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I. IKTRODUCTIOS

Lasers provide a aeans of depositing energy on

a target in a controlled space-tiae relorenie. Sc-

cause the tine involved can be shorter than gas-

dynamic response tiocs, lasers provide an effective

raeclianism for generating shock waves. These shuck

waves can then be used to cause spall damage.

Spallation of a target by a laser lias been reported

experimentally by at least two authors. Anderhola

reported spailing 0.3 a* of lead with a 7-J, 12-ns

ruby laser, and Fox and Barr" have spoiled 1 M of

6061-T6 aluminum with a 1- to 2-ns, 7S-J pulse froo

a Sd:glass laser.

This report presents the results of an analyti-

cal investigation to determine the usefulness of

short-pulse (£ 1.0—js) lasers in generating shock

wives 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 Arsenal, Huntsvillo,

AL, under Contract M1PR-A-31682-23-7114.

II. KKTtKWS OF MMHLATIOS

Tile solution to the probiras <Ji*cu*xr>3 ir.Y.'lvr-.

the four f iatliar ccntinuuM tZy?.XMl<- riptxlianx in U»-

Kr.i:iKl.in co.'rJin.Uts for

Bcoactry, i.e.,

at Mass

Conservation of

Conitcrvatlon of Enerty

and the Equation of State.

where

0 • density

u • velocity
"x • stress in x-dlrcccion
I) • artificial viscosity
P » pressure
e • specific internal energy



F - energy flux froa radiation and electronic
conduction

S • energy source tern (laser light, in tills
case).

A computer code is required to solve the numerical

analogs of these equations. The code oust have

built-in cquatlon-of-state capability to define the

ionization levels necessary to conpute the laser-

light absorption coefficients. The veil-documented

and accurate code, CHART 0, written by Thompson and
3 4

Lauson ' of Saniiia Laboratories, Albuquerque, XX,

provides the right tool. FaniliJrity with the

document describing the code is assumed.

To suomarizc, CHART D solves the finlte-

difterence analogs of the Lagrangian equations of

notion with energy terms in rectangular, cylindri-

cal cr spherical coordinates. Thermal and elec-

tron conduction, spall, and rejoin calculations are

included. Equations of state that describe all the

different states of materials can be calculated by

the code or taken I too a data tape. Consistent

with the assumption of local theroodynanic equili-

brium, energy is transported by a flux-limited

diffusion approximation. Elastic-plastic deformation

is included.

The CHART D code had to be codified for calcu-

lating problems involving laser Interaction; this

codified version is referred to as CHART L.

One of the additions to CHART L is a mechanism

for laser-light absorption. The nechanisn used is

that of free-free absorption taken froa Spitzer.

A nore coaplete 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 solution, the tine step nust be controlled

by the Courant condition, i.e.,

S*L
&t • minimum value of

ci

where 6x is the thickness of Zone i and c. is the

sound speed iin Zone 1. To establish the energy

required for spall under some conditions, the laser

power levels were such that certain regions of the

material had saall values of 6x. and Kach numbers

much less than 1. This situation caused the Courant

condition to give such saall tine steps that the

required computer time became large enough to limit

the number of points that could be established in a

parameter study. An implicit finite-difference

aethod of solving the nooentun equation was formu-

lated in a oanner that could be used by CHART L and

was added to the code. An ioplicit solution has

the advantage that the time step is no longer Ifait-

ed by the Courant condition. This type of solution

Is described In Appendix is.

III. FIXED INPUT PARAMETERS

Input paraoeters that reoained fixed throughout

the calculations are discussed in the following

paragraphs.

The only target material is aluminum. Plane

geometry is used, i.e., one-dimensional rectangular

coordinates with the x-direction nonsal to infinite

planes. The target aaterial is a homogeneous slab

of aluminum in vacuum. Exceptions to this general

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 fonauliso, the mass

of each of these zones remains constant throughout

the problem. When the laser is initially turned

on, the energy penetrates a very thin layer. The

thickness of this layer can be estimated from the

skin-depth formula for microwaves. Ax - c/a> ,

where c is the speed of light and (•> is the plasma

frequency. Assuming fully ionized aluminum at

noraal density, Ax « 0.6 x 10~* cm. The zone
P

nearest the laser was chosen to be this thickness

to mock up light absorption for the shorter pulses

and for the early phase of problems. involving long

pulsss. This approach is consistent with the

"dump-all" mode used in the absorption routine (see

Appendix A ) . A zoning mass ratio of 1.1 was used

to increase the zone size until zones became large

enough for constant-aass 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, * can be entered for gcierat-

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



heie Cor ease of reference, along with definitions

of the variables. All variables ia CHART L are In

cgs units, except teoperature which is expressed in

electron volts (1 eV - 1.60203 x 10~12 erg). Soae

variables of the ZB array are:

ZB(3) - p - reference

density

ZB(4) - T - reference

ZB(6) - B

temperature

- bulk aodulus

ZB(7> - r - reference
o

Grunelsen

coefficient

ZB(8) - 0 - reference

Debye

temperature

ZB(ll) - E - zero tem-

perature

separation

energy

ZB(12) - E o - energy to

the melting

point at

zero pres-

sure froo

the refer-

ence point

ZB(15) - H Q - themal

conduc-

tivity co-

efficient

2.7 g/c«3

0.02568 eV (298 K)

7.63 x 1011 erg/en3

2.06

0.0343 eV

1.2 x 1011 erg/g

6.639 x 10' erg/g

2.7 x 1011 erg/cm-s-eV

ZB(17) - p - lowest

allowed

solid

density

ZB(23) - Hf - heat of

fusion

- ratio of
S liquid to

solid den-

sity at

nelting

point

2.305 g/cos

3.98 x 1»9 erg/g

0.924.

In addition to the above information, the ion-

ization potentials for al l eleaents are stored in

the code.

The calculated equations of state and Kossiaitd

opacities are shown graphically in Figs. 1, 2, and

3. The opacities contain the thermal conductivity

as ("escribed in Ref. 4.

Additional equation-of-state data used in th"

elastic-plastic calculation are input into the

YIELD array. These values are:

Yo - 3.0 kbar, Yj - 0

V « 0.333 - Poisson's ratio at room ten-o
perature

a - 0.8 - fraction of celt energy where

the naterial starts to lose its

strength
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Fig. 1. Equations of state for aluaintB - Hugoniot curves for pressure versus density (a), pressure versus
aaterial velocity (b), and shock velocity versus material velocity (c).
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•.eistms « T « i

where

Y • Vo(l + Y1n)F(E),

Fig. 3. 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 compared to a dynamic fracture

criterion. For aluminum, the dynamic fracture

7
-; -, ae <E<e
1 - a m m

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 Che pressure at which the

material starts to yield and exhibits plastic be-

havior; i.e., yield occurs when

where

specific internal energy

specific energy at the melting point at

zero pressure

-• P - a. x.y.z).

The von Neuaan-Richtmeyer artificial viscosity,

Q, is used to allow the finite-difference equations

to treat shock waves in a continuous manner. The

coefficient of the quadratic term B 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. A linear tern,

B , is included to give some damping to low-level

oscillations. The value of B. was taken as 0.1 (de-

fault value in the code).

Stress waves are calculated by solving the

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

criterion of Tuler and Butcher is used. This

model calculates a quantity:

t

K(t) « f f(o) dt

o

where

f(0)

o>-a

The quantity K(t) is calculated at every zone for

every time step. Spallation occurs when

K(t)
T - Ts
T - T
s o.

> 0.

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

K « 3.98 x 10 1 3

s

A - 2.02

a « 1.0 x 1O10

cgs units.

Tuler and Butcher state that these values are

applicable to Type-1100 ai««t«im in the following

sense: The above values of K , X, and o «
4.25 x 109 dyne/cm2 are from 6061-T6 aluminum data.
The value of o » 1.0 x 1010 represents the asym-
totic value for long pulse durations indicated by-
experiments with Type-1100 aluwtmnn. The data vere
used by the authors to predict spall layer thick-
nesses from fracture experiments with Type-1100
aluminum.

5



The value of T is taken to be 966 K (the

melt temperature of aluntnra), and c is taken to be

0.5 because Ref. 3 suggests that this value Cits

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 plasoa, in

turn, produces shock vaves that propagate fron the

plasma into the solid target. As the shock wave

traverses the homogeneous medium, dispersion occurs,

i.e., the amplitude of the wave decreases and the

width increases. Dispersion occurs because the

shock velocity for the rarifaction w.'ve depends on

the stress. Higher stress implies higher velocity;

the top of the rari'action wave therefore moves

faster than the botton, with the resulc that a tri-

angular stress wave is formed. After tri^<ngle for-

mation the amplitude decreases because the rari-

faction follows an isentropic curve, giving J higher

shock velocity than the compression wave, which

follows a Hugoniot line. M e n the shock wave

reaches the back surface, the reflected portion cf

the wave (which is new 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;

i.e., o'(x) = -u(x - 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, o(x ) = 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 kJ/cm2 "asjr

pulse of 1.0-ns duration on 1.0 cm of aluminum

(Problem 23, Appendix C ) . Figure 4, which presents

a time sequence cf 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 plasma-solid boundary has been magnified

to show the details •>( shock-vave generation. As

the source-strength plots stow, laser enei £>• is

absorbed in the plasaa cloud, and is transported

from there to the working surface by electronic

heat conduction and radiative heat transfer; the

working surface is defined as that a n a at vhictt

the temperature and density curves cross (see Fig.

3c - tine at vhich the laser is turned off - iov

best illustration of this sequence). It can be

seen that work can be done on the high-density

region by the low-density region as expressed by

noting that the equation of state for a gas,

P » UpkT, ailovs high pressure at low density due

to heating; here .*•' = particles/g and k is the

Boltznan constant. The stress wave depicted in

Fig. 5 is shown again in Fig. 6. Only the solid

region of the target is represented and the be-

havior of the stress wave traveling through the

material is shown. The precursor of the stress

wave is an elastic wave. It raves ahead of the

plastic wave (which coves at thercodynaaic sound

cpeed) because the sound speed of the elastic

material is

[ 3(1 - v) 1

I 1 + v J

-1/2

where c is the tlieroodynanic sound speed and v is
ts

Poisson's ratio. For aluainm the ratio of elastic

to thernodynanic sound speed is 1.225. Fron 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 „
"E 1 - 2v 'o

where Y is the elastic yield strength. Because a

value of Y = 3 kbat was used in the calculations,
o

0- = 6 kbar. This correlates well with the nagni-

tudes in Figs. 6 and 8.

Figure 6f shows a stress wave produced by

interference of a compression and rarifaction vave

at the back of the slab target. This figure also

shows that spallation occurs at 0.072 en fron 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 inages,

except that the peak in Fig. 6f is missing because

spall occurs before complete reflection.
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The results shown in Figs. 4 through 6 ace Cor

a laser pulse width of 1.0 us, a cine much shorter

Chan Che shock transit times. Because different

physical phenoaena occur when pulse durations are

near shock transit tines, we will consider such a

case next. For a 1.0-cm-thick aluminum target with

a 1.0-us pulse incident on it, the laser pulse widen

is 66% of the shock transit tine (1.5 Ms). The

series of time-sequence plots in Figs. 7 through 9

are the result of a computer calculation (Problem

76, Appendix C). The laser energy is 46 kj/cm2 and

is sufficient to cause spall. Figure 7 shows the

overall picture (as in Fig. A) of plasma-cloud for-

mation and its interaction with the solid. 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 cff. The tine

sequence of the resulting stress wave traveling

through the medium is shown in Fig. 8. It 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 ps). Figure 8d shows the stress

at a time when an x-t diagram (to be discussed

later) 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 surface- 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 lasjr pulse.

Superimposed on the major stress wave (Fig. 8)

is a series of short-wavelength large-amplitude

stress waves. The generation 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.

It can be seen froD Fig. 9 that each wave is defined

by several computational zones; also, chat they do

not grow to t*ie point where the problem blows up.

These are tvo indications that the waves are not the

result of numerical instability.

An understanding of soee results of the com-

puter calculations just described cay be desirable

at this point; namely, that 1.0-ns laser-pulse dura-

tions give a spall layer 0.072 cm thick at 1.85 ys,

whereas 1.0-us pulses produce eid-plane spall at

3.47 vs. A look at an x-t diagram nay be helpful.

Tvo such diagrams are shown in Figs. 10 and 11.

The two diagrams represent 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 nuch more complicated, but Figs.

10 and 11 duplicate the general 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 dashec

lines show these data for the rarifaction wave, i.e.,

the back side of the stress wave. The slope of the

lines is + 1/c where c is the sound speed of the
— s s

elastic wave. Regions in space and tins 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,

o, 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 o"(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, At , is found by forcing

the rarifaction wave and the reflected compression

wave to cross at the calculated spall plane. The

width across the equivalent rectangular pulse is

Ax = c At = 0.13 en, 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 pulsu width because of dispersion in the

stress wave as it travels through the medium.

10
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A similar exercise is shown in Fig. 11 for a

1.0-(JS pulse. For this case At is 1.54 us, giving

.in equivalent stress-pulse width of 1.02 en which

is about the thickness of the target. The calcu-

lated spall time of 3.47 us is somewhat less than

3.73 us, Che tine 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 tine integration in the Tuler-Butcher

criterion starts, and the tine integral is there-

fore not carried out along the whole tine line where

the stress is negative in the spall plane. The

value of .\t exceeds 1.0 us, the laser pulse width,

because the hot plasna cloud continues to work on

the- solid target after the laser is turned off and

cue plasma is cooling. It appears that the rari-

tact ion wave in this case is generated when the

compression wave reflects.

Our sinple codel indicates that a laser pulse

with a width of 2 x /c (where x is the target

dimension) would not cause spall because the com-

pression and rarifaction waves would never cross to

\Z

O8

0 4

- Compression

«r-0

O 2 0.4 06 O.8
Position lem)

Fig. 11. x-t diagram representative of a 1.0-us
laser pulse on 1.0 cm of aluminum. E, =
46 kJ/cm2. C g = 0.665 cm/us. *

produce negative stress. It will be shown in the

next section that the energy required for spall be-

comes very large when T,, = 2 x /c . Time-sequence

plots of the stress waves for a problem (Problem 66,

Appendix C) that is near these conditions (0.3-cm-

thick alueinum target and a 1.0-ys 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/cm2. Figure 12a shows the

stress wave at the time its front reaches the back

surface; and Fig. 12b shows the wave at a tioe 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 compression wave reaches the back

surface again, and a rarifaction wave has developed.

At 2.10 us a negative stress wave is finally forced;

however, its magnitude is not sufficient to cause

spall. At this tide the target has coved ~ 0.05 cm

away fron the laser, thus providing a mechaniso for

absorbing momentum without producing enough negative

stress to cause spall. One more cycle of oscillation



at

l! ii

-.1 -.0 .1

Position (CD)
(a)

-.1 -.0 .1 -1 •>

Position (cm)
(c)

E - I.;60 • 10-*. "Clt - J)».O

-X u

e

i
—

-
-

-

I i

1

ftp

1

1
—

—

-
—

-

—'

Position (en)

(d)

-.a -.9

Position <co)
(f)

Fig. 12.

Position (cm)

(e)

Stress as a function of position and tine. Laser energy, 40 kj/cn2. Pulse tine, 10~€

Aluminum thickness, 0.3 cm. T, = 2.2 x /c .



is shown in Pigs. 12e and 12f, with 12e plotting Che

time at which the stresses are all nearest zero.

Figures 12c and 12d are inverted mirror inagcs, 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 amplitude as it traverses the medium; however,

most of the loss occurs tear the front surface. As

an example, Fig. 13 shows stress-wave anplitude for

a 1.0-ns pulse as a function of the position of peak

stress.

V. PARAMETER VARIATIONS

Most of the data accumulated while running

problems to establish energy thresholds for spall in

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, wavelength of

laser lighn, ami energy absorbed by the target.

The variable of greatest interest is the

threshold energy require*! to cause spall in targets

020 o.4o aw aeo 1.00 tto
PENETRATION OCPTH km)

Fig. 13. Decay of stress-wave peak as i t traverses
the target. Laser-light wavelength, 1.06
vm. Pulse time, 10*** a. Laser energy, 8.0
KJ/CB2. Alualnua thickness, 1.0 ca.
(Problca 8 in Appendlx C.)

of varying thickness at constant laser paver and

pulse duration. These results are presented graph-

ically in Fig. 14. Laser pulse durations of 1.0 ns

to 1.0 ps and aluminura target thicknesses of 0.1 to

1.0 co were considered. Because cooputer calcula-

tions can only predict whether or not spall occurs

for a given set of conditions, several coaputer runs

nay be necessary to establish a spall threshold

energy to soae desired degree of accuracy. The

error bars in Fig. 14 represent the lowest energy

where spall was observed and the highest energy

where no spall was observed. The spall threshold

for x » 0.1 en and T, » 1.0 us requires soae

explanation: It is believed that Che spall

threshold should be lower than shown in the figure.

An energy level of IS kJ/cn2 did not cause spall as

noroally seen in the fora of solid-oaterial separa-

tion, although the shock waves pass repeatedly

through the naterial while the laser is on, causing

the material to Belt in sone places as a result of

shock-heating. The power level at this point

(IS CM/en2) is about the lowest at which CHART L

can be run with the present absorption scheme. Be-

low this power level, there is absorption in the

liquid layer by the few free electrons predicted by

the Sana-type lonizatlon calculation. Light gets

to the liquid because a critical density region

(<i> » u , see Appendix A) is not foraed 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

0.1 CB. The higher

14. Energy threshold for spall as a function
of alualnua target thickness and tiae
duration of constant power pulses. Laser-
light wavelength, 2.7 is.
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threshold is the lowest energy at which spall

occured shortly after the first stress-nave reflec-

tion at 0.373 Ms. As energy decreases, spall con-

tinues to occur, but only after the compression wave

has made 3.5 passes through the target at 1.01 iis.

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 done in

Fig. 16, where t^ = E^/px (kJ/g) is plotted as a

function of T = Toc fx . Plotted in this canner,
x. s t

the energy thresholds for spall of all thicknesses

fall near a smooth curve that has a large caxiauxn

around T = 2, as analysis from Section IV would

lead one to expect.

Late spoil time

0 0.02 0.04 006 0C8 0.10 O-I2 014
Position (cm)

Fig. 15. x-t diagram shewing near mid-plane spall
after one period of negative stress and
after three periods of negative stress.

Z& no

1.0
iff4 isr» so"2 iff'

c
to1

Fig. 16. Spall threshold energy per unit nass as a
function of laser pulse tice (in units of
shock transit tine) for all target
thicknesses.

The sane phenomenon exists when electron beans

are used as the source of energy for producing spall,

as indicated by experimental results of threshold

energies as a function of 6061-T6 aiimfnim target

thickness (Ref. 9, p. 22). The electron-bean pulse

tine in these experiments is 6 x 10~e s (full width

at half raaxinim) for all data points. The target

thickness corresponding to the point vhere the shock

transit tine is equal to the pulse tice is 0.04 cc,

and a thickness of 0.02 en corresponds to a case in

which the pulse width is twice the shock transit

tice. Data presented in Ref. 9 indicate that the

energy per unit oass required for spall increases

rapidly as the target gets thinner beyond a target

thickness of 0.04 en. Extrapolation indicates that

the spall energy threshold is very large at

T e b c s
2,

where T is the electron-bean-source on tiae.
eb —

Two quantities, important in determining whether

or not a laser pulse will cause spall, are the nag-

nitude of the peak of the generated stress wave and

the amount of inpulse delivered to the solid material.

Both have to be sufficiently high if spall is to

occur. The inpulse is determined largely by the

atxnint of naterial reooved fron the surface of the

target; i.e., the inpulse is I • y/sTc where M is

the mass reaoved and t is the deposited energy.
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Mass removal-versus-time plots tor some representa-

tive problems are given in Figs. 17 through 20.

Each figure represents a different order of magni-

tude in laser pulse time, T,; all are for laser

energies of 10 kJ/cm2 except the T^ = 1.0 us case

where E. = 30 kJ/cm2; Che wavelength in all cases is

2.7 ym. Only for T, = 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 t, = 1.0 ns as shown

in Fig. 21. These curves suggest that the amount of

melt per unit energy remains nearly constant as ener-

gy increases, but that the amount of vapor per unit

energy decreases. The vapor is the most important

factor in determining impulse, because it absorbs

most of the energy. A change in wavelength (to 1.06

Um) has a negligible effect on mass removal.

Time (s)

Fig. 17. Mass removal as a function of time. Laser
light wavelength, 2.7 iim. Laser energy,
10 kJ/cm2. Pulse time, 10"9 s.

Tiiwtt)

Fig. 18. Mass removal as a function of time. Laser
light wavelength, 2.7 urn. Laser energy,
10 kJ/cm2. Pulse time, 10~8 s.

10'

I n II u | i 1—i i i i m i 1—i—• i i i Di.

I I I I Ml I I I I I I 11 I t t I * II ff

•07 , . . K)"6

Time is)
Kf*

Fig. 19. Mass reaoval as a function of tide. Laser
light wavelength, 2.7 ic. Laser energy,
10 kJ/cn2. Pulse tine, 10~7 s.

Fig. 20.

Time (s)

Mass removal as a function of tine. Laser
light wavelength, 2.7 iin. Laser energy,
30 kJ/cm2. Pulse tine, 10~6 s.
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Fig. 21. Efficiency of mass removal as a function
of laser energy. Wavelength, 2.7 um.
Values at t, 0.2 us. Pulse tine, 10~9 s.

Graphs of generated impulse vs time for several

problems arc shown in Fig. 22. By generated impulse

we mean the maximum value of I. m. v. where m. is
i i i I

the mass and v the velocity of Zone i. Because

asymtotic values are reached for most problems with-

in run times, a plot of generated impulse per unit

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 Thomas have measured some values

of impulse delivered to solid targets by using a

ruby laser with a pulse width of 7.5 ns (full width

at half maximum). They also present an analytical

fit to their data (solid line in Fig. 23; the dashed

line is an extrapolation of their data). Compari-

son of calculations to experiment shows that the

calculated values have the correct slope, but are

*- 38Z high. The difference seems to be acceptable.

The laser pulse shape oust be known in greater de-

tail before comparison calconiations can be attempted.

The data in Fig. 23 indicate that lou-energy

pulses are core efficient at generating Inpulse

(down to a point, as Gresg-amd-Tho=as experiments

show) and that pui.se duration lias little effect on

impulse. The latter is shown in a core explicit

manner in Fig. 24.

The thickness of the naterial broken away by

the first spall varies with several parameters,

e.g., with energy—keeping all other conditions

constant—as seen in Appendix C. However, the thick-

ness as a function of laser pulse tine, I,, presents

the most interesting phenomenon. Using in each case

the thickness for the lowest energy at which spall

occurred, we plotted in Fig. 25 the (dicensionless)

spall thickness (X = x Ix ) as a function of
v sp sp t

(dicensionless) tice (~ = 1; C /x^) for all three

target thicknesses. This figure displavs a sharp

rise in the spalled-layer thickness when T = 2,

in agreement with some conclusions reached from

an x-t diagram analysis which is discussed in

Section IV.

At energy levels slightly above the threshold

for spall, the spalled layer has considerable co-

nentun. The efficiency of generating nonentua in

the spalled layer is illustrated in Figs. 26 through

28 which plot the taonentuo per unit energy 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. Some conclusions drawn fron these

figures are: (a) laser energies 50 to 100% above

the spall-threshold er.irgy are most efficient at

delivering momentum to the spalled layer and (b)

the impulse decreases as laser pulse tine increases

until pulse widths begin to match shock transit

times, when momentum appears to increase mostly

because cf an increase in mass removed.

When calculating laser interaction problems

with CHART L, the free-free absorption Bechanism

causes the energy to be absorbed at greater depths

into the plasma if light of shorter wavelength is

used. The only noticeable effect of such light is

a small increase in impulse delivered to the

spoiled layer. The fractional increase appears to

depend on target thickness and laser energy.

19



10'

Time {see}

10 — t n u l l m i | I B M m i l l

10,
2 I 1 I IIIIUJ I » I I l l l l l I I I

10'"
1 0 '

10 - 10'
Time (s)

4-7
10

10'

IOC

10s

70-0 W/cm

10.0 kJ/cm

I.S kJ/cm

i 11 ti i i i i i > 11\

10 Time (s)
Time (si.

Fig. 22. Impulse generated in aluminum as a function of time, energy, and laser-pulse tine duration.
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Fig. 23. Calculated impulse per unit energy as a
function of laser energy and pulse time
compared to a fit to experimental data.
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Fig. 24. Impulse per unit energy generated in alu-
minum as a function of laser-pulse dura-
tion and laser energy.

10"' 1.0 10*

Fig. 25. Spall layer thickness (in units of target
thickness) as a function of laser pulse
time (in units of shock transit time).

2 5 - 10 2O
Loser Energy (kj/cns)

Fig. 26. Efficiency of generating icpulse in
spalled layers as a function of laser
energy, target thickness, and laser pulse
clce. Laser wavelength, 1.06 yn.

Loser Energy Ikj/cm )

Fig. 27. Efficiency of generating inpulse in spalled
layers as a function of laser energy and
laser pulse tine. Laser wavelength,
2.7 vn. Target thickness, 1.0 cm.

21



10 20 ' 50
Lastr Energy Ikj/ctn )

KX)

Fig. 28. Efficiency of generating impulse in
spalled layers as a function of laser
energy and laser pulse Cine. Laser wave-
length, 2.7 urn. Target thickness, 1.0 CD.

Soae results Iron Appendix C are suaaarized

below Co show this effect.
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Some effects of varying the time between two

successive laser pulses are studied in Appendix D.

VI. COMPARISON WITH EXPERIMENT

An experiment was recently reported by Fox and

ikirr in which 0.1 cm of 6061-T6 aluminum was sue-
2

cosst'ully spalled by a laser. One of our calcula-

tions (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 spalled, sectioned target

(traced from 3 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 103 J/cm' corresponding
-The value of 0o used in the calculations was that
for 1100 aluminum instead of 6061-T6, but the effect
should be negligible because os » co for thin
( 1.0 mm) targets.

Fig. 29. Outline of seccion of aluninuo spalled by
a laser pulse in Fox and B a n 2 experiment.
Measured values of oass reooval and spall-
ed layer thickness are compared to calcu-
lations.

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 mm of liquid plus 0.0033 no of vapor)

and the distance from the back surface of the Date-

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 kJ/cm2).

VII. EFFECTS 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-CD-thick aluminum can be spalled with

short-pulsed lasers. The shorter the laser pulse

(< 1.0 us) the higher the peak pressures, mainly

due to the fact that hydrodynamic motion is slower

while the laser is on. Consequently, the energy

required for spall becomes less as the time width of

a constant-energy laser pulse ls> 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
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would taoly tliat spall experiments should be per-

formed in a vacuum chamber. The question has there-

fore been raised vhether soae intermediate laser

puLae uidth co&bined uith soae laser-light wave-

length uould cause spall in a reasonable 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 longer than 1.0 ns, the

threshold power (in K/cn2) for air breakdown can be

written as a simple function of laser-light wave-

length:1''12

PH = 3.2 x 1 0 " -
B A2

where A, the wavelength, is > 0.7 un. The value of
the coefficient (for air) of

is taken from Kroll and Watson. A fit to the

data of D. B. Henderson gives a value of 2.8 x

101!; but if S. D. Rockwood's formula is used (see

Appendix E for derivation) we obtain 3.5 x 1011

for this coefficient.

The formula discussed above applies to clean

air only; 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-dynaaic expansion

of the particles after they have absorbed

light. Therefore, the gas-dynamic expansion time

of K.be speck should be large compared vitfa tbe pulse

tine. Tlie gas-dynastc expansion tine is t. - EJ/C ,

Pulse Time (si

Fig. 30. Spall thresholds for three thicknesses of
aluminum compared to air-breakdown power
levels.
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Breakdown powers fros our forcula are illus-

trated in Fig. 3(1 to show that it csay be possible

to get laser light energy with a vavelength oi

= 1 a to the target in acour.ts sufficient to cause

spall (assuming spall thresholds are not affected

by air).

In addition to the air breakdown, one has to

be concerned with the transnittance of the light

through the atmosphere. Spectral transsittar.ee

curves (Ret. 13, pp. 7-2 and 7-3) show that an KF

laser (2.7 _•) does not penetrate air very well.

However, the OF laser (A = 3.8 ̂3) does h?ve goad

transsittance and its power level at which air

breakdown occurs is shown in Fig. 30. Because there

is a window at A » 1.6 yn, the power levels for air

breakdown with this wavelength are also shown as

well as the power level for r. = 0.7 ya—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 aluainus 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, fors-

ing a laser-supported absorption vave; i.e., the

laser energy is absorbed in an ever-increasing oass

of air. As a result, the temperature which drives

the heat-conduction wave is lowered and the result-

ing stress waves are degraded in amplitude. T<sa-

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

absorption wave are summarized in Table I. Results

shown in Fig. 31 are from Problems 1 and 2 in

Table I. Laser-supported absorption waves similar

to the one shown in Fig. 31 are presented in Ref,

14, p. 3-38. However, because the power level for

the results in Ref. 14 is less by a factor of 100

than the level for the results in Fig. 31, the
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ig. 31. Comparison of temperatures and source
strengths to illustrate generation of
laser-supported absoiption wave in air.

TABLE I

COMPUTER CALCULATIONS OF THE EFFECTS OF AIR ON

IMPULSE AND STRESS

Run

1**

2

3

4

5

Wave-
length
Um

2.7

1.6

0.7

0.7

0 . 7

Air?

no

yes

yes

yes

yes

Air
Zoning

Coarse

coarse

fine

fine

Energy
Flow

rad &
elect
rad &
elect
rad &
elect
rad &
elect
elect

Inpulse
Generated
a t t«0.4 s
a t -(0.6 s)
kdyn's/cm2

6.17
(6.31)
1.54

3.76
(4.80)
3.17

(4.32)
6.03

Peak
Stress*,
kbar

36.7

4.23

49.1

16.6

15.7

* Just before wave reflection at t • 0.4 us

** Problem 50 in Appendix C

Laser energy, 4.8 kJ/cm2; 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 degradation of both impulse and peak

stress as a result of adding air to the problem.

The fact that the first problem uses a wavelength of

2.7 (im instead of 1.6 \m 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., changing 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

stress: 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 zoning In the air layer are clear-

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 .I'uminum for coarse zoning, and is

1.1 for fine .oning. The finer zoning appears to

lower the peak pressure considerably, i.e., the laser

absorption 'iavp propagates better with fine zoning.

To study the effect of black-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 seeas to be an increase in impulse.

We conclude that sufficient amounts of laser

light could be sent through air to cause spall in

aluminum if the 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 would 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;

• The wave-cancelling effects that occ ir when the

laser pulse width is twice the shock transit

tiae 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



• TI.e computer model is in reasonably good agree-

ment with experimental spall thickness and

blowoff mass; generated impulse is correct to

within ~ 402. The latter result could be im-

proved by introducing nonequilibrium effects

into the plasma-physics part of the calculation.

B. Recommendations

• Further experinents 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, calculations

could be improved to some extent by the intro-

duction of a multltemperature or nonequilibrium

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. Each pulse in the train would

have a time duration less than X /C and they

would be spaced 2 X/C seconds apart (leading

edge to leading edge); i.e., the shock wave

could possibly be reinforced after each complete

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

accelerated by the electromagnetic fields. The

form of the cross section is taken from Page 148 of

Ref. 5.

C « speed of light

u * mass of electron
e

v • light frequency

Sff • Gaunt factor.

Equation (A-l) is the result of averaging spec-

tral absorption over a Maxwell distribution of elec-

trons. This is consistent with the assumption of

local thermodynanic equilibrium in CHART D.
Reference 5 also gives

± 1-23-
3 |3kT

1/2 ne

h C mT7TT**
(A-l)

Sf
L ' e J

for
hv « k T

(A-2)

where

T = plasma temperature

n = electrons/cm3

e

n. = ions/cm3

Z = ionization number

e = charge of electron

where

V =• phase velocity of the light wave

V/C - n = index of refraction

Y s 0.5772 = Euler's constant.
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The constraints |>ul un E:«j. {.\-2> tt«rv arc tve

too severe because fcT appears in a tcfjttttimle c«n>.

For V/C the disperuian relation

(A-J)

Is used, where

„ " plass.i frequency

..• • light frequency

Equation <A»3) i s alito given in i'Ji-.t 3} t»( Kef. >.

To get the true .il):;ofpl4on crons section, K * .

Kq. (A-l) i s oultlpled by (1 - c""'*'*1) IP ct>rrc«t

for induced i-sission; i . e . .

K ' - (1 - *-hv/kT)R. (A--4I

Additionally:

C/\ ! u>7*

4» t-jtrh tEffJl at the

i . e . . tiw sHKirm slttz

K4::̂ .t-f {ft iTic criCfW'

^ ; - . . . *^3 A.

fiii? ?t&?i4r£ fr

nv i s

£n •»» crf?ti i s

:-- -JSC- Site

where

0 • density

A • atonic weight

\ = wavelength.

After combining E(|s. (A-l) through (A-5) .Jiiii

inserting cgs nuneric.il values for the constants,

i.tie following three equations result, which can be

used in sequence to calculate an effective cross

section:

(1)

(2)

( » ; • • •

410 s 1 0 " i - OZ

i -l-r

(3) <* - 4.645 x 1022 <Z><2;>p2A3

1.2406 x 10~
/s f { (A-6)

wiiere <Z2> = average value of Z2 when oixtures are
used.

A « of Kuriaec j , aft

; • cttcrcx flu* crossias Su

csr • sec) .

The t-ncrity dcpo:«itits» rjtv in Cell J is eS;c»

The outer (lux (A;), COSSCK (run

or analytic iuroulac. Absorption rJLr* Jrc- calcu-

lated inward by tq*. (A-6), (A-/) , and (A-S) until

a point i s reached where _v/u: >_ I. Classically t!w

light reflects iiere. Also, this i s tfic point where

turbulent heating would occur. As an option in

C11AKT L one can either assuoc that turbulent treatinj;

occurs and dunp a l l the regaining energy in the

first zone there ui /,. ^ 1, or let the light reflect

at this point and be absorbed on the way back out.

The oethod used here was f irst developed by R.

Pollock of LASL in unpublished work.
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* y^JXZ^C ?* *tX*H.:»*!.;'. 4..1.--U.

is creafrT 5?l*S tO.Sl i l l ,

" S^

Tile *uperncripv« refer to ciai point* and the sub-
scripts co position in cite apace-time meth. Ttte
CiiAXT L space acsh Itas 1 incr«asint a* x decr*a*«»
•niJ in slwvn graphically as follows.

• 1 inni-i:.j»^

«5" i ) , :' • *%T£*r. Jr. line *

S.J So

*?f " tu t ^:*a f-«

if. iii

s - i/J etvcn nwwric^l ». » -- 1/2

.•;•. U-J ) i s y

V « 5 * ^ t . i:<;iMtiofl tS-i> i*

lific s l tp ir-Tl Sf* cr.cf(-v f.;i , i i^K. Ar- »t4t<->! in

S5c!'. 1J, l*wr (~ ) *Snj:lc» cut ircss the

the principal Jvp*r.dc^cc of »trex» upesn den-
sity. Tiae-advaaeciS -irtiniiy arj velocity arc used
vgiilr titbcr total it ies rctiiiR at
value*. Equation (£-4) xtwul<i not be
a* avit Ire ting, t'1* effects of internal *n*rey varia-
tion on :itrc»». It *inply Means that str««s varia-
tions ut*t be treated infifcltly for the (Sensity
but con rcaaia purely explicit for the internal
energy.

The accuracy and speed of the acdlf led CftARI
code described here is Illustrated in Figs. B-l.
K-2. and B-3. Results from the original version of
CHART D (labeled as EXPLICIT on the figures) arc
compared to results fro* the subroutine described



a-1. Comparinon of stress waves calculated
by tin: explicit and iapliclt fluid-
dynaailc methods. Laser energy, 3 x 10*
J/em:. Pulse tioe, 10 ns. Aluminum
thickness, 1.0 ca. No radiative heat
transfer.

i _ IMPLICIT

= 10*

in
a
o

Id1

10*

' SPALL

ZOO 4 0 0 6 0 0 80C 1000

COMPUTER (COC 7600) TIME (S)

ZOO 4 0 0 6 0 0 SCO 1000 1200
Computer ICCC 76OOJ Time Is)

MOO

1200 MOO

Fig. B-3. Coaparlson of coaputer tine required by
explicit and implicit fluid-dynamic
aethods. Laser energy, 4.6 x 10k J/cm2.
pulse tine, 1.0 us. Aluainua thickness,
1.0 ca.

here (labeled as IMPLICIT). The stress wave froa a

10.0-ns, 3 x 105-J/cn2 laser pulse on 1.0 ca of

aluminum is calculated. Figure B-l shows that the

stress waves on the first cycle where spall occurs

are essentially the same. Figure B-2 shows that

- 80Z savings in computer tine was 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/cn2 in a 1.0-

Us pulse was Incident on 1.0 ca of al iiin<rnim (Problem

76 in Appendix C), indicates that the explicit oethod

would have taken a very long time to obtain time of

spall, whereas only 13 minutes were sufficient with

the implicit method.

Fig. B-2. Comparison of computer time required by
the explicit and implicit fluid-dynamic
methods. Laser energy, 3 x 10s J/cm2.
Pulse time, 10 ns. Aluminum thickness,
1.0 cm. No radiative heat transfer.
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P r o b -
lem

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

VALUES

Laser
Light
Wave-
Length,

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

OF INDEPENDENT VARIABLES USED

Laser
Pulse
Dura-
tion,
s

10"B

10"9

10"9

10"9

10"9

10"9

10"9

10"'

io-'

10"'

10" '

10"»

10"9

10"'

10"'

10"*

10"9

10"'

10"9

10"9

10"'

10"'

10"'

10"*

10" •

10"'

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/cm'

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

APPENDIX C

IN THE PARAMETER STUDY OF

Mass
Removal
in Gas
Form at
0.2 u s ,

4.48x10""

4.94x10""

5.45xlO~"
—

9.45x10""

1.05x10"'

1.27xlO~'
—

—

—

—

—

4.48x10""

4.05x10""

4.94x10""

5.45x10""

5.94x10""

6.48x10""

7.29x10""

9.45x10""

1.05x10"'

1.16x10"'

1.27x10"'
. . .

. . .

Mass
Removal
in Liquid
Form at
0.2 us,
c/cm2

—_

3.76x10"'

5.12x10"'

9.47x10"'
—

—

3.81xlO"2

5.08x10"*

6.15xlO"2

—

—

—

—

—

4.18x10"'

4.23x10"'

5.12x10"'

8.54xlO"1

1.49x10"*

1.64x10"*

1.99xiO"s

3.81x10"*

4.61x10"*

5.07x10"*

6.15x10"*
. . .

ALUMINUM

Impulse
to
Solid,
kdyn-s

era

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

3.01

3.30

3.72

6.72

7.63

8.68

1.06

2.13

2.30

2.48

AN) CORRESPONDING

Time o f
First
Spall, s

1.84x10"'

1.84x10"'

1.77x10"'

1.70x10"'

1.50x10"'
—

1.79xl0"6

1.74x10"*
—

—

2.10x10"'

1.95x10"'

1.72x10"'
. . .

1.91x10"'

1.86x10"'

l.78xl0"7

—

5.51x10"'

5.37x10"'
—

1.85x10"'

1.79x10"*

1.74X1O"1

—

2.36x10"'

2.12x10"'

RESULTS OF THE

Distance
From Back
Face to
Plane of
F i r s t Spal l ,
cm

.0723

.0103

.0103-.0109

.00971

.00850
—

.0723

.0723

.0146-.0151

.0120-.0127

.00910-.00971
—

.0103-.0109

.0103-.0109

.0103-.0109
—

.0237-.0256

.0256
—

.0723

.0723

.0723-.0789
. . .

.0200

.0152

CALCUUTIONS

Impulse •
Delivered
to Plane a t
First S p a l l ,

3.11

.734

1.17-1.23

1.59

3.14
—

3.80

5.99
—

. . .

.793-.839

1.26-1.33

2.37-2.54
—

.417-.459

.649-.702

1.09-1.16
—

1.03-1.15

1.73
. . .

2.08

3.47

6.04-fi.S2
. . .

.491

.804

Com-
puter
7600
Time,

10

4

8

8

5

5

10

10

15

5

5

5

4

4

5

5

5

5

10

10

10

10

10

10

10

5

5



Prob-
lcm

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

45a

46

47

48

49

SO

51

52

53

54

55

56

Laser
'.ight
Wave-
length,

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

Laser
Pulse
Dura-
tion,
s

io"»

10"'

10"'

10"'

10"'

10"«

10"'

10"'

10"'

10"«

10"'

10"'

10"7

10"'

10"'

10"'

10"'

10"'

10"'

10"'

10"'

10"'

10"'

10"'

10"7

10"'

10"'

10"'

10"'

Target
Thick-
ness,
cm

0.3

0.3

0.3

0.3

0.3

1.0

1.0

1.0

1.0

1.0

1.0

0.1

0.1

0.1

0.1

0.1

0.1

0.1

0.1

0.1

0.1

0.3

0.3

0.3

1.0

1.0

1.0

1.0

1.0

Laser
Energy,
kJ/cm2

2.3

2.6

3.0

3.2

3.6

6.0

8.0

9.0

10.0

11.0

12.0

1.5

1.65

1.70

1.90

2.30

2.30

3.00

3.60

4.00

4.5

4.4

4.8

5.4

8.0

10.0

11.5

12.5

13.5

Mass
Removal
in Gas
Form at
0.2 us,
g/ca r

—

—

—

—

—

—

—

—

—

—

—

—

—

—

—

—

—

—

—

—

—

. . .

—

—

. . .

—

. . .

—

. . .

Mass
Removal
in Liquid
Form at
0.2 us,
g/CBf

» .

. . .

. . .

. . .

. . .

. . .

. . .

. . .

. . .

Impulse
to
Solid,
kuyn-a

em'

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
3.14
3.39
3.88
4.14
4.62
S.14
S.42
5.79
6.11
6.5

6.96
9.32
10.8
11.7
12.5
12.9

Time of
First
Spall, a

. - -

. . .

—

5.87x10"'
. . .

—

. . .

. . .

1.88x10"''
1.84xlO~l

. . .

. . .

. . .

l.oixio"1

9.90x10"'

9.95x10"'

9.40x10"'

3.73x10"'

3.47x10"'

3.26x10"'
. . .

7.64x10"'
. . .

. . .

. . .

. . .

2.06x10"'

Distance
From Back
Face to
Plane of
First Spall ,
en

. . .

. . .

___

_—.

.0335
. . .

_._

. . .

. . .

.0789-.085S

.0789
. . .

. . .

. . .

.0479—0503

.0455

.0467

.0455-.046

.0546-.O5B2

.O467-.O497

.0473-.0503
. . .

—

.0750-.0789
. . .

. . . .

. . .

. . .

.118

Impulse
Delivered
to Plane at
First Spal l ,
kdvnMi

. . .

. . .

. . .

1.54

• • •

. . .

5.69
•*•

. . .

2.17.-2.2S

2.02

2.43

3.60-3.65

1.74-1.92

2.01-2.21

2.79-3.00
. . .

. . .

2.41-2.60
. . .

. . .

. . .

. . .

4.22

Com-
puter
7600
Ti*«,
• i n

10

10

10

6

6

10

10

10

12

10

10

•

5
8

8

8

8

10

7

7
5
10
10

10
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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

Laser
Pulse
Dura-
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s

10"7

10"7

10"7

10"7

10"7
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10"6
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io"«
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10"*
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10"*

10"*

10"6

10"*
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ness,
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1.0

1.0

1.0

1.0

1.0

0.1

0.1

0.3

0.3

0.3

0.3

0.3

0.3

0.3

1.0

1.0

1.0

1.0

1.0

1.0

1.0
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11.5
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30.0

50.0

70.0

15.0

20.0

20.0

30.0

40.0

46.0

54.0

68.0
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15.0

18.0

22.0

26.0

38.0

46.0

56.0

Mass
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Form at
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___

—

—

—

—

—

—

—

—

—

—

. . .

—

. . .

Mass
Removal
In Liquid
Form at
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g/cm*

—

. . .

- . -

. . .

. . .

. . .
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to
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kdyn»s

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
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21.7
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. »
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. . .
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Flmt Spall,

4.75

7.20

9.73-10.5
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. . .

9.14
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. . .

. . .

. . .

. . .

. . .
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. . .

. . .

. . .

. . .

. . .
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puter
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APPENDIX 0

LASER PULSE SPACING*

Calculation* were performed to investigate the

effect* of pulse-spacing on target response. As a

base set of conditions we assumed 1 csi of 1100 alu-

minum and a laser wavelength of 2.7 um. Two pulses

of 1 ns width were incident with spacing, At,

measured fro* the trailing edge of the first pulse

co 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 1-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 20Z greater in

the 1- and 10-na cases, respectively. At 100 ns

spacing the energy per pulse is sufficient to cause

spall with a single pulse. Both the iapulse and the

thickness of rbe spalled layer are doubled in this

case.

The effects of pulse-spacing alone were evalu-

ated with two 1-ns pulses, each with an incident

energy of 8 kJ/ca2. The results and the data for a

single pulse are compared in Table D-II. Because

the speed of sound is greater outside than inside a

stress wave, there is a tendency of the stress wave

of the second pulse to coalesce with the first.

Coalescing occurs when At is less than the shock

transit tlae for the target, and produces a variable-

length, single stress wave dependent on At. For

At < 100 ns the effect is a store peaked stress wave

with a short tiae to spall. For At .> 100 ns the

resulting stress wave is longer with a longer tlae

to spall.

TABLE D-I

RESULTS OF CHART L CALCULATIONS

LASER PULSE SPACING - SPALL THRESHOLD

Wavelength, A, 2.7 ua; Pulse Width, 1 ns; Aluminum Thickness, 1 ca; Two Pulses Incident

Pulse
Spacing,

s

1 x 10

1 x 10~8

1 x 10~7

Base
Case

Laser Energy. J/cmz

Total
Deposited

9. x 103

10. X 103

16. x 103

8 x 103

Per
Pulse

4.5 x 103

5 x 103

8 x 103

One-Pulse
Case

Iapulse, dyn-s/cm2

Maximum
Generated

In Spalled
Layer

8.48 x 103 2.37 x 1O3

9.94 x 103 2.41 x 10*

14.6 x 103 6.S3 x 103

9.2 x 103 3.74 x 103

Thickness
Blowoff
(Gas &
Liquid**

1.09 x 10~2

1.2 x 10"2

1.92 x 10~2

1.75 x 10~2

. ca

Spalled
Layer

0.145

0.092

0.151

0.072

Tiae to
Spall,

s

1.84 x 10~6

1.9 x 10"s

1.97 x 10~s

1.79 x 10~s

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

**At time of spall. More will boil off later.
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Pulse
Spacing,

s

1 x 10~*

1 x 10"9

1 x 1O"7

Base
Case**

TABLE D-ll

RESULTS OF CHART L CALCULATIONS

LASER PULSE SPACING - IMPULSE

Wavelength, A, 2.7 ;.«; Pulse Width, 1 ns; Aliwinun Thickness, 1 en; Two Pulses Incident

Laser Energy Deposited, 16 x 101 J/ca2; 8 x 103 J/ca2/Pulse

Impulse. dyn-s/c«z

Maximum
Generated

13.1 x 103

14.0 x 103

14.6 x 1O3

9.2 x 103

In SpaUed
Layer

9.6-7.43 x 1O3

8.25-5.76 x 103

6.53 x 103

3.74 x 1O3

Thickness
Blovoff
{gas &
Liquid)*

2.56 x 10~2

1.92 x 10"2

1.92 x 10~2

1.75 x 10~2

. cm

Spalled
Layer

0.112-0.072

O.112-.066

0.151

0.072

*At tine of spall. More will boil off later. **Single 8 x 103-J/cmz pulse.

APPENDIX E

DERIVATION OF LASER POWER LEVEL FOR BREAKDOWN OF CLEAN AIR

Tine to
Spall,

s

1.71 x

1.75 x

1.97 x

1.79 x

10"

10"

10"

10"

"6

"€

"e

This derivation of the laser power level for

breakdown of clean air (taken from cotes by S. D.

Rockwood) 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 = R.Nn - R Nn (E-l)

e i e a e

where

N = number of atoms/cm 3

R. = rate of ionization (cm3/s)

R - rate of attachment (cm3/s).

The time rate of electron temperature change comes

from the conservation of energy:

2/3 |^- - 3/2

(E-2)

where

T » the electron temperature

P = light flux (erg/cm2-s)

a « absorption coefficient for light by free
electrons

I « ionization energy per electron per atom

X ~ excitation energy per electron per aton

R « rate of atom excitation.

Let:
-I/kT

R. - c-e

-A/kT
R - d-

-X/kT
b-e

(E-3)

(E-4)

(E-5)

The two-body attachment rate (R ) is all right for

p £ 2 atm; c, d, and b are constants. The continu-

ous wave limit is defined by the condition R.

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

R .

kT
I - A

e In (c/d) *
(E-6)

Because the electron temperature is rapidly estab-

lished, take T = 0. The excitation tern is the

dominant loss term in Eq. (E -2} ; hence:

e
(E-7)
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The absorption coefficient is taken tx<m alcrovave

theory.

B < E - I M

where u is the electromagnetic wave frequency and v

is the collision frequency of electrons. Let:

and

N '

in the region of interest v « u>, then.

«-«•£• n/. <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 (E-9)

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

The coefficient of u? is a constant for a given

nediuD.

Sooe typical values that can be used to evalu-

ate this coefficient for air are, in cgs units:

bx «• 6.4 x 10"21

a* - 0.106

d - 2.0 x 10"9

I-A -= 12.5 eV

c - 2.0 x 10~7

v* = 2.0 x 10~8

x - 3 eV.

Substituting these values into Eq.(E-lO) and changing

from light frequency to wavelength gives

P - 3.55 x 10"/A2 W/cm2 (X in pm).

For light of a CO laser (10.6 um),

P = 3.16 x 109 W/cm2.
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