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CALLULATIONS OF LASER-INDUCED SPALL IN ALIMINTM TASGEDS

A Ra Larwcn

ABNTEAMT

ne-dtmensional, plane-pgoosetey caleulations of material rerponse

to lager-target interaction arco proacnted.
Mont cieiculationy vere doae with the target in

slabs of aluminug,.

The Tavgetls 3¢ WRAUgenoris

vacuus, hut some Investigationa into the offccts of having the targe:

in air ave alse teperted.
used for the calceulations.

A sedificd version of the CHART 9 code was
rarametors Lhal wefe varicd inclule lazer-

light wavelength, duration of constaut=power puliex, tagget Baterial

thickness, and laser caergy absorbed by the target.
varlcd to fdentify ehresholds at which spall occurz.

LAseT CNCTRY Was
An laxer pulse

times approach the value of two shock transit times, results revesled
(1) that a large increase in caeegy bs requirted for spall, and 42) that

the thickness of the spalled layer inereased greatly.

Cosparizig of

calculation with a singic experimental cesult showed that spall laver
thickness as calceulated agrees with that [easured.

1. INTRODUCTIOR
Lasers provide a means of depositing energy on
a target in a controlled space-time roeference. See
cause the time involved can be shorter than gas-
times, 1

mechanism for generating shock waves.

dynamic resp s provide an effective

These shock
waves can then be used to cause spall damage.
Spallation of a target by a laser has been reported
experimentally by at least two authors. An-.!vrhoml
reported spalling 0.3 am of lecad with a 7-J, 12-ns
ruby laser, and Fox and Barr:! have spalled 1 om of
6061-T6 aluminum with a 1~ to 2=-ns, 735-J pulse fron
a Nd:glass laser.

This report presents the results of an analvei-
cal investigation to determine the uscfulness of
short-pulse (< 1l.0-us) lasers in generating shock
waves of sufficient magnitude to cause spallation
in metal targets. The study had two objectives:
(1) to find appropriate methods of performing the
calculations and (2) to use these methods in study-
ing the effects of several independent variables.

This work was performed for the Army Missile
Command, AMSMI-RR, Redstone Arscnal, Huatsville,
AL, under Contract MIPR-A-31682-23-7114.

1. NETHODS OF CALCULATION

Tiw seolution to the grodloms Jiscussn? invelves
the four §ailiar continuum dynamic cguations ia La-
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vhere

Equation of State,

o = denslity
a = velocity
¢, ® stress in x-direction
= arclficial viscosity

= pressure

"Nowoon

= specific internal energy
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= energy flux froa radiatioc and electromic

conduct jon

Wie

a gnergy source term (laser light, in this
case).
A computer code is required to solve the numerical
analogs of these equaticns. The code must have
bujlt=in equatlon-of -state capability to define the
ionizatlon levels necessary to compute the laser-
light absorption coelficients. The well-docunmented
and accurate code, CHART D, written by Thompson and
Lausunj’a of Sandia Laborateries, Albuquerque, XM,
provides the right tool. Farmiliarity with the
document describing the code 1s assumed.

To summarize, CHART D solves the finite-
difference analogs of the lLagrangian equations of
ootion with energy terms in rectangular, cylindri-
cal cr spherical coordinates. Thermal and elec-
tron conductlon, spall, and rejoin calculations are
included.

different states of «aterlals can be calculated by

Equations of state that describe all the
the code or taken from a data tape. Consistent
with the assumption of local thermodynamic equili-
brium, energy is transported by a flux-limited
diffusion approximation, Elastic-plastic deformation
is included.

The CHART D code had to be modified for calcu-
lating problems involving laser interaction; this
modified version is referred to as CHART L.

One of the additions to CHART L is a mechanism
for laser=light absorption. The mechanisa used is
that of free~free absorption taken from Spitzer.s
A more complete discussion of the method is given
in Appendix A.

The CHART D code uses explicit finite differ-
ence to solve the momentum equation. To produce a
stable seolution, the time step nust be controlled

by the Courant condition, f.e.,

Sx
6t = minimum value of e
i
where 6"1 is the thickness of Zone i and LA is the

sound speed iin Zone i. To establish the energy
required for spall under some conditions, the laser
power levels were such that certain regions of the
material had small values of Gxi and Mach mmbers
such legs than 1. This situation caused the Courant
condition to give such small time steps that the

required computer time became large enough to limit

the nunber of points that coulé be established in a
parameter crudy. An iaplicit finite-difference
method of solving the momentun equ:lzion6 was forcu-
lated in a manner that could be used by CHART L and
was added to the code. An fimplicit solution has
the advantage that the time step is no longer limit-
ed by the Courant condition. This type of solution
i{s described in Appendix B.

III. FIXKED INPUT PARAMETERS

Input parameters that remained fixed throughout
the calculations are discussed fn the following
paragraphs.

The only target material is aluminun,
geometry is used, i.e., one~dimensional rectangular
coordinates with the x—direction normal to infinite

Plane

The target material is a homogeneous slab
Exceptions to this general

planes.
of aluminum in vacuum.
rule are problems run to investigate the effects of
air, discussed in Section VII.

The problem setup requires dividing the target
into a finite number of zones. Because the CHART D
code is base! on the Lagrangian foroulism, the mass
of each of these zones remains constant throughout
the problem. When the laser is jnitially turped
on, the energy penetrates a very thin layer. The
thickness of this layer can be estimated from the
skin-depth foraula for aicrowaves, Axp
where ¢ 1s the speed of light and mp is the plasma
Assuming fully fonized aluminum at
= 0.6 x 10 ° cm. The zone

nearest the laser was chosen to be this thickness

- c/mp,

frequency.
normsl density, Axp

to mock up light absorption for the shorter pulses
and for the early phase of problems.involving long
pulszs. This approach is consistent with the
"ump-all" mode used in the absorption rovtine (see
Appendix A). A zoning mass ratio of 1.1 was used

to increase the zone size until zones became large
enough for constant-mass zoning.

The option of using the subroutines in CHART L
to calculate equation-of-state and opacity data (as
opposed to using data stored on magnetic tape) was
exercised in these calculations. Up to 24 variables,
called the ZB array,a't' can be entered for g-aerat-
ing equation-of-state data. Although the data for
aluminum are the same as those stored in the CHART
L code, some important parameters that have meaning
without reference to specific equations are repeated



Pregssure (Mbars)

here for ease of reference, along with definitions
of the variables. All variables in CHART L are in
cgs units, except temperature which is expressed in
electron volts (1 eV - 1.60203 x 10 % erg). Some

variables of the 28 array are:

2B(3) - o, = reference

density 2.7 g/ca®
2B(4) - T - reference

temperature 0.02568 eV (298 K)
ZB(6) - B_ - bulk modulus 7.63 x 10°? erg/fcm?

2B(7) - I‘: - reference
Criineisen
coefficient 2.06
2B(8) - O_ ~ reference

Debye

tempeyature 0.0343 ev
ZB(11) - Es ~ zero tem~

perature

separation

energy 1.2 x 1o!!? ergig
2B(12) - Em ~ energy to

the melting

point at

Zero pres-

sure from

the refer-

ence point  6.639 x 10° erg/g
Z8(15) - Ho - thermal

- lowest

allowed

solid

density 2,305 glen’®
ZB{23) ~ Hf - heat of
fusion 3.98 x 16° ergl/g

z8(17) - Pain

Py
ZB(24) - o ratfo of
8 liquid to
solid den-
sity at
melting
point 0.92%.

In additicn to the above information, the fon-
ization potentials for all elements are stored in

the code.

The calculated equations of state and Kossland
opacities are shown graphically in Figs. 1, 2, and
3. The opacities contain the thermal conductivity
as cescribed in Ref. 4.

Additional equation-of-state data used in the
elastic~-plastic calculatfon are input into the
YIELD array. These values are:

Yo = 3.0 kbar, Yl =0

v, = 0.333 - Poisson’s ratio at room tem-

perature

a =08 - fraction of relt energy where

conduc= the material starts to lose its
tivity co- strength
efficient 2.7 x 10! erg/cmeseev
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Fig. 1. Equations of state for aluminum - Hugoniot curves for pressure versus density (a), pressure versus
material velocity (b), and shock velocity versus material velocity (c).
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a b
Fig. 3.
where
1, Esae
1= I~:Iem
Y = Yofl + Yln)F(E), F(E) = T aE,<E<e, -
0, E>

The term Y is a state function of the solid
known as flow stress. It is used in the von Mises
yield condition to find the pressure at which the
material starts to yield and exhibits plastic be-

havior; i.e., yleld occurs when
d,? 2
50, > 23y
where

E = specific internal energy
€ = specific energy at the melting point at

Zero pressure

n=1-=L
o
d
o. =P-g 1 = x,y,z).

The von Neuman-Richtmeyer arcificial viscosity,
0,3 is used to allow the finite-difference equations
to treat shock waves in a continuous manner. The
coefficient of the quadratic term Bq is taken as 2,
which is approximately the number of zones over
which the shock is spread regardless of shock
strength. Because ~ 100 zones were used over 1.0 cm,
the shocks should be well-defined.
B, is included to give some damping to low~level
oscillations. The value of By was taken as 0.1 (de-
fault value in the code).

Stress waves are calculated by solving the

A linear term,

finite-difference analogs of the conservation-of-mass,

eAaes € ¥ € 303
0001 €5 & 5.6

Equations of state for aluminum - pressure, energy, and opacity.

momentum, and energy equations, To determine
whether or not fracture cf the material occurs, the
resulting stress is conpared to a dynamic fracture
For aluminum, the dynamic fracture

This

criterion.
criterion of Tuler and Butcher7 is used.
model calculates a quantity:

t
K(t) = f f(2) dt
[+]

where
(-O-UO)A, c<-cr°
f(o) = .
0 s O>=0
- o
The quantity K(t) is calculated at every zome for

every time step. Spallation occurs when

T -1} °¢

S
1((t)>l(s T -7 > 0.
S [

Values of input variables used, taken from Ref. 7,

vere:
K, =3.98 x 10!?

A= 2.02 cgs units.

o =1.0x 10'°
o

Tuler and Batcher state that these values are
applicable to Type-1100 aluminum in the following
sense: The abeve values of Ks’ A, and o, =
4.25 x 10° dyne/cw® are from 6061-T6 aluminum data.
The value of oo = 1.0 x 10%° represents the asyn-
totic value for long pulse durations indicated by
experiments with Type~1160 aluminum.
used by the authors to predict spall layer thick-

The data were

nesses from fracture experiments with Type~1100

aluminun,



The value of Ts is taken to be 966 K (the
melt temperature of alumimim), and ¢ is taken to be
0.5 because Ref. 3 suggests that this value fits

available data.
IV. LASER-TARGET INTERACTION AND TARGET RESPONSE

Intense laser beams interacting with a metal
target produce a plasma (by heating) near the tar-
get surface. This rapidly expanding plasma, im
turn, produces shock waves that propagate froo the
plasma into the solid target. As the shock wave
traverses the homogeneous medium, dispersionm occurs,
i.e., the amplitude of the wave decreases and the
width increases. Dispersion vccurs because the
shock velocity for the rarifaction w:ve depends on
the stress. Higher stress implies hiyher velocity;
the top of the rarifaction wave therefore moves
faster than the bottom, with the resulc that a tri-
angular stress wave is formed. After tricngle for-
mation the amplitude decreases because the rari-
faction follows an isentropic curve, giving a higher
shock velocity than the compression wave, which
follows a Hugoniot line. When the shock wave
reaches the back surface, the reflected portion cof
the wave (which is ncw an unloading wave) and the
unreflected part of the wave interfere to give the
stress distribution during reflection. After re~
flection the wave is an inverted mirror image of
the stress wave at the time reflection started;
ie., 07 (x) = -u(xO ~ X) where X, is the width of
the stress wave on the x-axis at the time reflec-
tion starts. This transformation of the stress
wave results from the boundary condition, G(xt) = 0,
where X is the position of the vacuum target inter-
face. This phenomena is discussed on Page 720 of
Ref. 8.

The sequence of events which leads to spall is
illustrated in Figs. 4, 5, and 6. The problem
chosen for illustration represents a 7 kJfcm? as:r
pulse of 1.0-ns duration on 1.0 cm of aluminum
(Problem 23, Appendix C). Figure 4, which presents
a time sequence (f stress, temperature, and veloci-
ty as a function of position, gives an overall pic-
ture of plasma-cloud formation and its interaction
with the slab to form a stress wave. Figure 5
presents a similar sequence showing stress, tempera-
ture, density, and source strength. The region

near the plaswa-solid boundary has been magnified

to show the details df shoeck-wave generation. As
the source-strength plets show, laser eme:gy fs
absorbed im the plasma cloud, and is tramsported
from there to the worikimg surface by electronic
heat conduction and radiative heat transfer; the
vorking surface is defined as that area at which
the texperature and density curves cross (sec Fig.
5¢ - time at which the laser {s turned off - for
best illustration of this sequence). It canm be
seen that work cam be done on the high-density
region by the low-density regiom as expressed by
noting that the equation of state for a gas,

P = NpkT, allows high pressure at low deasity due
to heating; here N = particles/g and k is the
The stress wave depicted im
Only the solid

Boltzman constant.
Fig. 5 is shown again im Fig. 6.
region of the target is represented and the be-
havior of the stress wave traveling thrcugh the
material is shown. The precursor of the stress
wave is an elastic wave. It coves ahead of the
plastic wave (which moves at thercodynaxic scund
cpeed) because the sound speed of the elastic
material is

2
c = [351 - ) c

1+v ts

where Ces is the thermedynazic scund speed and v is

Poisson's ratio. For aluminun the ratio of elastic
to thermodynamic sound speed is 1.225. Froz Fig. 6
(and Fig. 8 to be discussed later} it can be seen
that the elastic disturbance runs ahead of the peak
of the stress wave by a factor of about 1.2.

The cagnitude of the precursor is given by

1-v
oE 1-2v Yc

where Yo is the elastic yield strength. Because a

value of Yo = 3 kbar was used in the calculations,

o, = 6 kbar.
E

tudes in Figs. 6 and 8.

This correlates well with the magni-

Figure 6f shows a stress wave produced by
interference of a compression and rarifaction wave
at the back of the slab target. This figure also
shows that spallation occurs at 0.072 co from the
free surface, as a result of the negative stress
acting on a plane for a period of time. The stress
waves in Figs. 6d and 6f are inverted mirror images,
except that the peak in Fig. 6f is missing because

spall occurs before cooplete reflection.
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The results shown in Figs. 4 through 6 are for
a laser pulse width of 1.0 us, a time much shorter
than the shock tramsit times, Because differentc
physical phenomena occur when pulse durations are
near shcck transit times, we will comsider such a
case next. For a 1.0~co-thick aluminum target with
a 1.0-pus pulse incident on it, the laser pulse widch
is 66%Z of the shock transit time (1.5 pus). The
series of time-sequence plots in Figs. 7 througnh 9
are the result of a computer calculation (Problem
76, Appendix €). The laser emergy is 46 kJ/cm® and
is sufficient to cause spall. Figure 7 shows the
overall picture (as in Fig. 4) of plasma-cloud for-
mat.ion and its interaction with the s¢lid. In addi-
tion to the variables shown in Fig. 4, the source
strength here indicates that the cloud becomes very
large before the laser is turned c¢©f. The time
sequence of the resulting stress wave traveling
through the medium is shown in Fig. 8. 1t can be
seen that the stress wave is 66% across the material
at 1.0 us when the laser is turned off, but that
work is done by the hot plasma for some time after
that; i.e., the pressure pulse is considerably
longer than the laser pulse. Figure 8c shows the
stress at the time the plastic wave reaches the
back surface (~ 1.8 us)., Figure 8d shows the stress
at a time when an x-t diagram (to be discussed
lacer) predicts that the entire target would be at
zero stress if the stress wave were rectangular,
and Fig. 8e shows the stress wave at the time of
spall, Figures 8c and 8e are nearly inverted mirror
images of each other. A late-time stress-wave con-
figuration, Fig. 8f, shows that spall continues
after the first breakage and illustrates some stress
waves that result when free surfacez are introduced
into the problem. {(Lines in these graphs are not
drawn across spall planes.) Most interesting in
this calculation is the fact that the target frac-
tures in the middle rather than near the back face
as it did with the 1.0-ns laser pulse.

Superimposed on the major stress wave (Fig. 8)
is a series of short-wavelength large-amplitude
stress waves. The generatiorn of one of these waves
is shown in Fig. 9 by magnifying the plasma/liquid/
solid boundary regions. This phenomenon, whether
computational or physical, is not well understood.
Because the waves are increasing in amplitude and

period, they must be the result of an instability.

10

It can be seen from Fig. 2 that each wave is defimed
by several computational zones; also, that they do
not grow to the point where the problem blows up.
These are two indicacions that the waves are not the
result of munerical imstabilicy.

An understanding of some results of the com-
puter calculations just described may be desirable
at this point; namely, that l.0-ns laser-pulse dura-
tions give a spall layer 0.072 cm thick at 1.85 us,
whereas 1.0-us pulses produce mid-plane spall zt
3.47 uys.

Two such diagrams are shown in Figs. 10 and 11,

A look at am x-t diagram may be helpful.

The two diagrams represemt the two cases shown in
Figs. 4 through 6 and 7 through 9, respectively, in
the sense that they depict rectangular elastic-wave
pulses that are "equivalent" to the complex computer-
generated pulses. The actual pulses (and their
diagrams) would be much more complicated, but Figs.
10 and 11 duplicate the genmeral shape closely

enough to illustrate the principle.

The solid lines show the time it takes for the
compression wave, i.e., the front of the stress
wave, to arrive at any position; whereas the dashed
lines show these data for the rarifaction wave, i.e.,
the back side of the stress wave. The slope of the
lines is + llcs where LR is the sound speed of the
elastic wave. Regions in space and time are shown
where positive, negative, and zero stress exist.
Crossing the solid line from left to right repre-
sents a rise in stress (compression wave), and
crossing the dashed line from left to right repre-
sents a drop in stress (rarifaction wave). Hence,
it is necessary to change the sign of the stress,
0, in the upper half of the diagram to maintain the
definitions of rarifaction and compression waves.
Also, because the solid and dashed lines are inver-~
ted in space in the upper half of the figure, the
transformation ¢'(x) = —o(x° - X) as previously
stated is valid for rectangular stress waves.

In Fig. 10 the time width of an equivalent
rectangular stress pulse, Ato’ is found by forcing
the rarifaction wave and the reflected compression
wave to cross at the caiculated spall plane. The
width across the equivalent rectangular pulse is
Axo = csA:0 = 0.13 c¢m, which is about the distance
between the leading edge and the peak of the pulse
in Fig. 6d. This width is much larger than the
laser pulse width because of dispersion in the

stress wave as it travels through the medium.
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A similar exercise is shown in Fig. 11 for a
1.0-ps pulse., For this case Ato is 1.54 us, giving
an equivalent stress-pulse width of 1.02 cm which
is about the thickness of the target. The calcu-
lated spall time of 3.47 us is somewhat less than
3.73 us, the time at which the stress goes back to
zero at the spall plane. This behavior is expected
because the stress has to become less than -10 kbar
before the time integration in the Tuler-Butcher
criterion starts, and the time integral is there-
fore not carried out along the whole time line where
the stress is negative in the spall plane. The
value of Ata exceeds 1.0 us, the laser pulse width,
because the hot plasma cloud continues to work on
the solid target after the laser is turned off and
the plasma is cooling. It appears that the rari-
faction wave in this case is generated when the
compression wave reflects.

our simple codel indicates that a laser pulse
with & width of 2 xt/cS (where x, is the target
dimension) would not cause spall because the con-

pression and rarifaction waves would never cross to
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Fig. 11.

produce negative stress. It will be shown in the
next section that the energy required for spall be-
comes very large when T, = 2 xt/cs. Time-sequence
plots of the stress waves for a problem (Problem 66,
Appendix C) that is mear these conditions (0.3-co-
thick aluminum target and a 1.0-ps laser pulse) is
shown in Fig. 12. It can be seen that, indeed, the
negative stress wave does not develop well. The
laser energy is 40 kJ/cm®. Figure 12a shows the
stress wave at the time its front reaches the back
surface; and Fig. 12b shows the wave at a time when
the reflected wave should reach the front surface.
The laser is still on, preventing a rarifaction
wave from developing. At 1.61 us (Fig. 12c), the
front of the coupression wave reaches the back
surface again, and a rarifaction wave has developed.
At 2.10 us a negative stress wave is finally formed;
however, its magnitude is not sufficient to cause
spall. At this time the target has moved ~ 0.05 cm
away from the laser, thus providing a mechanism for
absorbing momentum without producing enough negative

stress to cause spall. One more cycle of oscillation
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is shown in Figs. 12e and 12f, with 12e plotting the
tioce at which the stresses are all nearest zerc.
Figures 12c and 12d are inverted mirror images, as
are Figs. 12d and 12f.

As a result of dispersion, the stress wave cre-

ated by a short laser pulse suffers a significant

loss in amplitide as it traverses the medium; however,

oost of the loss occurs near the front surface. As
an example, Fig. 13 shows stress-wave amplitude for
a l.0-ns puise as a function of the positiocn of peak
stress.
V.  PARAMETER VARIATIONS

Most of the data accumulated while running
preblems to establish energy thresholds for spall im
aluminum are presented in this section and in Appen-
dix C, which is a tabular summary. Several depen-
dent variables of interest exist; however, because
of the large volume of data generated we will pre-
sent selected data only, in graphic form. Indepen-
dent variables to which the attention of this study
has been directed include material thickness, time
duration of constant power pulses, wavelengtin of
laser light, and energy absorbed by the target.

The variable of greatest interest is the

threshold energy requira! to cause spall in targets

104 T r v T -

PEAK T, (xbor}

0 020 Q40 060 080 100 20

PENETRATION OEPTH fcm}
Decay of stress-vave peak as it traverses
the target. Laser~light wavelength, 1.06
im. Pulse time, 10" 3. Laser energy, 8.0
kJ/cm?. Aluminum thickness, 1.0 cm.
{Probiem 8 in Appendix C.)

Fig. 13.
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of varying thickness at constamt laser power and
These results are presented graph-

Laser pulse durations of 1.0 ns

pulse duration.
ically in Fig. 1l4.
to 1.0 ps and alumipum target thicknesses of 0.1 to
1.0 cn were considered. Decause conmputer calcula-
tions can only predict whether or mot spall occurs
for a given set of conditions, several computer rums
may be necessary to establist a spall threshold
energy to some desired degree of accuracy. The
error bars in Fig. 14 represent the lowest energy
where spall was observed and the highest energy

The spall threshold
for xt = 0.1 ca and Iz = 1.0 us requires some
explanation: It is beljeved that the spall
threshold should be lower than shown in the figure.
An energy level of 15 kJ/cm® did not cause spall as
normally seen in the form of splid-material separa-
tion, although the shock waves pass repeatedly

where no spall was observed.

through the material while the laser is on, causing
the material to melt in some places as a result of
shock-heating.
(15 GW/cm®) is about the lowest at which CHART L

can be run with the present ausorption scheme. Be-

The power level at this point

low this power level, there is absorption in the
liquid layer by the few free electrons predicted by
the Saha-type ionization calculation. Light gets
to the liquid because a critical density region
(= wD, see Appendix A) is not formed at these
power levels. An improved absorption model would
have provision for partial reflection and absorption
at the liquid/gas interface and therefore would
allow calculations at lower power levels.

Two energy thresholds for spall are shown in

Fig. 14 for L 100 ns and x, = 0.1 cm. The higher

n’

Leser Energy (.m:mzl
-]
[

el

o

Qo

Energy threshold for spail as a function
of siumioum target thickness and time
duratfon of constant power gulses. Laser-
light wavelengch, 2.7 u=m.

Fig. 14.



threshold is the lowest energy at which spall
occured shortly after the first stress-wave reflec-
tion at 0.373 us.

tinues to occur, but only after the compression wave

As energy decreases, spall con-

has made 3.5 passes through the target at 1.01 us.
This can be visualized in an x-t diagram (Fig. 15).
Whether or not spall occurred after cultiple stress-
wave reflections is questionable because the appli-
cability of the Tuler-Butcher criterion to multiple
passes of a negative stress wave is not certain.

The data in Fig. 14 can be plotted in a manner
that combines the effect of pulse time and target
thickness into a single variable. This is dope in
Fig. 16, where ey = Ezlpxt (kJ/g) is plotted as a
function of T = Tch/xt' Plotted in this manner,
the energy thresholds for spall of all thicknesses
fall near a smooth curve that has a large maximum
around T = 2, as analysis from Section IV would

lead one to expect.
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Fig. 15. x-t diagram showing near uid-plane spall

after one period of negative stress and
after three periods of negative stress.

Fig. 16. Spall threshold ermergy per umit mass as a

function of laser pulse time (in umits of
shock tramsit time) for all carget
thicknesses.

The same phencmenom exists when electron bears
are used as the source of energy for producing spall,
as imdicated by experimental results of threshold
energies as a function of 6061-T6 aluminum target
thickness (Ref. 9, p. 22).
time ia tiuese expericents is 6 x 10 © s (full width
at half maximm) for all data points. The target
thickness corresponding to the point where the shock
transit tipe is equal to the pulse tice is 0.04 co,

The electron~-beam pulse

and a thickness o 0.02 cn corresponds to a case in
which the pulse width is twice the shock tranmsit
time. that the

energy per unit mass required for spall increases

Data presented in Ref. 9 indicate

rapidly as the target gets thinner beyond a target
thickness of 0.04 co. Extrapolation indicates that
the spall energy threshold is very large at

where T is the electron-bean-source on tizme.

Tusbquantities, ioportant in determining whether
or not a laser pulse will cause spall, are the mag-
nitude of the peak of the generated stress wave and
the amount of impulse delivered to the solid material.
Both have to be sufficiently high if spall is to
The iopulse is determined largely by the
ampount of material removed fronm the surface of the

target; i.e., the iopulse is I = /2M ¢ where M is

occur.

the mass removed and € is the deposited energy.

17



Mass removal-versus-time plots tor some representa-
tive problems are given in Figs. 17 through 20.
Each figure represents a differemt order of magni-
tude in laser pulse time, Ty all are for laser
energies of 10 kJ/cm? except the 12 = 1.0 us case
where El = 30 k.l/cmz; the wavelength in all cases is
2.7 yum. Only for 1, = 1.0 ns do the total mass-
removal rates approach asymtotic values as time
grows. This allows one to plot mass removal per
unit energy vs laser energy for LY 1.0 ns as shown
in Fig. 21.

melt per unit energy remains nearly comstant as ener-

These curves suggest that the amount of

gy increases, but thart the amount of vapor per unit
energy decreases. The vaper is the most important
factor in determining impulse, because it absorbs
most of the energy. A4 change in wavelength (to 1.06

um) has a negligible effect on mass removal.
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Values at t, 0.2 us.
Graphs of generated impulse vs time for several
problems are shown in Fig. 22. By generated impulse
we mean the maximum value of Zi o, v, where o, is
Because

the mass and v, the velocity of Zone i.

asymtotic valu:s are reached for most problems with~
in run times, a plot of generated impulse per umit
energy vs laser energy can be made as in Fig. 23.
The asymtotic value of generated impulse and the
maximum value of the impulse delivered to the solid
layer are usually nearly the same.

Gregg and Thomas10
of impulss delivered to solid targets by using a
ruby laser with a pulse width of 7.5 ns (full width
at half maximum).
fit to their data (solid line in Fig. 23; the dashed
Compari-

have measured some values

They also present an analytical

line is an extrapolation of their data).
son of calculations to experiment shows that the
calculated values have the correct slope, but are

~ 38% high. The difference seems to be acceptable.

The laser pulse shape must be known in greater de-
tail before comparisom calculations cam be attempted.
The data in Fig. 23 indicare that low-energy

pulses are more efficient ar generating impulse

10 experiments

(down to a point, as Gregg-and-~Thomas
show) and that puise duration has little effect on
impulse. The latter is shown in a2 core explicit
manner in Fig. 24.

The thickaess of the material brokem away by
the first spall varies with several parareters,
e.g., with energy—keeping all other conditions
constant-~as seen in Appemndix C. However, the thick-
ness as a function of laser pulse tize, ;s presents
the most interesting pkemormenon. Using in each case
the thickness for the lowest energy at which spall
occurred, we plotted in Fig. 25 the (dirensionless)
spall thickness (XSP = /xt) as a function of
(dinensionless) tire (1 = T, Cs/xt) for all three
target thicknesses. This figure displavs a snarp
rise in the spalled-layer thickness when T = 2,
in agreement with some comclusions reached froo
an x-t diagram amalysis which is discussed in
Section IV.

At energy levels slightly above the threshold
for spall, the spalled layer has comsiderable mo-
mentun. The efficiency of generating momentun in
the spalled layer is illustrated in Figs. 26 through
28 which plot the monentun per unit emergy vs laser
energy. The data for an Nd:glass laser are shown
in Fig. 26, whereas those for an HF laser are

shown in Figs. 27 and 28. Target thicknesses are

0.1 and 1.0 cm.
figures are: (a) laser energies 50 to 100Z above

Some conclusions drawn froo these

the spall-threshold em:rgy are most efficient at
delivering momentun to the spalled layer and (b)
the impulse decreases as laser pulse tinme increases
until pulse widths begin to match shock tramsit
times, when momentun appears to imcrease mostly
because cf an increase in mass removed.

When calculating laser interaction problems
with CHART L, the free-free absorption mechanism
causes the energy to be absorbed at greater depths
into the plasma if light of shorter waveleagth is
used. The only noticeable effect of such light is
a small increase in impulse delivered to the
spalled layer.
depend on target thickness and laser energy.

The fractional increase appears to
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Fig. 22. Impulse generated in aluminum as a function of time, energy, and laser-pulse time duration.
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Some results from Appendix C are summarized

below to show this effect.

X I
SS_:D. gkdscmz) ':‘m (Eﬁﬁ)
0.1 1.2 1.06 0.734
0.1 1.2 2.7 0.675
0.1 1.5 1,06 1,20
0.1 1.5 2.7 1.12
1.0 1.5 1.06 0.816
1.0 1.5 2.7 0.804
1.0 11.0 .30 .11
1.0 1.0 2.7 2.80

Some effects of varving the time between two
successive laser pulses are studied in Appendix D.
VI. COMPARISON WITH EXPERIMENT

An experiment was recently reported by Fox and
Barr in which 0.1 cm of 6061-T6 aluminum was suc~
cesstully spalled by a laser.2 One of our calcula-
rions (Problem 6, Appendix C) had input parameters
that correspond to the conditions of the experiment,
so that a comparison of results is possible.*

The outline of a spalied, sectioned target
(traced from a2 photograph) is shown in Fig. 29.

The scale factor of 47:1 is based on the assumption
that the thickness of the material on the left side
of the photograph is 1.0 mm. The diameter of the
beam for a fluence of 5 x 10° J/cm® corresponding

#The value of Og used ia the calculations was that
for 1100 aluminum instead of 6061-T6, but the effect
should be negligible because 05 >> g for thin

{ 1.0 mm) targets.
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Fig. 29.

to a laser energy of 75.3 J is shown along with
several other dimensions inferred from the scale
factor. Also shown are calculated mass~removal thick-
ness (0.0991 om of 1liquid plus 0.0033 mn of vapor)

and the distance from the back surface of the mate-
rial to the plane where the first spall occurs.
Agreement between theory and experiment seems to be
good.

For short pulses, the data in Appendix C indi~-
cate that depth of the spall:d layer is determined
largely by type and thickness of the material. Vari~
ations in spall layer thickness due to laser-energy
variations are not large enough to be affected very
much by uncertainties in fluence (2 xJ/cm?).

VII. EFFECTIS OF AIR ON SPALL CALCULATIONS

All calculations reported thus far are for tar-
gets in a vacuum. The calculations indicate that
0.1- to 1.0-cm-thick aluninum can be spalled with
short-pulsed lasers. The shorter the laser pulse
(< 1.0 uys) the higher the peak pressures, mainly
due to the fact that hydrodynamic motion js slower
while the laser is on. Consequently, the energy
required for spall becomes less as the time width of
a constant-energy laser pulse is decreased, i.e.,
the peak of the stress wave is an important factor
in achieving spall. This phenomenon dictates that
power in the laser pulse be as high as possible.
However, high laser powers are incompatible with

transmission of laser pulses through air, which



would innly that spall experinents should be per-
forned in a vacuum chanber. The question has there-
fore been raised whether some intermediate laser
pulse width combined with some laser-light wave-
length would cause spall in a reasomable thickness
of aluminum in air. Results of spall calculations
shown in Fig. 14 are replotted in Fig. 30. The
energy required for spall is plotted as a function
of the time width of constant power pulses.

For laser pulses lomger than 1.0 ns, the
threshold power (in ¥W/cm?) for air breakdown can be
written as a simple function of laser-light wave-
length:‘u’12

P =13.2x10" L
B A2

where A, the wavelength, is > 0.7 um. The value of

the coefficient (for air) of

22

is taken from Kroll and Hatson.11 A fit to the

data of D. B. Henderson12 gives a value of 2.8 x
10'!; buc if S. D. Rockwood's formula is used (see
Appendix E for derivation) we obtain 3.5 x 10'!
for this coefficient.

The formula discussed above applies to clean
air omly; therefore, the question arises how many
particulates can be tolerated before breakdown
occurs. Air breakdown due to the presence of minute
foreign particles is caused by gas-dynamic expansion

after they have absorbed

of the particles
light. Therefore, the gas-dynamic expansion time

S
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Fig. 30.

of :he speck should be large compared with the pulse
tine.

siere U is tne Sean uvianeter ano € is the soune speec
-4

The gas-dynanic expansion time is t. = DICS,

B

N : P ey N o

in air. laximg C = 3.3 x W coofs anc a besm clamatler
=3 =

. . =5 - N
of l.0 o, Luwen ¢ = 3 x M0 7 5. Ixis> tice Is abowut

4an order of uagni;uue avove lue pulse times of infer-
est.

Breakdown powers from our forcula zre illus-
trated inm Fig. 30 to show that it may be possible
to get laser light emergy with a wavelength of
= } .o to the target in acounts suffjcieat to cause
spall (assuning spall thresholds are not affected
by air).

In addition to the air breakdown, ome has to
be concerned with the transnittance of the light
through the atcosphere. Spectral transmittance
curves (Ref. 13, pp. 7-2 and 7~3) show that an EF
laser (2.7 in) does not penetrate air very well.
However, the DF laser (A = 3.8 .n1) does hove good
transoittance and its power level at which air
breakdown occurs is shown in Fig. 30. Because there
is a window at A = 1.6 um, the power levels for air
breakdown with this wavelength are also shoun as
wvell as the power level for » = 0.7 uns--the shortest
wavelength to which this theory applies.

Our analysis thus indicates that enough light
can be transmitted to the target to cause spall.
However, the heated aluminum surface reradiates
energy toward the laser and starts ionizing the air
next to the aluminum surface, and this causes
problems. The thickness of the ionized layer of
air continues to grow back toward the laser, foro-
ing a laser-supported absorption wave; i.e., the
laser energy is absorbed in an ever-increasing mass
of air. As a result, the temperature which drives
tne heat-conduction wave is lowered and the result-
ing stress waves are degraded in amplitude. Tem-
perature and laser—energy absorption as a function
of position are shown in Fig. 31 for two different
problems to illustrate these effects. Problems run
on CHART L to study the effects of a laser-supported
Results
shown in Fig. 31 are from Problems 1 and 2 in
Table 1.
to the one shown in Fig. 31 are presented in Ref.
14, p. 3-38.
the results in Ref. 14 is less by a factor of 100

than the level for the results in Fig. 31, the

absorption wave are summarized in Table I.

Laser-supported absorption waves similar

However, because the power level for
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Fig. 31. Comparison of temperatures and source

strengths to illustrate generation of
laser-supported absorption wave in air.

TABLE I
COMPUTER CALCULATIONS OF THE EFFECTS OF AIR ON
IMPULSE AND STRESS

Impulse
Generateu
Wave- at t:o_t. s Peak
length Air Energy =(0.6_s) Stress¥,
Run pm Air? Zoning Flow  kdyn*s/cm®  kbar
1% 2.7 no -~= rad & 6.17 36.7
elect (6.31)
2 1.6 yes Coarse rad & 1.54 4.23
elect —_—
3 0.7 yes coarse rad & 3.76 49.1
elect (4.80)
4 0.7 yes fine rad & 3.17 16.6
elect (4.32)
5 0.7 yes fine elect 6.03 15.7

* Just before wave reflection at t = 0.4 us
** Problem 50 in Appendix C
Laser energy, 4.8 kJ/cm?; Pulse time, 100 ns.

absorption wave for the former level does not pro-
gress as rapidly as shown here.

Comparison of Problems 1 and 2 in Table I
shows the large dégradation of both impulse and peak
stress as a result of adding air to the problen.

The fact that the first problem uses a wavelength of
2.7 um instead of 1.6 um is not pertinent to this

comparison because wavelength has very little effect
when air is not present. This conclusion is reached
on the basis of previous runs, and is also seen to

be plausible from Fig. 31, i.e., charging the wave-
length would merely shift the position of absorption

within an isothermal region.
24

A comparison of Problems 2 and 3 will illustrate
the effect of light wavelength on impulse and peak
As expected, both are increased. The peak
stress appears to be high enough to cause spall, but
the accompanying impulse is insufficient.

The effects of zoninz in the air layer are clear-

sStress:

ly seen when comparing Problems 3 and 4. This com-
parison is promoted by the observation that all the
energy is absorbed in one zone at the end of the
pulse for Problem 2 (see Fig. 31). The distinction
between coarse and fine zoning in Table I is ex-
pressed by the zone mass ratio, which is 1.2 moving
away from the »‘umimm for coarse zoning, and is

1.1 for fine .oning. The finer zoning appears to
lower the peuk pressure considerably, i.e., the laser
absorption rrave propagates better with fine zoning.

To study the effect of blzck-body radiation
flow, compare Problems 4 and 5. Problem 5 was run
with the black-body radiation flow turned off, but
with the electronic-conduction term left on. The
effect seems to be an increase in impulse.

We conclude that sufficient amounts of laser
light could Le sent through air to cause spall in
aluminum 1f che proper wavelength of the light could
be chosen, but laser-supported absorption waves
generated at the aluminum surface would lower the
generated impulse and peak stress far below that
which the target wonld experience in vacuum at the

same power level.
VIII. CONCLUSIONS AND RECOMMENDATIONS

A. Conclusions
The results of the work reported herein indi-
cate that:

° Short-pulse lasers provide an effective means
for producing spall in metal targets;

) The wavelength of the laser light used has
little effect on generated impulse;

L) The wave-cancelling effects that occ ir when the
laser pulse width is twice the shock transit
time can cause large increases in the energy
required for spall;

° Tuning of laser pulse widths can be used to
vary spall-layer thickness and momentum in the
spalled layer;

[ Achieving spall in air is much more difficult
than in vacuum; and



. The computer model is in reasonably good agree-
ment with experimental spall thickness and
blowoff mass; generated impulse is correct to
within ~ 40%.
proved by introducing nonequilibrium effects

The latter result could be im-

into the plasma-physics part of the calculation.
B, Recommendations

® Further experiments should be conducted so that
a more careful comparison between theory and
experiment can be made and to verify some of the

longer pulse results presented here.

[ If better experiments warrant it, caleculations
could be improved to some extent by the iniro-
duction of a mult!ltemperature or aonequilibrium
model for the low density plasma cloud.

. Further investigation into the possibility of
reducing peak power requirements by breaking
the pulse into a train of separated pulses
should be done.
have a time duration less than xtlc and they
would be spaced 2 thc seconds apart (leadiug
edge to leading edge); i.e., the shock wave
could possibly be reinforced after each complete

Each pulse in the train would

transition from front to back and to front

again.
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APPENDIX A
ABSORPTION OF LASER LIGHT

The cross section which is used to calculate
laser light absorption in the CHART L code is cal-
culated from the free-free absorption mechanism.
This method allows free electrons in a partially
ionized plasma to absorb laser light by being
The
form of the cross section is taken from Page 148 of

Ref. 5.

accelerated by the electromagnetic ficlds.

2
1/2 N, niZ

&
/2 v? f

(a-1)

) e

where

plasma temperature

electrons/en?

n

ions/cm?

e

ionization number

o N3 3 0=
n

charge of electron

C = speed of light
m, = mass of electron
v = light frequency

gff = Gaunt factor.

Equation (A-1) is the result of averaging spec~
tral absorption over a Maxwell distribution of elec-
trons. This is consistent with the assumption of

lucal thermodynamic equilibrium in CHART D.

Reference 5 also gives

\/ /2
gep = 2 oftn J———ﬂ—mz - Hleor WK ary
TZe L [«

vhere
V = phase velocity of the light wave
V/C = n = index of refraction
Y = 0.5772 = Euler's constant.
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The constraints put on Bq. {A=2) here are not
too severe because KT appears io a lepariciesle term.

For V/C the dispersion relatien
v 1
L S
AN maragat
2 -(;él)

« = plasma frequency

(A=3)

is used, where

w = Mipht frequency {zudfscc).
Equation {(A~3) is alao glven in Page 53 of Hef, 3.
To peot the truv absespilion cross nectica, E}‘.
£q. (A-1) i oultipled by (1 - < M%7y 4o correct
for induccd eaission; i.c.,

=hefnT
<

K®=QQ- W, . (h=3)
Additionally:
: _ el
= A S om e o Lom ey
v = GlNg “, o i ¥

{a=5)

vhere

9 = density

A = atomic weight

A\ = wavelength.

Afcer combining Eqs. (A=1) through (4=3) and
inserting cgs numerical values for the constants,
vhe following three equations result. which can be

used in sequence to calculate an effective cross

section:
w Y A2
(1) £ )= 5,410 x 10?° X oz
w A
0.5513 ) I(km"m
= 7 +7.
2) g¢s R 2 72 ,‘-'l Z | 7.63
[o]
(3) ' = 4.645 x 10%2 EEZSEEZEEAi
a® AT
_1.2406 x 10~ °
AKT
x\l -e Bgg (A-6)

where <22> = average value of 2° when nixtures are

used,
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The superscripis refer to Lime points and the sub-
scripts to position in the space-time mesh, The
CHART L space mesh las 1 increasing as x decreases

and is shown graphically as follous,
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The accuracy and specd of the modifjed CHART
code dascribed here is Ellustrated in Figs. B-1,
B=2, and 8=3, Results irom the original version of
CHART D (lateled as EXPLICIT on the figures) arc

compared to results from the subroutine described

LE)
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Pulse time, 10 ns. Aluminum thickness,
1.0 cm. No radiative heat transfer,
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=
1
Spoll here_|
w0 =
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-
€ o7
d E
s 3
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(o .
0" 1 | ] 1 1
0 200 400 600 8CO 000 1200 1400
Computer (CCC 760G} Time (s)
Fig. B=-3. Comparison of conputer time required by

explicit and implicit fluid-dynamic

nethods. Laser energy, 4.6 x 10* J/cm®.
pulse time, 1.0 us. Aluminun thickness,
1.0 cm.

here (labeled as IMPLICIT). The stress wave froz a
10.0-ns, 3 x 10°-J/cm? laser pulse on 1.0 cm of
aluminum is calculated., Figure B-1 shows that the
stress waves on the first cycle where spall occurs
are essentially the same., Figure B-2 shows that
~ 802 savings in computer time uaé realized for
this calculation. From the shape of the curve, it
is expected that even greater savings will be real-
ized for thicker targets or lower laser intensities.
A plot shown in Fig. B-3, similar to that in
Fig. B-2,for the problem where 46 kJ/cm® in a 1.0~
us pulse was incident on 1.0 cm of aluminum (Problem
76 in Appeadix C), indicates that the explicit method
would have taken a very long time to obtain time of
spall, whereas only 13 minutes were sufficient with

the implicit method.
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APPENDIX C

VALUES OF INDEPENDENT VARIABLES USED IN THE PARAMETER STUDY OF ALUMINUM AN') CORRESPONDING RESULTS OF THE CALCULATIONS

Laser
Light
Wave-
Length,
m
0.3
1.06
1.06
1.06
1.06
1,06
1.06
1.06
1.06
1.06
1.06
1.06
1.06
1.06
2.7
2.7
2.7
2.7
2.7
2.7
2.7
2.7
2.7
2.7
2.7
2.7
2.7
2.7

Laser
Pulse
Dura-
tion,
8

107
107°
10°°?
107°
107°
10°°
107?
107°
107?
107°
10°®
10°®
1078
10°°
107°
107°
107°?
10°*
107°
10°
107
10°°?
107?
107°
107°
10°®
10°°
107

Target
Thick-
ness,
cm

1.0
0.1
0.1
0.1
0.1
0.1
1.0
1.0
1.0
0.1
0,1
0.1
0,1
0.1
0.1
0.1
0.1
0.1
0.3
0.3
0.3
1,0
1.0
1,0
1.0
0.1
0.1
0.1

Laser
Energy,

kJ/em

11.0
1.0
1.2
1.5
2.0
5.0
6.0
8,0
10.0
1.0
1.2
1.5
2.0
5.0
1.0
1.1
1.2
1.5
2.3
2.6
3.0
6.0
7.0
8.0
10.0
1.20
1,35
1.50

Mass
Removal
in Gas
Form at
0.2 us,
slop®

4.48%107"
4,94x107Y
5.45%x10™ "

9.45%10™ "
1.05x1073
1.27x10 ?
4,48x10 ¢
4.05x10™"
4.94x10 ¥
5.45%10°*
5.94x10"*
6.,48x10° "
7.29%x107"
9.,45%10 ¥
1.05x10° 3
1,16x107°
1.27x107?°

Mass
Removal
in Liquid
Form at
0.2 gs.

glems

3.76x107°
5.12x10 °
9,47x10

3.81x10 2
5.08x%10" 2
6.15%10 2

4.18x107°
4,23%x10°°
5.12x10°°
8.54x107°
1.49x10°2
1.64x10 ¢
1.99x10 2
3.81x1072
4,61x10°2
5.07x10™2
6.15x10 2

Impulse
to
Solid,

kdyn:s

[ut)

10.0
1.56
1.74
2.10
2.67
5.46
6.70
8.67
10.6
1.87
2.11
2.46
3.00
5.55
1.57
1.66
1,73
2,10
3.0l
330
3,72
6.72
7.63
8.68
1.06
2.13
2,30
2.48

Distance

From Back

Face to
Time of Plane of
First First Spall,
Spall, s em_
1.84x10°© .0723
1.84x1077 .0103
1.77x10°7  .0103~,0109
1.76x16°7  .60971
1.50x10° 7 00850
1.79x10°¢ .0723
1.74x10°¢ L0723
2,10x1077  .0l46-,0151
1.95%20 7  .0120-,0027
1.72x1077  .00910-.00971
1.91x1077 ,0103=,0109
1.86x10°7  ,0103-,0109
1.78x10"7  ,0103-,0009
5,51x10 7 .0237-.0256
5.37x1077  .0256
1.85x10°¢  .0723
1.79x10°¢ 0723
1.74x10°¢  ,0723-.0789
2,36x10°7  .0200
2.12x1077 L0152

Impulge .

Delivered Com=-
to Plane at puter=-
F:rsf Spall, ;232
&~§E7£ min ’
3.11 10
—— 4
734 8
1.17-1,23 8
1.59 5
3.14 5
— 10
3.80 10
5.99 15
——- 5
== 5
+793-.839 5
1.26-1.33 4
2.37-2,54 4
- 5
A417=.459 5
+649=,702 5
1.09-1.16 H]
-—— 10
1.03=1.15 10
1.23 10
- 10
2.08 10
3.47 10
6.04h=6.52 10
—_—— 5
491 5
S04
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29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
45a
46
47
48
49
50
sl
52
53
54
55
56

Laser
Light
Wave-
length,

o
2.7
2.7
2.7
2.7
2,7
2,7
2.7
2.7
2.7
2.7
2.7
2.7
2.7
2.7
2.7
2.7
2.7
2,7
2.7
2.7
2.7
2.7
2.7
2.7
2.7
2.7
2.7
2.7
2.7

Mass Mass
Laser Removal Removal
Pulse Target in CGas in Liquid
Dura- Thick=- Laser Form at Form at
tion, ness, Energg. 0.2 48 0.2 ys.
8 cm kJ/cm glen g/cn
10°° 0.3 2.3 — —
10°° 0.3 2.6 —— ———
10°® 0.3 3.0 — ~—
10°°® 0.3 3.2 — —
10°° 0.3 3.6 -— ——
10°° 1.0 6.0 -— -
10° 1.0 8.0 -— -—
10°° 1.0 9.0 -— -—
107" 1.0 10,0 am- -—
10°° 1.0 11.0 -— ———
10 °® 1.0 12.0 ~— -—
1077 0.1 1.5 m— -—
1077 0.1 1.65 - ——
1077 0.1 1.70 - ——
107 0.1 1.90 _— -
1077 0.1 2,30 ——- ——
1077 0.1 2,50 ~—— —
1077 0.1 3.00 - -—-
107’ 0.1 3,60 . ——-
1077 0.1 4,00 - —
1077 0.1 4.5 —-— -
107’7 0.3 44 — -
1077 0.3 4.8 — —
1077 0.3 5.4 -— am-
1077 1.0 8.0 -— ——-
1077 1.0 10.0 - -
1077 1.0 11.5 -— —-
1077 1.0 12,5 —— -
107 1.0 13.5 - o

Impulse
to
Solid,

b

3.47
3.73
4.25
4.30
4,66
6.70
7.93
8.80
9.25
9.90
10.3
2.92
2.89
.14
3,39
3.g8
4.14
4.62
5.14
5,42
5.79
6.11
6.5

6.96
9.32
10.8
11.7
12.5
12.9

|

Time of
First

Spall, s

5.87x107

1.88x10°%
1.84x10°"
1.0ix10°*
9.90x10"’
9.95x10°7
9.40010°7
3.73x10°7
3.47x1077
3.26x10""7
7.64x10°7

2,06x107%

Distance
From Back
Face to
Plane of
First Spall,
cm

.0335

+0789~.085%
0789

+(479.,0503
<0455

0467
+0455=.046
«0546~.0582
0467-.0497
«0473=-.0503

-0750-,0789

.118

Impulse
Delivered Com=
to Flane at puter=-
ot
::éz!- ain ’
—— 10
- 10
—ew 10
—— 6
1.54 6
== 10
Lo 10
e 10
o= 12
2.64-2.96 10
3,69 10
e ]
wee 5
—— ]
2.12=2.25 8
2.02 ]
243 8
3.60-3.65 10
1,74-1.92 7
2.03-2.21 1
2.79=.00 5
- 10
—— 10
2.41=2.60 10
e 10
ane 10
-— 10
-— 12
4,22 10
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Lagser Laser

Light Pulse Target

Have- Dura- Thick=
Prob=- length, tion, ness,
lem rm s cm
57 2,7 1077 1.0
58 2.7 1077 1.0
59 2.7 1077 1.0
60 2.7 1077 1.0
61 2.7 1077 1.0
62 2.7 107® 0.1
63 2.7 10 ¢ 0.1
64 2,7 10°¢ 0.3
65 2.7 1078 0.3
66 2.7 10 ¢ 0.3
67 2,7 10°¢ 0.3
68 2,7 10°¢ 0.3
69 2.7 10°¢ 0.3
70 2.7 1076 0.3
71 2.7 10 ¢ 1.0
72 2.7 106 1.0
73 2.7 1076 1.0
74 2.7 107 1.0
75 2,7 107 ¢ 1.0
76 2.7 1076 1.0
77 2.7 10°¢ 1.0

Laser

Energg,
kJ/cm

1.5
20,0
30.0
50.0
70.0
15.0
20.0
20,0
30.0
40.0
46,0
54.0
68.0
100.0
15.0
18.0
22.0
26,0
38.0
%6.0
56.0

Mass Mass
Removal Removal
in Gas in Liquid
Form at Form at
0,2 gs, 0.2 us,
glcm g/cm?

Impul se
to
Solid,

kdynes

cm

14.0
16.7
21,5
24.8
36.5
14.8
16.8
17.9
22.9
27.4
30.0
33.4
38.1
48.3
15.3
17.7
19.9
21.7
27.8
1.0
35.0

Distance

From Back

Face o
Time of Plane of
First First Spall,
Spall, s cm
2.02x10°¢ L1105
1.92x10°¢ L0910
1.83x10°¢ .0789-,0855
1.73x10°¢ . 0658
1.67x10"%  .0592-.0658
1.47x10°¢ .0570
£.99%10°%  .179-.183
3.47x10 ¢ +513=,520
3.03%10°°  L460-.473

Impulse

Delivercd Com=
to Planc at puter=
First Spall, 7600
kdﬁ: ) :::c,
475 10
7.20 10
9.,73-10.5 10
12.4 10
14,2-15.6 10
- 16
9.14 15
- 15
-—— 15
- 15
- 16
——— 16
-— 15
28.5-29.1 15
- V]
—— 17
—— 17
-— 15
—— 15
12.8-13.0 15
19.7=20,3 15



APPENDIX D
LASER PULSE SPACING®

Calculations were performed to Investigate the
effects of pulse-spacing on target response. As a
base set of conditions we assumed 1 cm of 1100 alu-
minum and a faser wavelength of 2.7 ym. Two pulses
of 1 ns width were incident with spacing, At,
measured from the trailing edge of the first pulse
to the leading edge of the second.

The spall threshold was calculated at spacings
of 1, 10, and 100 ns. The results and the data for
a single l-ns pulse are compared in Table D-I. It
can be seen that for At < 100 ns the energy per
pulse is less than for the single-pulse case, while
the total energy deposited is 10 and 20X greater in
At 100 ns
spacing the energy per pulse is sufficient to cause
Both the impulse and the

the l- and 10-ne cases, respectively.

spall with a single pulse.

TABLE

thickness of the spalled layer are doubled in this
case.

The effects of pulse-spacing alone were evalu-
ated with two 1l-ns pulses, each vith an incident
energy of 8 kJ/ca®. The results and the data for a
single pulse are compared in Table D-II. Because
the speed of sound 1s greater outside than inside a
stress wvave, there is a tendency of the stress wave
of the second pulse to coalesce with the first.
Coalescing occurs vhen At 1s less than the shock
transit time for the target, and produces a variable-
length, single stress wave dependent on &t. For
At < 100 ns the effect is a more peaked stress wave
with a short time to spall. For At > 100 ns the
resulting stress wave is longer with a longer time
to spall.

D-I

RESULTS OF CHART L CALCULATIONS
LASER PULSE SPACING - SPALL THRESHOLD

Wavelength, A, 2.7 um; Fulse Width, 1 ns; Aluminum Thickness, 1 cm; Two Pulses Incident

Laser Energy, Jlcm? Impulse, dyo-s/cm?® Thickness, ca

Pulse Blowoff Time to

Spacing, Total Per Maximum In Spalled (Gas & Spalled Spall,
s Deposited Pulse Generated Layer Liquid&* Layer 8

1 x 10‘3 9. x 103 4,5 x 10° 8.48 x 10° 2.37 x 10° 1.09 x 10°2 0.145 1.84 x 107"
1x107® 10, x 10* 5 x 10° 9,94 x 10° 2,41 x10®° 1.2 x 102 0.092 1.9x10°°
1x107 16. x 10° 8 x 103 14.6 x 10> 6.53 x 10° 1,92 x 10°2 0.151 1.97 x 1076

Base 8 x 10° One-Pulse 4 5 . 192 3.74 x 10°  1.75x 1072 0.072 1.79 x 107¢

Case Case

*Prepared by Major J. R. Bobbitt, U. S. Army, Los Alamos Scientific Laboratory Military Staff Member.

*xAt time of spall. More will dboil off later.
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TABLE D-11
RESULTS OF CHART L CALCULATIONS
LASER PULSE SPACING - IMPULSE

Wavelength, 4, 2.7 .m; Pulse ¥idth, 1 ns; Aluminun Thickness, 1 cn; Two Pulses Incident

Laser Energy Deposited, 16 x 10 J/ca®; 8 x 10® J/ca®/Pulse

Iopulse, dyn-s/cm®

Pulse
Spacing, Maximum In Spalled
] Generated Laver
1 x10? 13.1 x 10? 9.6-7.43 x 10°
1x10°° 14.0 x 10° 8.25-5.76 x 10°
1x107 14.6 x 10° 6.53 x 103
et 9.2 x 10° 3.74 x 10°

*At time of spall. More will boil off later.

Thickness, ca

lowoff Tize to
{gas & Spalled Spall,
_ Liquid)* Layver s
2.56 x 1072 0.112-0.072 1.71 x 10°*
1.2 x 1072 0.112-.066 1,75 x 10 ¢
1,92 x 1072 0.151 1.97 x 10°¢
1.75 x 10 2 0,072 1.79 x 10°*

**Single 8 x 10°-J/cm’ pulse.

APPENDIX E
DERIVATION OF LASER POWER LEVEL FOR BREAKDOWN OF CLEAN AIR

This derivation of the laser power level for
breakdown of clean air (taken from rotes by S. D.
Rockwood)16 applies to large volumes where electron

diffusion effects are not important.
The time rate of change of the number of elec-

trons per cubic centimeter is taken to be

n, = RiNne - RaNne (E-1)
where
N = number of atoms/cm 3
R; = rate of ionization (cm®/s)
R, = rate of attachment (cm®/s).

The time rate of electron temperature change comes

from the conservation of energy:

. aP
kTe = 2/3‘ n_ - RiN(I + 3/2 kTe) -

XR_N (E-2)
X

where

Te = the electron temperature

P = light flux (erg/cm®.s)

a = absorption coefficient for light by free
electrons

I = ionization energy per electron per aton
X = excitation energy per electron per aton

R_ = rate of atom excitation.

X
Let:
-I/kT
R, = c-e e (E-3)
1
-A/KT
R = dee e (E-4)
a
~X/KT
R_=bee e, (E-5)

The two-body attachment rate (Ra) is all right for
p < 2 atm; ¢, d, and b are constants. The continu-
ous wave limit is defined by the condition Ri = Ra'

For this condition Eqs. (E-3} and (E-4) give

L -A

e = Tn (/D) * (E-6)

KT

Because the electron temperature is rapidly estab-
lished, take Te = 0., The excitation term is the

dominant loss term in Eg. € -2) ; hence:

oF - )LRxH. (E-7)
e
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The absorption coefficient is taken from microwave

theory,
4 e? v
w " |mc 2 Bar
e 2V + Wt
where w is the electromagnetic wave frequency and v
is the collision frequency of electrons., Let:
a' = 4 e
B2
and
v
v' = N
in the region of interest v << w, then,
e ¥
a=a'-r neﬂ. (E-8)

Equating R_ from Eq. (E-7) and Eq. (E-5) using Eq.
{E-8) and solving for the resulting temperature,

we obtain

kT = X .
e

bXw?

a'v'pP

(E-9)

1n

Equations (E-6) and (E-9) give two expressions for
the temperature which can be eliminated on combina-
tion to give the continuous-wave power level for

air breakdown as

x/1-A
e[ (g e o

The coefficient of w? is a constant for a given
medium,

Some typical values that can be used to evalu-
ate this coefficient for air are, in cgs units:

bx = 6.4 x 10 2!
a' = 0.106

d 2.0 x 10°°

I-A = 12.5 eV
¢ =2.0x10"’

v =20x10°

x =3 eV,

Substituting these values into Eq.(E-10) and changing
from light frequency to wavelength gives
P = 3.55 x 10**/2? W/em® () in ym).

For light of a €O, laser (10.6 um),

2

P = 3.16 x 10° W/cn?,
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