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Laser-induced stresses have been studied extensively to understand macroscopic phenomenon
during high-power laser ablation of solids. Recently, a norm of stress times the rate of change in
stress, similar to mechanical stress power, was monitored acoustically in the target and ambient
medium during high-power laser-material interactions, and compared with stress measurements.
This study investigates the relationship between stress and the stress powerlike measurements~P* !,
and their dependence on laser energy, intensity, and spot size. The importance of different
components of stress on the measurements is also considered. Results from ablation of aluminum
targets by a 30 ns uv excimer laser are presented that show changes inP* with laser energy
coupling, and the dependence ofP* on laser intensity and stress components. Potential issues are
raised for further study of stress power as a diagnostic tool of laser-material interactions and as a
fundamental mechanism of laser-energy coupling. ©1996 American Institute of Physics.
@S0021-8979~96!01520-4#
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I. INTRODUCTION

High-power, short-pulsed laser-material interactions
duce mechanical stresses in the target from thermal exp
sion and phase-change, recoil momentum and shock wa
from the ablated mass leaving the target at high velociti
and radiation pressure at very high intensity. As a result
high stresses, brittle fracture, plastic deformation, and sp
lation of normally ductile materials have been observed d
ing high-power laser-material interactions. Accordingl
laser-induced stresses and plume dynamics during h
power laser-material interactions have been stud
extensively.1–15 Stress measurements have been investiga
to determine mass removal, displacement, and pressure.16–19

Shock wave detection in the medium20 and stress waves in
the target21 have been used to detect the onset of ablati
Although these measurements of laser-induced stresses
veal important information about specific phenomenon, th
do not directly reveal the amount of laser energy that is m
chanically coupled to the target.

The coupling of laser energy to solids can occur v
different mechanisms: thermal, chemical, mechanical, a
electromagnetic. The amount of energy coupled to the tar
depends on the laser’s power, wavelength, and pulse d
tion; the target’s physical and optical properties, surfa
morphology and geometry; and the surrounding medium
pressure and properties. The amount of absorbed laser
ergy is highly nonlinear, making complete and accurate
perimental measurements and theoretical interpretations
ficult. Recently, far-field acoustic measurements we
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employed for studying laser energy coupling via mechani
stress power, which implicitly includes different mechanism
of energy transfer.22 The method relies on transient acoust
measurement of laser-induced stresses in the target and
bient medium while varying laser intensity. A form o
mechanical stress power was monitored in the far field
determine if changes in laser-energy coupling in the ne
field could be detected during nano- and picosecond la
ablation of metals. Notable changes with laser intensity w
reported in air, He, and Ar atmospheres at varying pressu
In a follow-up study,23 stress power was compared with s
multaneous measurements of stress, which showed that
responses differed significantly with laser intensity: stre
power corresponded to changes in laser energy coupling
the target, whereas stress did not. This article addresses m
completely the relationship between stress and stress po
as well as the dependence of stress power on laser inten
and the affect of different components of stress on the str
power measured.

Stress power,P, is defined as

P5T•L , ~1!

whereT is the Cauchy stress tensorti j ei ^ej , andL is the
velocity gradient tensorL5v i , jei ^ej ~i , j51,2,3!. The sum-
mation t i jv i , j describes the mechanical power per unit vo
ume arising from the dynamic deformation of a body und
stress.P is large only if both the stress amplitude and th
velocity gradient are large.P can also be a fundamental en
ergy transfer mechanism that, depending on the material
the mode of dissipation, can heat the body, or can raise
kinetic energy of fracture and/or particles. For most las
material interactions,P is very small with respect to the
incident laser power per unit volume. However,P could be-
4665665/8/$10.00 © 1996 American Institute of Physics
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come a significant mode of energy transport if the targe
highly stressed over a very short time period. High-pow
short-pulse lasers create precisely the type of loading t
can causeP to be significant with respect to other modes
energy transport.

For this work, an average stresss in piezoelectric trans-
ducers, which are located acoustically far from the las
irradiation region, is measured over time. The average str
power in a linearly elastic transducerP̄ at time t is defined
such that

P̄~ t ![ s̄sṡ52CSṠ5C
d

dt
~S2!, ~2!

whereS(t) is the acoustic emission signal,s(t)5gS(t), and
C5(1/2)s̄g2 is a proportionality constant. Therefore,P̄(t) in
the transducer is a function of the stress and the rate
change in the stress. As a measure of the total stress po
that acts on the transducer over an interval of timeT, the
mean power of an ergotic signal is calculated by integrat
in the frequency,f , domain, such that

C

T E d

dt
@S~ t !2#dt5

C

T E fS~ f !S* ~ f !d f

5
C

T E f uS~ f !u2d f , ~3!

whereS( f ) is the Fourier transform ofS(t), andS* is the
complex conjugate.

The transducer signal voltage results from an accumu
tion of charge at the electrodes due to the electric fields g
erated over the volumeV of the transducer element. A quan
tity P* is now defined as

P*[E
V
SCT E fS2~ f !d f DdV5C* E fS2~ f !d f , ~4!

whereC*5CV/T, andP* has units of power.P* is a mean
norm of P̄ calculated from stress waves passing through
piezoelectric transducer element. Therefore,P* is not a di-
rect calculation of stress power as given in~1!; rather it is a
stress powerlike quantity calculated from transient stre
wave measurements.

In this work, the transducers are all located in the f
field and record the linear elastic response of the transdu
to stress-wave propagation. A substantial body of work e
ists in the literature on laser generated ultrasonic wa
propagation in solids that can be referred to for probi
laser-material interactions with acoustics.24 For this work,
transient measurements of acoustic waves in the far fi
were monitored to determine how changes in laser ene
coupling to the target and surrounding medium affected m
surements ofP* . Data are presented forP* in a target, for
P* due to the pressure wave in the air above the surface,
for ratios ofP* from the individual stress components.

II. EXPERIMENTAL CONDITIONS

Stress power was studied versus laser energy, inten
and spot size, and the target thickness. The mechanica
sponse from the ablation was detected with three differ
4666 J. Appl. Phys., Vol. 80, No. 8, 15 October 1996
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acoustic transducers to identify the separate stress wave
rying energy: the pressure wave in the ambient medium; t
longitudinal and shear waves in the body of the target; a
the Rayleigh waves that propagate along the surface of
target. Plate waves are ignored due to the short time perio
involved and the relative stiffness of the target, transduce
and mount.

Aluminum ~6061 Al in T6 condition! targets were ab-
lated in air by using a 30 ns excimer laser at 248 nm wav
length. The surfaces are lapped flat to within 10mm per cm,
finished with 600 grit sandpaper, and preconditioned wi
approximately 100 laser pulses at 53106 W/cm2. Aluminum
was used due to its high coefficient of thermal expansion
that transducer sensitivity would not add noise and errors
stress power calculations at low laser intensities. The ons
magnitude, and power of the mechanical waves was me
sured to determine how the individual modes of transpo
change as a function of laser energy and intensity in the
targets. Al targets 0.5, 1.0, 2.0, 3.0, 19.0, and 38.5 mm thi
were ablated to determine if the thickness of the target pr
duced any artifacts on the measurements by the body wa
transducer due to mode conversion, scattering, and atten
tion. Qualitative results from acoustically thin-to-thick tar
gets remained the same, with only the magnitudes chang
between the different thicknesses.

The experimental apparatus used for the experiments h
been previously described.22,23 The following briefly de-
scribes the salient features. The laser used is a Ques
model 2860 excimer laser~l5248 nm! with a 30 ns pulse.
Power attenuation was achieved through a combination
25% and 50% beam splitters and energy output adjustm
from 20 to 100 mJ/pulse. Beams were apertured to 6 m
diameter after the laser. A silicon photodiode was used
monitor energy for each laser pulse. The photodiode outp
was calibrated using a Molectron model PD-104~NIST
traceable! pulsed-laser power meter. The pulse-to-puls
variation was measured, and the data were normalized to
laser power. The laser beam was focused with a single qua
lens. The laser-beam spot size was altered by translating
lens with respect to the target. A new location on the targ
was used for each experiment. Intensity was calculated us
the laser-beam spot size, pulse energy, and pulse durat
The spot sizes were determined by measuring the burn a
ablation patterns on uv burn paper, and by comparing t
burn patterns with the crater profile.

A 1-in.-diameter acoustic emission transducer~AET!
with a 23 dB frequency response from 10 kHz to 18 MHz
was placed at the rear of the target along the center line
the irradiated spot to detect longitudinal and shear wav
propagating through the target. A 1/2-in.-diameter 1 MH
Panametrics transducer mounted on a Panametrics 45° sh
wave wedge for aluminum, was placed 4 cm from the cent
of the spot to detect longitudinal, shear, and Rayleigh wav
propagating along the surface of the material. Although th
Rayleigh wave angle for Al is approximately 69° and th
angle for transmitting longitudinal waves is less than 30°, th
45° wedge had a sufficiently large solid angle with respect
the source at the 4 cm placement that all modes at the surf
could be detected with the same transducer. Both transduc
Shannon, Rubinsky, and Russo
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were mounted with a thin layer of Dow Corning silicon
vacuum grease. A Valpey–Fisher~VP-1093! 0–1.2 MHz
Pinducer was placed 5 mm from the surface along the ce
line normal to the spot to detect the pressure wave propa
ing through the air. The data were captured with a Tektro
model 602A 2 Gsample/s digitizing oscilloscope. The pe
frequencies and pressures recorded in the far field were w
within the limits of the transducers, and the data acquisit
exceeded the Nyquist criteria by at least a factor of 3.

For most experiments, only the first 20ms of acoustic
data were recorded for analysis. A representative signal fr
the AET transducer during ablation of the 2 mm Al target
shown in Fig. 1. The first longitudinal reflections reach th
AET after approximately 1ms and the first shear waves afte
2 ms. Multiple reflections with mode conversion occur in
time period greater than 200 ms. Scattering occurring in
near field will lengthen the time period for all waves reac
ing the transducer. The initial response had decayed by 20ms
before additional reflections and plate vibrations occurred

III. RESULTS

The data in Fig. 2~a! show the log of the calculated stres
power vs the log of the laser intensity during ablation of t
2 mm Al target using eight different laser spot sizes over
different laser energies. The stress power,P* , follows a
power law dependence

P*5cIm, ~5!

with a distinct coefficientc and exponentm for each spot
size. Even though the laser intensity increases orders of m
nitude by reducing the spot size,P* recorded at equal lase
energies does not.P* has only a weak dependence on area
the highest laser energies for spot sizes less than 3 mm
depicted by the upper energy curve in Fig. 2~a!. For equal
laser energies, the base level ofP* increases nearly an orde
of magnitude for spots size below approximately 1 mm
diameter, as seen by the lower energy curve in Fig. 2~a!.

Another way to show the effect of laser spot size o
stress power measurements is to normalizeP* to the laser
beam area, as shown in Fig. 2~b!. The data for the log of

FIG. 1. Representative trace from the AET transducer of stress wa
propagating through a 2 mmthick Al target being ablated with a 30 ns, 24
nm excimer laser. Laser beam is focused to a 1 mmdiam spot size, with
energy of 20 mJ/pulse.
J. Appl. Phys., Vol. 80, No. 8, 15 October 1996
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P* /laser area vs log of the laser intensity fall on the sam
curve, with two distinct regions.P* /laser area in each region
follows a power law dependence as in Eq.~5!, with an ap-
proximate quadratic~m51.9! dependence below about
23108 W/cm2 and larger than linear~m51.3! dependence
above the roll-off point of 23108 W/cm2. Note that stresses
per unit laser area do not show the same dependence on
laser intensity as stress power per unit area. The inset in F
2~b! shows that theL2 norm ~root mean square! of the
stresses divided by the laser beam area exhibits nearly lin
~m51.1! dependence over this same intensity range. T
stress dependence is less than theP* dependence over this
range of laser intensity. These observations do not depend
the norm used for stress; maximum stress values showed
same results as theL2 norm, except that the maximum
stresses showed more scatter in the data.

Representative transducer response for the press
waves in air are shown in Fig. 3~a! for ablation of the 3 mm
thick Al target, using 0.3, 1, and 3-mm-diameter laser sp
sizes. The magnitude and the speed of the shock wave
creases, indicating the velocity and pressure of the gas
hind the shock has increased. The 3 mm spot size wa

ves
8

FIG. 2. ~a! P* calculated from the AET transducer from excimer lase
ablation of a 2 mm thick Al target. The laser intensity,I , was varied by
changing the nominal incident energy 16 times from 20 to 100 mJ/puls
over 8 different laser spot sizes. The dotted curves bound equal upper~–-–!
and lower~–•••–! energies.~b! P* /laser area is plotted, showing two distinct
regions of dependence. Inset shows the near linear dependence of thL2
stress norm onI .
4667Shannon, Rubinsky, and Russo
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speed corresponds with the speed of sound in air. From th
shock data,P* in air is calculated and plotted in the bottom
of Fig. 3~b! as a function of the laser intensity for four dif
ferent energy levels at each of the eight different spot siz
P* in the shock waves shows a similar pattern as in F
2~a!, except that the base line shift for spot sizes less tha
mm is two orders of magnitude. For spot sizes>2 mm and
laser energy of 20 mJ,P* in air is at a minimum, since the
pressure wave is propagating at the speed of sound. For
sizes,1.5 mm and/or at higher laser energy, the press
wave greatly increases, and travels faster than the so
speed. As laser energy increases, the power of the sh
increases, but not uniformly.P* reaches a maximum for the
0.6 mm spot size, and then decreases as the laser intens
increased by reducing the spot size.P* /laser area for the
shock wave in air exhibits similar behavior to that in th
target@Fig. 2~b!#: it collapses to one curve with two distinc
regions. However, the intensity at the roll-off point differs~6
vs 23108 W/cm2!, and the slopes above roll off differ~0.8 vs
1.3!.

The ratio of stress power in the medium to that in th
target provides an explicit measure of how the shock pow
affects the stress power. The log ofPmedium* /Ptarget* , simulta-
neously measured for the 3 mm thick Al target, is shown

FIG. 3. ~a! Representative traces of the transducer signals for press
waves in air from excimer laser irradiation of 3 mm Al target. Laser focus
to 0.3, 1.0, and 3.0 mm diam, with energy at 20 mJ/pulse.~b! The bottom
showsP* plotted vs laser intensity for eight spot sizes and four differe
energies ranging from 20 to 100 mJ/pulse. The top shows the plot
P* /laser area vs intensity.
4668 J. Appl. Phys., Vol. 80, No. 8, 15 October 1996
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a function of the log of the laser intensity in Fig. 4. The rati
increases until about 53108 W/cm2, at which point it begins
to roll off. A plateau is reached and then the ratio decreas
above 43109 W/cm2. Two features are noteworthy:~i! below
108 W/cm2 the medium and target stress power are close
linked, and~ii ! above 53108 W/cm2, the coupling of me-
chanical power dramatically changes, with the target vs t
medium gaining in stress power as laser energy increas
even for the same spot size.

FIG. 5. The dependence ofP* on theL2 stress norm is shown for the~a!
target and~b! medium. Inset in~a! showsP* vsL2 over 32 laser energies for
the smallest laser spot size.

ure
ed

nt
of

FIG. 4. The ratio of theP* in the air medium over that in the 3 mm Al
target is plotted vs laser intensity.
Shannon, Rubinsky, and Russo
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To demonstrate how stress power varies with the stre
P* is plotted in Fig. 5 vs theL2 norm of the stresses in the
target ~a! and the atmosphere~b!. For the eight laser-beam
spot sizes,P* increases faster than stresses with laser
ergy. The rate of change inP* vs L2 increases as the spo
size decreases. The inset of Fig. 5~a! shows a power law
dependence forP* with respect toL2 over 32 energy levels,
with m52.5 for the smallest size of 0.15 mm. The lowe
rate was found for the 4.0 mm spot size withm52.0. Since
m.2 in every case,P* increases faster than the stresses w
laser intensity, with the greatest affect at the higher la
energies and smaller spot sizes.

The partitioning of stress power between the individu
stress waves is studied using an acoustically thick Al targ
The stress waves observed were the longitudinal wave in
target and at the surface, the body and surface shear wa
and the Rayleigh surface waves~plate waves are negligible!.
Representative traces of bulk longitudinal and shear wa
for laser-beam spot size of 3 and 1 mm, and energy of
mJ/pulse are shown in Fig. 6. The magnitude of the sh
wave is much greater than the longitudinal wave for the
mm spot size@Fig. 6~a!#, whereas the situation is reversed fo
the 1 mm spot size@Figure 6~b!#. The magnitude of the lon-
gitudinal wave is 16 times greater for the 1 mm vs 3 mm sp

FIG. 6. Representative trace of AET transducer showing longitudinal a
shear waves propagating in a 38.5 mm thick Al target. Laser beam is
cused to~a! 3 mm and~b! 1 mm diam with incident energy at 20 mJ/pulse
J. Appl. Phys., Vol. 80, No. 8, 15 October 1996
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size; the shear wave magnitude is slightly less at 1 mm vs
mm. Therefore, the longitudinal wave grows rapidly with
increased laser intensity, whereas the shear wave does
The ratio of stress power of the shear (Pshear* ) to longitudinal
(Plong* ) waves shown in Fig. 7 decreases with intensity unt
about 23108 W/cm2. The ratio levels off and slightly rises as
intensity increases further.Pshear* /Plong* follows a similar but
inverse pattern as that observed forPmedium* /Ptarget* in Fig. 4.

Rayleigh waves were monitored to estimate the relativ
power of the stress components in the plane of the surfa
Figure 8~a! shows representative traces of longitudina
shear, and Rayleigh waves at the target surface for 3 an
mm spot sizes, at 20 mJ/pulse. The magnitude of the Ra
leigh wave is approximately four times larger than the lon
gitudinal wave at the surface. The shear wave is vanishing
small for the 3 mm spot size, and is much less than th
Rayleigh wave for the 1 mm spot size. The ratio ofP* of the
Rayleigh to longitudinal (PRay* /Plong* ) waves in Fig. 8~b!
shows that the power carried by surface vs bulk waves d
creases with laser intensity until about 23108 W/cm2 before
leveling off. This behavior is similar to the shear vs longitu
dinal wave ratio shown in Fig. 7.

IV. DISCUSSION

Examination of Figs. 2~a! and the bottom of 3~b! shows
thatP* versus laser intensity depends on the laser spot si
with P* following a new curve in each case. However, nor
malizingP* with the laser spot size in Figs. 2~b! and the top
of 3~b! shows that the data collapse to one curve.P* /laser
area as measured is a stress power flux that accounts for
finite size laser beam creating the loading, and is the desir
quantity for determining the functional dependence on las
intensity.

The dependence ofP* /laser area on laser intensity
shows two distinct regions, both in the target and in th
medium. In the Al targets, below about 23108 W/cm2

P* /laser area has a near quadratic dependence~m51.9! on
laser intensity. This quadratic dependence is consistent w
an elastic response during linear thermoelastic expansion a

nd
fo-
.

FIG. 7. The ratio ofPshear* /Plong* vs laser intensity is plotted for eight spot
sizes, with four energy levels each.
4669Shannon, Rubinsky, and Russo
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heating, and thermal evaporative models for pressure re
predict a quadratic dependence ofP* vs laser intensity. For
the Al target above 33108 W/cm2, P* /laser-area dependenc
on intensity shows a marked decline tom51.3. This reduc-
tion is significant since thestressdata itself does not show a
reduction, and the point of roll off in theP* /laser area with
laser intensity coincides with roll off observed in mass r
moval rates.25

In the air medium above the target, theP* /laser area
shows greater than quadratic dependence before roll of
the lower laser intensity regime. Linear thermal theory p
dicts a recoil pressure dependence ofm52. Development of
a shock wave in the gas acts to increase theP* /laser area in
the medium further, such thatm would be.2. However,
above about 63108 W/cm2 m is ,1. This decrease inm for
theP* /laser area in the medium could be due to~i! reduction
in mass ablated per unit laser energy,~ii ! increase in the
loading time per unit stress, and~iii ! dissipation of the stress
and/or shock waves. The data in Fig. 3~a! for the shock
waves show that increases in the loading time are small,
so ~ii ! is probably negligible. However,~i! and~iii ! are likely
to be occurring since shock waves can cause significant
sipation, and reduction in mass/laser energy does occu
laser intensities above the observed roll-off points.25

FIG. 8. The representative trace from the surface wave transducer show
~a! the longitudinal, shear, and Rayleigh waves propagating at the surfac
the 38.5 mm thick Al target. Laser spot sizes are 1 and 3 mm and energ
20 mJ/pulse. The ratioPRay* /Plong* vs intensity is shown in~b! for eight laser
spot sizes, at four energy levels each.
4670 J. Appl. Phys., Vol. 80, No. 8, 15 October 1996
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The main contributors to the power carried mechanica
by stress need to be established to determine the useful
of monitoring particular components, as well as in inves
gating the laser ablation process itself. The sources of st
that dominate these laser-material interactions are ther
expansion in the target, vapor recoil, and shock wave g
eration in the gas medium. The temporal data for the th
target in Fig. 6 shows that the magnitude of the longitudin
wave grows much more rapidly than the shear wave w
decreasing spot size. The longitudinal wave is strongly
fected by vapor recoil and shock wave generation, as
pected for normal loading, and the shear wave is most in
enced by thermal expansion, as expected for constrained
plane loading. The surface wave results from both expans
and normal loading, but is strongest with point normal loa
ing, as seen in Fig. 8~a! as the spot size is reduced.

At higher laser intensities where stress power respo
significantly deviates from that of stress,P* from longitudi-
nal wave dominates that from shear and Rayleigh waves
seen in Figs. 7 and 8~b!. This growth in the longitudinal
component of stress waves in the target corresponds w
recoil and shock wave generation in the medium, as see
Fig. 3~a! for decreasing spot sizes. However, the actual ma
nitudes of shear and Rayleigh waves do not decrease. Ra
they do not increase at the same rate as the longitud
component until a plateau is reached, at the same poin
roll off is observed. The plateau indicates thatPlong* either
decreases or dissipates with respect to shear and Rayle
though it still is the dominant power component. BothPlong*
andPmedium* are strongly affected by recoil and shock wav
generation in the medium. Before roll off is reached, th
target and medium stress power grow together linearly,
seen in thePmedium* /Ptarget* ratio in Fig. 4. After roll off, the
rate of growth ofPlong* andPtarget* decreases with laser inten
sity, though not at the same rate, indicating that laser ene
coupling with both the target and medium is changing
well.

A significant result of this study is thatP* differs sig-
nificantly from laser-induced stresses as a function of la
intensity. The stresses in the target increase almost line
with laser intensity, butP* increases quadratically at first
then slows above an observed roll-off point. Of value f
monitoring complicated laser energy coupling into a target
that stress power,P, is directly related to a general energ
balance, and stress is indirect.22,26 Although P* is a stress
powerlike quantity, and notP, changes inP* reflect changes
that occur to laser energy coupling with the target, ev
when stress measurements do not reflect that change.

The effect of laser energy coupling on stress pow
arises from the dependence of the velocity gradient and, th
P, on stress. The effect of stress on stress power genera
in the target and medium is seen in Fig. 5.P* increases
greater than quadratically as a function of theL2 stress norm
in the target, and quadratically in the medium. In the targ
P* vs L2 depends weakly on the laser spot size. At t
largest spot sizes,P* is quadratic and at the smallest it grow
by 2.5. As laser intensity increases and, thus, the stress
posed locally by the incident beam, the stress power
creases at an even higher rate. In the medium, no area

s in
e of
y is
Shannon, Rubinsky, and Russo
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pendence ofP* vs L2 was observed. An issue in comparin
P* and stress is thatP becomes more significant as stre
increases, which was observed. Note that forP5t i jv i , j ,
only if v i , j is independent ofti j will P be proportional toL2.
However, in generalv i j is a function ofti j , which depends
on the constitutive relation linking stress and strain. For
stance, ifv i , j is a linear function ofti j , then P will be
quadratic with stress. This behavior was observed for
intensity region studied. In a rapidly expanding gas mediu
v i , j is a function of the pressure. At high pressure, the velo
ity gradient in the expanding gas depends on the velocity
the expansion front, and the pressure behind the front. T
pressurep supplies the normal stresst11 measured. There-
fore, the stress power will be at least quadratic with the pr
sure, which is consistent with the observations seen in F
5~b! for a normal shock.

Even though stress measurements do not explicitly sh
a change in laser energy coupling, a correlation should e
between the laser-induced stress and the energy transfe
to the target. As laser energy coupling with a target chang
the amount and velocity of the ablated mass, and, thus,
stress from vapor recoil and shock wave generation var
The ratio ofPmedium* /Ptarget* in Fig. 4 combined with Fig. 3~b!
suggests that above the roll-off point at 33108 W/cm2, the
rate of change of mass flux into the medium is decreasi
but the energy of the ablation products is increasing. Figu
2, 3, and 4 show that above 33108 W/cm2, Ptarget* increases
at a much larger rate thanPmedium* . If Ptarget* is primarily due
to longitudinal loading from the expansion plume as the d
suggests, then if the mass flux drops, the mean velocity
the ablation products must be increasing to maintain
pressure increasingPtarget* . An increase in absorption of lase
energy directly by the laser-induced plume is one mechan
that can reduce the amount of energy reaching the surf
thereby reducing the mass ablated, yet increasing the kin
energy of the plume by increased heating. Shielding of
laser beam from the target by plasma formation, or plas
shielding, is consistent with these stress power results. M
complicated plume dynamics may also play a role in t
partitioning of medium and target stress power. Further stu
is needed to determine the cause of roll off inP* without a
concurrent roll off in stress.

V. CONCLUSION

This research is an initial investigation for utilizing th
concept of mechanical stress power caused by laser-indu
stresses in a target and in the ambient medium to investig
laser ablation of solid materials. At high intensities wi
short pulses, the stresses imposed on a target are substa
and stress power should not be ignored when considering
energy balance for the laser-material interaction. Future
search on stress power during laser-material interactions
determine its relative importance as laser intensities conti
to increase, and for studying laser-material-plasma inter
tions during high-intensity laser irradiation. To do so, seve
issues still need to be explored.

The amount of energy coupled mechanically to the tar
needs to be established. The magnitude ofP is determined
J. Appl. Phys., Vol. 80, No. 8, 15 October 1996
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via the partitioning of energy that satisfies a general balan
that includes thermal, mechanical, chemical, and electri
energy terms. The degree of partitioning depends on the c
stitutive relations for stress, strain, and heat transfer, as w
as for internal energy. AsP increases with respect to the
total incident laser power, changes in energy transport mi
be expected to occur depending on the material and diss
tion mechanisms, thereby limiting the mechanical propag
tion of energy. As such, the form and amount of ma
ejected, as well as its kinetic energy, could change in
near field with changes inP. These initial experimental re-
sults indicate that measuringP* /area in the far field reflects
changes in energy coupling in the near field. In princip
stress power may be measured in the near field to investig
fundamental laser energy coupling mechanisms. Howev
much theoretical and experimental work remains for this
occur.

A unique result of the these experiments is thatP*
shows a distinct offset at the lowest laser energies. The b
line stress power shifts an order of magnitude for small sp
sizes due to shock wave generation. However, the initiat
of the shock wave is the subject of continuing research, a
it may be related to gas ionization breakdown, not mere
expansion due to mass removal. Gas ionization breakdow
intensities as low as 108 W/cm2 above a metallic surface is
less than that observed with direct detection, yet an onse
ionization would help explain the offset. The sensitivity o
P* to changes in loading gives the method good potential
a laser diagnostic technique.

The frequency dependence for the power spectrum ofP*
needs investigating. The values ofP* in this study are sca-
lars independent of frequency. However, the power spectr
in the frequency domain changes with different laser loa
ings. Therefore, the power spectrum ofP* may reveal more
information as to laser energy coupling mechanisms, both
the target and in the medium.
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