Optical probing of the temperature transients during pulsed-laser induced
boiling of liquids
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The thermodynamics of the rapid boiling of a liquid on a solid surface heated by an excimer laser
pulse is studied experimentally. The dynamics of bubble nucleation, growth, and collapse is detected
by probing the optical specular reflectance. The transient temperature field is measured by
monitoring the reflectance of a thin film with calibrated optical properties. The metastability
behavior of the liquid and the criterion for the liquid-vapor phase transition in nanosecond time scale
are obtained for the pressure from 1 atmosphere to 3.3 MP&l995 American Institute of Physics.
[S0003-695(196)04805-X

The interaction of a laser beam with liquids providesperature. The bottom layer is a transparent quartz substrate.
important practical applications. The explosive boiling of lig- The temperature is probed via the photothermal reflectance
uids induced by a short-pulsed laser beam is utilized in laseof the intermediate layer, i.e., the optical sensor, irradiated
cleaning of microcontaminaritsand medical laser treat- from the backside. In this letter, the backside refers to the
ment? Short-pulsed laser-induced nucleation and cavitatiomuartz side. The front side refers to the chromium film side
in a biological tissue produces a sharp incision with minimalon which nucleation takes place. Polycrystalline silidpn
injury for accurate surgical operation. The physics of superSi) is selected as the optical temperature sensor. The thick-
heated liquids above boiling point and phase transitions hasess of the top Cr layer is chosen to be greater than the
been sought for a better control of such applications. Thereptical penetration deptf®.01 um at 248 nm to prevent the
have been efforts to understand the dynamics of the rapidirect heating of the-Si layer by the excimer laser. Thus,
boiling of liquids on an absorbing solid surface heated bythe sample is composed of a 0.4 thick Cr film and 0.35
short-pulsed laser irradiatichHowever, no real-time mea- um thick p-Si film deposited on a 50@m thick fused quartz
surement of the surface temperature during the boiling hasubstrate. Both surfaces of the sample are probed with cw
been made, although the surface temperature is one of thesers. Two probe lasers and the excimer laser beam are
most important parameters in heterogeneous nucleatioshown in Fig. 1. Since the Cr film has no intrinsic thermore-
where the interface serves as the nucleation site. Furthefiectance effect, any change in the front-side reflectance is
more, thermodynamic considerations such as the degree abcribed to the formation of bubbles. Therefore, the bubble
superheat on a liquid-vapor phase transition in nanoseconglicleation behavior and the temperature can be derived in-
time scale have never been addressed. Disturbances bigpendently.
bubbles near the solid surface and the relatively low- The photothermal reflectivity from the backside of the
temperature rise have prohibited the precise detection of sugample is characterized by a static experiment to obtain the
face temperature. Recently, it has been demonstrated thaptical properties of quartz substrate gn8i film. The tem-
probing the transient optical transmission or reflectance is a
fast and reliable method to monitor the development of the _
temperature field=6 In this work, the photothermal reflec- Pirogen gas
tance probe has been successfully implemented for the first Prove feer M probe Zeer
time to measure the transient temperature during the nano-
second-pulsed laser-induced boiling.

The experimental setup is shown in Fig. 1. The liquid is | ]
contained in a pressure cell. The pressure can be varied by :> v ]
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temperature sensor whose optical properties vary with tem-

FIG. 1. Schematic of the experimental setup. The probe lasers are a HeNe
laser \=632.8 nm for photothermal reflectance at the backside and an
3E|ectronic mail: actam@almaden.ibm.com Ar* laser(\=488 nnj for specular reflectance monitor at the front side.
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FIG. 2. The experimentally obtained reflectance curigdid lines are [
shown in the top pandfront side reflectangeand the second panéback- 1.0 of B
side reflectangefor water at atmospheric pressure. The dotted lines are g
calculated transient reflectivity respor{siee second paneand surface tem-
peraturgthe third panel The converted surface temperature traces from the
measured reflectances are also shdgalid line in the third panel The
bottom panel shows the excimer laser puldes42.2 mJ/cra (left-hand [
side colump and 46.4 mJ/ci(right-hand side column o6l

perature profile is modeled by a one-dimensional heat diffu- §400 /.\_‘\,‘_\‘
sion equation. The detailed procedures on the static reflectiv- & mm F - 357 miom?
ity calibration and the temperature modeling appear else- T o o3 o 5T 07 o3
where®”? TIME (us) TIME (us)
Figure 2 shows the results of the transient temperature i
measurement and bubble growth monitor for the wiaterf (5, Speculr eflctance sanajs and mesed sufce eperaure van
chromium interface at two excimer laser fluences. Th@aser fluence. The probe beamsipolarized Af laser(\=488 nm, angle of
bubble growth behavior can be observed from the front-sidécidence¢=10.59.
reflectance signal. As bubbles form and grow on the surface,
the specular reflectance shows distinct transients, as seenknat the threshold and therefore, the degree of superheat of
the top panels. The reflectance incre@sarked by arrows in 90 K at atmospheric pressure. It is noted that the nucleation
the top panels in Fig.)2is caused by a thin layer of small starts instantaneously as the surface temperature exceeds the
bubbles® The trailing decrease is due to scattering lossedoiling temperature. The nucleation consequently modifies
caused by enlarged bubbles. Finally, the slow recovery is duthe front-side reflectance. For instance, the first noticeable
to random bubble collapse. At the lower excimer laser fluchange in the front-side reflectance B46.4 mJ/cr is
ence, the front-side reflectance sigiidp of the left-hand detected at=13 ns. At this moment, the measured surface
side column shows a slight change, indicating the temperature is 389 K, only 16 K above the boiling point. For
chromium/liquid interface is near the nucleation thresholdall the conditions tested, this trend remains true. It is there-
The transient temperature measurement is performed simuiere concluded that the degree of superheat required for the
taneously to understand its relationship with the bubbl€ormation of embryos(microscopic nucleation centgrss
growth behavior. The second row panels show the experisignificantly lower than that for the formation of bubbles.
mental photothermal reflectance curi@olid line) and the This effect is observed only by simultaneously monitoring
theoretical respons@lotted ling. The reflectance signals are time-resolved bubble growth and surface temperature. Based
normalized to the initial value, i.e., the reflectancd=a0 at  on this observation, the dynamics of bubble growth can be
which time the excimer laser is triggered. It is seen that thainderstood as follows: embryos are nucleated as soon as the
modeling result closely follows the experimental curve. Thesurface reaches the boiling conditiémucleation thresho)d
measured and calculated evolutions of surface temperatuiubbles can grow in size if sufficient heat is supplied from
are compared in the third panels. The experimental surfacthe surface. When their radii exceed the lilRiEN/27n, i.e.,
temperature traces are obtained by deconvoluting the meabout 0.06um (wavelengthh =488 nm and refractive index
sured reflectance signals based on the calculated spatial tem=1.34), scattering losses become much more appreciable
perature profilé. The precision of the temperature measure-and consequently the specular reflectance decreases. From
ment can be demonstrated as follows. At the fludred2.2  the temperature measurements, such growth takes place only
mJ/cnt, the measured and calculated maximum surface temif the surface temperature is about 100 K above the boiling
peratures are 466 and 476 K, respectively. The difference iemperature for water and methanol at atmospheric pressure
within the experimental error. At this condition the measured(threshold for the onset of bubble growitkt is noted that the
degree of superheat with respect to the normal boiling temheterogeneous nucleation can be catastrophic according to
perature at atmospheric pressure is 93 K. A similar measurghe measured degree of superheat values, as in the case of
ment for methanol yields the maximum temperature of 43thomogeneous nucleati§H.
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L e e Y L A e first appearance of bubbles causing Mie scattering. At the

[ SMIT OF SUPERHEAT . bubble-growth threshold of each ambient pressure the peak
S o BUBBLE GROWTH P surface temperature is measured and plotted in Fig. 4. The
B THRESHOLD '

solid line indicates the saturation curve and the dashed line
the limit of superheat! The area between the saturation
1 curve and the limit of superheat curve is the region of meta-
i stable states. The actual superheat in the experiment is the
temperature difference between the saturation curve and the
bubble growth thresholt? The spontaneous growth of
bubbles is known to depend on the radius of critical bubble
=0 =5 =% o5 and cavity centers on the solid surface. By assuming that the
TEMPERATURE (K) formation of critical nuclei causes the transition from Ray-
o leigh scattering to Mie scattering, the radius of the nucleus
_FIG._4_. The bubble-growth threshold_ temperature aqd ||qu_|d pressure arg .\ he  estimated by the scattering transition sRe
identified as symbol$O) and connecting dotted lines o+ T diagram for . L. .
water. =\/2wn. Therefore, the radius of the critical nucleus is of
the order of 0.06um. It is worth noting that this estimate is

Bubbl th itori dt ient t i comparable to the thermal diffusion length in the liquid,
ubble growih monitoring and transient temperature, ;. p, i 0.1um for water at 373 K. This agreement implies

measurement are also performed at various liquid Pressureg.; yhe rate of heat diffusion into a liquid is a limiting factor

The dependence of the front-side reflectance signal on thﬁ.)r the onset of bubble growth in nanosecond time scale.

gresfsure it a f')((fd efx mme;hlaselr fII_LrJ]eqc_et_ 'T §hovvfnf n {:lgs. We have investigated the thermodynamics of phase tran-
(a) for water and &) for methanol. The initial rise of front- sitions of liquids on the solid surface that is heated by a

side reflectance, occurring during the nucleation of embryoﬁanosecond laser pulse. Using a novel photothermal reflec-

and when their radiu€)/2zm, .e., when Rayleigh scattering tance technique, we have found that nucleation begins as the

is predominant, is nearly insensitive to the liquid pressure surface reaches the boiling temperature but bubble growth is

because surface tension force dominates. However, at Pr€35t initiated until higher surface temperature is attained. The

sures beyond 2.2b MPa, tfhe mtakl]gnltude Off 'n'f['é"l ;gez de’bubble growth threshold requires the surface temperature to
creases, as can be seen from the case ol waler=&o. be up to 100 °C higher than the boiling temperature.
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