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Absolute pressure measurements on a nanosecond time scale
using surface plasmons
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Transient acoustic waves generated by laser-induced bubble formation at a liquid—solid interface are
sensitively monitored using optically excited surface plasmons. This method enables the detection
of both the compressive and tensile waves with high accuracy as demonstrated for the propagation
and reflection of acoustic pulses at a quartz—water interface. Unique advantages of this new
technique are the high sensitivity of 0.1-0.2 MPa that could be achieved for absolute pressure
measurements on a nanosecond time scale and its ability to probe exact pulse profiles due to the
localized probe depth of surface plasmons. 1@96 American Institute of Physics.
[S0003-695(96)03353-0

The accurate measurement of absolute pressure ampliase of a heavy flint glass prisnm£€ 1.7494 forA=632.8
tudes on the nanosecond time scale is an essential requinem13). A 2 nm thick chromium interlayer was used to in-
ment for a better understanding of various technological proerease the adhesion between the silver film and the glass
cesses. For example, in shock wave lithotripsy the amplituderism. The prism with the silver film was mounted on a
of the applied shock wave has to be sufficiently high to in-cuvette filled with distilled water. Surface plasmons were
duce the fragmentation of urinary or biliary stones. On theexcited optically at the silver—water interface of the prism
other hand, it has to be lower than a certain threshold level aga attenuated total reflectiofATR) in the Kretschmann
to avoid damage to the surrounding tissue.laser cleaning, configuration usig a 5 mW He—Neprobe lasel* The main
a recently introduced method to remove submicron particleadvantages of the surface plasmon technique over conven-
and organic film-type contaminants from solid surfacestional technigues are that the pressure measurement is inher-
which motivated the work presented here, the high remova¢ntly absolute and that a high temporal resolutibetter
efficiency is attributed to the generation of high-intensitythan 1 ngis achieved, which is in our case limited only by
acoustic pulses by the laser irradiatfort.Recent studies us- the electronics.
ing photoacoustic probe beam deflection and piezoelectric First, static measurements have been performed in order
transducer methods have indeed confirmed that the acoustic check the agreement between the experimentally observed
wave intensity is considerably increased due to laser-induceand theoretically calculated plasmon resonance shift as a
explosive bubble nucleatioh® function of pressure. Therefore, we externally applied static

However, the test methods used so far have severgressures up to 0.7 MPa and measured the surface plasmon
drawbacks: the probe beam deflection method is limited irresonance shift by recording the reflectivity change, in this
its temporal resolution due to the finite beam waist of thecase on the left wing of the resonance, with a photodiode.
probe beam, and for absolute pressure measurements it The calculations were done with an extensively tested com-
required to estimate the pressure gradient and pulse width
theoretically’ Similarly, the piezoelectric transducer also
provides a limited temporal resolution due to the lack of

bandwidth, and is not able to resolve the temporal profile of KeF =248 um f of

the acoustic wave due to a resonance effect within the trans- FWHM 25 ns § o

ducer caused by the acoustic impedance mismatch between e

transducer and surrounding liquid. Consequently, previous e fmds;e?dg?

studies could not provide a quantitative analysis of the tran- quartz window

sient acoustic waves associated with the laser-cleaning pro- _\_‘|:|7 pressure

cess. quartz :® gauge
Here, we present a new approach for the absolute mea- slide /%_

surement of acoustic wave amplitudes with nanosecond time Ag = [*~ cuvette

resolution. It utilizes surface plasmons, which are known to v v with water

be a sensitive optical tool to probe metal—dielectric i HoN

interfaces’®*2The sensitive dependence of the surface plas- PIN diode e

mon resonance upon changes in the refractive index of the
water layer taking place within a few hundred nanometersiG. 1. Experimental setup: an acoustic pulse is generated by pulsed laser
adjacent to the interface, was used to monitor the pressuﬁ@ating of the silver film on the quartz slide. The pulse propagates toward

. . . . . .the prism and causes a resonance shift upon arrival at the water—silver
changes. The eXpe”mental setup Is depICted inFig. 1. A th"ﬂrﬁllten‘ace. The shift is detected with a fast photodiode. The inset shows the

silver film of 53 nm was evaporated in high vacuum onto thesyrface plasmon resonance shift due to an increase in the refractive index of
water with pressure. Solid and dotted lines indicate the calculated resonance
dE|ectronic mail: Paul.Leiderer@uni-konstanz.de at ambient pressure and 12 MPa, respectively.
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FIG. 2. Static calibration curve for the plasmon resonance shift as a function
of water pressure. The data points are measured, the line is calculated. The (b) 1
error bars represent typical deviations which occurred during repeated mea-
surements.
2
puter program which uses a transfer matrix method and de-__ F = 62 mJ/cm’
termines reflectivity as a function of the angle of incidence. & 2
The refractive index of water as a function of pressure for 2 1
A=632.8 nm was obtained from Schieber¢ml 1° g .
. plasmon signal
The actual dynamic measurements have been conducted
using transient acoustic pulses. As shown in previous experi- 0
ments, an acoustic pulse is generated when rapid bubble .h et oul
growth sets in following pulsed laser heating of a liquid— excimer puse
solid interface’~8 For this purpose a thin quartz slide, onto -1 0 ) 4 6
which 20 nm chromium and 80 nm silver were evaporated,
was placed in front of the prism and heated from the rear side Time [ps]

by a KrF excimer laser pulsg.=248 nm, full width at half G, 3 Ti ved surf | nals of th e oul
. _ - . . 3. Time-resolved surface plasmon signals of the acoustic pulses are
maximum(FWHM)=25 ns (see Fig. 1 The acoustic pUIse shown for two different laser fluences, 43 and 62 mJ/dreak 1 represents

generated by the eXpIOSi_Ve bubble growth at the Silver__WatQFle first pressure pulse arriving at the detector film, whereas pulse 2 is the
interface of the quartz slide propagates toward the prism. Afirst echo, and pulses 3 to 5 are multiple echoes with reversed sign. The inset

the silver—water interface of the prism, the pulse is detectegis_plays an acoustip pulse on a stretched time scale to show the time reso-
by recording the transient shift of the plasmon resonance duton f this detection method.
to the pressure—induced change of the dielectric function of
the water layer adjacent to the silver film. A positive pressurahe silver film on the quartz slide from the rear side and
amplitude increases the refractive index and causes a rescreates a bubble-growth-induced acoustic pulse at the front
nance shift to greater angles. Time-resolved reflectivity meawhich propagates toward the prism. This pulse appears as
surements were done at a fixed angle on the left wing of thpeak 1 in the plasmon signal. Subsequently, the pulse is re-
plasmon resonance using a fast-n photodiode(rise time  flected from the silver film of the prism due to the acoustic
<1 n9. The signals were amplified with an ac-coupled limpedance mismatch, and propagates back to the quartz
GHz bandwidth amplifier and recorded with a 500 MHz digi- slide. Here part of the pulse is reflected again and detected as
tizing storage oscilloscope. the first echo in the plasmon signg@leak 2, whereas the
The result of the static experiment, where the surfacether part of the pulse is transmitted into the quartz slide.
plasmon resonance shift was measured as a function of thifter propagation in the quartz slide, this part is partially
static water pressure, is shown in Fig. 2. The resonanceeflected with a phase change at the quartz—water interface
shifts, which are on the order of 1&’, correspond to refrac- because water is acoustically less dense than quartz glass.
tive index changes of about 18-10 *. The data points The pulse then propagates once more through quartz and the
with error bars are measured, whereas the straight line iwater and is detected as a tensile pulse in the plasmon signal
computed. The calculation includes a small correction of thépeak 3. The peaks 4 and 5 are echo signals from multiple
plasmon shift due to an increase of the index of refractiorreflections in the quartz slide. The verification that the dif-
with pressure for the heavy flint glass prism. Taking intoferent peaks in the plasmon signal correspond to the speci-
account that the calculation does not include any fit paramfied pulses and echoes was done using quartz slides with
eter, the agreement between calculation and experiment different thicknesses which were placed at various distances
quite satisfactory. in front of the glass prism. The quantitative analysis of the
Typical transient signals for two different laser fluencestime-resolved pressure measurements yielded 1.8 MPa for
are shown in Fig. 3. At=0 us the excimer laser pulse heats the maximum pressure in the first pulse for a laser fluence of



43 mJ/cni and 2.8 MPa for a fluence of 62 mJ/gm pable of detecting exact pulse profiles of acoustic waves. The

In order to demonstrate the time resolution of the surfacégpatial resolution of this technique is only limited by the
plasmon technique, the first peak of the lower part of Fig. Jinite diameter of the probe beam, which was about 1 mm in
is presented as the inset on an expanded time scale. THae examples shown here. By focusing the probe beam, the
temporal profile of the acoustic pulses is dominated by thénethod can be extended to obtain spatial resolution in the
growth dynamics of the laser-induced gas bubbles. Since them range.
temporal resolution of the setup used is better than a nano- We thank S. Herminghaus for helpful discussions and
second, the observed rise time of the plasmon signal, agenlightening ideas. The work was supported by the Center of
proximately 30 ns as displayed in the inset of Fig. 3, correModern Optics at the University of Konstanz, Germany.
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