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ABLATION OF MATERIAL BY FRONT SURFACE SPALLATION

R. S. Dingus and R. J. Scammon
Los Alamos National Laboratory, Los Alamos, NM 87545

ABSTRACT

Laser irradiation can be utilized to remove (i.e., ablate) material in a controlied manner by a
hydrodynamic process, referred to as front surface spallation. In this process, a thin layer next to a free
surface is heated to a level (below vaporization) so rapidly that it cannot undergo thermal expansion
during laser heating. This generates a stress pulse, which propagates both inward ard toward the free
surface, with an initial amplitude that can be calculated using the Graneisen coefficient. As the puise
reflects from the free surface, a tensile tail can develop of sutficient amplitude, exceeding the material
strength, that a layer will be spalled off, taking much of the laser-deposited energy with it. To achieve
spallation conditions, the laser wavelength, pulselength and fluence must be tailored to the absorption
deptn, Grineisen coefficient, and spall strength. Hydrodynamic calculations and analytical modeling
are presented to explain the process and illustrate conditions under which it should be expected to
occur. Under some conditions, front surface spallation can have advantages over ablation by thermal
vaporization, where residual temperatures are generally higher.

1. INTRODUCTION

The information in this paper has been derived from efforts to develop computational
techniques to model x-ray- and laser-target interaction for defense applications. The effort has
included the performance of detailed experiments to gain confidence in the modeling. The
knowledge gained from these efforts appears to have potential benefit to medical and other
industrial applications. The computational modeling efforts have involved development of a
basic understanding of the processes along with simple analytical codes; development of large,
numerical, radiation-hydrodynamic-computer codes to aiialyze complex conditions; and
development of the necessary materials properties data bases for these calculations. The
discussion in this paper will emphasis semi-transparent materials, with a vacuum or gas in
front, exposed to short pulselength lasers with fluences just above the ablation threshold. The
laser wavelength will be assumed to be long enough that breakage of molecular bonds by
photon absorption is not a dominant process. More general discussions of pulsed laser effects
phenomenology are presented in Ref. 1-5.

A reasonable criterion for being semi-transparent is that a significant fraction, if not all, of
the laser bean is absorbed in the material, but the laser pulselength is short enough that the laser
penctration depth is larger than the depth to which energy is transported by thenmal diffusion

during the time of the laser pulse. For rapid heating, when the front surface dose is above the
complete vaporization energy (i.c., At the energy per unit mass to take the material from its



ambient temperature into the vapor state), material will be ablated by vaporization to a depth at

which the dose equals the complete vaporization cnergy. A fraction of the material with a dose
above the incipient vaporization energy (i.e., AH;, the energy to take the material to the

vaporization temperature, but excluding the latent heat of vaporization, AHy; AH; = AHj + AHy;
generally AH; << AHy) will also be vaporized. This vapor can entrain nonvaporized material
from this region so that the precise amount of material ablated from this region is dependent on
rates including those associaied with both thermodynamics and hydrodynamics. As the heating
pulselength gets longer (for semi-transparent materials), the situation becomes more complicated
because there is time for cooling by ablation to peg the front surface temperature at the
vaporization temperature, while in depth laser heating can cause superheating until instabilities
result in rapid vaporization at some depth, which will drive off cooler material at lesser depths.
For opaque materials, this will not occur because the heating source remains at the surface

2. FRONT SURFACE SPALLATION PROCESS

For semi-transparent materials, if the laser pulselength and the time for conversion of
absorbed laser energy to thermal energy are sufficiently short, such that the transit distance of an
acoustic signal during the laser pulse is less than or of the order of one laser absorption depth,
then the heating from laser absorption will induce a stress pulse whose amplitude is proportional
to the absorbed fluence. At fluences below that fo. thermal vaporization, this stress pulse can
cause front surface spallation, which is a form of ablation. This type of ablation generally
requires less fluence per unit mass ablated than is required by ablation from thermal vaporization
or photochemical decomposition because the material is ejected in solid or liquid fragments
rather than as molecules or atoms, which requires more energy to break more bonds. For short
laser pulselengths (i.c., large laser flux), large compressive ‘stress pulses can be imparted to the
matcrial by thermal vaporizacdion or photochemical decomposition due to the rapidity with which
the mom.enturn of the ablated material is canied away.

--'.-'g--..---.

Figure 1. Illustration of front surface spallation process.

Figure 1 illustrates the basic process relating to front surface spallation. Imagine that the
material of interest is a spring with a certain compressibility; Fig. 1 shows four configurations
of this spring. Suppose that the front surface of the material (spring) is heated to some depth



during a short time as illustrated by the hatched portior. of the spring at the top in the figure. If
the material had been heated slowly, thermal expansica would have caused it to expand to the
vertical dotted line to the left in Fig. 1, as shown in the next spring down. However, because it
was heated so rapidly, it acquires a significant velocity during the expansion (provided it is not
restrained by another material in contact), which must be followed by deceleration to bring it
back to rest. If the material has insufficient strength, the force associated with the deceleration
will cause a fracture and a layer will keep going as shown by the next case. This fracture is
referred to as spallation, or spall for short. Depending on the circumstances, the velocity of the
residual material can cause one or more additional layers to spall as shown for the bottom
spring.

Front surface spallation can also be described in more quantitative, but equivalent terms.
Heating a (front surface) layer of material before it can thermally expand causes a (positive)
compressive stress pulse in that region whose amplitude can be calculated using the Griineisen
cocfficient. This stress pulse will cause dynamic expansion, both toward the front surface and
in the opposite direction. The stress pulse will be reflected at the front surface by the shock
impedance mismatch producing a reflected (negative) tensile pulse, if the impedance of the
material in front is lecs than that of the material. To have spall, it is generally necessary that the
material in front of the material be a gas or vacuum and not a liquid or solid; otherwise, the
shock impedance of the material in front will prevent a tensile wave of sufficient amplitude from
developing. The tensile pulse trails the compressive pulse into the material, thus causing the
characteristic bipolar stress pulse seen in stress measurements at low fluencesS, If at some
depth, the tensile stress exceeds the tensile spall strength of the material, then the material will
spall at that depth, creating a new boundary surface at which the stress becomes zero. The rest
of the compressive pulse that is propagating toward the frt;nt surface will then be reflected from
this new boundary. If the reflected tensile stress builds up to the spall stress again, then spall
will occur again. Eventually, the criterion will no longer be met for another spall layer to
develop and a residual tensile tail will be left in the material with an amplitude that is less than
the spall strength of the material.

3. EQUATIONS FOR THERMOELASTIC STRESS

To understand the basic relations governing the spallation process, a purely thermoelastic
response of the material is assumed along with an exponential laser deposition profile and
constant absorption coefficient, . For the sake of discussion, it is assumed that the deposited
laser energy is instantly converted into heat. The time scale is assumed to be short enough that
thermal conduction can be ignored; however, it is assumed that the heat is distributed locally
uniformly where it is deposited. The laser beam is assumed to expose a large diameter of
material compared to the absorption depth.



For an incident fluence, Fy, into the material (after correction for reflection at the material
surface), the fluence, F, at a depth x in the material is given by F= Fq, exp(-ux). The energy
density (energy per unit mass), E, deposited by the laser in the material at depth x is
E = -(1/p) dF/dx = (/p) Fg exp(-ux). A rectangular step function laser temporal profile is
assumed with a pulselength, t] , because it is most illustrative. Other pulse shapes can also be
treated analytically6 and calculations for arbitrary pulse shapes can be done numerically with
hydrodynamic codes.

The material properties important to the photospall process are: the absorption coefficient,
i; the sound speed, c; the Griineisen coefficient, I'; and the spall strength, 65. It is convenient
to define a characteristic time , ty, where tg = 1/ uc, which is the time for an acoustic signal to

propagate a distance of one laser absorption depth (1/it). Also, let Ty be the ratio of the laser
pulselength to this characteristic time, so T} =t /to = M c tL. Itis instructive to discuss how

the stress waveform develops in the material. For simplicity, the sound speed is assumed to be
constant (actually at higher compressive stress, the speed is generally slightly higher, but this
change is probably negligible for the low stresses and short distances of interest in the present
discussion). If the laser energy was deposited instantancously in the material, the stress, G, in
the material just after deposition would be compressive with an amplitude at a distance x into the
material of

o =T uFgexp(-ux) . N
Actually, because the front surface is a free surface (it is assumed that a gas, which has a shock
impedance of essentially zero, or a vacuum is outside the front surface), the stress must be zero
for all time at x = 0; this boundary condition is insured by the ensuing reflection at this surface.
The stress pulse immediately begins to propagaté both toward the surface and away from the
surface with a velocity ¢. This bifurcation in direction, leads to a factor of two reduction in
amplitude. For illustrative purposes, onc can think of the stress given in Eq. 1 as consisting of
two pulses, each with half the amplitude of Eq. 1; one moving inward, the other outward. At
any given time, the stress is the superposition of these two pulses. The inward moving pulse
simply translates with velocity c¢. Each element of the outward moving pulse reverses sign and
direction as it reflects from the front surface. This results in a bipolar stress pulse, which, at
any given time t, makes an abrupt transition at the location ct in the material from the largest
tensile value to the largest compressive value. For times of the order of or less than the
characteristic time, t,, the peak tensile stress is building asymptotically from zero to its
maximum negative value of - 'nF /2, while the peak compressive stress is decreasing
asymptotically from + FuF, to + 'nNF/2. During times for which t >> t,, the stress
amplitude decreases from the peak stress value, Gp, 10 zer0 exponentially as exp(-pix'l) in both

directions, where Ix'l is the distance from the location ct. Because of the assumed linear elastic



the stress as a function of time at given positions in the material. It is inieresting to note that
nowhere in this paper are the processes under discussion dependent on a shock front>

developing in the material.
If the laser has a finite pulselength, t] , then stress propagation occurs during the pulse

causing a number of differences from instantaneous energy deposition. For a rectangular step
function laser temporal profile (as is being assumed), tiie tensile stress does not begin to
develop until the laser pulse ends. During times for which t >> t,, and t >> t[, the tensile and

compressive stress peaks become separated by a distance ¢t and the peak stress value, Op is

reduced by a factor A, which accounts for the stress relicf that occurs during the laser pulse,
where A=(1-exp(-tj,))/tr. This attenuation factor approaches 1 as 1[, goes to zero and

approaches 1 / 1y, for large values of ty,. The factor A is plotted versus 1], in Fig. 2. As
illustrated in Fig. 2, the peak stress is reduced substantially when 1| is greater than one.

Figure 2. Stress attenuation versus ratio of laser pulselength to characteristic time.

Thus, the peak tensile stress , Op, developed in the material occurs (assuming no spall) at
times late compared to the laser pulse duration, t] , and late compared to the characteristic time,
to, and has an amplitude of

op=(A/2)rp | for t>>t, andt>>t, . (2)
It is interesting to note that, when 11, >>1, then Gp is inversely proportional to 1, and

independent of y; that is,

op~(12)T Fp/(ety) for t>>1,, t>>4 and 1 >>1. (3)
To better understand the origin of the stress, it is helpful to examine the terms in Eq. 2. The
Griineisen coefficient can be written as I'= 3 / (p Cy, wr) where P is the thermal expansion

coefficient, p is the density, Cy, is the specific heat at constant volume and rwr is the isothermal
compressibility of the material. Putting this into Eq. 2 gives op = (AR2)Q/ep)Bwp)Ey / Cy .

The product (Wp)F, gives the peak laser dose in energy per unit mass, which occurs at the



front surface of the material; dividing this by Cy, gives the temperature rise; multiplying this by
B gives the thermal expansion; multiplying this by 1/xT gives the stress caused by this thermal
expansion; multiplying this by 1/2 accounts for the stress propagating both inward and outward
as discussed above; and multiplying this by A corrects for stress propagation during the laser
pulse.

Equation 2 assumes a Mie-Griineisen equation of state, which is applicable for the solid and
liquid phases. At high fluences where vaporization occurs (i.e., (Wp)Fy > AH;), as the vapor
expands, the equation of state more nearly approximates that of an ideal gas.

In reality it takes a finite time for materials to fracture when subjected to a tensilc stress;
fracture models have been developed to account for this complication?. Neglecting this
complication for now, if the spall strength of the material is less than the peak tensile stress,
then the material will spall at the location and time in the matei1al where and when the peak
stress reaches the spall strength. Thus, spall occurs if 6p > 05 After the spallation occurs,
depending on the circumstances, the tensile stress may build again to the spall strength
amplitude, spalling off another layer. The total number of spall layers is approximately one to
two times the ratio Gp / O and the total spall depth is approximately one to a few times the
laser absorption depth (1/1). These relations for the number of spall layers and the spall depth
are not exact principally because part of the tensile stress pulse generally will have propagated
beyond the spall location by the time of each spall and because of the disciete nature of the
spallation process in association with an exponentially increasing stress with distance intc the

material.

4. ANALYTIC THERMOLELASTIC STRESSWAVE CALCULATIONS

Let t=pct, 1 =Hcty, and € =pux. Then, assuming that the laser flux is constant for a
duration of t]_ and with a total fluence of F,, evaluating the integrals presented in the paper by
Bushnell8 gives.

0= (1/(2t ) TuF, [ exp-(t-&) -exp-(t+€ 1 fortst,, Est (4)
0 = (1/(21)) TUFy [ exp-(€ - 1) - exp-(§ + 1) ] forvst, &2 5
o= -(AR)TuFy[ exp-(t-1,- &) -exp-(t-1 +& ] fortz2r,, E<t-7 (6)
o= -(A2)TUF,[Bexp-(t-t - E)-exp-(t-t +&)] forr2rt, t-1 SEsn 7N
o= (A2)TuFy [ exp-(§-1) +exp-E+t-1)) fort27, §217 (8)

where A = (1-exp(=1p)) /1, and B = (exp2(t - 11, - &)- exp(-11.)) / (1- exp(~t] ) ©)

Figures 3 and 4 present the results of calculations using Eqs. 4-9, which assume that the
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Figure 3. Thermoelastic stresswave developmeit for long laser pulselength
compared 0 characteristic time. Parameters used were: p = 2700 cm-1, ¢ = 1.5
um/ns, I' = 0.15, Fy = 0.07 J/cm2, t;, = 16 ns. Resultant values are: 1], =
6.5, Op = 22 bar and front surface temperature rise is 45 °C.
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Figure 4. Thermoelastic stresswave development for short laser pulselength
compared to characteristic time. Paramecters used were: p = 2700 em-l, ¢ = 1.5
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spall strength is large enough that spall does not occur. In Fig. 3, the material propertics used
arc those estimated for corneal tissue exposed to a typical ArF laser pulseS. Figure 4 is for the
same conditions except that the laser pulselength is 1 ns instead of 16 ns. In the top part of
Figs. 3 and 4, the stress in the material is plotted as a function of time at different positions in
the material. The bottom part of Figs. 3 and 4 gives the stress as a function of position in the
material at different times. In these figures, it may be noted that the separation between the
positive and negative peaks is equal to the pulse length, that no negative stress develops during
the laser pulse and that the peak stress amplitude is much larger for the 1 ns pulse than for the
16 ns pulse as indicated by Eq. 2.
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Figure 5. Fluence threshold for front surface spallation calculated from Eq. 2
using o5 /T =100 bar, ¢ = 2 um/ns, and p =1 g/cmz.

Figure S gives threshold fluence curves for front surface spallation from Eqg. 2 for the
specific parameter values indicated (typical of a liquid), plotted as a function of pulselength for
various absorption coefficients in Fig. 5 a) and as a function of the absorption coefficient for
various pulselengths in Fig. 5 b). The curves can be easily scaled to different parameter values
using Eq. 2. For most liquids or solids, the Grilneisen coefficient has a value of the order of
0.3 to 3, the spall strength of solids is of the order of 5 to 50 kbar, and the spall strength of
liquids is of the order of 10 to 100 bars®. Because the spall strength for liquids is small, front
surface spallation will frequently tend to cause ablation of exposed solid targets down to the
melt depth. The dashed lines in the Figs. 5 a) and b) are respectively contour lines for constant
flux (Fg/t) and constant front surface energy deposition (UFg/p). The threshold fluence



curves in Fig. 5 merge in the vicinity of pct], = 1 such that for much larger t], or y, the fluence
is determined by Eq. 3 (which is independent of i) and for much smaller 1 or i, the fluence is
determined by Eq. 2 with A = 1 (which is independent of tj ). For example, Fig. 5 shows that
(for the paraneters used in Fig. ) for a fixed absorption coefficient of 104 cm-!, the threshold
fluence decreases as the pulselength is decreased to about 1 ns, but does not decrease much for
shorter pulselengths. Similarly, for a fixed pulselength of 1 ns, the threshold fluence decreases
as the absorption coefficient is increased to about 104 cm-1, but does not d=:rease much for
larger absorption coefficients. Figure S a) and b) respectively show that, for the parameters
used, a flux of at least, 4x106 W/cm2 and a front surface dose of at least 20 J/g are required for
front surface spail. This flux is not far from that at which aerosol breakdown in air! may
become a problem so that some experiments of interest might need to be performed in vacuum.
For medical applications where tissue apparently has a reasonably high Griineisen
coefficient and a reasonably small spall strength, front surface spallation should be a possible
means of ablation. For aluminum, as an example of a metallic solid, the Griineisen coefficient
is about 1, the melt energy is about 1000 J/g (desirable to drive to me!t tc reduce spall strength),
the penetration depth (1/u) for optical photons is about 10-6 cm, the sound speed is about 5
pmy/ns, which suggests a pulselength of about 2 ps or less (to kecp pcty, < 1). The thermal
diffusivity, k, is about 1 cm2/s so that in 2 ps, the thermal diffusion depth (8=V4kt )is about
3x10-6 cm, which exceeds the laser penetration depth, so that Eq. 2 would have to be corrected
for thermal diffusion. Although much higher doses would be required than needed in Fig. 5, it
appears feasible to ablate very thin layers of metals with very short pulselength optical lasers.

S. HYDRODYNAMIC CODE CALCULATIONS

Figures 6 and 7 present the results of hydrodynamic calculations, using the Chart D code!0
with the laser and material properties shown in those figures, to illustrate how the stress
ochavior changes when front surface spall occurs. The equation of state used was
approximately that for aluminum, but it was artificially changed for illustrative purposes. In
Fig. 6, a large spall strength was used so that spall would not occur; the stress is plotted in
dynes/cm2 (106 dynes/cm? = 1 bar) as a function of position in the material at times of 1.59 ns,
1.90 ns, 10 ns and 20 ns. In these plots the front surface was at x = 0.2 cm and x decreases as
the distance into the material increases. In Fig. 7, where a spall strength of 3 kbar was used,
the stress is plotted at essentially these same times plus at two additional times. The dashed
vertical lines in Fig. 7 indicate the location at which spall planes develop. Spall first occurs at a
time of 1.54 ns when the tensile stress reaches 3 kbar. The plot at 1.90 ns shows that the tensile
stress has again built up to nearly 3 kbar. The plot at 1.92 ns shows that a second spall plane
has develuped. At 10 ns, six spall planes have developed and another is about to occur. At
10.9 ns, the seventh and last spall plane has occurred. After spall, the residual stress pulse in
cach spall layer reflects repeatedly within that layer. The momentum of each spall layer is about
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the same, but the thickness increases exponentially with successive layers so that the velocity
decreases exponentially with successive layers. This signature might be something to look for
experimentally. The position, x, in Figs. 6 & 7 is a Lagrangian coordinate (which is fixed to
the mass elements rather than representing location in space) so that the gaps between spall
layers do not appear in the plots.

6. SUMMARY ,

Front surface spallation is a potential mechanism for laser ablation of materials that may have
a number of significant applications, suck as medical surgeryS. Perhaps it could be used also
for desorption or to launch material (for example, large biological molecules) from a surface iato
aregion where other techniques 1 .ght be used to study the launched material or , for example,
to vaporize it for production of superconducting thin films. It might also have value in cutting
or shaping materials including precision etching such as for lithography.
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