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Abstract. This work investigates evaporation kinetics — thetemperature-pressure relation does not follow the binode or
relation between the surface temperature and pressure duritige Clausius—Clapeyron relation. However, to date there has
excimer laser ablation. Nickel targets are ablated by excimdseen no report in the literature of experimental studies of the
laser pulses in a laser fluence range betweand6 J/cn?,  actual surface temperature-pressure relation during laser ab-
with the upper limit exceeding the threshold of phase exiation. It has been common practice to use the equilibrium
plosion 6 J/cn?). The surface pressure is determined withClausius—Clapeyron relation to compute the surface pressure
a polyvinylidene fluoride (PVDF) piezoelectric transducer.and the evaporation rate. The present work is intended to
When phase explosion occurs, the surface temperature determine the deviation of the surface temperature-pressure
known to be near the thermodynamic critical temperatureselation from the Clausius—Clapeyron relation experimen-
therefore, by measuring the surface pressure, the surfataly. The surface pressure is measured with the use of a thin
temperature-pressure relation is determined at the threshghdlyvinylidene fluoride (PVDF) transducer (K-tech Co., Al-
fluence of phase explosion. The surface temperature and thequerque, NM). The surface temperature is known to be
threshold fluence of phase explosion are also estimated fronear the spinodal temperature 0.9 T;, where T; is the

the measured velocity of the vapor plume and gas dynamidhermodynamic critical temperature) when phase explosion
calculations. It is shown that, during excimer laser ablationpccurs. However, measurements of the surface tempera-
the temperature and pressure relation deviates significanttyre are not attempted since the plasma plume produced by

from the equilibrium kinetic relation. laser ablation disrupts any information coming out from the
surface. Instead, the surface temperature is estimated from
PACS: 79.20.Ds; 68.10.Jy; 68.35.Rh 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-
This work investigates the kinetics at the evaporating suronciled. The experiments are performed in a laser fluence
face during excimer laser ablation. The relation between theange betweer and 6 J/cn?, with the lower end near the

transient surface temperature and the transient surface preaporation threshold and the upper end exceeding the thresh-
sure, which determines the evaporation mechanism and thgd of phase explosion.

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 staq4 Pressure measurement with the PVDF transducer

bility, the spinodal point, an explosive type of phase change

termed “phase explosion” or “explosive phase change” ocThe PVDF transducer is a well-established technique to study
curs [1]. The explosive phase change has been observed gfessure in solids. There are also a number of studies on
perimentally during nanosecond pulsed excimer laser ablasing the PVDF transducer to measure stress waves in solids
tion of nickel at laser fluences higher thaid/cn? [2]. Using  produced by laser irradiation [4-6]. The PVDF transducer of-
a numerical procedure, it is also shown that at laser fluencgsrs many advantages in stress measurements, including fast
higher tharb J/cn? the surface temperature of nickel reachesime resolution € 1n9, large measurement rande barto

the spinodal point [3]. 10 Mbaj), and large signal output. In addition, PVDF trans-

It has also been suggested that during the evaporatiafucer signals are highly reproducible under recurrent shock
process induced by a pulsed excimer laser, the surfaggading, which is often lacking in conventional piezoelectric
— shock sensors. The properties and responses of PVDF trans-
*Corresponding author. ducers to pressure have been well characterized [7]. Under
COLA99 - 5th International Conference on Laser Ablation, July 19-23,Shock loading, the PVDF transducer delivers a voltag®,

1999 in Géttingen, Germany proportional to the stress difference between the two surfaces
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of the PVDF transducer foil [8] (6) Al Canister  (5) KEL-F Backer (3)Teflon Resin (1) Ni Target

disDsAR
V(t) = === oy (t) —op(®)] (1) Q

wheredss, Ds, A, R, andl are, respectively, the piezoelectric
constant, the shock velocity, the active area of the transduce

the terminal resistance load, and the transducer thicknes (4) PVDF Transducer (2) KEL-F Buffer
oi(t) andop(t) are, respectively, the pressure history at the
front and back faces of the transducer. The valueé ahd ()

| of the PVDF sensor used in this work are, respectively
1.05 mn? and21.60.m. When the stress applied to the trans-
ducer is less thaB0 MPag ds3 is 15.7 pC/N [9]. The trans- (4)0.0216 (3)0.051
ducer is custom-built and calibrated by K-tech Co. N
The experimental setup is illustrated in Fig. 1. The lase
used in this work is a KrF excimer laser £ 248 nn) with / )
a 30 nspulse width (FWHM). ACaF, lens with a150 mm 25514 1.047 0.242
focal length is used to focus the laser beam on the target. |
order to limit the two-dimensional shock wave propagatior (b)
effect, the laser spot size needs to be larger than the thickig. 2a,b. Detailed target and PVDF transducer asseméi@omponents of
ness of the target foil, and also larger than the active area efPVDF transduceth dimensions of each component (mm)
the PVDF transduced(mmx 1 mm). In this experiment, the
size of the laser spot is varied betwe®865 cnt (1.8 mmx
3.6 mm) and 0.25cn? (3.5mmx 7.0mm). The energy per thick Kel-F backer is used to mount the PVDF transducer,
laser pulse at the target surface is calibrated using an energnd the whole transducer assembly is housed in an aluminum
meter. Energy fluctuation is monitored using a built-in energycanister, which i25 mmin diameter ancds0 mmlong. The
meter of the excimer laser, which is found to be less thaf®VDF transducer is connected to a digital storage oscillo-
3%. A fast silicon photodiode sensing a split beam from thescope (Tektronix TDS744), which is set to th@2 terminal
excimer laser beam is used to trigger the data acquisition sybad resistance for fast data acquisition.
tem. Before the laser-produced shock reaches the back surface
Figure 2 shows the detailed assembly of the target andf the PVDF transducer, the stress at the back surface of the
the PVDF transducer. The target is2d2um thick nickel  PVDF transducesy, is zero. Therefore, from (1), the output
foil with 99.95% purity. Before taking data at a laser fluence,voltage signal is directly proportional to the stress at the front
the target surface is pre-treated using multiple laser pulses af the PVDF transducet;. As the shock wave reaches the
that laser fluence. A.047 mmthick Kel-F (polychlorotriflu-  back surface of the PVDF transduces, starts to decrease.
oroethylene) buffer and thin adhesive Teflon (polytetrafluoThe time for the shock to pass through the PVDF transducer,
roethylene) resing1um thick) hold the nickel target to the 1z, is aboutl0ns When the shock reaches the back of the
PVDF transducer. The shock impedance of Kel-F and Teflo®VDF transducer, the recorded voltage signal is proportional
is matched with that of the PVDF transducer.28&5mm  to [ot(t) — o(t)], whereoy(t) = of(t — 7). 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
Pulsed pressure, which is not enough to generate considerable heat-
Ezscé?er Energy ing. Experimental justifications of this assumption will be
Meter seen later. When the shock reaches the back surface of the
PVDF transducer, the value 6f(t) can be calculated as

-
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\%' """" E diode - or(t) = ﬁ? +oit—1). 2
N Multi 5 _ .
} CaF, N The recorded voltage signal from the oscilloscope can be con-
~ N Plates %D verted to the pressure at the PVDF transducer using (2).
gI s The shock impedance mismatch method is used to obtain
Syl L |CaF, E the stress profile in the nickel target from the measured stress
£ HLens | profile in PVDF. Since the shock impedances of Teflon and
KEL-F are the same as that of PVDF, there is only one reflec-
Target- tion of the shock wave at the back side of the nickel. The total
};fszréﬁglcer . thickness of the material behind the nickel foil is large, so that
Y Oscilloscope 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-
PVDF Signal — flected wave into the nickel foil is a rarefaction wave since the

Fig. 1. Experimental setup 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 Shock wave
ured stress in PVDF, stress-particle velocityW) relations Ambient air Ambient air
of nickel and PVDF (or Teflon) are needed, which can be ) / \ .
determined from the Hugoniot data [10]. According to the _COmpressed air Compressed air

conservation of momentum across the shock wave front, th Vapor \ /
stressy and the particle velocity are related as expansion Contact front Liquid/vapor

— ooDuU, 3 mixture
=60 3) Knudsen layer

wheregp and D are, respectively, the density and shock vel-W Y

ocity, with the subscript 0 denoting the state ahead of th77 % ‘\V liquid %/ //%
shock. In this work, the stress produced by laser irradiatiol qpor-f qu

is rather small; therefore shock velocities can be treated ¢ (a) interface (b)
constants, as for the shock mpedang@[:() of nickel and Fig. 3a,b. One-dimensional gas dynamic modes:surface evaporation;

PVDF. Using conservation of momentum, the particle vely, expiosive phase change
ocity in nickel can be calculated as

u opvpF+ (0o D)niUpvoF
N- =
' 2(00D)ni

and the stress in nickel can be calculated as

(4a)  vea _ yar—1 2
vsh  Var+1  yar+ 1M52h

(Sb)

Mgh is the Mach number of the shock, = 1.4 is the ratio of
oNi = (0o D)niUni - (4b)  specific heats of air.

Using (1-(4), the measured PVDF output can be converieg. ! % B5eumec 12 e pressure, mperatne, and welocty
to the pressure in PVDF and the pressure in the nickel tafs P : .

get. Detailed descriptions of the above calculations have bedljESSUre, temperature, and velociyNifvapor, Per, Tef, and .
presented elsewhere [11]. Ucr, 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 layefix, , is

2 Surface temperature measurement > 2
Cpch + 0.5Ucf + Pabs= CpTKL + O.SUKL (6)

The surface temperature is known to be near the critical . » ) .
temperature at the threshold fluence of phase explosioMherec, is the specific heat of nickel vapor amys is the

5 J/cn? [2]. At other laser fluences, the surface temperaturéaser power absorbed by the plume. For the laser fluence used
is estimated from the measured plume propagation velocitip this work, it has been shown that the Mach number at the
using a gas dynamics analysis. The measurement of tiit of the Knudsen layer is 1 [14]. Therefore the velocity at
plume velocity has been presented elsewhere [2], and will néhe exit of the Knudsen layer is the local sonic velocity, and is
be repeated here. determined by the local temperature.

The gas dynamics model used in this work follows that ~ The conservation equations of mass, momentum and en-
given by Knight [12]. When the laser fluence is higher thanergy are u_sed to es_tabllsh the relationship between the t_her—
the ablation threshold but less than the threshold for phag&@odynamic properties at the target surface and at the exit of
explosion, the flow process can be depicted as Fig. 3a. THBe Knudsen layer. When the Mach number at the exit of the
laser-evaporated vapor leaves the target surface with a haffudsen layer is 1, the following relation applies [12]:
Maxwellian distribution. Collisions in the vapor establish
thermodynamic equilibrium in the Knudsen layer. On leav-TkL = 0.669 Tsyr. (7)
ing the Knudsen layer, the vapor experiences an expansion, ) _
compressing the air ahead of the vapor at the contact fron¥Sing (5)—(7), along with the measured shock velocity and
The compressed air propagates into the ambient air, fornbsorption of laser power by the plume, the temperature at
ing a shock wave. When the laser fluence is higher than thi&€ target surfacelsu, can be estimated. The description of
threshold of phase explosion, the superheated liquid turns infh€ measurement of absorbed laser power has been presentec
a mixture of liquid and vapor propagating into the air, aselsewhere [15].
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. 3 Results and discussion

Based on the surface evaporation model described above
(Fig. 3a), it is possible to relate the measured velocity of thé&.1 Results of the pressure measurement
shock wave to the temperature at the surface. The velocity of
the shock waveysy, is related to the temperature and velocity Figure 4 shows typical signals recorded during the PVDF
behind the shocKls, andueg, by the Hugoniot equation [13] measurement. The laser fluenc@&i2 J/cn?. There is a time
as delay between the triggering signal and the PVDF signal, dur-

2 2 ing which the shock wave travels through the nickel target,
Tea _ (2yairMgy— (vair = D) ((vair = D Mg +2) (5a) the Kel-F buffer, and the Teflon resin. The initial voltage peak
Tamb ((Yair+1)Maa)? is due to the arrival of the incident shock on the front surface
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Fig. 4. PVDF signals af = 3.2 J/cn? 2
Fluence (J/cm ™)

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

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 stressebe temporal stress profiles in PVDF and nickel calculated
in Teflon and PVDF, and the calculated stress in nickel afrom the PVDF signals shown in Fig. 5a. The positive stress
the laser fluence d3.2 J/cn?. The laser pulse is terminated denotes compression. The velocity of the shock wave in the
at50 ns Periodic recurrences of negative and positive peakaickel target is found to be close to the velocity of the sonic
are due to reverberations of the shock wave between the freeave; therefore the assumption of negligible attenuation of
surface of the nickel target and the nickel-Teflon interfacethe shock wave is valid since the propagation of a sonic wave
The period is78 ns and it does not change with laser fluence.is adiabatic. It is also found that the shock velocity does not
This indicates that the shock velocity does not decay when thehange with laser fluence.
shock travels in nickel. The magnitude of the peak decreases Figure 6 shows the peak value of the first compression
after each round trip between the free surface of nickel angulse in nickel as a function of laser fluence. The lowest laser
the nickel-Teflon interface, which is due to shock transmisfluence is higher than the ablation threshold value of nickel,
sion at the nickel- Teflon interface. Figures 5b and 5¢ showhich was measured to 9 J/cn? [15]. The peak stress in-

creases almost linearly with the laser fluence, frod® bar
to about760 barwhen the laser fluence is increased from

= 01 ] 1to 6 J/cn?.
z T F ] /
g OF E
% 0.1 F : 3.2 Results of the temperature calculation
3 = E

02F = . .
E E | | | ] The calculated surface temperatures are shown in Fig. 7.

03— At very low laser fluences (less thar/cn?), the optical sig-
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Fig.5. a PVDF signal; b stress in PVDF, andc stress in nickel at

F=32JYcn? Fig. 7. Peak surface temperature at different laser fluences
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5000 s m e e o — . states exist, and the actual surface kinetic relation deviates
i . . from the equilibrium Clausius—Clapeyron relation.
[ Clausius-Clapeyron ]
4000 | *  This work -
5 [ ] 4 Conclusions
< 3000 | .
; [ ] The time-resolved stress profile during excimer laser abla-
2 2000 | 3 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
1000 |- ] pulse increased almost linearly with laser fluence in the
* range betweefi and6 J/cn?, from 100 barto about760 bar
0 I I T S AR Combined with the temperature for phase explosion, which
3000 4000 5000 6000 7000 8000  occurred at aboti J/cn, it was shown that the surface pres-

Temperature (K) sure was far less than the pressure predicted by the equilib-
Fig. 8. Comparison between the surface temperature and pressure obtaingim Clausius—Clapeyron equation. The surface temperature-

in this work and the Clausius—Clapeyron relation
fro

higher; therefore temperatures are only calculated at those

pressure relation during laser ablation deviates significantly

m the equilibrium relation.

laser fluences. The calculation shows that the surface teMicknowledgementSupport for this work by the National Science Founda-

perature at laser fluences beldw/cn? is around the critical
temperature oNi, 7810 K[16]. It should be noted that the
temperature computations carry a large uncertainty due to

tion (CTS-9624890) is gratefully acknowledged.

various assumptions used in the calculation, including Steaqféeferences

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
5 J/cn?, the calculated temperature at the liquid surface is 3
more than five times higher than the critical temperature. 4
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 tog.

laser ablation with laser fluences higher tHadcn?, and

phase explosion must have occurred at laser fluences higher-
than5 J/cn?. This result agrees with previous studies that the &

9.

threshold fluence for phase explosion is ab®dtcn? [2].
In Fig. 8, the Clausius—Clapeyron relation fdiris shown.
The critical values ofNi are taken from Martynyuk [16].

Since it is known that explosive phase change occurs at abod:

5 J/cn?, the temperature of the surface reaches the spinodal
temperature+ 0.9T;) at that fluence. The temperature and
the pressure & J/cny are also plotted in the figure. It is seen

that the temperature-pressure data do not agree with that préz2.
dicted from the Clausius—Clapeyron relation. The measureds:

pressure is only abo@00 bar(Fig. 6), well below the pres-

14
sure predicted by the Clausius—Clapeyron relatid00 bay.
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This shows that, during pulsed laser ablation, the superheateis.
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