application to the target surface (the
temporal breakdown threshold factor) Tiyeq(Zpear). Alterna-
tively and more probably, one can consider the similar spatial
factor Wiyea(Ipear), accounting for the effective dimensions
of the breakdown region in the near-surface vapor plume as
the primary ultrasonic source on the ablated target surface.
For the such ambiguity, the enlightening point is the satura-
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tion of the X(I.,) curve in Fig. 2 for [c, =1, at the mo-
notonously increasing Prec(/pea), Which demonstrates that
the mass removal is terminated in this intensity range and
recoil pressure on the target surface is provided by the back-
ward plasma pressure. Effectively, this means that for e,
= I, there is no temporal correspondence between the near-
surface vapor pressure and the incident instantaneous laser
intensity and the factor Tyeu(/pear) is not applicable. In con-
trast, the surface screening by the dense plume expelled un-
der the near-critical surface phase explosion does not affect
extension of optical breakdown across the laser spot, thus
bringing up the more relevant spatial factor Wyyea(Zpeax)-

In contrast, comparing to the laser spot size wy, this spa-
tial factor does not affect the initial size of the pressure
source in our noncontact air measurements, otherwise, upon
correction for the factor, the P (Ipe.) “Iégk curves in Fig. 3
would demonstrate much weaker sub-linear trends. Hitherto,
one can conclude on considerable and fast extension of the
ablative plasma within the laser spot during the heating laser
pulse (Fig. 6) with the resulting lateral plasma radius com-
parable to w,, while at the speed exceeding the initial speed
(~1 km/s) of the detected shock waves (Fig. 4) to be insen-
sitive to the factor Wy (Z/pea). The latter condition can be
readily fulfilled either for intrinsic gas dynamic expansion of
the subcritical plasma, or for the plasma extension by means
of a laser-supported combustion wave, preheating the sur-
rounding plume or air species via fast electron and/or radia-
tive heat conduction [1,18-20]. Such a wave typically origi-
nates near the maximum of C,, [18-20,49] and, thus, in
accordance with our findings, from the surface phase explo-
sion near the critical point of carbon. In contrast, similar
laser-supported detonation waves of plasma extension at
speeds of the order of 10 km/s, driven by preheating of the
ablative plumes and ambient air by much faster diverging
breakdown-induced strong (GPa-level) shock waves [1],
would reveal no influence of the laser waist size w, but this
is not the case in our work (Fig. 3).
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V. CONCLUSIONS

In this work the primary focus was on experimental stud-
ies of optical breakdown and plasma ignition in high vapor
pressure ablative plumes produced during nanosecond laser
ablation of graphite. It was experimentally demonstrated that
the breakdown threshold is considerably decreased (down to
0.1-1 GW/cm?) at high—kbar—vapor pressures, provided
in the laser plume via intense quasi-continuous mass removal
during the preceding near-critical phase explosion in the su-
perheated molten surface layer of graphite. As a result, the
near-critical surface phase explosion yields not only in such
intense mass removal and maximum mechanical coupling
coefficient, but also in complete shielding of the target sur-
face by the high-mass nanocluster ablation products, and in
low-intensity optical breakdown in the high-pressure, high-
temperature plume, with all these important phenomena ap-
pearing in the correlated manner in the narrow laser intensity
range just above the phase explosion threshold. The ablative
laser plasma succeeding the optical breakdown in the carbon
plumes is identified in the range 0.1-100 GW/cm? as sub-
critical near-surface plasma with the intensity-dependent ini-
tial dimensions, the measured pressures up to several GPa,
and temperatures up to 10? eV evaluated using the well-
known scaling relationships for basic plasma parameters.
The transient extension of the plasmas during the heating
laser pulse was shown to occur in the laser-supported com-
bustion, rather than detonation, wave regime.
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