Mechanical stress power measurements during high-power laser ablation
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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 measRéments

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 chan@&sviith laser energy
coupling, and the dependence®t 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. 1896 American Institute of Physics.
[S0021-897€96)01520-4

I. INTRODUCTION employed for studying laser energy coupling via mechanical
stress power, which implicitly includes different mechanisms

High-power, short-pulsed laser-material interactions in-of energy transfef> The method relies on transient acoustic
duce mechanical stresses in the target from thermal expameasurement of laser-induced stresses in the target and am-
sion and phase-change, recoil momentum and shock wavégent medium while varying laser intensity. A form of
from the ablated mass leaving the target at high velocitiesmechanical stress power was monitored in the far field to
and radiation pressure at very high intensity. As a result otletermine if changes in laser-energy coupling in the near
high stresses, brittle fracture, plastic deformation, and spafield could be detected during nano- and picosecond laser
lation of normally ductile materials have been observed durablation of metals. Notable changes with laser intensity were
ing high-power laser-material interactions. Accordingly, reported in air, He, and Ar atmospheres at varying pressures.
laser-induced stresses and plume dynamics during higha a follow-up study?® stress power was compared with si-
power laser-material interactions have been studiednultaneous measurements of stress, which showed that the
extensively'® Stress measurements have been investigatettsponses differed significantly with laser intensity: stress
to determine mass removal, displacement, and presSufe. power corresponded to changes in laser energy coupling in
Shock wave detection in the meditfand stress waves in the target, whereas stress did not. This article addresses more
the target' have been used to detect the onset of ablationcompletely the relationship between stress and stress power,
Although these measurements of laser-induced stresses @ well as the dependence of stress power on laser intensity,
veal important information about specific phenomenon, theyand the affect of different components of stress on the stress
do not directly reveal the amount of laser energy that is mepower measured.
chanically coupled to the target. Stress powerP, is defined as

The coupling of laser energy to solids can occur via P—T.L &
different mechanisms: thermal, chemical, mechanical, and '
electromagnetic. The amount of energy coupled to the targayhereT is the Cauchy stress tensay e ®e, andL is the
depends on the laser’'s power, wavelength, and pulse durgelocity gradient tensok =v; ;6 ®¢ (i,j=1,2,3. The sum-
tion; the target's physical and optical properties, surfacemation r;;v;; describes the mechanical power per unit vol-
morphology and geometry; and the surrounding medium’'sime arising from the dynamic deformation of a body under
pressure and properties. The amount of absorbed laser estress.P is large only if both the stress amplitude and the
ergy is highly nonlinear, making complete and accurate exvelocity gradient are largd® can also be a fundamental en-
perimental measurements and theoretical interpretations digrgy transfer mechanism that, depending on the material and
ficult. Recently, far-field acoustic measurements werehe mode of dissipation, can heat the body, or can raise the
kinetic energy of fracture and/or particles. For most laser-
AE|ectronic mail: mas1@uiuc.edu material interactionsP is very small with respect to the
PElectronic mail: rerusso@Ibl.gov incident laser power per unit volume. HowevErcould be-
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come a significant mode of energy transport if the target isicoustic transducers to identify the separate stress wave car-
highly stressed over a very short time period. High-powerrying energy: the pressure wave in the ambient medium; the
short-pulse lasers create precisely the type of loading thdongitudinal and shear waves in the body of the target; and
can causé® to be significant with respect to other modes of the Rayleigh waves that propagate along the surface of the
energy transport. target. Plate waves are ignored due to the short time periods
For this work, an average stregsn piezoelectric trans- involved and the relative stiffness of the target, transducer,
ducers, which are located acoustically far from the laserand mount.
irradiation region, is measured over_time. The average stress Aluminum (6061 Al in T6 condition targets were ab-
power in a linearly elastic transducrat timet is defined lated in air by using a 30 ns excimer laser at 248 nm wave-

such that length. The surfaces are lapped flat to withinA per cm,
L _ d finished with 600 grit sandpaper, and preconditioned with
P(t)=sco0=2CSS=C T (S, (2)  approximately 100 laser pulses at $0° W/cn. Aluminum

was used due to its high coefficient of thermal expansion so
whereS(t) is the acoustic emission signal(t)=gS(t), and that transducer sensitivity would not add noise and errors to
C=(1/2)sg? is a proportionality constant. Therefoie(t) in stress power calculations at low laser intensities. The onset,
the transducer is a function of the stress and the rate ahagnitude, and power of the mechanical waves was mea-
change in the stress. As a measure of the total stress powsured to determine how the individual modes of transport
that acts on the transducer over an interval of timethe change as a function of laser energy and intensity in these
mean power of an ergotic signal is calculated by integratingargets. Al targets 0.5, 1.0, 2.0, 3.0, 19.0, and 38.5 mm thick

in the frequencyf, domain, such that were ablated to determine if the thickness of the target pro-
C d C duced any artifacts on the measurements by the body wave
T J It [S(t)?]dt= T J f3(f )S*(f )df transducer due to mode conversion, scattering, and attenua-

tion. Qualitative results from acoustically thin-to-thick tar-
C gets remained the same, with only the magnitudes changing
=T J flX(f)[2df, (3)  between the different thicknesses.

The experimental apparatus used for the experiments has
whereX(f ) is the Fourier transform dB(t), andX* is the  peen previously describéd?® The following briefly de-
complex conjugate. scribes the salient features. The laser used is a Questek

The transducer signal voltage results from an accumulamodel 2860 excimer laséh=248 nm) with a 30 ns pulse.
tion of charge at the electrodes due to the electric fields gerpower attenuation was achieved through a combination of
erated over the volum¥ of the transducer element. A quan- 250 and 50% beam splitters and energy output adjustment
tity P* is now defined as from 20 to 100 mJ/pulse. Beams were apertured to 6 mm

C diameter after the laser. A silicon photodiode was used to

P*EJ T f f22(f )df )dv= C*f f22(f )df, (4  monitor energy for each laser pulse. The photodiode output

v was calibrated using a Molectron model PD-1(4IST

whereC*=CV/T, andP* has units of powerP* is a mean traceabl¢ pulsed-laser power meter. The pulse-to-pulse
norm of P calculated from stress waves passing through theariation was measured, and the data were normalized to the
piezoelectric transducer element. Therefd?&,is not a di- laser power. The laser beam was focused with a single quartz
rect calculation of stress power as given(ly; rather itis a lens. The laser-beam spot size was altered by translating the
stress powerlike quantity calculated from transient stresslens with respect to the target. A new location on the target
wave measurements. was used for each experiment. Intensity was calculated using

In this work, the transducers are all located in the farthe laser-beam spot size, pulse energy, and pulse duration.
field and record the linear elastic response of the transducéthe spot sizes were determined by measuring the burn and
to stress-wave propagation. A substantial body of work exablation patterns on uv burn paper, and by comparing the
ists in the literature on laser generated ultrasonic wavéurn patterns with the crater profile.
propagation in solids that can be referred to for probing A 1-in.-diameter acoustic emission transdud&eT)
laser-material interactions with acoustfésFor this work,  with a —3 dB frequency response from 10 kHz to 18 MHz
transient measurements of acoustic waves in the far fieldias placed at the rear of the target along the center line of
were monitored to determine how changes in laser energshe irradiated spot to detect longitudinal and shear waves
coupling to the target and surrounding medium affected megpropagating through the target. A 1/2-in.-diameter 1 MHz
surements oP*. Data are presented f&* in a target, for Panametrics transducer mounted on a Panametrics 45° shear
P* due to the pressure wave in the air above the surface, andave wedge for aluminum, was placed 4 cm from the center
for ratios of P* from the individual stress components. of the spot to detect longitudinal, shear, and Rayleigh waves
propagating along the surface of the material. Although the
Rayleigh wave angle for Al is approximately 69° and the
angle for transmitting longitudinal waves is less than 30°, the

Stress power was studied versus laser energy, intensitgs° wedge had a sufficiently large solid angle with respect to
and spot size, and the target thickness. The mechanical réie source at the 4 cm placement that all modes at the surface
sponse from the ablation was detected with three differentould be detected with the same transducer. Both transducers

Il. EXPERIMENTAL CONDITIONS
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FIG. 1. Representative trace from the AET transducer of stress waves 1012 e
propagating througa 2 mmthick Al target being ablated with a 30 ns, 248 3 10
nm excimer laser. Laser beam is focusedatl mmdiam spot size, with w L EIE” ]
energy of 20 mJ/pulse. 10 g 5" F
1010 ,:Ng 10 3

were mounted with a thin layer of Dow Corning silicone
vacuum grease. A Valpey-Fish¢vP-1093 0-1.2 MHz
Pinducer was placed 5 mm from the surface along the centerz
line normal to the spot to detect the pressure wave propagat%: 3
ing through the air. The data were captured with a Tektronix =
model 602A 2 Gsample/s digitizing oscilloscope. The peak
frequencies and pressures recorded in the far field were well S L
within the limits of the transducers, and the data acquisition 10 10° 107 10° 10° 1010 1o
exceeded the Nyquist criteria by at least a factor of 3. (b) laser intensity, I { W/em® }
For most experiments, only the first 265 of acoustic

data were recorded for analysis. A representative signal fromic. 2. (a) P* calculated from the AET transducer from excimer laser
the AET transducer during ablation of the 2 mm Al target isablation ¢ a 2 mmthick Al target. The laser intensity, was varied by
shown in Fig. 1. The first Iongitudinal reflections reach thechanging the nominal incid_ent energy 16 times from 20 to 100 mJ/pulse,
AET after approximately Jus and the first shear waves after OVZrls d'ﬁe_rfrlflaser spot Szes. The dotted curves bound equal Upper

and lower( ) energies(b) P*/laser area is plotted, showing two distinct
2 us. Multiple reflections with mode conversion occur in aregions of dependence. Inset shows the near linear dependence lof the
time period greater than 200 ms. Scattering occurring in thétress norm om.
near field will lengthen the time period for all waves reach-
ing the transducer. The initial response had decayed hys20
before additional reflections and plate vibrations occurred. p*j5ser area vs log of the laser intensity fall on the same

curve, with two distinct regiond*/laser area in each region

ll. RESULTS follows a power law dependence as in Ef), with an ap-

The data in Fig. &) show the log of the calculated stress proximate quadratic(m=1.9) dependence below about
power vs the log of the laser intensity during ablation of the2x10® W/cn? and larger than lineafm=1.3) dependence
2 mm Al target using eight different laser spot sizes over 16bove the roll-off point of X10° W/cn?. Note that stresses
different laser energies. The stress powef, follows a  per unit laser area do not show the same dependence on the
power law dependence laser intensity as stress power per unit area. The inset in Fig.

p* —cm ®) 2(b) showls.that theL, norm (root mean squ_abeof the_

' stresses divided by the laser beam area exhibits nearly linear
with a distinct coefficientt and exponenm for each spot (m=1.1) dependence over this same intensity range. The
size. Even though the laser intensity increases orders of magtress dependence is less than fifedependence over this
nitude by reducing the spot sizB} recorded at equal laser range of laser intensity. These observations do not depend on
energies does noR* has only a weak dependence on area athe norm used for stress; maximum stress values showed the
the highest laser energies for spot sizes less than 3 mm, aame results as the, norm, except that the maximum
depicted by the upper energy curve in Figa)2 For equal stresses showed more scatter in the data.
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107 L

laser energies, the base levelRf increases nearly an order Representative transducer response for the pressure
of magnitude for spots size below approximately 1 mm inwaves in air are shown in Fig(&® for ablation of the 3 mm
diameter, as seen by the lower energy curve in Fig). 2 thick Al target, using 0.3, 1, and 3-mm-diameter laser spot

Another way to show the effect of laser spot size onsizes. The magnitude and the speed of the shock wave in-
stress power measurements is to normaRZeto the laser creases, indicating the velocity and pressure of the gas be-
beam area, as shown in Fig(b2 The data for the log of hind the shock has increased. The 3 mm spot size wave
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FIG. 4. The ratio of the®* in the air medium over that in the 3 mm Al
N target is plotted vs laser intensity.
100 b ! m=08 g0 7 ]
] E  P/laser-area "/w“;@/ie ~ Ispot size
s 10°F = o 0.15mm . . N .
& o7 b e s 0.3mm a function of the log of the laser intensity in Fig. 4. The ratio
ERN- - s 06mm increases until about’510° W/cn?, at which point it begins
-~ L . .
£ 0 4%t 5 o . 12 o to roll off. A plateau is reached and then the ratio decreases
5 [ - .
z 0F =@ m 20mm above 4 10° W/cn?. Two features are noteworthi) below
:‘ 10* | P + 3.0mm 1068 W/cn? the medium and target stress power are closely
CERUES e 40mm linked, and(ii) above 5<1¢® W/cn?, the coupling of me-
102 B i v chanical power dramatically changes, with the target vs the
-~ 10° 107 108 10° 210‘° 10" medium gaining in stress power as laser energy increases,
laser intensity { W/cm® }

even for the same spot size.

FIG. 3. (a) Representative traces of the transducer signals for pressure

waves in air from excimer laser irradiation of 3 mm Al target. Laser focused

to 0.3, 1.0, and 3.0 mm diam, with energy at 20 mJ/pulseThe bottom 35 T e €
showsP* plotted vs laser intensity for eight spot sizes and four different r i T o i
energies ranging from 20 to 100 mJ/pulse. The top shows the plot of 3t 0

07}

P*/laser area vs intensity. - F ] : j
; 25 ¢ 1 . 8 spot size
2 2f ] o 0.15mm
speed corresponds with the speed of sound in air. From these; sk " e . o
shock dataP* in air is calculated and plotted in the bottom .y s | 4 1omm
of Fig. 3(b) as a function of the laser intensity for four dif- < ' w 4V « 20mm
ferent energy levels at each of the eight different spot sizes. 05 F Lo A,;q'-gg‘p -0 : ig mm
P* in the shock waves shows a similar pattern as in Fig. M:’I T
2(a), except that the base line shift for spot sizes less than 1 0 0 ) R 3 4 5 6 .
mm is two orders of magnitude. For spot size mm and (a) L. stress norm { a.u. of stress }
laser energy of 20 mR* in air is at a minimum, since the :
pressure wave is propagating at the speed of sound. For spot A —
sizes<1.5 mm and/or at higher laser energy, the pressure ;- 2 . 3
wave greatly increases, and travels faster than the sound= 6 3 E
speed. As laser energy increases, the power of the shock: 5 F e
increases, but not uniforml2* reaches a maximum forthe ¥ 4 £ ]
0.6 mm spot size, and then decreases as the laser intensity i s ; ]
increased by reducing the spot si#*/laser area for the s 3 E
shock wave in air exhibits similar behavior to that in the : 2 E
target[Fig. 2(b)]: it collapses to one curve with two distinct -~ 1 [ B
regions. However, the intensity at the roll-off point diffé6s -4 o A
vs 2x10° W/cn?), and the slopes above roll off diff¢d.8 vs o 05 ] 15 5 25
1.3. (b) L, stress norm { a.u. of stress }

The ratio of stress power in the medium to that in the
target prOVIdeS an eXphCIt measure of how*the ShOCk poweIEIG. 5. The dependence &* on thel, stress norm is shown for th@)
affects the stress power. The log B_Iusdiun( Ptargev _S'mUIta' target andb) medium. Inset if@) showsP* vsL, over 32 laser energies for
neously measured for the 3 mm thick Al target, is shown ashe smallest laser spot size.
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01—+ FIG. 7. The ratio ofP},..fPiong VS laser intensity is plotted for eight spot
r sizes, with four energy levels each.
> 005 longitudinal ; ; o ol
—~ - size; the shear wave magnitude is slightly less at 1 mm vs 3
s L mm. Therefore, the longitudinal wave grows rapidly with
% ok increased laser intensity, whereas the shear wave does not.
= ; shear The ratio of stress power of the she&(.,) to longitudinal
< (Pl’;ng) waves shown in Fig. 7 decreases with intensity until
0054 about 2<10® W/cn?. The ratio levels off and slightly rises as
I intensity increases furtheRy, ./ Pj;,, follows a similar but
. R
i inverse pattern as that observgd R eqiund Pt.argetm Fig. 4. _
O f b | Rayleigh waves were monitored to estimate the relative
0 5x10 1x10° 1.5x10° power of the stress components in the plane of the surface.
(b) time { s } Figure 8a) shows representative traces of longitudinal,

shear, and Rayleigh waves at the target surface for 3 and 1
FIG. 6. Representative trace of AET transducer showing longitudinal andnm spot sizes, at 20 mJ/pulse. The magnitude of the Ray-
shear waves propagating in a 38.5 mm thick Al target. Laser beam is foraigh wave is approximately four times larger than the lon-
cused to(a) 3 mm and(b) 1 mm diam with incident energy at 20 mJ/pulse. . . . .
gitudinal wave at the surface. The shear wave is vanishingly
small for the 3 mm spot size, and is much less than the
To demonstrate how stress power varies with the stres®ayleigh wave for the 1 mm spot size. The ratid?f of the
P* is plotted in Fig. 5 vs thé, norm of the stresses in the Rayleigh to longitudinal P’Qa/Pfgng) waves in Fig. &)
target(a) and the atmospheri). For the eight laser-beam shows that the power carried by surface vs bulk waves de-
spot sizesP* increases faster than stresses with laser encreases with laser intensity until about 20° W/cn? before
ergy. The rate of change iR* vs L, increases as the spot leveling off. This behavior is similar to the shear vs longitu-
size decreases. The inset of Figa)s5shows a power law dinal wave ratio shown in Fig. 7.
dependence foP* with respect td_, over 32 energy levels,
with m=2.5 for the smallest size of 0.15 mm. The lowest
rate was found for the 4.0 mm spot size with=2.0. Since
m>2 in every caseP* increases faster than the stresses with  Examination of Figs. @) and the bottom of @®) shows
laser intensity, with the greatest affect at the higher lasethat P* versus laser intensity depends on the laser spot size,
energies and smaller spot sizes. with P* following a new curve in each case. However, nor-
The partitioning of stress power between the individualmalizing P* with the laser spot size in Figs( and the top
stress waves is studied using an acoustically thick Al targetf 3(b) shows that the data collapse to one curv&/laser
The stress waves observed were the longitudinal wave in tharea as measured is a stress power flux that accounts for the
target and at the surface, the body and surface shear wavdsite size laser beam creating the loading, and is the desired
and the Rayleigh surface wav@date waves are negligible  quantity for determining the functional dependence on laser
Representative traces of bulk longitudinal and shear waveisitensity.
for laser-beam spot size of 3 and 1 mm, and energy of 20 The dependence oP*/laser area on laser intensity
mJ/pulse are shown in Fig. 6. The magnitude of the sheashows two distinct regions, both in the target and in the
wave is much greater than the longitudinal wave for the 3medium. In the Al targets, below aboutx20® W/cn?
mm spot siz¢Fig. 6(a)], whereas the situation is reversed for P*/laser area has a near quadratic dependémeel.9) on
the 1 mm spot sizéFigure Gb)]. The magnitude of the lon- laser intensity. This quadratic dependence is consistent with
gitudinal wave is 16 times greater for the 1 mm vs 3 mm spotn elastic response during linear thermoelastic expansion and

IV. DISCUSSION
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The main contributors to the power carried mechanically
--------- by stress need to be established to determine the usefulness
of monitoring particular components, as well as in investi-
gating the laser ablation process itself. The sources of stress
that dominate these laser-material interactions are thermal
expansion in the target, vapor recoil, and shock wave gen-
eration in the gas medium. The temporal data for the thick
target in Fig. 6 shows that the magnitude of the longitudinal
wave grows much more rapidly than the shear wave with
decreasing spot size. The longitudinal wave is strongly af-
fected by vapor recoil and shock wave generation, as ex-
pected for normal loading, and the shear wave is most influ-
— enced by thermal expansion, as expected for constrained in-
2x10° plane loading. The surface wave results from both expansion
@ time { s } and normal loading, but is strongest with point normal load-

. ing, as seen in Fig.(8) as the spot size is reduced.

Ty Spot size At higher laser intensities where stress power response
0.15 mm significantly deviates from that of stre€®’ from longitudi-
8:2 o nal wave dominates that from shear and Rayleigh waves, as
1.0 mm seen in Figs. 7 and(B). This growth in the longitudinal
;:3 ﬁm component of stress waves in the target corresponds with
3.0 mm recoil and shock wave generation in the medium, as seen in
. | * 40mm Fig. 3(a) for decreasing spot sizes. However, the actual mag-
boans ™ % T nitudes of shear and Rayleigh waves do not decrease. Rather,

Rayleigh

surface wave signal { V }

" " ! |
T T
0 5x10°® 1x107°

NN
1.5x10°®
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T
s
.’
o

/P*

Ray
® + M 4> ¢ 8380

P*
o
o
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«

they do not increase at the same rate as the longitudinal
component until a plateau is reached, at the same point as
roll off is observed. The plateau indicates tH#},, either
decreases or dissipates with respect to shear and Rayleigh,
though it still is the dominant power component. B&fj,,

FIG. 8. The representative trace from the surface wave transducer shows nd p* are strongly affected by recoil and shock wave

Lo . . dium
(a) the longitudinal, shear, and Rayleigh waves propagating at the surface of e . . .
the 38.5 mm thick Al target. Laser spot sizes are 1 and 3 mm and energy generatlon in the medium. Before roll off is reached, the

20 mJ/pulse. The rati®,,/ Pl Vs intensity is shown irtb) for eight laser ~ target and medium stress power grow together linearly, as
spot sizes, at four energy levels each. seen in theP’,;ediun(Pfarget ratio in Fig. 4. After roll off, the
rate of growth ofPj;,, and Py, .. decreases with laser inten-
sity, though not at the same rate, indicating that laser energy

heating, and thermal evaporative models for pressure recofloupling with both the target and medium is changing as
predict a quadratic dependenceRSf vs laser intensity. For well.
the Al target above 810° W/cn?, P*/laser-area dependence A significant result of this study is tha&* differs sig-
on intensity shows a marked declinerto=1.3. This reduc- nificantly from laser-induced stresses as a function of laser
tion is significant since thetressdata itself does not show a intensity. The stresses in the target increase almost linearly
reduction, and the point of roll off in thB*/laser area with  with laser intensity, buP* increases quadratically at first,
laser intensity coincides with roll off observed in mass re-then slows above an observed roll-off point. Of value for
moval rate$>® monitoring complicated laser energy coupling into a target is

In the air medium above the target, ti/laser area that stress powelR, is directly related to a general energy
shows greater than quadratic dependence before roll off ibalance, and stress is indiréé£® Although P* is a stress
the lower laser intensity regime. Linear thermal theory prepowerlike quantity, and nd?, changes irP* reflect changes
dicts a recoil pressure dependencarof2. Development of that occur to laser energy coupling with the target, even
a shock wave in the gas acts to increaseRfdaser area in  when stress measurements do not reflect that change.
the medium further, such thah would be >2. However, The effect of laser energy coupling on stress power
above about 810° W/cn? m is <1. This decrease im for  arises from the dependence of the velocity gradient and, thus,
the P*/laser area in the medium could be dudijaeduction P, on stress. The effect of stress on stress power generation
in mass ablated per unit laser enerdy) increase in the in the target and medium is seen in Fig. B increases
loading time per unit stress, aiiii ) dissipation of the stress greater than quadratically as a function of thestress norm
and/or shock waves. The data in Figa3for the shock in the target, and quadratically in the medium. In the target,
waves show that increases in the loading time are small, anB* vs L, depends weakly on the laser spot size. At the
so (i) is probably negligible. Howevefi) and(iii) are likely  largest spot size®* is quadratic and at the smallest it grows
to be occurring since shock waves can cause significant didy 2.5. As laser intensity increases and, thus, the stress im-
sipation, and reduction in mass/laser energy does occur gbsed locally by the incident beam, the stress power in-
laser intensities above the observed roll-off poffits. creases at an even higher rate. In the medium, no area de-

OO‘I IR Ll M| Ll m
100 107 108 10° 100 10"
(b) laser intensity { W/em® }
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pendence oP* vs L, was observed. An issue in comparing via the partitioning of energy that satisfies a general balance
P* and stress is tha® becomes more significant as stressthat includes thermal, mechanical, chemical, and electrical
increases, which was observed. Note that Bor 7jv; j, energy terms. The degree of partitioning depends on the con-
only if v ; is independent of;; will P be proportional td.,. stitutive relations for stress, strain, and heat transfer, as well
However, in generad;; is a function ofr; , which depends as for internal energy. A® increases with respect to the
on the constitutive relation linking stress and strain. For in-total incident laser power, changes in energy transport might
stance, ifv;; is a linear function ofz;, then P will be be expected to occur depending on the material and dissipa-
qguadratic with stress. This behavior was observed for théion mechanisms, thereby limiting the mechanical propaga-
intensity region studied. In a rapidly expanding gas mediumtion of energy. As such, the form and amount of mass
v; j is a function of the pressure. At high pressure, the velocejected, as well as its kinetic energy, could change in the
ity gradient in the expanding gas depends on the velocity ohear field with changes iR. These initial experimental re-
the expansion front, and the pressure behind the front. Theults indicate that measurirfgj/area in the far field reflects
pressurep supplies the normal stresg; measured. There- changes in energy coupling in the near field. In principle,
fore, the stress power will be at least quadratic with the presstress power may be measured in the near field to investigate
sure, which is consistent with the observations seen in Figundamental laser energy coupling mechanisms. However,
5(b) for a normal shock. much theoretical and experimental work remains for this to
Even though stress measurements do not explicitly showccur.
a change in laser energy coupling, a correlation should exist A unique result of the these experiments is thrit
between the laser-induced stress and the energy transferrgdows a distinct offset at the lowest laser energies. The base
to the target. As laser energy coupling with a target changedine stress power shifts an order of magnitude for small spot
the amount and velocity of the ablated mass, and, thus, thgizes due to shock wave generation. However, the initiation
stress from vapor recoil and shock wave generation variesf the shock wave is the subject of continuing research, and
The ratio ofPRegiun{ Piargerin Fig. 4 combined with Fig. @) it may be related to gas ionization breakdown, not merely
suggests that above the roll-off point ax 80® W/cn?, the  expansion due to mass removal. Gas ionization breakdown at
rate of change of mass flux into the medium is decreasingntensities as low as £0n/cn? above a metallic surface is
but the energy of the ablation products is increasing. Figurekess than that observed with direct detection, yet an onset of
2, 3, and 4 show that abovexa0® W/cn?, Phrgetincreases  ionization would help explain the offset. The sensitivity of
at a much larger rate thaiy,cqym: If PygeddS primarily due  P* to changes in loading gives the method good potential as
to longitudinal loading from the expansion plume as the dataa laser diagnostic technique.
suggests, then if the mass flux drops, the mean velocity of The frequency dependence for the power spectrufiof
the ablation products must be increasing to maintain th@eeds investigating. The values Bf in this study are sca-
pressure increasing, . An increase in absorption of laser lars independent of frequency. However, the power spectrum
energy directly by the laser-induced plume is one mechanisrim the frequency domain changes with different laser load-
that can reduce the amount of energy reaching the surfacings. Therefore, the power spectrumi®f may reveal more
thereby reducing the mass ablated, yet increasing the kinetioformation as to laser energy coupling mechanisms, both in
energy of the plume by increased heating. Shielding of théhe target and in the medium.
laser beam from the target by plasma formation, or plasma
shielding, is consistent with these stress power results. Morg ckNOWLEDGMENT
complicated plume dynamics may also play a role in the
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