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ABSTRACT

Radiation induced soun d expe riments were conducted with one to

four  10 . 6 L~ CO 2. laser pulses. These expe riments were conducted to

demonstrate the ability to control the acoustic energy spe ctral density.

The acousic signatures  were Fourier  analyzed to obtain the energy

spe ctral  density. The results show that the ratio of the width of a peak
• in the spectrum to the fundamental frequency scales approximately as the

inverse of the numbe r of pulses. This scaling does not hold if the pulses

are not evenly spaced or not uniform in amplitude.

Theoretical modeling formulated scaling laws relating laser

- 
- parameters to acoustic parameters of the generated si gnatures .

Theoretical predictions were als o made of the change in amplitude and
shape of the broadband signals due to frequency-dependent absorpt ion as
a function of pr opagation distance. 
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I. INTRODUCTION

The physics of radiation induced sound has previously been investi-

gated both theoretically and experimentally 1 ~?, but past experiments have

been concerned with sing le pulses onl y 1 -~~~~ 8 In thi s repo rt we discuss

theoret ical  and expe rimental results with one to four  laser  induced acoustic

pulses  and the resultant  pulse t rain.

A major  criticism of prior radiation induced sound experiments was

that the source bandwidth was too great to be useful . The refore , this ex-

perimental program was undertaken to demonstrate that na r rower -band

sound could be generated with multiple laser pulses. The most flexible

and cost effective approach was to simulate only the f i r s t  four  pulses of a

long pulse t rain with a laser system consisting of four  independently

tri ggered lasers . Thi s laser system was assembled from four CO 2 la s e r

kits and one power supply. The expe r iments are discussed in Section III .

The experimental results demonstrate that the bandwidth can be controlled

by the number of laser induced acous tic pulses.

The theoretical effor t , repo rted on in Section II , was an extension

of previous work . The earlier analysis , which was done for  PMS-405 of

the Naval Sea Systems Command, established the basic scaling laws of

3D blast wave induced sound. ~ This work was recently extended and modi-

f led to predict theoretically the far-field acoustic amp litude as a function of

time..9 The far-f ie ld  signature is predicted from linear acoustics , and the pre-

dictions we re made to estimate the change in the signature  due to the

frequency dependent absorption coefficient of water. No dispersion of

sound waves is used or appears to have been obs e rved , but a broadband

signature  does spread out in time. 4 This spreading is due to the approxi-

mately quadrati c dependence of the absorption coefficient on f requency:

~ 

~~~~~~~~ - -‘ - ‘ - -~~~-~~~~~~~~~~~~~~~ -~~ - -
~~~ ~ --~~~ •-
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~~~~~~~ 
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for a fixed propagation distance the high-frequency component s making

up t ile broad band signature are attenuated more than the low-frequency

components. It is well known from Fourier anal ysis th~ a waveform

may spread in time as its spectrum is reduced in width.

Conclusions and suggestions for future work are discussed in

Section IV.

I
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II . THEOR Y

Pa st theoret ical  work on radiation-induced sound treated the

phenomeno logy  in two  limits. First , the steady-state coup ling problem

was anal yzed. 6 This work yielded the conclusion that an induced sur face

p r e s s u r e, p , would be proportional to the laser-beam irradiance , I
5 0

p = C I  , (2 . 1 )

where  C , the ratio of the p ressure  to the  i r radiance , is commonly called

the coupling coefficient. The work ~~ nc b y Pir r i  yielded C ~ 25 d yn e /W for
5 7 6

10 < 1
0 < 10 W/cm 2. In the second limit of the phenomenology, it was

assumed that a stead y-state situation would not occur , and that bla st-wave

theory  would be mo st appropriat e to use . ~ The app lication of blast-wave

theory  to anal yze the radiation-induced-sound phenomen ology is a method to

uncoup le the optical radiation from the fluid mechanics of the water  and water

vapor. In the model , a short-pulse  laser beam-pulse laser beam i r rad ia tes

water with a fluence much greater  than the threshold fluence. The th r e sho ld
- - fluence ET is defined as the energy per unit. area sufficient to ‘1boi l” an

infinitesimal laye r of water and is a function of the optical dept h and the

propert ies  of water. Thi s calculated energy must be delivered iii a t ime

short enoug h so that heat conduction is insignificant . The calculated values

of ET are reproduced from Ref. 9 in Table I for various laser wavelengths.

We were experimentally restricted to 10. 6 ~i radiation, for  which the th reshold

fluence is 3 3/ c m2. When the laser fluence is much grea te r  than the thresh-

old fluence , a small amount of water  is raised to a tempera ture  and p ressure

high in comparison with the normal boiling conditions of 100°C and 106

d y n e s / cr n
2
. The water vapor drives a shock wave away f rom the i r radia ted

-3- 
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TABLE I

THRES HOLD FLUENCE FOR VARIO US LASER LINES

Laser Threshold
Wavelength Fluence

Laser Line s ~~m 3/cm2

CO
2 P (20) 10. 6 3

CO 8-7 Band P (14) 5. 25 11

9-8 Band P (10) 5. 27 11

DF 2- 1 Band P (6) 3. 73 14

2- 1 Band P (8) 3. 80 14

2- 1 Band P (9) 3. 84 14

HF 2-1 Band P (7) 2.87 0 .2

2 - lB a n d P (8) 2.91 0 .2

II

-4-
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area.  We assume that for the duration of the blast wave , i. e .,  f or tens

of mic r oseconds, the behavior is dominated b y the bla st-wave solution

in air and that the water surface is unperturbed. Sensible disp lac ement s

of the water occur tens of milliseconds after the radiation pulse.

Bla st-wave theory assumes an instaneous release of energy  with

11 omass  addition. In our case there can be significant mass addition , but

it wil l  be ignored to keep the problem tractable.  Recent ly, bla st-wave

theory has been extended to include a noni.nstantaneous release of energy.  
10

We use this formulation while the laser pulse is on, and then match the

solutions of classical  blast wave theory to the variable ene rgy  theory  at

the pulse “ off ” time.

We consider a constant- input-power case; the power can be

deposited in a p lane for 1D expansions , in a line for 2D expansions , and

at a point for 3D expansions. The shock radius and pressure  are used to

model the radiation-induced sound source. Variable-bla st -wave t heo ry

yields a solution for the shock radius R , which is: ’°
R = Kt  

3/ (a + 3) 
, (2. 2)

where

/ \ 1/ ( ~~+ 3 )
I L a

• K = (
I /

\ p ( ~~~~ I~~o~~~a. + 3 , o

S

and

3 is a constant with value s 1, . 57 and - 4 , xid
0

= 0, 1, 2 for ID , 2D , and 3D expansions , respectively.

a is the sound speed in air ,

— 5 —
4-
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p is the ambient pressure

I is the input power per unit area for a 0

I is the input power per unit length/2 ir for  ~ 1 , and

I is the input power/4ri- for a = 2 .

t is time measured f rom the s tar t  of the ene rgy  release (i. e.

f rom the t ime at which the accumulated laser -app lied energy  per unit a rea

equals the threshold f luence)  and limited its value , 7 , at the  end of t h e l a s e r

pulse. The shock pressure , p, is given b y:

/ d R2 i s
~ y - + l ~o \~~ t ‘ 

( 2 . 3 )

where Eq. (2. 2)~~ used for R and y is the ratio of specifi c heats. The earl y

time solution will be one dimensional. In thi s case we have :

2 
2/3

= 
~~~~~ (‘:: ) . (2.4)

The surface pressure  for the 1D case , 
~~j D’ is approximately one half the

- 

- .  shock pressure because the pressure behind the shock front falls off steep ly to

a value approximatel y one half the value give n by Eq. (2. 4). Thus we have

2 2 /3

~ 1D 
= 

~~ 
+
1

1 ~ 0 
(I :  ) 0 �~~� T . (2.5)

B y numerical  computation with Eq. (2. 2) and an Input power per un-it

area of 108 W/ cm 2 the shock radius will have grown to 1 cm in l~ is ec.

Because the spot sizes which were experimentall y used were approximatel y

1 x 2 cm , 1D variable-energy blast-wave theory  is appropriate  to use dur ing

at least the first part of the laser pulse duration. However , af ter  the laser

-6-
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pulse if off the expansion is three dimensional, be cau se th e shock radius has

grown to be larger than the spot dimension. In what follow s, the approxirna-

tion has been made that one-dimensional blast-wave theory  is appropr ia t e

during the whole duration of the laser pulse and that 3-dimensional bla st-

wave behavior occurs immediatel y thereaf ter .

Figure 2. 1 is a plot of the surface pressure  versus I, the available

power per unit area. These values will be used in the computation of a

far-field acoustic signature. Experimental measurements have demonst rated

clean-air breakdown levels of greater than ~~~ W/cm
2 
for 10. 6 ~ radiation.

Dirty-air breakdown levels with a l0.6~ laser wavelength range from l0
7
to

1O 9 W/cm2 for particles ranging from 30 to 1 ~.i diameter for a 1 —isec
11 . 8 2 .pulse , and an a i r /wate r  breakdow n threshold of 10 W / c m  with lO.6 .. i

laser  wavelength has been measured. 2

Bla st-wave theory requires specifi cation of the power or energy

deposited in the gas. An approximate method to relate the laser energy to

the blast-wave energy per unit area is to subtract from the pulse durat ion

a time sufficient for the deposition of the threshold fluence. After the

laser pulse is off, the bla st wave will decay according to the 3D blas t -wave

theory discussed above. The shock radius , R , is given by

2/ 5

• R = R
1
(-~ ) , (2.6)

where  R
1 

is taken to be the shock radius at the end of the laser  p -u se

which has a pulse time i-; R1 can be evaluated f rom Eq. (2.2). The

sur face  p r e s su re , p5 , scales according to

-6/5
p P ( r )  ( -

~~ 
) , (2 .7)

• where p (T )  is the p ressure  at time 7. We match the ID and 3D pressures

at this ti me, and find that
- - -6/5

= 

~ 1D ( t / T )  . (2.8)

The above information will now be used to compute an acoustic Signature.

-7-
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The well  known formula for a broadband acoustic signature ,

p (r , t + -i), measured at a point normal to the source is:

p (r , t +~~ ) = 
2~r r a  ~i f ~~s 

dA (2.9)

where a is the sound speed in water and the notation indicates an area

integration over the water surface.

Equation (2. 9) will be solved b y inserting Eqs. (2. 5) and (2. 8),

the assumption that the surface pressure  is constant over an area A of

the water surface and zero elsewhere will be used to simplify the integrals .

Thus we have :
2/32

p ( r , t +~~~) 2~
’ A 

0 (I: 
~ ô ( t +~~~) 0< t < 7

(2. 10)

2/ 5

p (r, t + - (
~
) 2Trra ~~~~~ 7/ 

T, (2. 11)

where the approximation has been made that while the laser pulse is on,

the area A is the laser beam area. After the laser pulse is off, the 3D

expansion of the shock is used over the water. We not e that the problem

for a solel y 3D expansion has already been treated. The approximation

which “matches” the blast-wave behavior during the time when the laser

pulse is on to the subsequent behavior (when the laser pulse is off), requires

the assumption that TT R 1
2 in Eq. (2. 11) is equa l to A0 in Eq. (2. 10). A

more exa ct treatment is beyond the scope of thi s work.

-9-
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At thi s point it is appropriate to consider the validit y of Eq. (2. 9),

which assumes that , in the water , linear acoustics is applicable. From the

bulk compressibil i t y modulus of water (2 x 10 10 
dyne/cm 2 ) - -  an ove r p r e s s u r e

of l0~ dynes/cm
2 
would be required to generate a density change of 5%. Thus

it would appear Eq. (2. 11) is va lid as long as the p ressure  is below l0~
dynes/cm

2
. We shall see that this criterion is met for our experiments.

We note that for a fixed pulse time r, the time for the signature

to decay to any given fraction of its greatest amp litude is independent of

energy. Therefore , onl y the magnitude of the energy spectral densit y will

change, and not the peak frequency or other aspect of spectral  shape. This

conclusion is valid only within the context of our idealized model . In fa ct ,

a blast wave with counterpressure will yield an energy spect ral densit y

changing iri magnitude and shape as a function of energy.  However , the

solution of the blast wave problem with counterpres sure must be treated

numerically, and we will restrict  our attention to the analytic solutions

of blast waves without counterpressure even though certain anomalies in

the resulting solution could be developed there from.

A graphical representation of the far-field te rm of Eq. (2. 11) is

usefu l for making predictions of the far-field acoustic amplit ude. We

assume a 1-l.isec laser pulse and 1-cm 2 laser beam area and evaluate the

far-field amplitude at t = 1~.isec , t = 5~.Lsec , and t = l0~~sec for r = 1 m.

The result s are shown in Fig. 2. 2 where the rare faction amplitude is

p lotted versus irradiance. As noted above , the threshold fluence is
2 6 2 .3 3/ cm , and the p lot cannot be used below 3 x 10 W/cm if T is 1l.iSec.

The h ydrophone may be considered to be in the far field if its distance

from the di pole source is greater  than one wavelength of sound for each

frequency of interest. This criterion is met for frequencies greater  than

1500 Hz. Therefore, for measurement depths of 1 m there is no doubt

that the data is far field for our br oadband signatures.

The predictions of the propagation characteristics of the generated

acoustic pulses is a nontrivial problem. An approximate method will be

used to predict the signature for a propagation path for which absorption

-10-
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is dominant . The equations describing the absorpt ion coefficient  as a

function of f requency were taken from Urick. 12 
Two graph s are  repro-

duced from Urick in Fig. 2. 3, depicting the absorpt ion coefficient for

40°F water.  There  is no dispersion in the speed of sound in pure water .  13

Because the dispersion relationship is not known to us for  sea water , the

nondispers ive nature of pure water will be assumed in our ana lysis .

The computa tional procedure is as follows : f i rs t , the acousti c wave

form is digitized at equally spaced intervals , and the digitized waveform is

plotted. Second , the Fourier  t ransform is calculated by fas t  Four ie r  t rans  -

fo rm techn iques. Third , we compute an energy spectrum and plot densi ty,

which is the squared modulus of the Fourie r t ransform. Fourth , th e Four i e r

t rans form is attenuated at each frequency by the amo unt that  a monochromatic

wave would be atten uated for the specified propagation distanc e, It is thi s step

which allowed an approximate solution. It is not obvious tha t the attenuation

of a broadband signal should be calculated from the s uperposition of mono-

chromatic attenuated values . Also , the assumption tha t there is no dispersion

- 
- in the presence of frequency -dependent attenuation is not realistic for  sea wate r

13 . .but t rue for pure water.  However , the lack of a dispersion information

necessi ta tes  the use of this method. Fifth, an inverse Fourier  t ransfo rm is

performed to yield an attenuated signature. The signatures can be computed

for arbi t ra ry propagation paths . Spherical spreading losses are  no t in clu ded

in the normalization cons tants.

An example of the result of this  procedure is shown in Fi g. 2. 4

for Eq. (2. 10) and (2. 11). The delta function is approximated by a

sing le point and requiring that the integral of the total signature be

zero yield s the correct amplitudes. This requirement is obvious f rom

Eq. (2 . 9 )  since the time integral of the ri ght side of Eq. (2. 9)  is zero. The

• propagation path of 1 m was chosen to match the experimental distance ,

and the examp le was done for 7 = 1i.~sec. The energy spectral  densit y is

shown in Fig. 2. 5. Another example was computed for a pulse duration of

- -~
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3 ~sec and is shown in Figs. 26 and 27. These two examples were done

bec ause  they bound the l ase r  time reg ime of the exper iments .  Si g n a t u r e s

at 500 , 1000 , 1500 m are also given. Spherical spreading is not inc luded

in the amplitude -normalization factor .

So far  we have restricted the discussion to sing le -pu l se  s i g n a t u r e s .

Now we use a theorem from Fourier ana lysis to extend the d i s c u s  si~~n t o

multi ple equally spaced identical pulses. The theorem is that  the en~~r~~y

spectra l  densi ty of N pulses , 
~N (f)  is given by

sin2 
N 17 f /f

= ° 

~~~~ 

( f )  , (2 . 13
sin2 (,~ f/ f

0

whe re f is the repetition frequency of the pulses and (f)  is the energy

spectral density of one pulse. Thus the theoretical wo rk of this sect ion

is easily extended to multiple pulses by the function sin 2 
N i i f / f  / s in 2 

r~ f / f
°

An illustration of this for  one , two , three , and four cycles of a sine wave

separa ted by a space equal to four  periods is shown in Fi g. 2 . 8. The

enhanced amplitude and bandwidth narrowing of the fundamenta l and

harmonics is apparent.
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ill. EX PERIMENT

The experimental  p rogram was undertaken to demonst ra te  the e f f ec t

of the number  of acousti c pulses on the energy spectral  density.  As dis -

cussed  in Sect ion II , if the pulses a re  identical and evenly spaced , the

r e s u l t a n t  e n e rg y  spect ra l  dens ity for  N pulses 
~N (f )  will be , (E q. ( 2 . 1 3) ;

sin2 N f/ f
= 2 (f)  - (3 . 1)

sin ,-r f/ f 0

Before the s ta r t  of this program, it was nut  clear whether  identically s haped

acoustic  wavefo rms could be generated with a sequence of identical laser

pulses i r radia t ing  the same spot. Reasons for not expecting identical

pulses are discussed below. As will be shown in this section , the wave-

forms that were gene rated were generally ve ry similar in shape , but not

necessarily in amplitude. At thi s point it is not clear whethe r the change

in amplitude is due to non-identical laser  pulses or the change in ambient

conditions as a function of laser inte rpuls e time . Fur ther  investigations

would be required to determine the amplitude sensitivity on laser energy

and interpulse  time. It is apparent from Eq. (2 .5) that two key parameters

• apart from irradiance are  the pressure  and density of the unshocked gas .

If the second pulse is generated before the pe rturbed environment of the

f i r s t  pulse has returned to ambient condition s , a d i f ferent  induced s u r f a c e

pressure  time his tory will re sult, From blast wave theory, it would be

expected tha t the induced surface pressure  would be smalle r for  the second

pulse. This is because ~ is much smaller than and p is g rea te r than

p0. Howeve r , because there can be significant mass addition , thi s e f fec t

may dominate and indeed the density may be greate r tha n c .  Then the

-20-
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second pulse  rea lly is t rave l ing  into a dense r  gas than  ambient  and t h e

indu ced s u r f a c e  p r e s s u r e  coul d well be enhanced . This beh~i v i o , r wi l l

be d i scussed  aga in  in this sec t ion  when two pulses  w e r e  v e r y  c losely

s pace (1.

T he l a se r  system assembled to investigate  multiple pu lse  r a d i a t i o n

induced sound  is composed of f o u r  K - 1 0 3  CO 2 lase r  ki ts  p u r c h a s e d  f r o m

Lumonics  R e s e a r c h  Ltd . of Canada . These four  TEA l a s e r s  a re  c h a r g e d

f r o m  one hi g h-voltage powe r supply, and t r iggered  indiv idual l y f r o m  a

f o u r - c h a n n e l  va riable-delay tri gger  genera tor .  The re fo re  one , t w o , t h r c~- ,

or  f o u r  l a se r  pulses were obtained with various in terpulse  t imes .  A

s chematic  d iag ram of the experiment appears in Fig. 3- 1 .

The CO2 TEA laser  is a short-pulse laser . Typically the output

pulse of such  a laser has a very short  hig h-powe r spike followed by a lower

- power but longer ‘~tail” . Thi s ° t a i l ’  can contain up to 2 / 3  of the

total laser energy.  The expe r iments consisted of operating the lasers  with

a flowing gas mixture of He :N2:C02 of 5:1 .6: 1. 0 SCFH measured  with

flow meters calib r ated for air . The laser capacitors were  charged  to

35 k V , and had an output of approximately 7 J. This output  ene rgy was the

resul t of a t r adeof f wi th pu l se - to -pu lse  stabili ty.  The pulse  shape was

moni tored with an L-40l pyroelec t r ic  detector  manufa c tured  b y ba rn es

Eng inee r ing .  Fi gure  3-2 is a representative trace of the detecto r output .

We observe a spike and a tail of several  ~j sec du ration . The l a s e r  ene rgy

was moni tored  with a 50 D pyroelectri c energy meter  m a n u f a c t u r e d  b y

Lumonics . The amplitude of the approximately 50 msec wide pulse  is

propor t ional  to the laser  pulse energy.

The fou r channel t r igge r  generato r was des igned and  bui l t  by

Ph ys ica l  Sciences Inc . A ‘ bounceless ’ sw itch ut i l iz ing a monol i th i c  t iming

circui t (Si gnet ics  NE555 t imer)  fed four  556 dual t imer s  whose output

s igna ls  were  amplitifed to yield the required tr i gge r  voltage amp l i t ude

(approximately 15 volts). The laser  beams were di rected to focus ing

-21-
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mi r ro r s b y four  gold coated flat m i r r o r s .  Four 2 . 5 m focal l eng th

coppe r m i r r o r s  focused  the laser  beams to approximately the same spo t

on t he wa t e r  in a lar g e tank . The wors t  e r r o r  in location was approx i~
rnately one-ha l f  the beam size. The rectangula r l ase r  beam at the w a t e r

sur face  was 0. 8 x 1. 6 cm, measured f rom a burn  pat tern . The l a se r

energy  with thi s area cc rresponds to a fluence of 6 3/ c m 2
. The tank was

1 .6 m in diameter , 1. 8 m high and it was filled with water  to a depth of

1 .4 rn.

The acoust ic  si gnature was detected with an L C _ 5_ 2  hydro phone

m a n u f a c t u r e d  by Celesco. The hydrophone has a nominal bandwidth  of

500 kHz , althoug h calibration above 100 kHz is not available f r o m  the

manuf ac ture r . The calibration curve is reproduced in Fi g. 3. 3. From

the calibration inf ormation, the average f ree  field sensitivity is - 126 .9  dB

re 1 voltkibar which corresponds to 0. 452 V/ 10 6 dynes/ cm
2
. The cali-

bration at 100 kHz will be used (- 128 dB) because 100 kHz is representa t ive
6of the f requency  peak of the spectrum. The sensitivity is 0. 40 V / b

dynes / cm
2
.

A ser ies  of one , two , three , and f our lase r p ulse expe r im ent s w as

performed.  A number  of representative experimental  t r aces  wi l l  be dis-

cussed in detail. Many other experimental t r aces  were  obtained , but w i l l

not be discussed in this report . The dat a were  captured b y ph otographing a

Tektronix 475 oscilloscope trace.  The resultant photograph was dig it ized

f rom a magnified copy of the orig ina l photograph. A minimal  d is tor t ion  of

approximatel y 1% is introduced in thi s process .  The waveforms  that were

anal yzed a re  tabulated in Table II along with the number of pulses  and the

in t e rpu l s e  time . The amp litudes will  be evident in the computer—generated

p lot s of these  waveforms.

The waveforms and spect ra of these waveforms wi l l  now be di s-

cussed.  A sing le pulse waveform is shown in Fig. 3. 4 , whe re the ve r t i ca l
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TAB LE II

ANALYZED WAVEFORMS
2Laser Fluence Per Pulse = 6 3/cm

Threshold Fluen ce — 33/cm
2

1. Sing le Pulse

2. Double Pulse ~t = 15 ~sec

3. Double Pulse L~t = 20 I.Lsec

4. Double Pulse ~t = 45 ~ sec

5. Double Pulse ~t = 3 ~.Ls ec

6. Trip le Pulse ~t 45, 64 I .isec

7. Trip le Pulse E~t = 157 , 152 ~.Lsec

8. Four Pulse t~t = 38, 33, 30 Msec

9. Four Pulses made equally spaced , ~t = 31 ~.&sec

10. Four Pulse tit 115, 17. 5, 50 ~tsec

11. Four Pulses made equally spaced , t~t = 17. 5 ~.Lsec

COMPUTER SYNTHESIZED WAVEFORMS
USING SINGLE PULSE SIGNATURE

12. Single Pulse

13. Double Pulse 
- 

~~t = 31 ~sec

14. Trip le Pulse ~t = 31 Lsec

15. Four Pulse tit = 31 IL sec
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_ _

5 2scale has been normalized to 1.5 x 10 dynes /cm - The exper imenta l
data were abtained with the hydrophone at a depth of I m. The attenuated

s ignatures  correspond to additional propagation distances of 500 , 1000 ,
1500 rn f rom the observation point. Spherical spreading is not included in

the normalization constants. The energy spectral  density of this wavefo rm

is shown in Fig. 3.5. We note tha t the peak in the spectrum is at 100 kHz.

This is to be compared with the theoretical prediction of 100 kHz with a

3 g~sec pu lse , as shown in Fig. 2 . 6. The experimentally observed peak

corresponds to a laser  pulse length of approximately 3 g~sec , which was

observed , see Fig. 3.2.

We now compare the amplitude of the signal with the theore t i ca l

p redic t ion . These  wi l l  be evaluated at 5 t .Lsec into the signa l , beca u se the

compressive spike is probably not accurately resolved b y the h ydro phone .
- . 4 2From Fig. 2 .2 we find that at 5 isec the amplituci~ is 8 x 10 dynes /cm

for 3 3/cm 2 (the threshold fluence of 3 J/cm 2 
was sub tr ac t ed f rom the

2 . .  . 2l aser  fluence of 6 J/cm ). This is to be compared with 4 . 5 x 10 dy n e s / c m

from Fig. 3. 4. Note that both experimental theoret ical  values are  f o r

r = 1 meter in this  comparison.

The square of the di gitized waveform has been summed to yield an

acoustic energy density. Using the calibration at 100 kHz of - 128 dB re 1V

per gibar , we find that the acous tic energy dens ity is 1.5 x io 8 J/ cm ’.

Assuming a cos 
~ dependence for a radiation pattern , we find that  the

total acousti c energy is 3 x b 0~~ 3. This yields a r at io of acous tic ene rg y
4- — 5— to laser  energy of 4.2 x 10 -

A series of double puls e s ignatures  was  measured.  The ana l y zed

s ignature s had interpul se time s ranging from 3 to 45 psec . We wi ll f i r s t

discus s the signatures with interpulse times ranging f rom 15 to 45 usec.

When the inverse of the inte rpulse time is less tha n the f requency  at the

peak of the spectrum, a cosinusoida l modulation of the sing le pulse

spec t rum is expucted (Eq. (3. 1)). This modulation f requency  is equa l to

-28-
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the inverse of the interpulse time. As the interpulse time is l eng thened ,

the modulat ion f r e que ncy is lowe red. Three double pulse s igna tu res  and

their  respective spectra have been selected to sho w this trend . These

a re  shown i n Fi gs. 3.6 to 3. 11. These signatures are in sequence of

i n c r e a s i n g  number of peaks in the spectra as the modulation f r equency

decreases ,

The remaining double pulse signature to be considered is a special

case. The interpuls e time is approximately 3 gtsec , w hich is very smal l .

The signal is shown in Fig. 3. 12 , and the energy spectral  density is g iven

in Fig. 3.13. There is no cosine modulation of the spectrum , and wh ile

not an ideal example , thi s case shows that wehn the in terpulse  t ime get s

short enough , no modulation of the spectrum occurs. If the pulses had

been ident ica l, the spectrum would have narrowed significant ly. Ideall y,

the spe ctrum would continue to narrow in proportion to the inve r se  of the

number of pulses. The utilit y of this typ e of waveform may be limited

because of the high attenuation of the signature with di stance.

Two three_pulse waveforms were analyzed. The f i r s t  is shown in

Fig. 3. 14. The pulses are almost but not quite evenly spaced , i e .,

157 gisec and 152 ~ sec , and because of thi s , the ideal modulation of a

sing le-pulse spe ctrum illustrated in Fig. 2 .8 is not expected . Neverthe-

less , we do see thi s type of modulation in portions of the spectrum in

Fig. 3. 15 . We do not expect to see the 1 to 9 ratio of “bump ” to peak

found in Fig. 2 . 8, because the amplitudes of the three pulses  w e r e  not

identical. The second three-pulse si gnature is s hown in Fig. 3. 16 . Thi s

is an i l lustrat ion of a signature with unequal pulse spacing. No simple

modulation of the spectrum is expected or observed as shown in Fig. 3. 17.
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The f i r s t  four  pulse s ignature  to be anal yzed is s how n in Fig. 3. 18 .

U n f o r t u n a t e l y ,  the pulses w e r e  equal ne i ther  in ampli tude no r  in s p a c i n g .

The s p e c t r u m  is given in Fi g. 3. 19. We note the modulation , but a lso t he

lack of any  cohe ren t  modulation of the spectrum. The pulses were  arti-

f i c i a l l y made equal ly spaced in a compute r synthes ized s i g n a t u r e . This  is

shown in F ig .  3. 20 . The spacing was made equal to 31 ~sec. We note

the mo re or less coherent  modulation of the spectrum in Fig.  3.21 . A

modu la t ion  suc h as s hown in Fig. 2 . 8 is not expected , because  the ampl i tude

o f the pulses  a r e  not equal - causing the bumps in between the sp ikes in the

s p e c t r u m  to be l a r g e r  than for  an ideal case.

The  second of the four  pulse s ignature is shown in Fig. 3. 22 . The

spac ing  of the  pulses  is not un i fo rm, so a ragged spect rum is expected .

The spec t rum is s hown in Fig. 3.23. Indeed the spectrum does not sho w

any repetitive s t ruc tu re . The broad band cha racte r is maintained by the

u neven ly spaced pulses . If the pulses had been evenly spaced , the s p e c t r u m

would be much mo re cha rac t e r i s t i c  of Fig. 2 .8 for four  cycles of a sine wave .

An evenly spaced  si gna ture  was synthesized f r o m  Fig. 3. 22 . This  was done

by making the pulse  separation equal to 17. 5 Llsec , which  is the spac ing

between the second and th i rd  pulse. The s igna tu re  is shown in Fi g. 3. 24 ,

and the spect rum is s hown in Fi g. 3.25 . We note the ra ther  s i g n i f i c a n t

n a r r o w i n g  of the main spectral  components, and also the two double bumps

between the peaks in the spectrum. These bumps a re  ve ry chara c t e r i s t i c

of a f o u r  pulse spectrum; e . g . ,  see Fig. 2.8. The lack of data f o r  evenl y

spaced pulses  is not due to any fundamenta l  phys ica l  l imitation.  When  t h e s e

da ta we r e taken , the lasers  did not t r i gger with a stable in te rpu l se  time.

In an ef for t  to il lustrate the behavior of the si gn a t ure  a n d  spec t rum

with pulse number , the following computations were  made . The s ing le pulse

s ignature  of Fi g. 3. 4 was used as a sing le puls e s i g n a t u r e, and repea ted  to

form a two - , t h r ee  - , and four - pulse signature (the l i t t le bump in the

- s i g n a t u r e  at 40 ~.isec was eliminated) .  The computed r e s u l t s  a r e  g iven in
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Figs . 3.26 to 3. 33 , and the charac te risti c modulat ions of approximate l y

s i n ’1 (N i -  i / f  ) / s i n
2 

( i - f / f ). Also , the peaks in the spec t rum a r e  i n c r e~t s i n g

approximate l y as N2 , as expected. In addition , the ra t io  of the peak to

the small bumps between the spikes is approximately N2 . These wave -

fo rms  and spectra  are analogous to those for  Fi g. 2 . 8. Scaling can be

es tab l ished f rom these calculations .

We now discuss  the spectral  nar rowing as a funct ion of the

numbe r of pulses , T he measure  of the narrowing which will be used is

the ratio of the modulation frequency, 1 , (the inverse  of the in t e rpu l se

t ime ) , to the width of the hig hest peak in the spect rum measured  at h a l f

amp litude. The ratio of the peak f requency  to the width wi l l  be used for  the

s ing le-pulse cases which will allow comparisons of waveforms made at

d i f fe ren t inte rpulse times. The waveforms described in Table 2 were  ana l yze d

f rom the ene rgy spectral densities . The results a re  show n in Fig.  3. 34 .

The 0’s are the experimenta l data . The triang les are  the two fou r  pulse

cases tha t were  synthes ized by making the pulses equa 1l-~ s paced. The D ’ s

are  the synthes ized  waveforms f rom the sing le-pulse waveform.  We see

the spectrum n a r r o w i n g  as the number of pul ses in c r e a s e s. Th e bes t

three pulse data point was 28% broader than an ideal case , a si gn i f i can t

d e m o n s t r a t i o n  of our  ability to control  the spectrum. The four-pulse  data

— s i g n a t u r e s  that we re corrected by making the pulses equally spaced exhibit

even bette r resul t s .  These cases are  3% and 13% b r o a d e r  than  the
- 

- syn thes ized  signal  with equal amplitude pulses . Therefore , t he p r i m a r y

goal of t he stud y, which was to demonstrate  the ability to control  the e n e r g y

spec t r a l  d e n s i t y  with the number  of laser  induced a c o u s t i c  pulses , has  been

achieved .

We have res t r ic ted  the plotting of the energy  s pe c t r a l  dens i ty  to the

L 

i npu t  data . In Fi g. 3.35 , we g ive an example of the change in e n e r g y  s p e c t r a l

density with range  from the sing le-pulse case s hown in Fig.  3. 4 . We no te

the expected trend in the peak of the spectrum to lowe r f r eq uenc ies  f o r

g re a t e r propagat ion d i s tances .

• - 5 2 -
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The  b a s i c  expe r imen ta l  goal  of the s tud y, the  a b i l i t y  to c o n t r o l

the  e n e r g y  s p e c t ra l  d e n s i ty  of a l a s e r — i n d u c e d  a c o u s t i c  s i gn a t u r e , v a s

a C C Om p l i Sh e ( I . Sp e c i f i c  i ll y ,  it has  been d e m o n s t ra t e d  t h a t  as t h e  numbe r

of e v e n l y spa ced l a s e r  pu lses  i n c r e a s e d , the wid th  of t he  fu n d a n : e n t a l  o r

h a r m o n i c  peak in the s p e c t r u m  is d e c r e a s e d . The t h e o r e t i c a l  p e r f ~~r n . n e

was  not  a c h ie v e d  b e c a u s e  the lase  r— i n d u c e d  pulses  w e r e  n u t  i d e u t i c ;  I in

amp l i t u d e -, sh a p e , and i n t e r p u l s e  tim e . Howeve r , a n e:~pc n f l  - nt a l l y - - : i n e o

t h r e e -p u l s e  si g n a t u r e  \ k a s  anal yzed  in de ta i l , and it w a s  f o u n d  t h a t t h e

s p e c t r u m  was  onl y 1. 28 t i m es  as b road  as the  t h e u r e t i c a l  v a l u e .

B e c a u s e  t h e r e  is onl y a small d i f f e r e n c e  be tween th~ t h e o r e t i -  i l  ~v i ; ~ L ,t rtd

the  e x p e r i m e n t a l  width , the bas ic  objec t ive  of the  exp er in e~~ts aus  f l e n

- ich i e v e d .

The s e c o n d a r y  goal  of the expe r imen t s  was  to ub t a  n s ic . - i i ;  res

w h i c h  did not have even i n t e rp u l s e  t ime s , so tha t  the s p e c t r u~ - would

r e m a i n  b r o a d . It is not possible to ful l y d e m o n s t r a t e  t h i s  cun c ep i  v i t h  u n l y

tour  pu l ses , but  it was d e m o n s t r a t e d  that  the r e s u l t i ng  s p e c t r u m  was

much  b r o a d e r  than  one wi th  f o u r  evenl y s pa c e d  pu lses .

The expe r imen t s  d i s c u s s e d  in th is  r e p o r t  have  d e m o n s t r a t e d  the

concept  of s p e c t r a l  n a r r o w i n g  of l a s e r - i n d u c e d  a c o u s t i c  s i g n a t u r e s .  Quan-

t i t a t ive  e x p e r i m e n t s  a r e  yet to be dun e  to v e r i f y s eve ra l  s c i e n t i f i c i s s u e s .

F i r s t , the e f f i c i e n c y  of c o n v e r t i n g  l a s e r  e n e r g y  to u s e f u l  a c o u s t i c  e n e r g y

should  be e x p e r i m e n t a l ly d e t e r m i n e d. A m o d e s t  t h e o r e t i c a l  e f f o r t , u s i n g

the e x i s t i n g  models  to es~~mat e  c o n v e r s i o n  e f f i c i e n c i e s  as a f u n c t i o n  of

needed ~cous tic si g n a t u r e s , shou ld be c a r r i e d  out. The r e l a t i ns hi p be tween

l a s e r  p a r a m - t e r s , b r e a k d o w n  level ,and the  r e s u l t i n g  a c o u s t i c  si g n a t u r e

r e ma i n s  to  be e s t a b l i s h e d . Fina l ly, the optim um IR l a s e r  w a v e l e n g t h  to

n u - Ix i rn i z e  t he  I n v e r s i o n  e f f i c i e n c y  should  be d e m o n s t r a te ’l .
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Second , comprehensive exper iments  need to he done to q u a n t i  -

t a t ivel y v a l i d a t e  the re la t ionship  between the v a r i o u s  l a s e r  p a r a m e t e r s

( 1 . e . n u m b e r  of pulses , energy ,  i n t e r p u l s e  t ime , etc . ) and  the  r e s u l t i n g

s i~t n a t u r e  p a r a m e t e r s, i .e. ampli tude and spec t rum.

T h i r d , the acous t i c  rad ia t ion  pa t t e rn  needs to be s t u d i e d  b e c a u s e

m a ny  app l i ca t ions  woul d utilize the acous t i c  radia t ion at sha l low ang les .

B e c a u s e  of the  broadband na tu re  o f t he sou rce , the si g n a t u r e  and r a d i i  -

t i on  P t t e r n  wil l  be de pende nt on sou r ce si ze and l a s e r  1 u r a me t e r s.  Both

the idea l  a n g u l a r  dependence, on a f la t  s u r f a c e , and the  non idea l  case of

a w a v y  s u r f a c e  r eq u i r e  experimental  and the o re t i ca l  i nves t i g a t i o n .

A f t e r  the  above i ssues  have been a d d r e s s e d , the needs of n u m e r o u s

a pp l i c a t i o n s  can  be matched with capabilities. A l imi ted  sy s te m s  s tud y has

a l r e a d y been c a r r i e d  out to es tablish some specif ic  needs .6
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