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Abstract. This work investigates evaporation kinetics — the
relation between the surface temperature and pressure during
excimer laser ablation. Nickel targets are ablated by excimer
laser pulses in a laser fluence range between1 and6 J/cm2,
with the upper limit exceeding the threshold of phase ex-
plosion (5 J/cm2). The surface pressure is determined with
a polyvinylidene fluoride (PVDF) piezoelectric transducer.
When phase explosion occurs, the surface temperature is
known to be near the thermodynamic critical temperature,
therefore, by measuring the surface pressure, the surface
temperature-pressure relation is determined at the threshold
fluence of phase explosion. The surface temperature and the
threshold fluence of phase explosion are also estimated from
the measured velocity of the vapor plume and gas dynamics
calculations. It is shown that, during excimer laser ablation,
the temperature and pressure relation deviates significantly
from the equilibrium kinetic relation.

PACS: 79.20.Ds; 68.10.Jy; 68.35.Rh

This work investigates the kinetics at the evaporating sur-
face during excimer laser ablation. The relation between the
transient surface temperature and the transient surface pres-
sure, which determines the evaporation mechanism and the
evaporation rate, is of prime interest. It is known that during
laser ablation superheating in the liquid could occur. When
the liquid is superheated to the limit of thermodynamic sta-
bility, the spinodal point, an explosive type of phase change
termed “phase explosion” or “explosive phase change” oc-
curs [1]. The explosive phase change has been observed ex-
perimentally during nanosecond pulsed excimer laser abla-
tion of nickel at laser fluences higher than5 J/cm2 [2]. Using
a numerical procedure, it is also shown that at laser fluences
higher than5 J/cm2 the surface temperature of nickel reaches
the spinodal point [3].

It has also been suggested that during the evaporation
process induced by a pulsed excimer laser, the surface
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temperature-pressure relation does not follow the binode or
the Clausius–Clapeyron relation. However, to date there has
been no report in the literature of experimental studies of the
actual surface temperature-pressure relation during laser ab-
lation. It has been common practice to use the equilibrium
Clausius–Clapeyron relation to compute the surface pressure
and the evaporation rate. The present work is intended to
determine the deviation of the surface temperature-pressure
relation from the Clausius–Clapeyron relation experimen-
tally. The surface pressure is measured with the use of a thin
polyvinylidene fluoride (PVDF) transducer (K-tech Co., Al-
buquerque, NM). The surface temperature is known to be
near the spinodal temperature (∼ 0.9Tc, where Tc is the
thermodynamic critical temperature) when phase explosion
occurs. However, measurements of the surface tempera-
ture are not attempted since the plasma plume produced by
laser ablation disrupts any information coming out from the
surface. Instead, the surface temperature is estimated from
a gas dynamics calculation using the measured velocity of
laser-evaporated vapor as the input parameter. Using these
approaches, the surface temperature-pressure relation is rec-
onciled. The experiments are performed in a laser fluence
range between1 and 6 J/cm2, with the lower end near the
evaporation threshold and the upper end exceeding the thresh-
old of phase explosion.

1 Pressure measurement with the PVDF transducer

The PVDF transducer is a well-established technique to study
pressure in solids. There are also a number of studies on
using the PVDF transducer to measure stress waves in solids
produced by laser irradiation [4-6]. The PVDF transducer of-
fers many advantages in stress measurements, including fast
time resolution (∼ 1 ns), large measurement range (0.1 barto
10 Mbar), and large signal output. In addition, PVDF trans-
ducer signals are highly reproducible under recurrent shock
loading, which is often lacking in conventional piezoelectric
shock sensors. The properties and responses of PVDF trans-
ducers to pressure have been well characterized [7]. Under
shock loading, the PVDF transducer delivers a voltage,V(t),
proportional to the stress difference between the two surfaces
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of the PVDF transducer foil [8]

V(t)= d33DsAR

l
[σf(t)−σb(t)] , (1)

whered33, Ds, A, R, andl are, respectively, the piezoelectric
constant, the shock velocity, the active area of the transducer,
the terminal resistance load, and the transducer thickness.
σf(t) andσb(t) are, respectively, the pressure history at the
front and back faces of the transducer. The values ofA and
l of the PVDF sensor used in this work are, respectively,
1.05 mm2 and21.60µm. When the stress applied to the trans-
ducer is less than30 MPa, d33 is 15.7 pC/N [9]. The trans-
ducer is custom-built and calibrated by K-tech Co.

The experimental setup is illustrated in Fig. 1. The laser
used in this work is a KrF excimer laser (λ= 248 nm) with
a 30 nspulse width (FWHM). ACaF2 lens with a150 mm
focal length is used to focus the laser beam on the target. In
order to limit the two-dimensional shock wave propagation
effect, the laser spot size needs to be larger than the thick-
ness of the target foil, and also larger than the active area of
the PVDF transducer (1 mm×1 mm). In this experiment, the
size of the laser spot is varied between0.065 cm2 (1.8 mm×
3.6 mm) and 0.25 cm2 (3.5 mm×7.0 mm). The energy per
laser pulse at the target surface is calibrated using an energy
meter. Energy fluctuation is monitored using a built-in energy
meter of the excimer laser, which is found to be less than
3%. A fast silicon photodiode sensing a split beam from the
excimer laser beam is used to trigger the data acquisition sys-
tem.

Figure 2 shows the detailed assembly of the target and
the PVDF transducer. The target is a242µm thick nickel
foil with 99.95% purity. Before taking data at a laser fluence,
the target surface is pre-treated using multiple laser pulses at
that laser fluence. A1.047 mmthick Kel-F (polychlorotriflu-
oroethylene) buffer and thin adhesive Teflon (polytetrafluo-
roethylene) resin (51µm thick) hold the nickel target to the
PVDF transducer. The shock impedance of Kel-F and Teflon
is matched with that of the PVDF transducer. A25.5 mm
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Fig. 1. Experimental setup
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Fig. 2a,b.Detailed target and PVDF transducer assembly.a Components of
a PVDF transducer;b dimensions of each component (mm)

thick Kel-F backer is used to mount the PVDF transducer,
and the whole transducer assembly is housed in an aluminum
canister, which is25 mm in diameter and50 mm long. The
PVDF transducer is connected to a digital storage oscillo-
scope (Tektronix TDS744), which is set to the50Ω terminal
load resistance for fast data acquisition.

Before the laser-produced shock reaches the back surface
of the PVDF transducer, the stress at the back surface of the
PVDF transducer,σb, is zero. Therefore, from (1), the output
voltage signal is directly proportional to the stress at the front
of the PVDF transducer,σf . As the shock wave reaches the
back surface of the PVDF transducer,σb starts to decrease.
The time for the shock to pass through the PVDF transducer,
τ, is about10 ns. When the shock reaches the back of the
PVDF transducer, the recorded voltage signal is proportional
to [σf(t)−σb(t)], whereσb(t)= σf(t− τ). It is assumed that
attenuation of the shock wave from the front to the back sur-
face of the PVDF transducer is negligible. This is due to the
small thickness of the PVDF transducer, and the low shock
pressure, which is not enough to generate considerable heat-
ing. Experimental justifications of this assumption will be
seen later. When the shock reaches the back surface of the
PVDF transducer, the value ofσf(t) can be calculated as

σf(t)= V(t)l

d33DsAR
+σf(t− τ) . (2)

The recorded voltage signal from the oscilloscope can be con-
verted to the pressure at the PVDF transducer using (2).

The shock impedance mismatch method is used to obtain
the stress profile in the nickel target from the measured stress
profile in PVDF. Since the shock impedances of Teflon and
KEL-F are the same as that of PVDF, there is only one reflec-
tion of the shock wave at the back side of the nickel. The total
thickness of the material behind the nickel foil is large, so that
the reflection of shock waves from the free end of the KEL-F
backer does not need to be considered. The transmitted wave
into the Teflon resin is a compression shock wave, and the re-
flected wave into the nickel foil is a rarefaction wave since the
dynamic rigidity of Teflon is smaller than that of nickel.
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In order to determine the stress in nickel from the meas-
ured stress in PVDF, stress-particle velocity (σ-u) relations
of nickel and PVDF (or Teflon) are needed, which can be
determined from the Hugoniot data [10]. According to the
conservation of momentum across the shock wave front, the
stressσ and the particle velocityu are related as

σ = %0Du , (3)

where%0 andD are, respectively, the density and shock vel-
ocity, with the subscript 0 denoting the state ahead of the
shock. In this work, the stress produced by laser irradiation
is rather small; therefore shock velocities can be treated as
constants, as for the shock impedance (%0D) of nickel and
PVDF. Using conservation of momentum, the particle vel-
ocity in nickel can be calculated as

uNi = σPVDF+ (%0D)NiuPVDF

2(%0D)Ni
(4a)

and the stress in nickel can be calculated as

σNi = (%0D)NiuNi . (4b)

Using (1)–(4), the measured PVDF output can be converted
to the pressure in PVDF and the pressure in the nickel tar-
get. Detailed descriptions of the above calculations have been
presented elsewhere [11].

2 Surface temperature measurement

The surface temperature is known to be near the critical
temperature at the threshold fluence of phase explosion,
5 J/cm2 [2]. At other laser fluences, the surface temperature
is estimated from the measured plume propagation velocity
using a gas dynamics analysis. The measurement of the
plume velocity has been presented elsewhere [2], and will not
be repeated here.

The gas dynamics model used in this work follows that
given by Knight [12]. When the laser fluence is higher than
the ablation threshold but less than the threshold for phase
explosion, the flow process can be depicted as Fig. 3a. The
laser-evaporated vapor leaves the target surface with a half
Maxwellian distribution. Collisions in the vapor establish
thermodynamic equilibrium in the Knudsen layer. On leav-
ing the Knudsen layer, the vapor experiences an expansion,
compressing the air ahead of the vapor at the contact front.
The compressed air propagates into the ambient air, form-
ing a shock wave. When the laser fluence is higher than the
threshold of phase explosion, the superheated liquid turns into
a mixture of liquid and vapor propagating into the air, as
shown in Fig. 3b. The mixture also forms a contact front with
the air, and the compressed air propagates into the ambient,
forming a shock.

Based on the surface evaporation model described above
(Fig. 3a), it is possible to relate the measured velocity of the
shock wave to the temperature at the surface. The velocity of
the shock wave,vsh, is related to the temperature and velocity
behind the shock,Tca, andvca, by the Hugoniot equation [13]
as

Tca

Tamb
= (2γairM2

sh− (γair−1))((γair−1)M2
sh+2)

((γair+1)Maa)2
(5a)
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Fig. 3a,b. One-dimensional gas dynamic models:a surface evaporation;
b explosive phase change

vca

vsh
= γair−1

γair+1
+ 2

γair+1M2
sh

(5b)

Msh is the Mach number of the shock.γair= 1.4 is the ratio of
specific heats of air.

It is assumed that the pressure, temperature, and velocity
are uniform in the compressed air. At the contact front, the
pressure, temperature, and velocity ofNi vapor,pcf, Tcf, and
vcf, are the same as those of the compressed air. The relation
between the temperature at the contact front and that at the
exit of the Knudsen layer,TKL , is

cpTcf+0.5v2
cf+ Pabs= cpTKL +0.5v2

KL (6)

wherecp is the specific heat of nickel vapor andPabs is the
laser power absorbed by the plume. For the laser fluence used
in this work, it has been shown that the Mach number at the
exit of the Knudsen layer is 1 [14]. Therefore the velocity at
the exit of the Knudsen layer is the local sonic velocity, and is
determined by the local temperature.

The conservation equations of mass, momentum and en-
ergy are used to establish the relationship between the ther-
modynamic properties at the target surface and at the exit of
the Knudsen layer. When the Mach number at the exit of the
Knudsen layer is 1, the following relation applies [12]:

TKL = 0.669 Tsur . (7)

Using (5)–(7), along with the measured shock velocity and
absorption of laser power by the plume, the temperature at
the target surface,Tsur, can be estimated. The description of
the measurement of absorbed laser power has been presented
elsewhere [15].

3 Results and discussion

3.1 Results of the pressure measurement

Figure 4 shows typical signals recorded during the PVDF
measurement. The laser fluence is3.2 J/cm2. There is a time
delay between the triggering signal and the PVDF signal, dur-
ing which the shock wave travels through the nickel target,
the Kel-F buffer, and the Teflon resin. The initial voltage peak
is due to the arrival of the incident shock on the front surface
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Fig. 4. PVDF signals atF = 3.2 J/cm2

of the PVDF transducer. The polarity of this initial signal is
negative, indicating that the wave is compressive.

Figure 5 shows the PVDF signal, the calculated stresses
in Teflon and PVDF, and the calculated stress in nickel at
the laser fluence of3.2 J/cm2. The laser pulse is terminated
at 50 ns. Periodic recurrences of negative and positive peaks
are due to reverberations of the shock wave between the free
surface of the nickel target and the nickel-Teflon interface.
The period is78 ns, and it does not change with laser fluence.
This indicates that the shock velocity does not decay when the
shock travels in nickel. The magnitude of the peak decreases
after each round trip between the free surface of nickel and
the nickel-Teflon interface, which is due to shock transmis-
sion at the nickel- Teflon interface. Figures 5b and 5c show
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Fig. 5. a PVDF signal; b stress in PVDF, andc stress in nickel at
F = 3.2 J/cm2

Fig. 6. Peak stress in the nickel target at different laser fluences

the temporal stress profiles in PVDF and nickel calculated
from the PVDF signals shown in Fig. 5a. The positive stress
denotes compression. The velocity of the shock wave in the
nickel target is found to be close to the velocity of the sonic
wave; therefore the assumption of negligible attenuation of
the shock wave is valid since the propagation of a sonic wave
is adiabatic. It is also found that the shock velocity does not
change with laser fluence.

Figure 6 shows the peak value of the first compression
pulse in nickel as a function of laser fluence. The lowest laser
fluence is higher than the ablation threshold value of nickel,
which was measured to be0.9 J/cm2 [15]. The peak stress in-
creases almost linearly with the laser fluence, from100 bar
to about760 barwhen the laser fluence is increased from
1 to 6 J/cm2.

3.2 Results of the temperature calculation

The calculated surface temperatures are shown in Fig. 7.
At very low laser fluences (less than2 J/cm2), the optical sig-
nals in the velocity measurements are very weak. Reliable
velocity data are obtained at laser fluences of2.5 J/cm2 and

Fig. 7. Peak surface temperature at different laser fluences
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higher; therefore temperatures are only calculated at those
laser fluences. The calculation shows that the surface tem-
perature at laser fluences below5 J/cm2 is around the critical
temperature ofNi, 7810 K [16]. It should be noted that the
temperature computations carry a large uncertainty due to
various assumptions used in the calculation, including steady
state flow and constant materials properties. Therefore, from
these calculations, determining the surface temperature accu-
rately is unlikely. However, when the laser fluence is above
5 J/cm2, the calculated temperature at the liquid surface is
more than five times higher than the critical temperature.
Obviously, such high temperatures cannot exist at the liquid
surface. Therefore the computational model used in this work,
which is based on surface evaporation, is not applicable to
laser ablation with laser fluences higher than5 J/cm2, and
phase explosion must have occurred at laser fluences higher
than5 J/cm2. This result agrees with previous studies that the
threshold fluence for phase explosion is about5 J/cm2 [2].

In Fig. 8, the Clausius–Clapeyron relation forNi is shown.
The critical values ofNi are taken from Martynyuk [16].
Since it is known that explosive phase change occurs at about
5 J/cm2, the temperature of the surface reaches the spinodal
temperature (∼ 0.9Tc) at that fluence. The temperature and
the pressure at5 J/cm2 are also plotted in the figure. It is seen
that the temperature-pressure data do not agree with that pre-
dicted from the Clausius–Clapeyron relation. The measured
pressure is only about600 bar(Fig. 6), well below the pres-
sure predicted by the Clausius–Clapeyron relation (1800 bar).
This shows that, during pulsed laser ablation, the superheated

states exist, and the actual surface kinetic relation deviates
from the equilibrium Clausius–Clapeyron relation.

4 Conclusions

The time-resolved stress profile during excimer laser abla-
tion of nickel targets was obtained using a polyvinylidene
fluoride (PVDF) piezoelectric transducer and impedance mis-
match calculation. The peak stress produced by the laser
pulse increased almost linearly with laser fluence in the
range between1 and6 J/cm2, from 100 barto about760 bar.
Combined with the temperature for phase explosion, which
occurred at about5 J/cm2, it was shown that the surface pres-
sure was far less than the pressure predicted by the equilib-
rium Clausius–Clapeyron equation. The surface temperature-
pressure relation during laser ablation deviates significantly
from the equilibrium relation.
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