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INTRODUCTION

I. LASER TECIINOI.OGY AND PROPAGATION

For CW laser propagation through a continertal aerosol distribution, we can approximate
the rms deflection ~f a laser beam relative to the diffraction spreading ~1d find the effect
to be smali for a 1-kW beam of 2-cm diameter (y, /¥ irr = 1.4 X 10°2) over a kiio-
meter path, However, since it 8cales as power/diameter, it can be significant for larger
devicas,

Further results have been obtained in the laboratory experiment on CW laser thermal
blouming. The addition of a nonoptimum phase profile to the near-fieid laser beam re-
sulted in & 50-percent improvement of the far-field peak irradiance, The peak irradi-

e

ance on target was observed to decrease when the laser powe!* was increased beyond a
criticai value. An improved method for adding the desired phase profile to the laser

i

beam involves a pair of cyiindrical lenses and a pair of spherical ienses,

The effect of pulse trains on laser propagation has been studiel for a few representative
cases, showing that for the same total enurgy thermal biooming is relatively insensitive
tc the pulse iorms,

The effect o’ a precurso:r preceding the s.conhi pulse by more than three h:'drodynamic
times is being studied using a double-pulse prigram. Resuits indicate that ‘:e second
pulse can experiencc subs‘antial blooming when the energy of the piecursor is large,

We have developed a propagation ~ode tir.t includes one step of time integratinn as well
as three space dimensions, Calcuiatir.is o7 dlooming for s.;uare apertures have been
carried out and compared with circular apcrtures,

Numerical computation has shown evidence of Bruezkner-type dynamic u.stebilities in
thermal blooming of pulsed laser beams. Furthe: <xploration is planned to determine
whether the effects of turbulence can oe amplified to produce these instahilities.

Multiple-scattering calculations huve been c>rried out for propagation of laser pulse
through a path in a fog cleared by a precursor. The rms aeflection of this seccnd pulse
is proportionai to the third power of T'me the peak valu: of the fog drop size. Thus, for
fogs of considerabie water density and *m ™~ 2 pm, spre-ding ~an be significant. The ex-
isting Bradley-H2rrmannpropagation code is beir.g adapte * *~ it clude propagaticn through
a fog or aerosol,

The abaorption of a laser beam by a saturable inedium has be *n examined. The steady-
state a%sorption of a focused beam by a simple three-leve! >ystem is shown to be ejuiv -
alent to that of a saturable absorber. This differential egration has been solved numner‘-
cally for several different conditions. The effects of focusing are significant,

Saturation sxperiments huve been performe.! with o focused 10,.6-um laser beam in a 5-1n
cell contzining 500 torrs CO2 and 250 torrs argoa. For these cunditions, the linear ab-
sorption cocfficient was 1.8 X 10'3 cm-‘ and the transmission of laser energy as a func~

tion of incident inten.iiy indicated *he saturation intensity was from 4 to 2 X 10° W/cmz.

Proceding page biank
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Breakdown experiments werc done at 1,06 um and indicate =A-2 scaling for both clean

and dirty air thresholds.

Growth dynamics for particle-induced air breakdown were studied to obtain plasma growth
rates and absorption depths as a function of intensity. At lower intensities the velocities
increase linearly proporticnal to the intensity 1; at higher intensities the axial velocity
varies roughly as li 3 in agreement with planar LSD wave theory.

Measurements of peak surface pressure and impulse delivered to aluminum and carbon
targets are reported in which two CO2 laser pulses separated by a variable time Jelay
were used, Delay times for recovery of peak pressure and impulse to single-puise
values vere observed to be about 4 msec for the conditions of the experiment.

Results are presented from an experimental examination of th¢ plasma environment pro-
duced by irradiation of an aluminum target with two 10,6-um laser pulses separated in
time. Plasma diagnostics include interferometric measurements of neutcal and electron
density, cross-beam 10.6.um absorption measurements, and fast streak photography of

the luminous front motion,

An empirical relationship has been determined of the time development of the radial
growth of the vapor sphere surrounding a water droplet that has been irradiated with a
nigh~-intensity 10.6-pm laser pulse.

For a cylindrically Symmetric density variation in a material of uniform composition, a
numerical approach based on linear splines is used to obtain the density profile from in-
te-ferometric data. The acruracyof this method has been examined for varioustest cases,

The dual 500-J e-beam laser is in the final stages of checkout. The device is complete
except for the automation of certain auxiliary sequencers, FEach iaser has been tested
independently and has operated successfully with good beam ouality, Double-pulse oper-
mion his beun achieved, The two-pulse laser facility has been constructed to study prop-
agation and target interaction phenomena for an arbitrary interpulse separatior,

Calculations indicating the feasibility of an electric discharge HZ-HF laser are described,

Components have been ordered for a 60-J e-beam-initiated HF laser, An intense elec-
tron beam 1:'ll be propagated nearly collinearly with the laser axis through a mixture of
SF, ard C2H6. The e-beam will be confined byan axial magnetic field. Computer strdies
are being made to aid in obtaining maximum uniformity of this field, The laser is ex-
pected to be operational next reporting period.

Performance of our transverse-discharge HF laser was improved from 0,43 . to 2.25 J
output by (1) minimizing the combined inductance of the Marx band and laser, and (2)
changing the hydrogen donor from Hz to C2H6. Further increases can be expected by
increasing the inpu* electrical energy with a commercially obtained ¥urx bank tc be de-
livered shortly.

Pzrts have been ordered for construction of a 10-J HZ-F: flashlamp-initiate¢ laser,
Aixsembly will begin shortly.

An HF kinetics program is being developed for the purpose of predicting the performance
oi our high~energy HF lasers. The Runge-Kutta method is being used,

e — - —
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Detailed results on "C‘BOZ, “C”’OZ, and ”C‘SOZ isotope lasers will be published in

the February 1974 issue of the Journal of Molecular Spectroscopy. Experiments with
”‘C”’O‘BO and ”C“’O‘BO isotopes and improved grating-cortrolled lasers will be

continued.

1I. OPTICAL MEASUREMENTS AND INSTRUMENTATION

A description of the operation of the new engineered mcdel of the fast scanning MTF

interferometer is described. A technique is outlined to use this interferometer both for

accurate angle-of-arrival measurements and as a new type of nonimes.ging tracker.

!l
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I. LASER TECHNOLOGY AND PROPAGATION

A. CW PROPAGATION
1. CW Propagr‘ion Through an Aerosol

As a first conside: ation of the propagation of a CW lacer beam through an aerosol we take
the case of multiple scattering of the radiation through a dendity of index spheres whose size we
assume to be sufficiently large so that the geomerric optics approximation is appropriate. The
mean deflection per collision is € = &n/n and the rms angle of deflection through a path Iength L
of index spheres of density N. is given by1

o= L1/2 [eraf(t)]‘/ze

where a(t) is the radius of the vapor sphere surrounding an aerosol particle of initial radius r.
The average squared deflection of the beam due to a number density N, of particles of radius

between r and r + rdr is then
yo(r) = 4/9 L’N_ral(t) (an/m?

If we assume that the aerosol particles have reacheu steady state and all of the heat absorbed
from the incident radiation diffuses out into th- index sphére, ther: the mean change in index of

refraction of the spheres is given by

2 3

T, . I(xr t/(4/3 7a pc )

An=(‘n-1)——-—a-1—r-=ln-i) aer) r_P
TO TO

where ATair ir the temperaturi:hange of the air composing the ir;‘dex sphere, n is the index
refraction of air (n —1 =3 X 10 ), 1 is the incident radiation, ¥r_ . is the absorption cross
section of the aerosol, p the air density, and cp the heat capacity at constant pressure for cir,
Since the diffusion solution is appropriate, the index sph.ere expansion is given by

af(t) = xt

where x is the diffusion coefficient for air (x = 0.2 cmz/sec). Hence, we “ind that the rms de-
flection is independent of time if the beam cross section is uniform in intensity, even with a
wind present,

2
3l r {(n - 1)
a o_aer

"% axpa () ¥/(v - 1)

where p is the ambient air pressure and y is the specific heat ratio for air. For the aerosol
distribution, tben,

3 4 2

4xZpl(y/y ~1)

]
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and
r 1/2
, _ max 2 d
Ytotal = [S; y o) r]
min

. . . . -4 3 .
For an exumple ¢f a typical continental aeroso’ we can wntez N(r* = 3r Normin where No is

the total particle dens.ty. This gives a value of rms deflection

1/2.3/2,.-/2 1/2
3N T n -y 7 )1/2

Yiotal =~ 2xply/y-1) n T max"min

where r >>r ..
max min

The diffractive spread of the same bearn is Yaise = 1.A/D, where D is the beam diame.er,
so the relative spread due to the density of the fog compared with diffraction is

1/2_.1/2,.1/2 3 .1/2
Ytotal - 0 PL No (rmaxrmin) n—1
Yaife DrAp(~ ', — 1) 12 n

with P being the laser power.
For l.=414 km, D=2 cm, N°=10

-2
E X s
Trhin 4X10 "pm, p=1 atm,

3 3

cm °, P=1kW, and A =10.6 pm, r < = 20 um,

ma

Yiotal

=1.4x1072
Yaiff

At this level of power and this beam size, the spread due to acroso! scattering is not importart;
but as CW lasers scale up, the effect could become a significant source of beam distortion. For
nonuniform inte.__.ty cross sections and in the rresence of a cross wind, analysis indicates that
more severe, asymmetric distortions would be effected.

L.C. Bradley
H. Granek

2. Rerilts of Laboratory Experiments on CW Thermal Bloomning

Some further resul.s have been obtained from the laboratory experiment on CW thermal
blooraing. The first set of results was reported in the previous Optics Research Repox't.3 Also
given in Ref. 3 is a con olete d=scription of the exgarimental setup. In brief, a focused 5145-7
laser bvam is slewed by \ iotating mirror through an absorbing gas (NO, buifered by air), and
the amount of thermal blooming is measured by having the slewed beam pass over a pinnole
array, behind which is a detector. Certain problems that nave been encountered - thermal cou-
duction. nonuniform gas mixing, and laser multimodirg — affect the experimental results re-
ported here, These problems are being correcied.

{2) One of the main gcals of the laboratory experiment is to verify that phase vorrections
added to the near field of the laser beam can decrezse the amotint of thermal blooming caused
by inder-of ~-refraction variations in the absorbing medium. A set of zero-power cylindrical
lenses will be used to add part of the desired phase contours. At the present time, a set of
cylindrical lenses w'th a good surface figure {(A/10) is not available. Some daia were obtained,
however, with a set of lenses with ~1) surface figure,




~A72
® + TH NO PHASE CORRECTION

ACTUAL
% WITH ACTUAL PHASE CORREC TION P iaSE A
CORRECTION A2
1000~ ory— e — e — NO THERMA. AOOMWG _
.
@ -A72
b .
XA Lol S ~
x xq
x
x
L
o 200 .
™3 L
Ng196 CALCULATED
o OPTIMUM
Dol Ny 223 L PHASE
CORRECTION
1069 o x
MO FOR N.,:400
L
30— xe
T,
L 1 i i l 1
] 50 w0 200 300 W0 2000

Fig.I-1. Laboratory results which show a decrease in thermal blooming
when an appropriate phase profile is added to the near-field laser beam.
Np is the distortiuu number, which is inversely proportional to the cross-
wind. Ip is the peak irradiance 1n the focal plane.

The results are shown in Fig. i-1. Tl peak irradiance in the focal plane was plotted as a
function of distortion number ND* for two cases: when no phase correction war. added to the beam
and when the phase correction in the upper right-hand corner of the ligure was arided to the beam.
In this experiment, the distortion number was changed by varying the crosswind, so that the dotted
1ine would result in the absence of thermal blooming. At low values of N, where little or no
thermal blecoming ovcurs, the phase-corrected beam has a lower peak irradiance than the uncor-
rected beam because the phase correcti .1.r represent aberrations which prevent the beam from
focusing into a small spot. As the distortion number is increased, however, the aberrations in
the absorbing gas caused by thermal effects begin to cancel the original aberrations in the phase-
ro re:ied beam, so that for ND > 170, the phase-corrected beam has 2 higher peak irradiance
thar. the uncorrected onc.

On comparison of the experimentsl points to the dotted line, it is evident that the amount of
improvemer. is small, about 1.5 dB maximum, whereas Braciey and Herrmann‘ predict that as
much as 6 dB improvement should be possible. The main reason for the relatively sr-all amount
of improvement is that the actual phase correction is far from the optimum one calculated b:r the
propagation code4 and shown in the lower right-hand corner of Fig.1-1. More improvement is
expected once lenses with a good surface figure are obtained and used in future experiments.

{b) The theory developed by Bradley and Herrmnnn‘ predicts that the peak irradiance on
target will act:ally decrease as the laser power is increased beyond . certain critical power Pc.
This prediction was tested experimentally in the laooratory, and the results are shown in Fig.1-2,

t The thermal blooming distortion number {8 ND = (1/¢pcp) (8¢/8T) (ka PR/avg), where ¢, p,

¢,,, a, and T are the dielectric constant, dcnsity, specific heat, absorption coefficient, and
tgr'nperlture of the gas, respectively; k, P, and a are the wave number, power, and 1/e power
radius of the laser beam, respectively; R ir the range; and ¥ is the crosswind velocity.
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Fig.1-2. Laboratory results which demonstrate that the peak irradiance
on target can actually decrecse when the lager power is increased. The
discrete points were measured. The solid curves were calculated from

P/
. = [}
theory: 1p = (P/Ao) e 3

Fig.1-3. Phase profile calculated

Fig.1-4. Phase profile provided by a

to give maximum decrease in ther-
mal blooming for a typical set of
laboratory parameters. The con-
tcar lines in thie and succeedin
figures are marked in units o
wavelength.

plano-convex and plano-concuve cy-
lindrical lens pair. The radius of
curvawre is 14 cm, the separation is
0.001 cm, «nd the axes of revolution
are at an sngle of 0.08°,
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along with the theoreticzl curves. 1t is to be noticed that for all four values of Vor 1p does reach
a maximum value and then decreases as P is increased. As expected, the amount of blooming
increases as the crosswind Yo is decreased. However, a. the lowest crosswind values, the
armount of blocming is independent of Vor This independence may be attributed to the fact that
ir the experiments reported here conduction is the dominant mechanism of heat transfer at low
values of Vor

Bradley and Herrmann predict curves which may be fitted by the scaling law

L. JFR
P A
1_is the peak irradiance in the focal plane, P is the laser power, and Ao is the beam area in
the focal plane in the absence of blooming. P-: is the critica) power at which lp reackes a maxi-
mum and is given by

Zvo ca (pcp {
P =124 —/—— -+ e
c akr  de/dT In{f + N )

This theory does not include the effects of conduction, which are obviously present in the
experimental results. A rimple method of including conduction which gives correct order-of-
magnitude results follows. In the expression for Pc' heat transfer by forced convection is taken
into account by the factor Vo To take into account additional heat transfer by conduction, one
can add to v, an effective wind due to conductian, Vg © a/td, where ty is the time required f(or
conduction to balance the heat input. 44 is equal to pc az/K, where K is the thermal conductiv~
ity of the gas. The curves in Fig. 1-2 were calculated using (vo + vd) = v in the e: pression for
P, withv, =1 cm/sec.

Quantitatively, the experiment and theory agree to well within a factor cf two in the regions
where the theory is valid (Pc < 1.5P - Ref, 4). Qualitatively, however, the agreement is not

P/Pc depend-~

good. That is to scy, the 8 .pe of the experimental curves does not follox a Pe”
ence. The experimental curves peak sooner and fall off more sloywly. The main cause of the
discrepai.cy is probably the facile manner in which conduction wae ing. rted into the theory,

especially in view of the fect that the discrepancy appears to increase =8 the conduction effect

increases. Further experiinents in which conduction effects will be reduced are being planned.

(¢) lmproved methods for adding phase profiles to the laser beam have heen devised. Fig-
ure 1-3 shows a phase p:.t computed by the propagation code of Bradley and Herrmann. This
phase plot is predicted to cause an optimum reduction in thermal blooming for a typical set of
parameters in the laboratory experiment. The. main feature of the plot is a saddle point. A
saddle point can be obtained by a plano-convex and plano-coneave Cylindrical lens pair of matched
curvatures by rotating the axes of revolntion slightly with respect tv one another. Figure i-4
shows the phase contours that result when the axes of the lenset raake an angle of 0.08".

Figure I-5 ghows the difference between the contours of Figs.i-3 and 1-4. This difference
can be approximeted by a matched pair of spherical lenses, one if which is tilted out of the plane
perpendicular to the nptical axis. Figure I-6 shows an example of the eontoars available from
tane spherical lenses. Figure I-7 shows the difference between the contours of Figs..-> and 1-6,
The surface of Fig.1-7 differs from flat by less than A/10 over the whole central portion of the
beam, within which more tiar. 70 percent of the energy lies (assuming a Gaussian intensity dis-
tribution truncated at the '/e2 power diameter by the lenser).
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Fig.1-6, Phase profile provided by a
plano-convex and plano-concave spher=-
ical lens pair. Radius o! curvature is
25 cm, the separation is 0.2 cmn, and
one lens is tilted 3° out of the plane
perpendicular to the optical axis.

Fig.1-5. Residual phase after the phase
contour of Fig.1-3 has been subtracted

—— from that of Fig. 1-4.
x

Fig.1-7. Residual phase after the ph:ve
contour of Fig,I-5 has been subtracted

from that of Fig.1-6.




Thus, a pair of cylindrical Ienses in conjunction with a pair of spherical lenses can closely
approximate the deeired phase contour of Fig.I-3. In addition, the contours of Fig.1-4 show

almost pure astigmatism, while those of Fig. 1-¢ show primarily coma, so that these two aberra-
tions can be separa.ely added to the beam.

D.G. Fouche
B. PULSE PROPAGATION

1. Theory
a. Effect of Pulse Trains
(1) Gas Dynamics of Pulse Trains

We have performed calculations with the linearized hydredynamic equations in order to study

the gas density chinge caused by pulse trains. These are compared to the gas density change

due to a single pulse with the same total energy. Figure 1-8 shows the gas density as a function
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of radius for different times for the single pulse and the pulse train for the followiiig conditions:

tz/ti =5 , Tp/tz =5 , Tp = 500 psec

»

where t1 is the duration of a single pulse, ty the period, and T, is the dur:iion of the pulse train.
The beam shape is an infinite Gaussian with 1/e power radius of 6 cm,giving a hydrodynamic
time ty = 200 psec. The peak pulse energv density absorbed by the air for each of the two pulse
forms is 85 X 10“z J/cm3. As can be seen from Fig. 1-8, the gas density chaages are not very

differeut at the end of the pulse train (t = Tp) and we expect, therefore, that the piopagation is
in3ensitive to pulse forms.
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(2, Propagation of Pulse Trains

The effect of a pulse train on propagation is shown in Fig. 1-9 for the foilowing conditions:
pulse energy — 80 kJ, ran, — 5 km, team quality parameter 8 = 2, ¢ = 10 ° cm-’, and a hydro-
dynamic time t, = 140 psec, fir a single pulse 20 psec long and a .rain of five pulses with the
same total energy, each pulse .8 usec long. The pulse train shows slightly more hloominy than
the single pulse as a consequence of the hydrodynamic results shown above.

The same results hold for a pulse with strong thermal blooming, shown in Fig, 1-10, for a
pulse energy of 20 kJ and a pulse duration Tp = 100 psec long. Other parameters are the same
as in the previous case. J. Herrmarn

b. A Double-Pulse Program

A propagaticn program has been written which handles double pulses. Thc first pulse (ure-
cursor) is propagated in the short-time regime (t-cube approximation). The energy deposited
during this pulse is used to heat the atmosphere in the long-time approximation. If the sacond
pulse follows the first pulse in a time large compared to the hydrodynamic time it will encounter
just this gas density, The second pulse itself again is in the short-time regime. No dissipation
mechanism (wind, slewing, or natural convection) is included between the two pulses. Infinite
Gaussian beams are used.

A measure of the strength of the first pulse is the quantity

E, =ae® Rkzlzzp(.l/cm3) ,

where Ep is the total energy in the pulse, a the absorption coefficient, R the range, and k the
propagation constant.

In Fig.1-11, the irradiance distribution of th= second pulse is shown as a function of radius
for some values of the energy of the precursor Ep. The first pulse for these cases shows
no or very small therms >looming. The cases studied are for the following conditions:
range R = 3 km; absorpt.. coefficient a = 10-6 cm-’; wavelength }'o = 21/k = 10.6 pum; beam
quality parameter 8 = 4; transmitter diameter D = 1 m, infinite Gaussian; and focal area A =
100 cmz. + truncated Gaussian with a beam quality 3 has the came focal area and therefore
the same thermal blooming.

The second pulse shows large thermal blooming if the energy of the precursor is above 2 kJ,
or (expressed in a more general way) if Ec is above 3000 J/cmz.

J. Herrmann

c. Four-Dimensional Propagation Code

In the past our propagation codes have been limited to three .i.mensions: the CW code has
three spatial dimensions, and the puise codes, assurniing circul-r symmetry, have two spatial
dimensions plus time. But there are a number of problems which develop in time, but without
circular symmetry. For instance, the propagation of a CW beam through a stagnant zoae does
not lead (under our hypotheses) to a steady state; and the propagation of a pulse through a tur-
bulent medium does not have circular symmetry. Thus it is clear that a full four-dimensional
code would have inte—esting applications.
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Fig.1-12. Flux within a circle of given radius in the focal plane, as a function
of radius, for four initidl irradiance distributions with and without blooming.
Distributions at beginning of pulse, before blooming starte, Power — 8 X 106 W;
pulse length — 4 psec; absorption coefficieat — 1.5 X 410-3 cm=1; range - 4.9 m;
A = 15 pm; and neck radius — 3.127 cm ior all cases. Initial conditions for four
cases: (a) side of square — 3.3 cm: (b) radius of uniform circle - 1.94 cm;
{c) infinite Gaussian, 1/e power radius— 0.97 cm; (d) truncated Gaussian, 1/e
power radius — 1.37 cm; radius of truncation — 1.94 cm,

Fig.1-13. Time evolv -on of a mcdulated pulse
(long-time approximation). Times in units of 7,
defined as r = :,ocp'r/zak (n - 1) Pe~@R,

20 >

NUMBER OF MESH POINTS

10




Unfortunately, a simple computation also makes it clear that a straightforward extension
of our CW code into the time dimensicn by use of a standard hydrodynamic code would makea
prohibitive demands on both computer storage ami computing time. We have, therefore, written
a code that extends our CW code by a single time step, using either the short-time or the long-
time approximation for the hydrodynamics. Experience with our circularly symmetric pulse
codes has showrn that these approximations are valid over a considerable range: the short-time
approximation gives good results up to about half the hydrodynamic time, while the long-time
approximation is reasonably good after 2 to 3 hydrodynamic times. Thus, it should be possible
to cover a good fraction of the regimes of interest for pulse propagation using thz new cod-.
At present, this code does not include the capability of studying the stagnation zcne problem,
but an appropriate modification should not be difficult. The computing time and computer stor -
age required in the code are nearly twice thoge for the corresponding CW computation.

Using this code we have compared the blooming for a uniformly illuminated square aperture
vith that for various circularlv symmetric field distributions. The distributions were chosen
so that the irradiance in the focal plane with nc blooming averaged over angles was nearly the
same for all of them (Fig.1-12). The conditions correspond to a laboratory case. When blooming
was present (short-time approximation), the focal plane 1icradiance was again nearly the same
(Fig.1-12), showing that the short-time blcoming essentially depends only on the mean unblcomed

beliavior in the immediate vicinity of the focus.
L.C. Bradley
J. Herrmann

d. Bruechner liztgbilities

Brueckner and Jox-na5 and Kroli and Kelley6 have discussed the possible importance of
dynamic instabilities as a limitation to the propagation of high-power laser beams. These arise
fro.n the coupling of the laser bear: with entropy or scvind waves, and are referred to as stimu-
1uced Rayleigh and Brillouin scattering, respectively. These nnalyses were lincarized, and were
principally concerned with infinite plane waves. Rangnekar7 has madc some numerical studies
of instabilities in circularly symmetric collimated beams, using & ray-tracing technique. His
results confirmed the order of magnitude of Brueckner's analytic formulas. I genecal one may
say that for CW beams these effects are not likely to be 1mportant, because of thc comparatively
small irradiances involved and because of the smow.aing effect of convectian. But for wulsed
beams these considerations do not apply, and i: is possible to get sigrficant amplilication of
transverse intensity (or phasge) fluctuation.

Recently indications of the presence of this effect have shown up in gsome of onr nnlge ¢al-
culations, The observation is that numerical noise at the Nyquist frequency appears to be ampli-
fied in nonlinear propagation. In order to study this phenomenon, I have used our propagation
code for pulses with initial conditions corresponding to various amplitude modulations of the
initial beam. An example is shown in Fig.I-43 where the initial rield consieted of a Gaussian

plus a small admixture of a higher order eigenfunction ¢f circular symmetry. To be specific,
the field was taken to be proportional to

{1 +0.05 I..ﬂ(!'2 Y| exp(-rz/ZaZ)

Here Ln is the Laguerre polynomial of order n. It can be seen that, as tlre increases, the
modulation first becomes stronger, and then largely disappears. In the present case the overail

i1




effect of the modulation on the blooming is small, but it is not clear that this will be tru= for
other conditivns. In particular, it is possible that the efiects of turbulence could be amplified

by this mechanism. Further exploration is planned.
L. C. Bradley

e. Propagation of Secend Pulse Through Fog and Aerosols

We can consider the effect of pulse beam spread due to a fog in a manner analogous to our
Jiscussion on CW beam spread duz to aerosols cited previously (cf Sec.I-A-1). However, for
the pulce case the first pulse through the beam is greatly attenuated by scatteing and water
vapor absorption until the absorbed energy exceeds the threshold energy necessary for vapori-

zation of all of the water

_ 2
E>E =h,N_ 2 (5D L/4)

thres

where hv is the heat of vaporization, No is the number density of water droplets, D is the beam
diameter, L is the path length through the fog, and Py is the density of liquid water. Assuming
the first pu:.se has sufficient energy to clear the fog, we then are interested in how well the next
pulse (following by a few microseconds, for example, after the end of the previous pulse) is able
to propagate through the cleared channel. The extinction coefficient of the water vapor i6 now
considerably less than that nf the water drops, and we can make a preliminary estimate of the
beam spread due to multiple scattering. Because after a few microscconds the index spheres
have expanded to a size much larger than the wavelength (cf. Sec.I-C-3), we may use the gco~
metric optics approximation for multiple scattering through thc ensemble of index spheres. As
shown before for the CW case, the mean squared deflection is

2 2
yZ = 4/9 LN 7021y (an/m®

For the pulsed case, we agsume that the water droplet heats up to the critical temperature,
T = 374°K, and heat is then transferred rapidly to the air into a rapidly expanding heated air-
vapor sphere. The composition of the vapor sphere {s predominantly heated air whose velocity
we hav= modelled empirically. We assume that the cha.uy in index of refraction is uniform
throughout this index sphere and is then given by
3
Tw
An = AT =3
a (t)

with

_ cva_ i
B=a, N = ook

pa o

and cpv,a are the respective heats of the water vapor and air, a_ is the Gladstone-Dale onstant,
Py is the water dencity, To is the initial temperature, AT % 350°K, e is the water droplet
radius, and a(t) is *he vapor sphere radius where t is measured approximately from the end of
the first puise. There is an additional concentric index sphere due to the initial vapo: .zation

sh' .ck which travels faster than Mach 1 and produces little effect for times of interest.
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An appropriate distribution for fog radii is given by8

r -r r
“dNj = N “’ze WTm
(r_)

m

where rn is the peak of the distribution, so

S’Q , 1/2 7 1/2 1/2 1/2 BI’ATL /2
= dr =
Yiotal [ o r ] a (t) n

If we compare this with the corresponding diffraction-limited spreading for the pulsed case in

win

fog, we have
1/2 172 1/2,,1/2 3
)
Yiotal (1) "= _L N, rmﬂATD

Yaift | fog
pulsed beam

win

a®(t) m

- * - [ - . 9 - L ] - 3
For values of Cov = 2 J/g°K, c LI/g°K, p,=1g/em T, -9300 K, a,= 0.25cm™/g,

L=1{km, D=2 cm, rL s 0.6 um (e.g., as measured by Harris"), and n=1, w. “how in

Fig.1-14 the development in time of the rela.ive team spread for three different fog croplet
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Fig.I-14, The rms total defle-tion normalized to tiv: diffraction spread
for a pulsed 10.6-pm laser beam of unif~rm intensity and 2-cm diameter
through a fog (with a peak in particle radius dis:ributionof r_ = 0.6 um)
of a path length of 1 km for three water droplet densities.

densities. A caution here is that f3gs can range to distributions with a value of r.,88 high as
5 um and since the deflectic.. :.cales as r , the deflecticns can become conaiderably more
severe than those indicated by Fig. [-14, The empirical value of a(t) described in Sec.1-C-3
of this report has been used.
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TABLE 1-1 j

COMPARISON OF PHYSICAL PARAMETERS
OF CHIEF AEROSOL COMPONENTS
c
c Paes h Sl
Boiling Point p c P ATw
(°C) Specific Gravity | (J/gm °K) Pwater
Carbon 4827 2,25 0.17(0.3) 1.9
S:0, 2230 2.2 0.22 1.54
NaCl 1413 2,16 0.1 0.9

If we assume that in the puise regime a heated aerosol acts very much like a water droplet,
evaporating rapidly with a corresponding rapidly expanding sphere with approximately the same
time evolution, we have for the relative rms beam spread

1/2 142 1/2 3/e
LIS 9 No (rmaxrmin) BATD
az(t) nA

Yiotal

Ygift |aerosol
pulsed beam

I
w| v

where we have assumed again for aerosols the distribution 1 2 O 3r_4N r : dr between radii of

o min

4., and Tax The *ms deflection due to aerosols relative to that due te fags for the same

concentrations is then given by

r

1/2 3 AT, ¢ P
Yaerosol - [(rmwcrmin) ] 1 4€r Paer €T
(7

yfog ’m )‘/Z ATwatcpva

In Table I-1 we list three of the dominant components of acrocols with their boiling points (hence
approximate critical temperature chanse) and other relevant physical constants and compare tne
factor

N p AT
Pgeyp 8er aer

cpvp wA I‘water
Multiplying the last column by 0.02 would give approximately the spread due to aerosols relative

to a fog of the same concentration of scatterers. These results give us an initial indication of
the significance of beam spread due to fogs and aerosols.

f. Propagation-Through-Fog Code

In order to solve a more accurate formulation of the beam spread of the second pulse through
a cleared fog, we intend to raodify the Bradley-Herrmann propagation c<>dc=‘o to include the scat-
tering effects due to the vapor spheres formed around the water droplets (c - ‘he index spheres
that form around irradiated aerosol particles).

In the Bradley-Hlerrmann code, the effect of the medium is simulated by a phase change of
the field propagated through a-small axial increment. To employ the code we need to find if for




sufficicntly 10w spctial frequencies the sum of scattered and incident field czn be described ac-
curatelv by a simple phase change, i.e., at each point in a plane of observation beyond the scat-

terers and perpendicular to the propagation direction of ihe incident beam,

ikofn(z)dz

Einc & Escatt = Einc e &

where ko is the optical wave number and n(z) is the index of refraction. For index changer not
very large the exponeiniial can be expanded to first oraer and the incident field terms subtracted

expl(-R + z) ik |
S o iko‘S‘n\z) dz

Finc 5(8) ikoR inc

Lscatt =

We then wish to construct the given integrated index of refraction (or its corresponding spatial
Fourier transform in the plane of observation) and check the validity of our low spatial frequency
approximation.

The Fourier transform v(k) of the integrated phase change through the sphere is defined by

koj'ndz___S' ik-r ;2
We wish to compare this with the Fou: ier transform of the scattered wave v'(k) defined by

Sj(e) expl(-R + z) ik (
- =\ v(k) e
KR .

The gecometry of this equation is shown in Fig.1-15 where R is the vector from the center of the

ﬁ(- rde

scatterer to a point of observation in the plane perpendicular to the incident direction, z is the
vector along the in ident direction from the scatterer to the incident plane, ko is the optical wave

. o s
T
-
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Fig. [-15. View of the geometry of scattered

radiation problem for a single fog droplet. ———— T SCATTEPER

PLANE OF
OBSERVATION ——=|

N-§- 5008

number, and S.({8) are the scattering amplitude functions for the perpendicular and parallel elec-
tric field components as a function of the angle © between z and R. Also, K is the spatial wave
vector in the plane of observation and T is the vector from the intercept of z and the plane t the
point of observation in the plane. The spatial transform for a single particie is then given by

w cos© 8.(0) expl(~ ——62 4 z) ik ]
vi(k) = f’; S derJ (kr) J e —— (1-1)
(o] [}
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For times greater than a {ew microseconds, the vapor s;heres become much larger than the
wavelength of the incident ligt, and the total scattering component {rom a single sphere is
much less thau the incident .eld on the sphere, so it is appropriate to employ the Rayleigh-(Gans
approximation for the scattered field“

3 2n)!/? L

k.
5,(0) = ik a’an (2k_a sin1/2 ©)
(2k a sin1/2 0)>/? T3/21%%0 cos ©

. (1-2)

In Eq. (1-2) the respective upper and lower scattering amplitudes are for electric field components
perperdicular and parallel to the reference plane, and An is the uniform index change within a
sphere of radius a which is expanding in time. By using trigonometric identit'es ard variable
substitutions, we can rewrite (I-1) as

v'(k) =

Zk ac.n [

~ 5
174 s 3/z 177, S‘ dsJ_(NZ kz5) J3/Z(~J'£koaa)

o

x 871/2 exp [-(ikozaz + bsz)]] (1-3)

where we have assumed that & << { (the approximations involved are within 50 percent accuracy
even for © = /3 or s ~ £) ant' introduced the expression erp(—baz) to limit contributions f{or
"arge s (i.e., b must be at ie st comparable to 1). The introduction of the exponential limits
contributions from the integral for large s which only occur as a resilt of our approximations,
thus allowing the integral to converge. Additionally, only the small-angle scatter contributions
interest us since large-u gle scatter producea.an effective attenuation. The integral (1-3) can
be done exactly and the result is:

kza3An s kzaz
v'(k) = -2 2 Z ) = Fl-m, -m; 5/2; -2 (1-4)
3zi ikosz 2(xkz 2(ikz + b) 0 ’ kzzz
m=0

where F is the hypergeometric function,

2.2 ka2
ar= ﬂmoz 3 and urc kzzz

For large values of z and for values of a not too large, both u and au will be much less than 1,
and we can curtail the expansion to the leading terms in u and retain terms only to second order
in a@. We then need for our analysis the spatial spectrurr (v'(k) »'*(k)>, which is averaged over

2 since the axial position of the particle i3 a random variable. Retaining terms only to fourth
order in k we find

k26 2

An k-xbz
(v'(k)v"(k))-———— 1——7b+—2—-... . (1-95)
o Zko

If w. compare this to the corresponding geometric optics solution for light passing through a
uniform spherc, we find the spatial spectrum to be

x2aan
{v(k) v* (K)) = —k;;— 1-+ (mz+r%(h)4-...l
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The agreement to first order allows us to use (1-5) in place of (1-4) in our propagation code.

We next must incorporate the single-particle spectrum intc the spectrum of a density of
randomly distributed such particles, and we shall then be able to begin our computer simula‘ion
of the distortion of the second pulse through an evaporated fog channel. OQur initial assumptions
for the multiparticle systen are that the position of the particles are uncorrelated, which yields
the almost white noise spectrum. However, we anticipate that we shall eventually require cor-

relation of particle position to account, for exariple, for tufts of fog.

H. Granek
1..C. Bradley

f. Propagation of a Focused Beam Through an Absorbing Medium

This section considers tr.e extent to which the atmosphere COZ can be described as a satu-

rable medium i0 10.6-um radiation with @ phenomenologica' ahsarption coefficient given by
a = ao/(i + l/ls)

For a simple two-level system of the type described by Selden12 (Fig.1-16), the interacticn with
radiation will cause a transient change in level populations followed by a steady-state absorption.

)

The time-dependent coupled equations describing such a simple system are

g :—é = -—al(n2 = n1)
]
g

dn
E =2 __9 . .-
% @ - w2 M) /T,
f d

n

1.,
g at “taeing Tt nZ/TO
é Here, 1= intensity, n, = density of the upper level, n, = density of the lower level, ¢ = absorption
é cross se.:.nn, and T is the relaxation rate of the upper level.

o
Fig.1-16. Illustrated is a simple }
two-lev:l system which absorbs
laser radiation. LASER TRANSITION LINE

After the initial transient radiation edge, a steady statr will evolve which is governed by the
incident intensity and the effectiveness of the relaxation of the upper level with relaxation time
To. In such a steady state ie temporal rates of change of the populations are zero. By sub-
stituting the second rate equation into the first, the rate of change of the intensity is given in
terms of the upper level only. Now using the second equation and the condition that the total
popuiation of both levels is sowne constant value n, the following equation results:

dl —onl

9z @ +VIB)

where
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Fig.1-17, Ilustrated is a three-level
system which approximates absorption

in the atmosphere by CO,.
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Considering a three-level system, illustrated in Fig.I-17, the same procedure will result

in the following exp:ession:
dl _ _ —onl
dZ ~ 2(4 + l/IS)
where now

_ 2hy
- (BTZ + ’1’!) [

]

llere Tl is the relaration rate for the second level to the first, and TZ is the relaxation rate
of thz third level to tie first by collisions.

For the propagation of 10.6~pm radiation through the atmosphere, this simple three-level
system will be used .0 estimate the saturation intensity.Z The upper laser level in COZ is quickly
relaxed by NZ which remains excited for the duration of the pulse. The rate at which the lower
laser level is populated depends on T-V collisional excitation of the lowest vibrational level.

Water vapor contributes heavily to this process and T, is given by

1

HZ‘)

1 1
-_— - 4
T, T TR
where TR is due to other molecules.
For a focused beam, the usual phenomrnolegical expression for the rate of change of inten-
sity with distance must be modified to account for the increase in the intensity due to a fixed
power being concentrated over a progressively smuliler area. This gives an additional term as

shown below

dl 8A 1 ~al

?12*'577\=(1+1715)

By redefining I = v1_A /A(Z) and letting Za = p, the equation achieves the compact form
g ) P

¥
P Y3
l+h(Z)

This yields the following formal solution
= exp |- :
! 17 1L e
A(p"
Thus, the value of y at p is related at p + 6p by the approximate relation

[1+vp) Al
Y(p + 8p) = ¥p) exp l—bp/—m—o—

By using this simple iteration, a numerical evaluation of P(Z)/P(0) = y{aZ)/¥{0) is extremely
efficient resulting in value: of the type shown in Figs. 1-18 to 1-20. ‘These figures are reprecen-
tative of a laboratory situation (a 10-cm beam focused to a 3-mm spot in 5 meters) and two field
situations (a 1-meter-diameter beam focused to a 10-cm spot over { km and a collimated 10-cm-

diamater beam).
D.L. Moons J.E. Lowder
H. Kleiman R. W, O'Neil

19




P{Z2)/PiO}

. ’ 0 A T
oo [-2) (1] 10 o
L0, [ 1101/14]
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Fig.1-21. Geometry for saturation calculations.
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Fig.1-22. Plot of ratio of the incident power to the trinsmitted power as a function
of the raiio of the transmitted intensity to the saturation intensity.
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2. Experiments
a. Pulsed Thermal Blooming and Saturation of CO2 at 10.6 um

The experiments described in the previous Optics Research Repox‘t3 have been analyzed.
The results [or absorption by a broadband absorber (propane) causing thermal blooming within
a hydrodynamic time have been submitted for publication.l

A number of experiments were also done in which the primary absorber was 500 torrs CO2
in 250 torrs argon. The primary physical process we were inter_sied in examining here was
the saturation of the COz. For pulse lengths of the type used (~10 psec) it is justified to use
steady-state kinetics in describing the saturation. Hence, we describe the absorption coefficient

phenomenologically by:

a= ao/i + (i/ls)

Here, o, is the linear absorption coefficient.

Then using the geometry shown in Fig.1-21

aoP

aP = ——p—

1+
7’;— pl(2) i

ala
RIS

where

D(Z)

[zfz/‘t + 422]‘/2
A —_— e
Zt/ 2
Here, P = power, A = wavelength, Zt the focal length, Z the distance as measured from the focal
point, and is the saturation intensity.
One can soive this differential equation numerically. 1f one solves for P(Z), then P(Z = 0)/
P(Z = Zf) is the fraction of the power transmitted through the absorbing cell. Using ls as an
adjustable paramater we have fit curves of this type to the data as shown in Fig.1-22. For the

conditions of our experiment (@ = 1.8 X 10-3 cm-i, Zt = 490 cm), we obtain 1B ={to2 X iOSW/cmz.

We are currently working on more sophisticated theory detailed in Sec. lI~A-4 to explain the

magnitude of the saturation parameter.
H. Kieiman
R. W. O'Neil
J. E. Lowder

b. Laser-induced Air Breakdown for 1.06-um Radiation

Experiments have been done at 1.06 pm for the breakdown threshold in clean air and in car-
bon aerosol as a function of spot size. A Q-switched neodymium glass iaser providing 6 J ina
100-nsec pulse was used for these experiments.

The breakdown threshold (50 percent probability of breakdown) in clean air was measured in
a chamber with highly filtered air for four spot sizes. The spot si”e of 10-2 cm was the largest
value for which clean air breakdown could be obtained (on ~10 percent of the shots) with the avail-
able pulse power. The differznce between the iaboratory air threshold and the clean air value
was obgervable only for the iargest spot where the laboratory air threshold was »0.5 that in
clean air. The data are shown in Fig.i-23.
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Fig.1-24. Threshold in carbon aerosol as a function of particle size.
The value at 50 pm was measured for single particles ina 270-pm
spot. The values for smaller particles were obtained for a 100-pm
spot in a carbon dust atmosphere where the particle size indicates
the estimated value for the largest particle in the focal volume.
relative accuracies for the thresholds are #20 percent.

22

The



I

Ui g

|
|
|
|

The results for clean air indicate somewhat higher threshvlds thau have been reported pre-
viously.“-‘é There are several factors which can account for this. For small spot sizes the
threshold is very sensitive to diffusion length which depends on the intensity distribution in the
focused spot, while for larger spots the threshold can be lowered by the presence of naturally
occurring laboratory dust” as will be discussed Lelow.

The solid curves in Fig. 1-23 are theoretical values obtained from Re:.18 for -rp = 100 rsec
and a diffusion length A = D/7. The different curv.. ~orrespond to the inclusion in their calcula-
tions of various photcclectric processes requiring n or fewer photons., n = 0 corresponds to the
classical microwave theory.

These results suggest that one and possibly two photon processes are involved in 1.06-pm
breakdown but the dominant mechanism appears to be cascade ionization. The 70.-2 scaling of
microwave theory, which is valid at 10.6 pm (Ref. 17), is just becoming invalid at 1.06 pm. A
similar conclusion was arrived at .com experiments involving 1.06 pm and shorter wave-

lengths.i 51

The effects of particles on the threshold were investigated using the techniques described in
Refs. 17 a~d 20. Single, 50-um carbon particles were positioned at the center of a 270 -pm fc -
cused spot. The threshold for this case was =5 X 109 W/cmZ or =0.02 of the clean air threshold.
The threstold was then measured in a carbon aerosol for a 100-pm spot. The measured values
for light and heavy dust conditions were, respectively, ~2.5 X 10“ and 6 X 1010 W/cmz. The
dust content in the beam can be characterized by the size of the largest particle in a focal vol-
ume. The threshold daia are shown in Fig. 1-24 for the corresponding particle size. The dashed
curve represents 102 times the similar threshold measured at 10.6 pum (Ref. 17). The thre¢ sholds
meast.red for the 1C0-pm spot in a dust environment can be compared directly with the corre-~
sponding clean air threshold shewn in Fig, I-23: these being from 0.1 to (.4 times the clean air
value. It should be noted that the values in the dusty air are comparable to the previously re-
ported thresholds in air. Herle

The primary conclusions from this paper are that (1) cascade ionization is the dominant
breakdown mechanism at 1.06 um with contributions from one- and two-nlLoton processes,

(2) threshold measurements in air for spot sizes larger than 510-2 cm can be lowered by the
presence of laboratory dust, and (3) the fractional reduction is comparable to thuse observed at

10.6 pum. D. E. Lencioni

c. Dynamics of Particle-Induced Air Breakdown in A Laser Beam

Further experiments” on air breakdown triggered by single 50 -um carbon particles were
done to study the growth dynamics of the breakdown within the laser beam as a function of laser
intensit;, and the absorption length in the breakdowr plxmma.Zi

The experimental apparatus is shown in Fig. I-25. The laser beam was provided bya 5 J
per pulse Feb».tron-COZ laser operated in the short-pulse mode.22 An image converter camera,
with exposure times down to 10 nsec, was used tc obtain time-resolved information on the growth
of the breakdown in the bea=:. The transmitted beam was reimaged and magnified 9:1 at a pair
of photon drag detectors to obtain the radial and temporal dependence of the transmitted beam.

Figure 1-26 shows a series of image converter frames which illustrate the growth of a
breakdown at near threshold intensity. The dashed white lines mark the e.i diameter of the
veam which was 4 mm. The laser beam was incident from the left. The four frames were taken
on four separate shots at the indicated exposure times relative to the start of the pulse, The
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Fig.1-25. Experimental apparatus to study breakdown dynamics. Time-resolved
information on the growth dynamics was obtained with the image converter camera,
Particles were placed at a spot in the focal volume with the activated particle dropper
shown in the insert.
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Fig.1-26. Series of image converter frames illustrating breakdown
growth at near-threshold intensity.
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Fig.1-27. Breakdown dynamics at five times threshold intensity.
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breakdown initiates at near the peak laser intensity and grows radiaily and axially as a volume
absorbing plasma. The axial velocity is slightly larger than the radial velocity which had an
initial value ~1.4 X 105 cm/sec. The velocities were observed to decrease by ~25 percent after
~300 psec due probably to the natural decay in laser intensity. Note that the particle remains
visible in each of the frames.

At higher laser intensities the character of the breakdown growth changed abruptly. This
is illustrated in Fig. I-27 where the intensity was increased above threshold by a factor of 5. 1n
these frames a white dot has been inserted to indicate the position of the particle. Note that for
these higher intensities the breakdown develops as a thin absorbing front which propagates back
towards the laser and grows radially. Note also the increase in velocities. This type of break~
down growth is characteristic of the LSD described by Raizer.23

The radial and axial velocities obtained from data of this type are shown in Fig.1~28 as a
function of intensity. At lower irtensities the velocities increase rapidly with intensity roughly
proportional to 1. At higher intensities the axial velocity varies roughly a< l1 , which is in
agreement with planar LSD wave theory.
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Fig.1-28. Axial and radial velocities ' Fig.1-29. Absorption depth
of breakdown plasma. in breakdown plasma.

The absorption of laser intensity within the breakdown for a spot diameter of { mm was
measured directly by reimaging the focal spot with magnification on two photon drag aetectors:
one giving the power transmitted through the central disk of radius r = 0.028 cm and the other
giving the power through a concentric annulus with inner radius ry and outer radius 0.067 cm.
The absorption depth within the breakiown was estimated by comparing the luminous thickness
with the transmitted intensity. The res lts are shown in Fig. . -29.

D. E. Lencioni
L. C. Pettingiil
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Fig.I-30. Experimental arrangement of double-pulse Febetron-CO, laser system.
Power and energy of each beam are monitored with photon drag and pyroelectric
{BaTiO3) detectors. The trigger system is connccted to delay generators to pro-
vide a continuously adjustable delay between the laser firings.

LONG-PULSE
LASER Fig.1-31. Open-shutter photograph
of the plasma pattern created by a
SHORT-PULSE double-pulse shot on an aluminum
LASER target.
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C. FFFECTS

1. Double-Pulse Pressure and Impulse Measurements

Measurements of surface pressure and impulse delivered to aluminum and carbon targets
are reported in which two laser pulses spaced by a variable time delay were used. The nieas-
urements are presented in a normalized form to show the effect of the first pulse on the peak
pressure and impulse delivered by the second pulse.

The experimental arrangement ic shown in Fig.1-30. The two COZ e-ueam .asers are de-
scribed in Refs. 24 and 22 and were mounted in a lead-lined room as indicated in Fig.1-30. The
3-cm-diameter laser beams were made parallel with about a 1-cm separation between them and
propagated through the optical system shown in Fig.1-30. The two beams were focused onto the
same spot at the target surface with either a 15-cm or a 28-cm focal length mirror. The effect
of the convergence angle of the two beams is shown in an open-shutter photograph of the two
laser-produced plasmas in Fig. 1-31, One laser was operated in the long-pulse mode24 with an
energy of about 10 J and a pulse length which varied from 40 to 50 usec. The second laser was
operated in the TEA-pulse modeZZ with an energy of about 7 J and a pulse length of from 2 to
3 usec. Typical pulse shapes for these two lasers are shown in Fig, 1-32. The focal spot sizes

POWER

(o)

Fig.1-32, Typical pulse shapes
of (a) short-pulse laser, (b) long-
pulse laser measured with photon
drag detectors.
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Fig.1-34. Impulse delivered to
0.38-cm-diameter aluminum and
carbon targets as a function of
incident single-pulse energy. The
error bars denote the estimated
maximum error of the impulse
neasurement.
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used in obtaining peak power densities were obtained by attenuating the ircident beam with fine
perforated screens ar< observing the variation of the resulting burp areas on thermally sensitive
paper.25 Peak power deusities incident on the target were a few X 106 W/cm2 for the long-puice
laser and a few X 108 W/cmz for the short-puise laser,

Relative pea pressure measurements in the focal spot were made vith a PCB/Piezotronics
qualiz pressure gauge which was covared with a 1-mil sheet of pure aluminum. The thin alumi-
num sheet was attached to the 0.38-cm-diameter diaphragm of the quartz gauge with a thin layer
of silicone grease¢. The peak pressure was measured first for the short pulse alone, then the
pressure resulting fromn the short pulse preceded by the long puise was measured for various
delay times. The measured single-pulse peak pressures ranged from about 10 bar for the long-
pulse laser to about 40 bar 1or the short-pulse laser. These measurements are lower limits to
the actval peak pressures at the target surface due to the 1-psec response time of the pressure
gauges, but the measurenients do provide a grod relative measure of the actual single- and
double-pulse target pressurec. The normalized peak pressure measurements for the short pulse
preceded by the long pulse are shown in Fig. 1-33 as a function of delay time. These results show
the peak pressure caused by the short-pulse laser is reduced to about 10 percent of its normal
value right after the long-pulse precursor, and it takes a delay of the firing time of the short
pulse of frm { to 2 msec for the peak pressure to recover to its single-pulse value.

The imnulse delivered %o 0,38-cm-diameter aluminum and carbon targets was measured with
a sensitive ballistic pendulum. The impulse was found from the mass of the pendulum and the
maximum amplitude of its swing which was measured with a photodiode-light source assembly.
The pendulum was calibrated botn by measuring the period to determine its effective length and
by imp~~ting 1t with small bodies of known momentum. The single-pulse impilse measurements
for both the long- and short-pulse lasers are shown in Fig.1-24. The impulse delivered by the
short-pulse laser was found to vary roughly as the cube root of the incident energy with a little
more impulsc being delivered to carbon targets. For a fired pulse shape and focal spot size,
the peak power density incident on the target is proporticnal to the energy in the pulse. Thus,
the energy dependence sho«n in Fig.1-34 is in agreement with results presented in Refs. 26, 27,
and 28 which show the impulse delivered to small targets is proportionel to

1e ADga)'/?
where A’I‘ is the targe. area, Ds is the focal spot diameter, and q ‘s the incident power density.
The impulse delivered by the long-pulse laser was found to be much hizher for carbon thzn for
aluminum targets as is shown in Fig.1-34. The impulse delivered by the long-pulse laser was
strongly influenced by bluwoff, and since carbon has a much higher surface absorptivity
{a « 85 percent)zg for 10,6 -um radiation than aluminum (a =3 pex'cem),29 the impulse was cor-
respondingly greater. The relationship brtween impilse and energy for each set of data shown
in Fig. I-34 was used to determine the impulse delivered for the case of each pulse alone. The
lasers were then fired in the double-pulse mode, with the long-pulse laser as the precursor,
and the total impulse transferred to aluminum and carbon targets was measured as a function of
delay time. The results are presented in Fig. 1-35 where the total impulse measured in the
double-pulse mode is norms ‘ed by the sum of the impulses which would have been delivered if
each laser had been fired separately. The reaults in Fig. I-35 show the total impulse <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>