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SUMMARY 

The following report covers the work performed on contract DA-18-001-AMC- 
957(X),  "A Study of Methods to Measure the Effects of a Contaminated Atmos- 
phere on the Transmission of a High Energy Laser Beam. "   The report contains 
an analyses of the effects which may be expected, and describes experiments 
with which these effects may be observed.   Breadboard experiments to verify 
various techniques have been performed, and are included in this report.    Finally, 
the specifications of experimental apparatus in which laser beam experiments 

(at pressures of up to 10 atmospheres)can be performed are included. 

Work on this contract was performed by R. Schlier, R. Penndorf, H. Ceccon, 
E. Neister, H. Dolazalek,  andj.   Culbert. 
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1.0  INTERACTION OF LASER RADIATION WITH AEROSOL PARTICLES 

1. 1   INTRODUCTION 

The manner in which intense laser radiation interacts with particulate matter 
depends upon the type of particles,  their size and geometry; upon the intensity 
and duration of the laser radiation; and upon the wavelength of the radiation. 
The interaction, in turn, affects the manner in which the radiation is propagated 
through the atmosphere containing the particle«.    In the following discussion, 
various interactions of laser radiation will be described, along with the effects 
of such interactions on the propagation of the beam.    Finally, .the experimental 
methods by which the effects can be observed will be discussed. 

The interaction phenomena will be divided into approximate regimes:   The low- 
intensity regime, where the bulk of the phenomena are independent of laser-beam 
intensity; the intermediate-intensity regime, where heating and perhaps vapori- 
zation of the particles can occur; and the high-intensity regime, where the ef- 
fects are highly intensity-dependent. 

1.2   THE LOW-INTENSITY REGIME 

At low laser-beam intensities, the dominant phenomena are scattering and at- 
tenuation of the beam.    Even if the particles can absorb energy from the beam, 
the temperature rise of the particles is not enough to either affect the optical 
properties of the particles or, by thermal conduction, to change the temperature 
of the ambient gas.   Investigations in this regime are,  consequently, primarily 
concerned with the measurement of scattering and attenuation. 

The major influence of the use of laser radiation, which is coherent rather than 
incoherent radiation, will be the effect of the coherence of the radiation.    Laser 
radiation,  in comparison to ordinary thermal radiation, is characterized by a 
large "coherence volume",  in contrast to the small coherence volume of thermal 
light. 

As a consequence,  the laser light irradiating a large number of aerosol particles 
is in phase,  and the scattered light f-om these various particles has a definite 
phase relationship.    It is no longer sufficient to assume that the total amount of 
scattered light is the sum of the light scattered by each particle.   Rather the 
amplitude of the light scattered by each particle mujt be summed, and the in- 
tensity determined from the summed amplitude. 

In a scattering measurement, a finite volume of scattering centers is viewed, 
and the total intensity of the scattered radiation is observed.   If there are a 
small number of scattering centers, and the effective aperture of the scattering 
detector is small, then it could be expected that the observed scattering intensity 
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would show large variations as the relative positions of the particles changed. 
If a Q-switched laser pulse was used as the light source, the particles would 
remain essentially stationary during each pulse,  but variations in the scattering 
from pulse to pulse could be observed. 

On the other hand,  if there are a large number of scattering centers in the 
region observed, then the individual light waves,  scattered from each particle, 
arrive at the detector with a random-phase relationship.    There is not a com- 
plete cancellation, however, because of fluctuations,  and the intensity observed 
in this case shouM be proportional to the number of scattering centers observed. 
This has been borne out by the observations of Rayleigh scattering reported by 
Watson and Clark, who used a Q- switched laser as a light source. 

Scattering measurements, then, using laser light sources, must be performed 
with care.    In particular,  the number of scattering centers observed must be 
considered,   since a small number will lead to a considerable variation in the 
observed scattering cross-section. 

In an experimental sense,  these coherence effects will show up as a departure 
from the scattering and attenuation expected from a non-coherent source, or 
calculable from theory.    Since theoretical calculations are restricted to a small 
class of particles -- namely spheres,  and the aerosols ultimately studied may 
not be spherical in shape, it is worthwhile to consider measurements with an 
incoherent source,  as well as measurements with a laser source.    An incoherent 
source can be constructed from a thermal source (i. e., a tungsten lamp) and a 
suitable filter,  operating on the same wavelength as the laser source.    The co- 
herence length of a light source is approximately 

'coh AA 

for a ruby laser beam, A ? 7 x 10-5 centimeters, and A A 
so that the coherence length is about 5 centimeters. 

10*9 centimeters, 

To assure that the scattering can have no coherence effects,  the coherence 
length of the radiation should be less than the average particle separation. 
Thus,   since the average particle separation is approximately the inverse 
cube of the concentration,  the band pass of the filter on an incoherent source 
should be 

AA     >    n"3 A2 

for a wavelength of 7000 A;  AA should be about 5 A for a concentration of 10^ 
particles/cm3; and 50 A   for a concentration of 10& particles/cm3.    For all 
practical purposes,   a 50 A should be sufficiently wide to ensure a short 
coherence length,  and also be nar-ow enough so that the individual particle 
scattering of the incoherent light approximates the scattering of the narrow 
bandwidth laser light. 
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The intensity of the light available from the filtered thermal source is quite 
low.    In a 50 A band about 6943 A, the brightness of a source at 3000 A is 
approximately 0.37 watts/cm2 steradian.    In contrast,  a 1-milliwatt gas-laser 
beam has a brightness of over 3 x 10^ watts/cm2 steradian.    The intensity of 
the beam from the incoherent source is therefore limited to about a factor of 
105 below that attainable with a 1-milliwatt gas laser, and the techniques used 
to measure scattering and attenuation must be correspondingly more restrictive. 

1.3   THE MODERATE INTENSITY REGIME 

1.3.1 Introduction 

As the I iser intensity and/or pulse direction is increased, the effect of the 
energy absorbed by the particles in the path of the beam becomes apparent. At 
relatively low intensities, the particles will be heated, but otherwise unaffected. 
The increased particle temperature will in turn increase the temperature of the 
surrounding gas,  causing it to expand, with a consequent reduction in density 
and refraction index.    This effect,   called the Brueckner effect, will result in 
a divergence of the beam propagated through the gas. 

1.3.2 Particle Melting 

First,  consider the rate of temperature increase of the particles themselves. 
The rate of temperature increase of a small particle, in the absence of energy- 
loss effects, is 

dT 3 aabs l 

dt
 *» r0

3 Pp Cv 

(1) 

if thermal conductivity in the particle itself is neglected.    The  o^,   is the 
absorption cross section, / the intensity,   rQ  the particle radius,  p   the particle 
density, and Cv the specific heat. 

The rate of temperature loss of the particle is 

dT 

dt 4nr 3 p  C 

[4nrk(T-TJ + 4nrJ ta(T4-T*)\    , <2> 

where < is the thermal emissivity,  a is the Stephan-Boltzr.iann constant,   k is 
the thermal conductivity of the air, and T0 is the surrounding temperature. 
The net rate of change of temperature is 

dt 4»'o3PP
Cv 

Ki, l-4nr0k(T- TJ-4n r0
2<o(T4 - T*)\      . 

PC 
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In the above equations,  thermal diffusivity effects have been neglected.    This 
neglect is justified for laser pulse durations which are large,  on the order of 
1 millisecond,  and particles which are small.    It is not justified for laser pulse 
durations typical   of Q-switched devices. 

Even under extreme conditions, the third term in the right-hand side of the 
equation (the radiation loss term), can be neglected for small particles and 
temperatures under 2000° K.    The temperature rate of change equation is then 

iT 
IT 3 

o   f*p ^v 4nrJp„C 
babsl-4"rok(T-Tori 

(4) 

and this can be integrated to give: 

3kt 

9abs 
r°+     4nr-k 

1 - e 
Pp Cv To 

(5) 

Now,  for most materials, pCv is on the order of 1 joule/cm3 • K.    For air, k 
is 2.3 x 10-4 joules/cm-see" K.    Thus the time required to reach the equilibrium 
temperature is on the order of 1. 5 x 103  T

2
   seconds,  for t0   in centimeters. 

For particles which are much smaller than 10 y. in radius,  the equilibrium 
temperature will be reached in a time which is short compared to the millisecond 
duration typical of long-pulsed lasers.    On the other hand, the particle will not 
reach the equilibrium temperature in the time typical of a Q-switched laser 
pulse,  unless its radius is less than 0. l/i.    If the particle is larger than 0. If/ 
in radius,  and the pulse is short,  the temperature attained is approximately 

3°absh 
(6) 

4 it r_ 

Now consider some numerical examples.    The absorption cross section of a 
spherical particle can be calculated from its optical properties.    For a particle 
which is small compared to a wavelength of light,  the cross section is 

48 nrö 

"abs 
2L2 (lik0)/[(^-k0U2/ + 4^kz)} (7) 

For a particle which is large,  it is 

"abs    '    "r0
2(4li)/\(li^l)2 f k0

2] (8) 

ji is the index of refraction,   k0 the extinction coefficient,  and A the wavelength. 
This expression is approximate,  but is fairly closs to the exact expression. 
Now,  if a copper sphere is chosen as an example (this would be representative 
of a highly absorbing material),  it turns out that,  for jx = 0.44 and k0   - 3. 26 
at 6500 A, 
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o^   -    2xl03nro
3       , (9) 

for a small particle, and 

°abs   '   0.139 nrj (10) 

for a large particle. 

pp C„ for copper is about 3. 5 joules/cm   • K.    Thus the temperature equations 
are,  for a small copper particle, 

1.97 x 10T4 t 

T   .    7"   +2.76 x 106lrJ    \l - e / , I11) o T ~ •""    ■ 'o 

and for a large copper particle, 

1.97 x 1CT4 t 

'a* 
T   .    T   + 1.51 x 102 Lr„    \l - e ° /        . (J2) 

Also consider a slightly absorbing dielectric particle.    Here \L is about 1. 5, and 
k    is small.    Then,  for a small particle, 

"ab,    '    6xl04nro
3ko , (13) 

6.9 x 10~4 t 

TOW o / (14) 
T0 + 6.5 x 107 rj k„ 1      \l-e 3 

ape  - l. 

The last equation should also be applicable to a large particle,  provided that 
the extinction coefficient h   is much less than the wavelength divided by the 
particle radius.    Since,  in the case of interest,   t0  is less than 10-    centimeter, 
the equation should be applicable for k   of 10"2 or less.   A material with a*0 

of 10~3 is still highly absorbing,   since it will absorb the l   diatiom in a distance 
of about 10"! centimeter.    The k   is the extinction coeffick.it of the material o 
expressed in units of wavelength,   rather   than distance in conventional units. 

Estimates can now be made of the laser intensity required to cause an appreci- 
able temperature increase in the particle.    First,  consider a long-pulse laser, 
which has an upper limit,   in the unfocused beam,  of about 10^ watts/cm2 on 
the average.    For a copper particle of radius 10-   centimeter, and a pulse 

-5- 



duration of 10"^ seconds, the temperature increase,  according to Equation (12) 
would be 2700* C.   A 10"^ centimeter radius particle would attain a temperature 
of only 21*C, and a 10"* centimeter radius particle would reach a temperature 
in the vicinity of 2000"C. 

For the dielectric particle, the temper-.ture increase for a radius of 10"^ 
centimeter would be 3000*C at a kg of 10*^, 65*C for a radius of 10"4 centi- 
meter, and only0.65"C at 10"5 centimeter. 

The above discussion,  with numerical examples, indicates that only for large 
particles (greater than 1 micron) would effects auch as melting and vaporization 
be expected, even for fairly absorbent dielectrics.   With particles as small as 
0.1 micron, the temperature increase is very small for intensities attainable 
with unfocused long-pulse 1 iers. 

Except for the largest particles,  most of the energy absorbed by the particles 
is conducted into the gas, during the long pulse.    The effect on the optical path, 
therefore,  would be primarily that of a change in index of refraction of the 
path,  rather than a change in the properties of the aerosol particles in the path. 

For a Q-switched laser pulse,  the time required to attain equilibrium,  except 
for the smallest particles,  is longer than tho pulse duration.    The temperature 
attained then depends upon the energy-per-unit-area transmitted by the beam, 
rather than the intensity.    For the copper particles,  the temperature increase 
is 

T   -   4.3 x 102 E     , (15) 

for a small particle,  and 

T   ,    3 x KT2 E/r0 , (16) 

for a large particle.    For a dielectric particle with extinction coefficient kgl 

the increase is 

T   -   4.5 x 104 kQE        . (17) 

The Q-switched case is clearly different from the long-pulse case.    The high- 
est temperatures are obtained with particles which are small compared to a 
wavelength,  in contrast to the long-pulse case in which the high temperatures 
are associated with larger particles. 

Q-switched energy densities,   in the unfocused beam,   are limited to about 10 
joules/cm^, if damage effects on optical components are to be avoided.    It 
should be noted that 2. 5 joules/cm^ would be required to raise a copper parti- 
cle to its melting point,  if the particle were small.    If the particle were large, 
a correspondingly larger energy would be required,  in the absence of thermal 



conductive effects to be discussed later. 

1.3.3   Thermal Diffusivity Effects 

In the preceding discussion, the finite time required to transmit thermal energy 
in a material was neglected.   This neglect is legitimate for small particles and 
long pulse times,  and for slightly absorbing particles,  since the latter are more 
or less uniformly heated.   However, for materials with large extinction co- 
efficients, the energy is absorbed in the material in a very short distance,  and 
the surface temperature becomes correspondingly large. 

First consider the case in which the particle is large.   Then, for short pulse 
times,  only the portion of the particle near the surface is heated during the 
pulse,  and the temperature is the solutions of the heat equation 

3 
PPCv

P (18) 
V2T   -  ——L    dT/dt 

kp 

which is applicable for short times.   This solution is 

r .      2U"fT    * T (19) 

V7" Pp Cv kp 
o 

when A is the absorptivity, p   , Cv  , k    are the densities,  specific heat, and 
conductivity of the particle,   respectively. 

For copper,  A = 0.139,   p  Cv = 3. 5 joules/cm', and k   = 4 joule«/cm sec *K. 
Thus, for short pulse times, the surface temperature of the copper is, from 
Equation (19) 

T   m   4.2 x 10~2 I yT+ T0        . (20) 

For the small particles previously discussed, the temperature rise is, 
from Equation (15) 

T   .   4.3 x 102 11 

so that trie diffusivity-limited temperature applies for times short compared 
to 10"^ seconds, for very small particles.   For large particles, the tempera- 
tu      rise is, from Equation (16), 

T   -   3 x 10~2 lt/r0 

and the diffusivity-limited temperature applies to times short compared to 
2 T*    seconds. 
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For particles larger than 1 p, the surface temperature is considerably higher 
than the temperature previously derived.   In fact, at an intensity of 10^ watts/ 
cm', the surface temperature of a 10 p  particle would be 4.2 x 10^ °K in a 
10"8 second pulse, whereas the average temperature would be only 300 *K. 

The previous conclusion that the smaller particles are heated more,  in the 
short-pulse case,  is thus not justified.    The surface temperature attained,  for 
a pulse of a given length, approaches limiting values for large and small 
particles which are not greatly different. 

1. 3.4  Summary of Particle Heating Effects 

For small particles which are heated by a long duration,  relatively low intensity 
(10^ watts/cm^) laser beam, the temperature attained is limited by thermal 
conduction by the ambient gas.    The increase in temperature over the surround- 
ings is proportional to the intensity and,   except  for the most absorbing mater- 
ials,  is small.    For particles of about 10" 3 centimeter in radius, the tempera- 
ture increase,  even with highly absorbing materials,  is only a few degrees 
Kelvin. 

Larger particles (10"^ centimeters in radius) can be heated sufficiently to 
attain temperatures at which melting and vaporization can occur. 

The temperature attained by particles heated by a short-duration,  Q-switched, 
laser beam is proportional to the energy density in the beam for small particles 
(10*5 centimeters radius), and to the product of intensity times the square root 
of the pulse duration for large particles.   For the case of copper, the tempera- 
ture attained is relatively independent of particle size.   In the Q-switched case, 
the temperatures attained, for all particle sizes, are sufficient to cause melting 
and/or vaporization,  at energy densities in the vicinity of a few joules/cm^, 
provided the particles are absorbing.    Weakly absorbing materials will be 
heated only slightly. 

1.3.5   Optical Path Changes 

The preceding discussion indicates that, by and large, the major effect of an 
intense laser beam on an aerosol particle will be to increase its temperature. 
Except for large particles which are highly absorbing, the temperatures attained 
by the particles themselves will be insufficient to alter the particles. Only in 
the case of a high-intensity, Q-switched laser pulse will major effects be ex- 
pected to occur on small (less than 1 n) particles. 

In most cases,  the energy which was absorbed from the laser beam will be 
conducted to the ambient gas,  resulting in a temperature,  and consequent 
density,  change.    The temperature increase can be estimated to be,   if 
thermal conduction of the energy away from the region of the beam is neglected, 
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AT 
""abs'* 

p    C rn       V 
(21) 

where n is the aerosol concentration, / the intensity, t the pulse duration, 
po  the density of the air, and C„o  the specific heat of the air.   At first, this 
increase of temperature will have no appreciable effect on the optical path, 
because the gas has not had time to expand.   If the gas expands adiabatically, 
however,  the density,  at the end of the expansion,  will be 

P   = 

(' 

7abs It 
3/5 

p   C   T 

Now,  the index of refraction of air is 

(22) 

(i   -   1 + 2.74 xlO~4 p/p0 (23) 

when p   is the density under normal conditioAs,    Hence 

1 + 
2.74 x 10- 

»wws 

\+    POCVL) 

(24) 

The difference in optical-path length (number of wavelengths) between light 
passing through the expanded, heated air and the undisturbed medium is then 

AiV 
^ 

(2.74 xl0~4) 1 - 
n"oi. !t  \3/S 

PoCvTo 

(25) 

where L is the geometrical path length.    Now, for a ruby laser, A0 - 6.94 x 
10-5 cm,  and/« is about 10 joules/cm2.    The p0Cv TQ   for air is 1.67 x 10-2 

joules/cm^,  hence, 

A/V 4L I - 
(l+6xl02naabs)

3^S 

and (26) 



" "aba depends upon the particle type,   size,  and concentration. 

A change in path length of 1 wavelength is readily observed by interferometric 
techniques.   Thus, in a 1-meter path,  a shift of M wavelength would occur 
when 

1 A/V 
/ - 

0+6xl02no„.)3/S 40° "abs 

or 

1 +6xl02
noabs \        400 J 

5ÜS , , 
no,      »    .    -    7 x 1G~6 A/Vem-i . (27) ab3 3 .400.600 *     ' 

The change in optical path also can cause a divergence of the laser beam emerg- 
ing from the aerosol-containing region.   No change would be expected during a 
Q-switched laser pulse,  because the time required for the heated gas to expand 
is approximately the transit time of sound across the beam radius.    Since sound 
velocity in air is on the order of 3 x 10^ cm/sec, the effect would require about 
3 x 10      seconds to build up.    It would then slowly decay as the temperature and 
density in the aerosol equalized as a result of thermal conductivity, turbulence, 
and convection.    With a long-pulse laser beam,  on the other hand, the time re- 
quired for the effect to occur would be short compared to the pulse duration. 
A divergence of the beam would be observed,  increasing during the pulse.    The 
amount of this divergence can be estimated, if some assumptions are made about 
the energy distribution in the beam.    If the beam intensity,  as a function of radius, 
follows a parabolic relationship in radius,  the intensity is 

I   -   'of1- rW>      • (28) 

where   10 is the central intensity,   and r0   is the outer radius of the beam.    For 
a weakly absorbing aerosol concentration,  the index of refraction can be written 
aa 

-   / + 2.74 x 10-4      \1 + 
n a 'abs h V

3'5 

v  o 

1 + 2.74 x 10~4 - (2.74 x HT4) I — + 
naabsh 

PoCv V 

/ + 2.74 x 10~4 - 10~2 n aabs lQ t (1 - r2/^2)   . 
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Now,  the equation of motion of a light beam passing through a medium with an 
index of refraction gradient is 

d'r    „ J_   j¥_ (30) 
dz2 P     dr 

if the beam moves in the r-r plane,  and tl-a gradient is radial.    If the beam is 
initially parallel-directed down the 2 axis, this equation can be integrated to 
give 

G) 
2 

=    2 In (p/ni ) (31) 

where jij   is the index at the initial radius rj . 

Thus: 

dr V 1  + 2.74* IQ-4 - 10T2 n „^ lQt(l  - r2/r„ ) 

<£ 2 In 
1 + 2.74 X10T

4
 _ i0-2 „ aofej ;o tri _ ,;2/r<2y 

- 2[-;o-2
n«7afcs/0tr2-r2A0

2; 

+  /0-2
naa6s/o<(i-r,

2/ro;
2l 

2        2 r   - f\ 
2 x j0"2    -—  •   s aafcj /„ 1 . (32) 

2 \   1/2 
d' 2*lor2      ..      ,  \ ,. (33) 

/^? r0
2 

B "ais '„ ' I dz 

/n     \r+ Jr- - r," )\ »    /»     ■-          J2 2x/0-2
na„A. L I        L at bs  '0 

r    =    ri cosh |~     j2*10-2*oabslot (34) 

■ 11- 



Ms the path length. 

The divergence of the beam, initially at r}   = r0 , is then: 

when 
t       . _  

     y 2 x 70     B oai)i lQ  t is small, this becomes, 

(35) 

dr 

17 
2xJ<r2naabsI0tL 

radio 

For a radius of 1 cm,  L of 10   cm,   l0 t  = 10, 

dr 
——•    m   20 n <7ajs     milliradians 

(36) 

(37) 

Now, previously, it was found that the value of n oai,s   required to give a path 
difference at An wave lengths, to be 

n aabs   *   7 x 1CT6 AW,  for a path length of 100 cm 

Thus the divergence is related to the path length change by 

dr 

Tz 
—  *  1.4xl0~4 AiV 

(38) 

for a 1-centimeter radius. 

Since most ruby lasers have an inherent divergence of 10"^ radian or more, 
it is apparent that the measurement of optical path-length change will be a 
more sensitive measurement than the measurement of divergence change. 

1.3.6   Vaporization Effects 

As a result of an extensive series of investigations on the interaction of intense 
laser radiation with solid targets,  a fairly thorough understanding of the inter- 
action phenomena has been developed.    This understanding can be summarized 
briefly,  in the following discussion. 

At low  laser-beam intensities,  or at the beginning of a more intense pulse, the 
laser radiation interacts with the solid target in a conventional manner.   If the 
target is nonabsorbing, the beam is refracted and scattered, in a manner 
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calculable from electromagnetic theory.   If the material is absorbing,  energy 
is deposited in the surface of the target material, and the temperature increases 
at a rate determined by the geometry, laser intensity, and thermal properties. 
As the temperature of the particle increases, melting may occur, and ultimately 
vaporization. 

Melting of the particle has effects which are not readily predictable.   Once a 
particle has been melted,  it can possibly be fragmented by the pressure of 
internal gases liberated by the heating. A somewhat fluffy particle could con- 
ceivably coalesce.    Vaporization, on the other hand,  is somewhat better under- 
stood.   At low laser-beam intensities, the vaporization rate is low,  so that the 
density in the vapor is low.    Under these conditions, the vapor is transparent 
to the laser radiation, except under the special condition that the atomic or 
molecular absorption lines in the vapor coincide with the laser radiation.   At 
higher intensities, however, the vapor, on leaving the target,  is sufficiently 
dense and sufficiently ionized that it can absorb a portion of the incident radia- 
tion.    This latter condition has been investigated in a number of experimental 
programs at Avco and at the Air Force Weapons Laboratory, and has also been 
the subject of theoretical studies at Avco and General Atomic.   The conditions 
of the experimental investigations have not been directly applicable to the case 
of present interest, that of small particles.    The theoretical studies have been 
concentrated on a large area targets, and are quite complex, involving exten- 
sive computer operations.   However, the results of these studies have hue 1 
used to confirm a simple analytical model of the interaction.   The model is 
discussed in detail in an appendix to this report. 

Basically, the assumption used in the model is that the absorption coefficient 
in the vapor is proportional to the square of the vapor density.    This assumption 
can be expressed mathematically as 

/ 
lo exP - a    I       P" dx' 

(39) 

where / is the intensity at a point a distance * from the surface,  I0   is the in- 
tensity at a large distance from the surface,  p is the density,  and a is a co- 
efficient.    The beam is assumed to be a plane wave. 

It is also assumed that the rate of evaporation from the surface is directly pro- 
portional to the intensity at the surface,   so that 

,/       1      2\ (40) m„    =    A lg cos 6/lL + — vs 1        , o 

where   m  is the mass per-unit-area per-unit-time evaporated,  A an absorptivity 
of the surface,   /    the intensity at the surface, $ the angle of incidence, L the heat 
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of vaporization per-unit-mass, and vs  the velocity at which the vapor leaves 
the surface.    The v,   is very nearly constant,   since it is proportional to the 
square root of the surface temperature,  which in turn is very nearly constant. 
(The rate of evaporation depends exponentially on temperature.)   The above 
equation n.-Hes steady-state conditions in the solid. 

A third assumption is that the rate of increase of kinetic energy in the vapor is 
proportional to the rate of energy absorption by the vapor,  or 

± (4,^)-0.„-'i , (41) 

where v is the velocity of the vapor,  and ft is an efficiency factor.   Finally,  it 
is assumed that the mass flow in the vapor is independent of position,   although 
it may be a function of time.    Thus 

pv (42) 

The above equations can be solved analytically,  with the result,  for a plane 
wave incident at an angle 6 on the surface, 

m0   =   2ßl0cos6 vm
2-vs

2 + (2 ß/A) (' " 4 :')] ■ (43) 

where t>    is obtained from 

I2 t cos 6 (vJ-vJ) ^vj-v2 + (2ß/A)   (L + 1   v)j  /6«ß'- 

For large intensitives and pulse durations, Equation (43) reduces to 

2/3 l0 cos e 

(44) 

(45) 

and Equation (44) to 

vm    >   (6aß2l0
2t 

from which 

B) 1/5 

0.96 ß l/'5 I}'* cos3/5 

(46) 

(47) 

a2/5 t2/5 

This expression is valid for a large-area target.   In the appendix,  an expression 
is developed for a small-area target.    In this development,  it is assumed that 
the vaporization follows Equation (47) until the vapor has expanded to a distance 
equal to the target radius.    At this point it is "assumed that the vapor has 
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expanded enough so that it it no longer absorbing.   The asymptotic expression 
for this point is 

l.S vm t (48) 

Substituting the value of < from this expression into Equation (46), the rate of 
mass loss in Equation (7) becomes 

2I/3 ßl/3 , 1/3 cos2/3 $ 

a"3 ,M 
(49) 

The point at which the time-dependent solution crosses over to the steady-state 
solution-is given by equating (47) and (49) and solving for , 

2.15 ßW IJ/5 cos el/S al/5 ,6/5 (50) 

Now, ß is an efficiency factor and is greater than 0.1 for most materials. 
The a can be estimated from the equation for inverse Bremmstrahlung ab- 
sorption.    This equation 1B, after insertion of numerical values for the phy- 
sical constants, 

*. - V 
1.06 x 10~23 n2 \2 

T3/2 

(6xl02 T 

~I7f~, 

cm -1 (51) 

where A is the wavelength,   T the temperature, and ne the electron density.   For 
an ionised gas of molecular weight M, the electron density is 

6.024 x 1033 p/M (52) 

Hence 

k. ap 3.86 x 1024    — 
7.07 x 1(T6 T M1/3 ( (53) 

On insertion of typical values of the ionized vapor,   p= 10"4, M= 12 , T ■ 10^ , 
and A= 6.943 x lO'^cm, the equation is 

M2     T3/2 

ks   -   a(r0-*)   -   1.43 x 1CT1 cm~l 

<•   -   1.43 x 107 

Inserting these values into Equation (50),  gives 

r0   -   (2.15) (0.1)2/5 (1.43 xW7)I/S 10
2/5 co»1/S0t1/S    , 

r     .   23 I J'5 co,"5 61"5        , 

(54) 

(55) 
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for l()   in ergs/cm2-sec. For /    in watts/cm''-, 

t3 I -/■'  1/5 n ,6/ r0   =    1.45 x /«■' I/"* re*'"* 0 ib" 

For a Q-switched laser,  i = 3 x 10"8   sec, 

1.45 x 103 I,3'"' 

(3.3 x 107)6'5 
-   /.-IS x /0-6 /..-^ 

The evaporation, for a particle of radius 10" 3 cm, will be in the steady state 
at all intensities above 

l~2/S   »   (1.45 xl(T3) 

l0    =    (1.45 x 10~3)~3/2   =    1.25 x 707 waits/cm2 

In the case of a long pulse (10" 3 second duration),  the evaporation v ill be in 
the steady state 

(1.43 x 103) ,,, 2/, 
'     - / -/J    =   0.36 ///5 

(Iff) 
6/5 

L    -   fZS x 10~3)5/2   =   4x 1CT7 u/cm2 ! 

The evaporation rate, then, is always steady state.   Now, the approximations 
used give much too high a mass-loss rate at low intensities.    At low intensities, 
the steady-state mass-loss rate is 

2.4 1 (56) 

when L is the latent heat of evaporation.    Equating this with the high intensity 
evaporation rate,  gives 

Ai case       il"iM\U*«jn* 
l a 1/3 r 1/3 

Hence, the intensity below which the steady-state expression, Equation (49) does 
not apply is 

2/3 2'/3P1/3 l<cos2/3<> 

' = Aa'/3r0>/3 

L is on the order of 5 x 10* * ergs/gm for most materials.    Using a = 1. 43 x 10', 
ß= 0.1,  A = 0.5,  gives 
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'. 
2l/2 ßl/2 L3/2cosl/29 

A3/2 J/2 rJ/2 

1.18 x 10 14 
3 

ergs/cm   sec 

1.18xl07/r1/2     watts/cm2 
o 

as the intensity below which Equation (49) does not apply.   For a 10"3 centimeter 
particle,  thus, the mass-loss rate does not depend upon vapor absorption,  at 
intensities below about 4x 10® watts/cm2.   Even at intensities somewhat higher, 
the mass loss will not be greatly different from Equation (49), because that equa- 
tion shows a mass-loss rate varying as the cube root of the intensity. 

The result of the preceeding discussion is that, for all of the cases of interest, 
the upper limit on mass-loss rate is given by the equation 

A  I    cos 0 /('♦■M 
A finite time,  however,  is required for the surface temperature of the particle 
to reach a value large enough for evaporation at this rate to occur.   The sur- 
face temperature, corresponding to a given rate of evaporation, can be esti- 
mated from the vapor pressure of the material.    The rate of evaporation,  in 
gms/cm'-sec,  is related to the vapor pressure,  molecular weight,  and tempera- 
ture by the equation 

m0   =   6xl0~2 p(M/T)1/2    gms/cm2 sec        , #57» 

where p is the vapor pressure in torr,   M the molecular weight,  and T the 
absolute temperature.    In the case of copper, the vapor pressure,  as a function 
of temperature,  follows the equation 

p    =    2xl012 e-5-6*10^T   torr        . (58) 

For the sake of simplicity,   assume that the latent-heat term in the equilibrium 
equation for mass loss (L + v 2 ) is equal to the latent-heat term derived from 
the vapor-pressure equation 

L . -    v2   -   5.6 x 104 R/M     , (59) 
2      s 

where R is the gas constant in joules/mole,  if 10   is in watts/cm2.    The Ä is 
8.31 joulea/mol "K,   and M for copper is 63.6.    Thus the equilibrium mass loss 
equation is 
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m0    =    Al cos 0/7.3 x 10' 

and the rate of evaporation as a function of temperature is 

9.6 * 1011 e-5-6^ *°t/r 

vT 

The equilibrium temperature versus intensity equation is 

7 x I0is e-s.6 v wt/r 
A I cos 6 = 

VT 

(60) 

(61) 

(62) 

from this, the approximate answer,  valid over the range of intensity from 
Al0 cos o   = 104 to 1011 ,  is, 

A I cos 0 - 5 x 10^  e~54 * lo4/T   , 

The equilibrium temperature is then: 

(63) 

T   = 
5.4 x ;o* 

/n 5 x iß"   - In (A 1 cos 0) 

(64) 

If this is equated with the temperature followed by the copper surface,  as a 
function of time, for the large particle,  short-pulse case,  A= 0. 139 , 0= 0°, the 
answer is seen as 

T -300 = 4.2 x   10~2 l \J7 = 
5.4 x 104 

(In 5 x 1013 - In 0.139 1) 
- 300 

5.4 x 104 

V« - 31.8 - In (0.1391) /      { 4.2 x 10~2 1 ) 

-       ,_     / 5.4 x 104 

/   =    JO8 ,   vT     I      - 300 
15.3 4.2 x W2  x  108 

3220 

I   =   10 

4.2 x 106 
=    5.9  x W8 sec. 

* 5.4 x 104 

17.6 
-  300 

4.2 x 10° 

4.4  x  10~6 sec. 
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The time required to reach equilibrium, in the large-particle case, is about 
5xl0°/Io

z, in the case of a copper particle.   At intensities below 108 watts/ 
cm  ,  the time required is over 50 nanoseconds,  and the particle is not heated 
enough to evaporate appreciably. 

This gives a threshold for a large particle, which is about 108 watts/cm^. 
For a small particle,  the temperature rise is 

r   -    300 + 4.3 x 10211 

The small particle is uniformly heated, however,  although the incident energy 
arrives on one side 

Thus the heat flow is: 

vr()
3x2xl03    -    4nr0

2rh0L , (65) 

and the evaporation rate, for a small particle,  is 

2xl031 r 

rr 
10U e- 5.4 x 10*/ T 

I Bl ■    '—     ■    - —— — " —-       " 

5.4 xlO4 

In 1011 - In (I r0) 

300 + 4.3xl02l t 

(5-4*W4) -   30o)   /4.3xl02, 
i 1011 -In IT. I    I InlO1' -lnlr0 

(66) 

4 r0 (2.3 x 10 3) 

9.6 x 1011 e~ 

(4)(7)xWlj       ro*P  (67) 

2xl03rc yfl" 

1.4xl0'3roe-5.6xl04/T 
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For particles of 10"' centimeter radius, the time require«! for evaporation to 
occur is then 7 x 10"^ seconds at 10^ watts/cm2,  and 6 x 10"8 second,  at 108 

w,...tu/cm  .    Again, intensities of over 108 watts/cm2 are required to cause 
app. sciable evaporation. 

la the Jong-pulse case, the intensities are limited to about 105 watts/cm2.    The 
equilibrium temperature,  at this intensity,  for copper is,  for large particles, 
derived from 

4n r    M. 
0.139 • 10 

7.3 x 103 

and 

or 

9.6*10" eS.6*104/T 

? / 
2xW17e-S.6*10*/T 

0 rr 
'o 

^   144 xlO15 eS.6xl04/l- * 

hence 

T 
5.4 x 104 5.44 x !04 

In 1.44 x 1015 - In lQ In 1.44 x 10 10 
2300°K 

However,  the maximum allowable temperature for a large particle is 
o -1.97xlO-4t/rJ 

T   -    300 + 1.51 xlOJ Lrn(l -e °    )    . 

For rg   =  10"  ,  and an intensity of 10   watts/cm2,  the temperature allowable is 

3000° K in 10~3 seconds. 

However,  evaporation would have set in sooner than this,  limiting the attained 
temperature to 2300° K,    A particle of this size would thus evaporate at a 
reasonable rate.   However, at 10^ watts/cm2,  the allowed temperature would 
be only 570°K,  and no evaporation could occur. 

With a   10" 5 cm2 particle,   on the other hand, the allowed temperature would be 
only 320° K at 10^ watts /cm2,   and again no evaporation would occur. 
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It can now be concluded that,  for absorbing particles,  an intensity of over 108 

watts/cm   is required to cause evaporation in a Q-switched pulse.    In a long 
pulse,  the intensity must be in the vicinity of 105 watts/cm2,  and the particle 
size over 10"4 centimeters,  if evaporation is to occur. 

1.4   HIGH INTENSITY REGIME 

1.4.1 Introduction 

In the discussion of the interaction of laser radiation with small particles, 
energy density-and-intensity-dependent effects were predicted on the basis 
of essentially constant material parameters.    It has been observed in the 
Avco laboratory,  however,  that very marked phenomena occur at laser- 
beam intensities   approaching 109 watts/cm^,  even on nonabsorbing materials. 
For example,  a plasma has been observed on the surface of quartz,  when it is 
irradiated in vacuum at an intensity of 10^ watts/cm^.    When the irradiation 
takes place in air,  the plasma is sufficiently absorbing to considerably attenu- 
ate the beam.    Observation of the interaction with nonabsorbing plastics indicate 
a behavior essentially the same as that of graphite at intensities above 10^ 
watts/cm^. 

1.4.2 Mechanism of High Intensity Effects 

The simplest mechanism of the effects is the semi-classical mechanism of field 
emission. At an intensity of lO^ watts/cm^, the peak electrostatic field associ- 
ated with the electromagnetic light wave is 

E0   =   27.6 l1/2    =   8.75  x 105 volts/cm   . (68) 

At such a high field,  the probability of an internal field emission of a valence 
electron in a dielectric solid is high.    The emitted electron is then free to ab- 
sorb energy from the electromagnetic wave.    In effect,   at sufficiently high in- 
tensities,  the dielectric solid acts as a metallic absorber,  and the surface 
temperature can become quite large.    Because the thermal conductivity of the 
dielectric is small,  the approach to an evaporation temperature can be more 
rapid than it is for the case of a metal.  At 10^ watts/cm^,  the mass-loss rate 
is dominated by vapor absorption,  and the analysis which has been developed 
for metallic absorbers is applicable,  in vacuum. 

In air, however, the density of the atmosphere is already higher than the den- 
sity expected from the evaporated vapor. Thus the absorption by the air sur- 
rounding the particle could become quite large, if the air became ionized. If 
this did occur, a region of considerably larger cross section than the particle 
could become attenuating, and the overall attenuation of the laser beam would 
increase. 
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Whether or not such an effect can occur depends upon the rate at which the 
electron concentration in the atmosphere can build up.    This rate can be esti- 
mated by applying a collision hypothesis to the absorption of enery by a free 
electron in the laser beam. 

According to Wright*,  the net rate-of-gain of energy of an electron,   in the 
field of the laser beam in an atmosphere,  is 

iE 

IT Nnv   o 5/2 hv 
2 v   E, (69) 
,3/2 h I'M 

where N is the concentration of molecules, a  the electron-atom collision cross- 
section, nv  the photon-flux density, v  the frequency, A Planck's constant, v   the 
electron velocity, m the electron mass, and M the molecule mass. 

This expression  can be rewritten in terms of the laser intensity / = n   h     > and 
* 10 * V M 

the electron energy E - -L mv ,  as 

— - NI*5'2 it-E*'* am)"*/*"* un. 
dt 

(70) 

Now, the electron can gain energy in the field of the laser until it either reaches 
the maximum energy 

Emax   '   " <M2 I2/*»)1'3 (71) 

or makes an exciting collision with the molecule.    Once this happens,  the excited 
molecule can be readily ionized by photon absorption.    For air, we can use about 
5 electron volts as the necessary electron energy.    The electron-molecule colli- 
sion cross- section^,  for air,   is about 6 x 10" *° cm2     at energies under 5 electron 
volts.    If numerical values are substituted in the above equations,  they become, 
using / = 107 lg ergs/cm2 sec, for/    in watts/cm2;   m = 9. 1 x 10"     ,   M = 4. 81 
x 10"23 gm,   N = 3 x 10^ particles/cm3, 

or 

Ü   .   2.7 x  10-12 10  [1-(E/Emax)
3/2]  ergt/s 

dt 

—   -   1.69 1,   [1- (E/EmaJ
3/2 ) ev/sec , 

dt ' 

(72) 

and 

American Institute of Physics Handbook, p. 7-174, 

22- 



Emax   -   1.17 x 10~r> 12>* (73) 

The equation for dE / dt  can be integrated, to give 

1.69  l0 t, for E/Emax  <   0.1, 

t - (0.59 E/l0) 

1 + E/E. 1 - 

3 E/E. 

The term in brackets is approximately 1. 2 when E/E 
(74) 

0. 5. 

The energy E which the electron attains is the average.    If the energy distribu- 
tion is Gaussian, the fraction which has an energy £, or more is exp - £,•/£ . 
The rate of collision between electron and molecule is So v,  so that the rate of 
increase of electron concentration can be written as 

dne/dl  =   ng N o v exp - E^E, (75) 

If numerical values are now substituted for H , o ,    and   v = 5. 93 x 10^FJ'
2 

cm/sec for E in ev , ehe equation becomes 

d/ne) dnjdt ^ 1.38  x 1012 (lQ t)
1/2 exp - E/1.69 lQt. (76) 

as long as E is less than 0. 5   Emgx ,  approximately.    On making the substitution 
x = 1. 69 /0' /£/•  the equation is 

11 v3/2 lnne/n0  = (6.3  v   W" Ef" /lQJ I 
1.69]ol/Ei 

x1'2  e-"*.dx. (77) 

The time required to increase the electron concentration by a factor of e is then 
obtained from 

1.59 x  10 ~'2 I0/t. -3/2 I 
.1.69 \0t/Ei 

xl/2 ,-1/x (78) 
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For all reasonable values of A, and /„,  the term on the left is much less than 
unity,    if the substitution of » = 1/y is made it becomes 

J-69 10t/Ei 

I   ' ' ''" '-"" * ■ I y-V?  f-y  dy 

JE 
l 

1.69 Jgt 

(79) 

where y is always much greater than unity.    In such a case, the integral is 
dominated by the exponential,  and has the value 

1 
1.69 lQt/Ei 

xl/2 e-l/x dr   m   (169 I^/Ei)5'2 exp - EJ1.69 Iot (80) 

-.9 x 10~12 10/Ei3/2 

Now, on solving this equation, it is found that, for most practical cases, 1. 69 
/ // £. is on the order of 0. 2. Thus the time required to increase the electron 
concentration by a factor of e is approximately 

* = 0.1 E(/l0 
(81) 

Assuming, pessimistically, that E.  is about 10 electron volts, then the time 
at 10^ watts/cm^ is about 10"^ seconds.    At this intensity, then it appears 
highly probable that the electron concentration can increase by several orders 
of magnitude during a short laser pulse,  and that air-breakdown effects can be 
triggered.    At 10® watts/cm  ,  on the other hand,  the required time is 10 nano- 
seconds,  and the concentration would increase only slightly (a factor of 10) in 
a short laser pulse. 
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2. 0  INTERPRETATION OF EXPERIMENTAL MEASUREMENTS 

In the preceeding sections of this report, the phenomena which might be expected 
to occur in the various intensity regimes have been discussed.    The results 
of this discussion will now be applied to the design and the interpretation of 
experiments. 

2. 1   LOW INTENSITY REGIME 

At low-laser-beam intensities no effect on the particle occurs,  and heating of 
the particle is not sufficient to cause appreciable changes in the optical path. 
The effect of the aerosol on the beam is therefore primarily that of scattering 
and attenuation.    However, the possibility of coherence effects should be 
investigated.    Such experiments require the comparison of scattering and 
attenuation between a coherent laser beam and an incoherent beam of approxi- 
mately the same wavelength.    For the purpose of these measurements, the co- 
herent beam can be either the continuous-wave beam derived from a gas laser, 
in which case the observation of scattering and attenuation will be time averaged, 
or a pulsed beam derived from a Q-spoiled laser.    In order to ensure coherence 
and minimize thermal and other effect, the beam from the Q-switched laser 
should be reduced in intensity by selection of only a small portion of the beam 
and subsequent magnification.    This procedure will also ensure a minimum 
divergence beam. 

The incoherent beam can best be derived from an incandescent source and a 
suitable filter.    The bandpass of the filter should be on the order of 10 and 50 
angstroms,   in order to make the coherence length of the radiation small com- 
pared to the average separation of the particles.    If line radiation is used,  the 
coherence length will be large compared to the separation,  and coherence effects 
might be observed. 

2. 2   MODERATE INTENSITY REGIME 

At moderate intensity levels, which maybe crudely defined as below 10° 
watts/cm^ for a Q-switched laser,  above 10   watts/cm^ for a long-pulsed 
laser,  thermal effects will occur.    At low intensity levels,  these   effects will 
appear as a change in the temperature of the ambient gas,  with consequent ex- 
pansion and reduction of refractive index.    The scattering and attenuation will 
not be expected to change significantly.    However,   beam divergence will in- 
crease,  as a result of the reduction in index.    Thufi increase in divergence can 
result in a spurious measurement of the attenuation,   if the field-of-view of the 
detector for attenuation is initially small. 

The most important measurement for the index of refraction effects will be 
that of optical interferometry along the path traversed by the laser beam.    This 
measurement will indicate refractive index changes and will be more sensitive 
than the measurement of the beam divergence. 
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In the case of a long-pulse-laser beam,   the refractive index in the path irradiated 
during the pulse will change during the duration of the pulse,  so that interfero- 
metric measurements will show a decrease in index as the pulse continues. 
Time-resolved measurements,   in this case,   can be readily made by using the 
laser beam itself as a light source,   and resolving the index changes by means 
of an image-converter camera.    In the case of a Q-switched laser,  the pulse 
duration is too short to allow the den&ity change to occur,  and the index measure- 
ments,  again time resolved,   require the use of a second light source. 

At higher beam intensities,  the particles themselves may be partially melted, 
vaporized,  or fragmented.    These effects would all cause a change in the scat- 
tering and attenuation.    If the particles are initially small,  the effect of a re- 
duction   in particle size,  as a result of vaporization,  melting,  or fragmentation, 
would be a reduction in the scattering cross section.    If the particles were ini- 
tially large compared to a wavelength of light,  the effect would be for an individ- 
ual particle,  a fluctuation in the scattering cross section. 

Both the scattering and the attenuation would be expected to show time varia- 
tions in this case, and the measurements she old be made on a time- resolved 
basis. 

In addition to the scattering and attenuation changes,   the particles themselves 
might be heated sufficiently to radiate thermally.    It is,  therefore,  useful to 
include the measurement of radiation at other than the laser wavelength,  to the 
measurements of scattering.    Because nonlinear effects in the aerosols them- 
selves may also contribute other wavelengths, these measurements should be 
spectrally resolved.    The best experimental approach would be to first,  deter- 
mine the total spectral radiation,  using photographic techniques,  and then to 
make time-resolved measurements using a monochrornater and photo detector. 
The  wavelength 3elected   would be chosen to separate thermal radiation from 
nonlinear effects. 

2. 3   HIGH INTENSITY REGIME 

In the high-intensity regime, particle vaporization may occur for all materials. 
In addition,  the atmosphere surrounding the particle may itself become appreci- 
ably absorbing.    If such occurs,  the attenuation of the beam will change drasti- 
cally,  being appreciably greater.    Because the air is absorbing to the laser 
light,   it would be expected that the laßer light scattered would also be reduced. 
Also,  the air would be heated to a much greater extent than would otherwise 
occur,  so that index-of-refraction effects would be greatly enhanced.    If the 
air were appreciably ionized,  the index of refraction would be reduced even be- 
low unity,  as a result of the free electrons present.    This effect,  an index re- 
duction because of free electrons,  would occur immediately,   and would not 
require time to build up.    Furthermore,  the radiation from the heated air would 
be appreciable.    Again,  a measurement of the spectral distribution of the radia- 
tion would serve to show the presence of radiation from excited air,   as well as 
from particle vapors,   and would clearly indicate the presence of these high- 
intensity effects. -26- 



2. 4   ADDITIONAL MEASUREMENTS 

The types of measurements briefly suggested above are optical in nature.    They 
include the measurements of attenuation and scattering,  reradiati^n, and wave- 
front changes by means of index-of-refraction and beam-divergence measure- 
ments.    In addition,  it would be useful to include a pressure measurement in 
the test chamber.     The  thermal effect of the radiation in heating the air, 
either directly or by conduction from the particles,  can introduce a sound wave 
into the chamber.    The measurement of the magnitude of this wave would be 
additional information on the process which took place. 

It is also possible to directly measure the increase in air temperature in the 
chamber. However, because the time response of the detector would be slow, 
such a measurement would not be meaningful, and it would be better to infer the 
temperature from the index-of-refraction change. 

The electron density in the chamber can also be measured. One can either use 
collecting electrodes, and measure the total charge collected from a given volume in 
the aerosol containing gas,  or use a microwave technique and measure the 
electron concentration directly.    The latter technique has the advantage of being 
unaffected by electron-ion recombination,  and the disadvantage of a relatively 
low sensitivity.    The charge collection method would be particularly appropri- 
ate for the detection of electrons thermionic ally emitted from the heated aerosol 
particles. 
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3.0   EXPERIMENTAL INVESTIGATIONS 

3. 1  LASER SYSTEM 

The laser system used in thes*; investigations is composed of an oscillator- 
amplifier system.    The oscillator utilizes a 5/8 x b inch, flat-ended,  ruby rod 
pumped by four EG&G FX 47 flash lam^s in a multielliptical cavity.    The flash 
lamps are energized by a pulse-shaping network that shapes the input electrical 
energy.    A 11, 500 joule capacitor bank supplies the flash-tube energy.    The 
optical resonator is formed by a totally reflecting prism at one end,  and the 
polished face of the output end of the ruby rod which acts as a Fresnel reflector. 
Q-switching is accomplished by a rotating-plane dielectric reflector which folds 
the optical cavity by its position between the ruby rod and the reflecting prism. 
The reflector rotates at 200 rps,  but the folded optical path doubles the effec- 
tive switching rate at 400 rps. 

The resonant cavity can be varied from 1/2 to 1 1/2 meters long.    Changing 
the cavity length serves two purposes.    Lengthening the cavity increases the 
output pulse width and decreases the beam divergence.    A 1 1/2-meter cavity 
normally produces a pulse whose width at points of half maximum is approxi- 
mately 70 nanoseconds long.    The 1/2-meter cavity length and the addition of an 
optical cell,  containing cryptocyanine in methanol in the resonant cavity,  de- 
creases the pulse width to 35 nanoseconds (FWHM), and also prevents any pulsing 
before and after the main pulse.    The energy output of the oscillator is approxi- 
mately 1 1/2 to 2 joules in the Q-switched mode.    This system is cooled by dry 
nitrogen,  and has a repetition rate of 1 shot per 3 minutes.    The dry nitrogen 
provides an inert atmosphere in the cavity and prevents oxidizing of the metal 
end caps and trigger wires. 

The laser amplifier was constructed by Electro-Powerpac of Cambridge, 
Massachusetts.    The single-pass amplifier head is composed of a 5/8 x 12 inch, 
Brewster-angled ruby rod.    The Brewster angle prohibits any internal reflection 
and is one means of allowing the oscillator-polarized beam to single pass through 
without introducing any multiple pulsing at this wavelength.    The rod is pumped 
by four modified EG&G FX47 flash lamps,  mounted in a multielliptical cavity. 
The flash lamps are energized by a capacitor bank capable of storing up to 60, 000 
joules.    Since  the oscillator output is kept constant, all the energy-output control 
of the system is provided by the amount of energy fed to the amplifier flash lamps. 
The output of the amplifier ranges from 0 to 20 joules with a pulse width identical 
to that of the oscillator.    The output is normally kept below 10 joules to prevent 
damage to the output end of the amplifier ruby rod and other optical components 
in the laser-beam path.    The amplifier head is cooled by compressed air and has 
a repetition rate of 1 shot per 4 minutes. 
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The system is arranged so that the output of the amplifier passes through a di- 
verging plano-concave lens of focal length - 20 centimeters and then a converging 
plano-convex lens of focal length 100 centimeters.    The lenses are separated by 
approximately 80 centimeters to produce a nearly parallel output beam of 5 times 
the original beam dimensions.    The flat side of the lenses is placed toward the 
laser.    This orientation minimizes spherical aberation in the combination and 
also prevents a secondary focus in the vicinity of the concave lens.    The flat 
surfaces of the lenses are slightly tilted to prevent any direct reflection back 
into the laser amplifier.    This tilt is necessary to prevent obcillation in the 
amplifier and does not introduce any serious distortion.    The parallel beam 
leaving the lens combination is directed the length of the laboratory.    A series 
of stations with removable, dielectric-coated mirrors is located so that the 
laser bearr.   -an be deflected into experimental chambers at various points along 
the beam. 

3.2 CHAMBER DESIGN 

3.2.1 Laboratory Aerosol Generator 

In order to deteirnine the efficacy of various window and chamber configurations, 
and in order to carry out some preliminary, laser-interaction experiments, a 
laboratory source of aerosols was needed.   At first,  it was contemplated that 
smoke (cigarette or cigar) would be adequate for this purpose.   However,  after 
a more careful investigation, the tar and other contaminants were found to coat 
the chamber walls and surfaces.    This meant that the system would continually 
have to be broken down,  cleaned,  and reassembled,  causing more time than usual 
to be spent for realignment of the system before firing operations could be re- 
sumed.    Hence,  this means was abandoned. 

A simple aerosol generator was developed that was quick, easy to start, and 
left much less residue in the experimental chamber.    This system uses con- 
centrated hydrochloric acid and ammonia hydroxide.    By mixing these vapors, 
ammonium-chloride salt is formed consisting of fairly uniform particles of 
sizes normally under a micron.    A schematic of the generator is shown in 
Figure 1.    Air flows into separate flasks containing the acid and the base,  picks 
up the HC1 and NH3 vapors,  and then passes into a mixing chamber where for- 
mation of the small particles takes place.    The size of the particles can be con- 
trolled to some extent by the ratio of the flow of air through the two flasks.    The 
concentration can be varied by changing the flow of air through the generator 
chambers and through the air-bypass line.    It must be remembered,  however, 
that the mixing of these two liquids produces a violent reaction.    Therefore, 
precautions must be made to ensure that accidents with this combination are 
reduced to a minimum. 

This device can be operated continuously with reasonably stable aerosol con- 
centration.    When this smoke was allowed to flow into the test chamber,   it was 
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found possible to obtain a reasonably-uniform particle distribution (as determined 
by visual observation of the light scattered from a gas-laser beam) in the cham- 
ber,  and at the same time prevent any aerosol particles from reaching the windows 
at each end of the chamber.    This was done with the aid of a gas flow into the 
chamber in baffled regions near the windows.    The aerosol mixture leaves the 
chamber in the baffled region. 

Because of the continued use of the aerosol-generation system for long periods 
of time, minor problems developed.    This led to modifications of the aerosol 
mixing bottle (Figure 2).    To ensure continuous and uniform mixing,  a baffle 
six inches high had to be placed between the two ga3-input tubes,  both of which 
entered in a 2-liter filter flask.    The exit nozzle had to be replaced with a 13 
millimeter glass tube to prevent salt formation.    The bottom of the input tubes 
had to be flared out to prevent salt formation on the ends causing irregular flow. 
The position of the tube openings was found to be best at 2 inches from the top 
of the baffle--too low,  and salt formed at the outlet opening of the flask; too 
high,  and salt formed inside the flare on the HC1 tube. 

It has been found that for continued operation, more air had to flow through the 
HC1 bottle than through the NH^OH bottle,  to maintain a balanced concentration. 
As the concentration of one to the other becomes unbalanced,  the salt "smoke" 
formation is drastically reduced,  and after about an hour the particle concentra- 
tion in the tube thins out to almost nothing. 

3.2.2   Window Design 

The major problem associated with the design of the windows by which the laser 
beam enters and leaves the scattering chamber is that of prevention of aerosol 
particles from accumulating on the windows.    If such occurs,  and the particles 
are at all absorbing to the intense laser light,  inevitable damage to the windows 
will result,  and,  perhaps more importantly,  a significant amount of attenuation 
will occur at the windows.    The window protection method adopted consisted of 
a gas baffle.    The design is shown in Figure 3.   Here dry nitrogen (chosen 
because the compressed-air supply available contained contaminating oil particles) 
passes into the baffle chamber containing the window,  and exits through an export 
chamber into which the aerosol-containing gas also flows.    The regions between 
the window and the export chamber,  and the test chamber and the export chamber, 
are separated by baffles whose size can be selected.   O-ring seals are used in 
the assembly of the various parts.    The chambers thernsslves were constructed 
of Pyrex,  and were epoxied to the metal flanges.    The window is constructed of 
optically-flat glass and is epoxied at the Brewster a» gle (approximately 33 degrees) 
to the line-of-sight of the laser beam.    No coatings were used,   since the trans- 
mission for the proper plane of polarization (E-vector parallel to the plane of 
incidence) is essentially unity.   If there is a component of light which is polarized 
in the direction parallel to the surface (perpendicular to the plane of incidence), 

32- 



CLEANING  HOLES 
(NORMALLY  CAPPED) 

2 HOLE NO. 9 
STOPPER 

NH40H 

13mm TUBE 
INSTEAD OF 
NOZZLE 

•» TO TEST 
CHAMBER 

2000 ml 
FILTER FLASK 

6 in. BAFFLE 
87   373 

Figur« 2   AEROSOL MIXING BOTTLE 

■33- 



8 
X 

u 
bJ 
I- o a a. 

Ü 
8. 

-34- 



approximately 74 percent of this light will be transmitted,  and 26 percent re- 
flected.    The reflected portion is trapped in the side arm of the chamber,  which 
can be blackened if desired. 

3.2.3   Chamber Design 

All of the experimental chamber designs have been constructed of 2-inch- 
diameter Pyrex tubing of various lengths.    The first work was done with a tube 
1 meter long,  with an aerosol inlet at the center consisting of a single 16- 
millimeter-diameter side tube.    When this chamber was used in conjunction 
with window chambers and export chambers of the type described,  with baffle 
openings of 1-inch diameter,   it was found relatively straightforward to adjust 
the gas flow so as to prevent the accumulation of aerosol particles at the win- 
dows.    However,   the mixing at the center of the chamber,  where the aerosol 
entered,  was not complete,  and the observed concentration varied,  in a fluc- 
tuating manner,  in the region near the inlet. 

The gas flows required for window protection also varied with chamber length. 
With the 1-meter length,  the flow of nitrogen (total) required to protect the 
windows against an aerosol-containing air flow of 1. 75 liters/min was approxi- 
mately 2. 5 liters/min.    With a shorter chamber (aerosol length 21 centimeters), 
higher flow rates were needed (5. 5 liters/ min of N% versus 2. 5 liters/min of 
air). 

The procedure used to adjust the flow rates into the various portions of the 
chamber was to first establish a flow in the window-protection region.    Then, 
aerosol was admitted to the chamber, and the aerosol concentration was visually 
observed by observing the scattering from a gas laser beam passing through the 
chamber.    The scattering was sufficiently strong that individual particles could 
be discerned.    Tlie gas flows could then be adjusted so that the aerosol-containing 
region could be made to terminate approximately at the baffle separating the test 
chamber from the export chamber. 

The visible scattering from the beam also indicated the degree of homogeneity 
in the concentration.    With a small entrance tube,  the region near the center, 
where the gas entered,  was clearly inhomogeneous.    The small tube was replaced 
with a larger diameter (2-inch) tube,  and it was found that the gas-inlet rate 
could be ad' isted so that the aerosol distribution was very nearly homogeneous 
throughout the length of the tube. 

The air- and nitrogen-flow rates are fairly critical.    If the air (aerosol) inlet 
rate is too low,  the aerosol cannot be made to fill the test chamber.   If the rate 
is too high,  a severe turbulence develops in the export chamber,  and some of 
the aerosol reaches the window.    If the nitrogen flow is too high,  the turbulence 
reaches back into the test chamber,   causing a nonuniform distribution.    The 
values of flow rate given above are those which appear to give the best results, 
for the particular chamber and window used. 
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Conventional glass stopcocks were used to control the flow rates in the aerosol- 
generating and window-protection system. These stopcocks are not sufficiently 
precise for all purposes (in particular, it is difficult to obtain very slow rates), 
and should be replaced by needle valves that are more easily adjusted. The flow 
meters used were the 990 series, No. 2135, manufactured by Hoke & Co. These 
meters serve primarily as indicators, since the actual flow conditions are best 
found by experiment. 

3.2.4  Chamber Length Limitations 

The chamber length that can be used depends upon the divergence of the laser 
beam,  the diameter of the beam desired, and upon whether or not inhomogeneities 
in the beam are considered to be significant.    The allowable chamber length also 
depends upon the aerosol concentration being investigated, and whether or not a 
reasonably uniform intensity is desired throughout the length of the beam. 

3.2.4. 1   Beam Homogeneity 

One of the problems that will be encountered in conducting any careful research 
on the effects of a high-intensity laser beam on a contaminated atmosphere is 
that of "hot spots" and other inhomogeneities in the laser beam.   Hot spots are 
inherent in a particular laser system,  since they are related to the imperfections 
in the laser materials and to the manner in which the laser is pumped.   Another 
source of nonuniformity is due to the divergence of the beam.    This divergence 
limits the path length over which a beam of uniform intensity can be propagated. 

It is obvious that the presence of inhomogeneities renders the interpretation of 
intensity-dependent effects considerably more difficult, particularly if the ef- 
fects occur at only a few places in the beam.   Because such effects are complex, 
every effort should be made to produce as uniform an intens'ty distribution in 
the laser beam as possible, prior to actual experimentation.   In the work at 
Avco,  such an effort has not been made as part of this contract, partially be- 
cause of time limitations, but primarily because of the material expense in- 
volved in the selection of the highest-quality laser materials. 

The beam profile of the oscillator-amplifier combination at Avco has been 
examined, however.    Two types of inhomogeneities have been observed.    First, 
if the profile is observed by focusing an image of the output end of the laser 
amplifier rod, horizontal striations (perpendicular to the plane of polarization 
of the output light) are observed.,   Those striations also appear if a continuous 
gas laser beam is passed through the unpumped rod.    The striations are believed 
to be a result of imperfections in the rod, which result from the method of 
growth (Verneuil method for the Avco rod). 

Linde has recently announced that all of their ruby laser materials are now being 
produced by the Czochralski technique (pulling from the melt). Such rods should 
be considerably improved in their optical quality. 
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Inhomogeneities are also observed if the laser beam is made parallel by means 
of an optical system. Although the striations are not apparent, a more or less 
random inhomogeneity occurs- Again, this is believed to be related to the im- 
perfections in the laser rod. Measuring of the divergence of the laser rod, by 
measurement of the minimum-focal-spot size at a large distance (10 meters) 
indicates that the divergence is largest in the direction normal to the direction 
of the striations mentioned above. 

A third type of inhomogeneity can also exist.    When a long-pulse laser beam is 
varied by time-resolved photography, it has been observed that, on imaging the 
end of the laser source,  only small areas of the source emit at any given time. 
In the near field (close to the source),  the intensity cf any given part can there- 
fore be mach higher than the average. 

Avco has examined the time dependence of the Q-switched laser output as a 
function of position,  by using a restricted aperture photodiode as a probe.    No 
serious time ve *sus position effect was observed,  except thai there was a slight 
shift in the time of maximum intensity as the probe was moved across the beam. 
This shift amounted to about ten percent of the laser pulse width (between half- 
power points). 

3. 2. 4. 2   Minimization of Inhomogeneities 

The inhomogeneities in the laser beam should be as small as possible in a sys- 
tem intended for careful research. As a first step, the laser materials should 
be selected for the highest optical quality. Second, the system should be oper- 
ated in a single-axial mode, or at least have the transverse modes suppressed. 
Such mode selection, unfortunately, leads to a loss in output energy. Some of 
this loss can be regained by increasing the gain of the amplifier in an oscillator- 
amplifier combination. Mode selection will produce a significant improvement 
of the output-beam profile only if the materials are of near-diffraction-limited 
quality. 

The optical system used to direct the beam is also of major importance.   If the 
direct beam is used,  without optics,  then the near-field inhomogeneities will 
persist for a long distance.   A simple example of this can be presented.   Sup- 
pose the output beam has a total divergence of 4 milliradians (typical of most 
available ruby lasers).   Further, assume that,  in the near field,  the scale of 
inhomogeneities is on the order of 1 millimeter, and that the beam for each of 
the inhomogeneities also has a total divergence of 4 milliradians.    Then,  if 
the laser beam has a diameter d,  then individual beams will not overlap until 
the diameter of the beam from each inhomogeneity is on the order of the diam- 
eter of the laser rod,  or a distance from the rod of 

250 dem . (82) 
4 x 10~3 
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The greatest homogeneity therefore occurs in the far field of the radiation pat- 
tern from the laser rod.   If an optical system is used, this is at the focus of 
the radiation from the rod.   In most cases,  an optical system will be necessary, 
in order to produce the high beam intensity or energy density necessary to 
produce intensity-dependent effects.   However,  in order to minimize intensity 
variations due to the geometry of the system,  it is necessary to limit the path 
length in the aerosol-contaii.ing region. 

3.2.4.3   Minimum Path 

This limiting path length can be estimated by assuming that the laser beam con- 
sists of initially parallel light,  with which there is associated a divergence angle 
(half angle) a.    If the beam has an initial radius,   r0 ,    and is focused with a focal 
length /,  then the beam radius,  as a function of distance from the focal point is: 

■/♦  (a ♦ j) x  > 0 (83) 

for positions beyond the focal point, 

and 

< 0 (84) 

for positions short of the focal point, in order to have a focus,   TQ   > af.   Now, 
if the permissible variation in r is limited to some factor,   F times the minimum 
radius,   rmt>   = af,  the equation   is 

Faf   -   a(+    (a+-7-)   *1 x>0 (85) 

•'- (r -) Faf   -   af-   [— a)   x2 x <  0 , (86) 

then: 

% 
Faf -af      m      af(F- i) (87) 

a + rn/f a + r0/f 

x 
Faf-af af(F-l) (88) 

2 

(f~) 
° - rJf 
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The path length is 

L   =   xj - x2 - af(F-l)  I —^—~ Tt   1 (89) 
(a + v7      a-r^/j 

af(F-l)(~2r0/f) 

L 
2ar0(F-l) 2ar0 f2(F-l) 

'o2/f ~  °2 ro2  ~   ^ f2 

In the special case in which r0 a a/, 

af(F-l) f(F-l) 
x,   =       ■  1 2 a 2 

"2  -   "A 

rF - I ^ 
A    -   / + /—^~ 

and since rmffl   »«/, 

Z. 7 F - 1 F + 7 

(90) 

(91) 

(92) 

Now,  if an optical system is used,  the divergence angle is a - . '— where 
'o 

<*L is the divergence of the output from the laser, ri    the output-beam radius, 
and r    the radius of the beam as it energizes from the system.    Then, 

J: S_   f±*JL\ „3, 
aL rL 

and since r  .      = af = r mm '        a ' 
2      / \ .2 

o r-        / 1 + F \ ro 

2LrL    \     2     I aL rL 

Deam divergence for a 1 
laser-beam radius is 0.625 millimeter (1/4 inch), 

(94) 

A typical beam divergence for a laser beam is 2 x 10"    radians, and a typical 
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f Thus, with a beam of 1 centimeter radius, an 8-meter chamber length can be 
I used to maintain a nearly uniform intensity.    However,   many experiments will 
I require a higher intensity than attainable with a 1-centimeter beam.    To increase 
f the intensity by a factor of 10 ^educes r 2   by a factor of 10, to an SO-centimeter 
* ... ° path length. 

Increasing the intensity also poses a window problem,   since the chamber window 
t cannot withstand a flux of larger than 10^ w^tts/cm2.    In many cases the size of 

the minimum spot must be less than rg ,  and the special case cannot be used. 
I 

Then 

L       2ofo^f-'J (96) 
,2 _ a<   .- 

now,   af = rmin    , 

2'min'of(F-!> (97) 
2        2 ,2 ro    ~ a    f 

rmin min    o 
but /=      =     (98) 

a aL rL 

I'm*'"-» 

°        ' 3 since a^ r^   for a typical case is 1. 25 x 10"J cm, 

1 - 

r0
2 

Note that this cannot exceed the value for  rmin    =  rg 

(99) 

(100) 

L   =   m(UF)rmi/ . (101) 
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Now,  the above equations can be used to determine the maximum allowable path 
length, as a function of minimum beam radius, for anf of 1.1,  corresponding 
to a 
1.0. 

10 percent intensity change over the path length,  if r    cannot be less than 

The results are shown below: 

rmin 10 cm 1 0.5 0.2 0. 1 

I 8.4x 104 8.4 x 102 5.4x 101 6.6 cm 1.60 cm 

For certain types of measurements,  in which the effect to be observed is not a 
function of beam size,  but only of beam intensity,  it is possible to perform the 
experiment with only a portion of the beam.   At this focus of the beam, as has 
been previously discussed,  inhomogeneity is minimized.   If an aperture is 
placed at the focus,  a homogeneous region of the beam can be selected and 
imaged by a lens.    With a slight demagnification,  the same intensity can be 
obtained at the image of the aperture as was obtained at the primary focus, 
and this image will contain a very nearly homogeneous intensity distribution. 

With this approach,  the allowable path length is not reduced,  because the portion 
of the beam selected by the aperture at the primary focus has a restricted diver- 
gence.    The major difficulty that would be encountered with this approach would 
be vaporization   of the aperture.   However,  the primary focus can be made as 
large as desired,   so that the intensity on the aperture material is less than that 
required to damage it. 

The focal-point-selection technique can be applied in all cases in which the effect 
to be observed occurs during the laser pulse. This will include vaporization and 
fragmentation of the aerosol particles, with consequent changes in scattering and 
attenuation. It will also include the measurements of wave-front changes during 
the pulse, including intensity-dependent effects such as the Townes effect. How- 
ever, this technique would reduce thermal effects, such as the Brueckner effect, 
because the beam size is reduced. It would also reduce the magnitude of a scat- 
tered signal, but this latter should not be significant, since the signal is expected 
to be quite large. 

3.2.4.4   Multiple Paths 

The length limitations of the chamber given above will also apply if flat mirrors 
are used to reflect the beam back through the chamber.   No additional path length 
can be gained by such a technique,  and the tot->.l path length traversed by the b*    -., 
including the additional length made necessary by the use of mirrors outside the 
aerosol-containing region,  is given by the limitations above. 
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It is possible to use focusing mirrors to increase the effective path length,  how- 
ever.   Suppose, for example, the path length allowable in the aerosol is 100 cm, 

I as a result of divergence and inhomogeneity limitations.    Then,  by using a focus - 
I ing mirror outside the chamber,  such that the radiation from the center of the 

path is focused back at the same region (but offset to prevent overlap), the path 
length in the aerosol can be effectively doubled without introducing any addition 

f divergence.    With the addition of a second mirror,  the path length can be tripled, 
I and so on. 

i 
This method is,   of course,  limited in extent,   if we specify that the various 
beams are not to overlap in the aerosol region or on the mirror surfaces. 

3. 3   EXPERIMENTAL MEASUREMENTS 

I 3.3.1   Scattering Measurements 

Figures 4 and 5 show the design of a simple scattering-chamber photomultiplier 
mount,   suitable for use with the glass-test chamber that was constructed for 
the evaluation of the window-protection method.    It is designed to allow an 
undistrubed aerosol to flow through with easy insertion into the regular,   cham- 
ber baffle system.    It has a mount for the photomultiplier tube at 90 degrees 
and at 45 degrees measured with the forward reflection as 0 degree,   and can 
be reversed for measurements at 135 degrees.    It can also be rotated at 360 
degrees about the cylindrical axis in order to investigate a possible angular 
dependence on polarization.    Directly opposite these two mounts are light traps. 
All four mounts are protected by a baffle system that keeps the aerosol from 
the windows and does not distrub the main flow.    In front of the photomultiplier 
is a collimater that will allow only a known specific volume of aerosol to be 
observed.    There is a polarizing film in front of the multiplier to ascertain 
whether the scattered light in any position is polarized in any preferred direction. 

The phototube used is an RCA-6810.    However,   this  is not the one recommended. 
The reason is ,,'na.t the 6810 has an S-ll response curve,   and a gain of 6 x 10^ 
with a 3-nanosecond rise tune.    The recommended tube is the RCA-4459.    It 
has an S-20 spectral response,   a gain of 6. 6 x 10",   and a rise time of 2 nano» 
seconds when operated at 2300 volts. 

With the photomultiplier in position,  the laser can be fired through the chamber 
with only air flowing through.   Any problems involving fluorescence and reflected 
light are then overcome by use of filters.    When a null is achieved when the 
laser is fired,   then scattering experiments can be undertaken. 

The experimental scattering chamber shown in Figures 4 and 5 has been tested 
with generally good results.    With no aerosol in the chamber,   it was possible 
to increase the gain of the photomultiplier tube to the point of instability and 
still observe no background scattering.    With the system used,   it was not 
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possible to observe Rayleigh scattering, however.    This was because the gain 
on the multiplier could not be increased sufficiently before an instability set in. 
Upon addition of the ammoniun-chloride aerosol to the chamber,  very large 
scattered signals could be observed. 

It has been found,   however,  that the photomultiplier system must be calibrated 
against a known light source of the same intensity and duration as the laser 
radiation scattered into the chamber,  if quantitative results are to be obtained. 
The manufacturer's specifications on the multiplier tube,  both in gain and fre- 
quency response,  are only indicative.    A means of absolute calibration of the 
entire system -- which includes the photomultiplier,  any filters,  and the collima- 
tion system --is required. 

A simple method of calibration has been adopted.    This consists of the arrange- 
ment shown in Figure 6.    The electron multiplier and collimater are allowed to 
view a diffuse reflecting surface which is illuminated by the direct high-power 
laser beam.    If the reflectivity of the surface is nearly unity,   and the detection 
system is placed at a sufficiently large distance that the entire illuminated area 
is within its field cf view,  then the power received by the detector is 

P   *   R  cos 6 (ri/r)2 Po (102) 

where  r}    is the radius of the aperture limiting the collected radiation (the 
aperture nearest the multiplier tube),  r  the distance of the diffuse reflector to 
the aperture,  and6 the angle between the line-of-sight between the detector and 
the reflector and the   normal to the reflector.    By varying the angle 0 the re- 
flector can be checked to show that it is truly diffuse.    R is the diffuse reflecti- 
vity at the ruby-laser wavelength,  and P   is the laser-beam power at the reflector. 
P    can be determined by focusing the radiation arriving at the position of the 
detector into a suitable monitor.    The procedure Avco used is to measure the 
energy content of the beam at this point with a calorimeter and to determine the 
instantaneous power from a simultaneous observation of the pulse shape using 
a beam-splitter and photo-diode combination. 

The diffuse reflector should be coated with magnesium oxide,  which has a dif- 
fuse reflectivity of 0. 93 at 0. 7 microns.    The calibration should be done at 
several gain settings of the multiplier,   in order to ensure that a suitable sensi- 
tivity range can be selected. 

Some care must be taken in the geometrical set up used for the scattering mea- 
surements.    It is important that the field of view of the detector be larger than 
the laser beam,  if a complicated analysis is to be avoided.    Consider the sche- 
matic arrangement shown in Figure 7.    The detector phototube views the laser- 
beam region through two collimating apertures of radius rj   and T2>  separated 
by a distance I.    The ry   is the aperture nearest the detector and should be no 
larger than r,, .    If the distance between the second aperture,   r> .  and the center 
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of the laser beam is d,  and the scattering angle is 0 (the angle between the 
beam axis and the line-of-sight of the detector),  then the power scattered through 
the aperture r^   into the detector is 

It   T '■> 

L(L+d) sin 6 
(103) 

where PQ   is the laser-beam power at the point of scattering,  and Pd is the 
differential-scattering cross-section-per-unit volume (the sum of the individual 
particle cr.as sections over the particle distribution).    This equation should be 
accurate to better than 10 percent if the beam radius r is less than 22 percent 
of the linear field of view 2 (Z, + d) r2 lL ,   and to better than 3 percent if the 
radius r is 1/8 of the total linear field of view. 

If,   on the other hand,  the radius r is comparable to the field of view,   or larger, 
the scattered power depends upon the intensity distribution in the beam.     Although 
it is,   in principle,  possible to   compute the signal received for a given measured 
distribution and cross section,  there is nothing to be gained,   since the scatt r- 
ing cross section can be measured easily with a beam of smaller diameter. 

3.3.2   Attenuation Measurements 

The measurement of attenuation of the laser beam poses unique problems.    In 
the first place,   in order to have a situation as interpretable as possible,   it is 
desirable that the intensity over the aerosol path traversed by the beam bt as 
neany constant as possible.    Otherwise, the effects of the beam on the aerosol, 
and consequent effects on the optical path, will be a function of position along the 
path.    Thus it is desirable to keep the total attenuation of the beam bolow about 
10 to 20 percent. 

A change in attenuation cross section of 10 percent would then appear,   in a 
measurement,   as a change in attenuation of only 1 to 2 percent.   Consequently, 
the maximum precision is desired. 

With a continuous light beam,   it is possible to use convp.ttional spectxophoto- 
meter techniques.    The laser beam can be split,   so that a portion passes 
through the aerosol,   and a second portion used   as s reference.    With the aid of 
of a chopper,  both beams can be alternately brought to the same detecting sur- 
face,  and ac-amplification techniques used to deterrr ine the degree of attenuation 
with a high degree of precision.    However,  with the short pulse durations attain- 
able with high-power lasers,   such mechanical chopping is not feasible. 

The problem is particularly acute with a Q-switched laser pulse.    Here the 
pulse lasts a few tenths of nanoseconds,  and any effects of the beam may be 
manifested as a time-dependent change in the attenuation.    In order to observe 
this effect,   it is thus necessary to be able to measure the pulse shape to a pre- 
cision of 1 percent or more,   a procedure which is difficult with the resolution 
and linearity of present oscilloscopes. 
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3. 3. 2. 1   First Approach 

The approach that has been adopted is to mix the electric signals from two 
photodetectors,  one before and one after th'j attenuating regions,  and to mea- 
sure the difference signal.    The first experimental arrangement is shown in 
Figure 8.    The optical detectors are planar diodes,  ITT type 114.    A schematic 
of the diode and the diode holder are shown in Figure 9,  which is a manufacturer's 
brochure.    The 114 diode has an S-4 response,  which is very insensitive to luby- 
laser li^ht.    However,  the magnitude of the signal available is large (about 
2 x 10"4 amperes per watt of incident light) so that the more sensitive FW 4000 
(S- 1 response) is not necessary,  and would require additional attenuation of the 
light entering   the detector.    In the first set up,   one of the diodes was operated 
with a positive anode,   and the signal was obtained from the cathode current. 
The other diode was operated with a negative cathode,  and the signal was ob- 
tained from the anode current.    The two currents were then mixed in a resis- 
tive network,  and the difference signal (the signal from each diode was of 
opposite sign) fed to a conventional oscilloscope. 

This approach was unsuccessful.    The response of the two diodes,  when oper- 
ated in the manner described,  was sufficiently different,   especially in time re- 
sponse,  that a balance between the two signals could not be obtained.    It is 
believed that this difficulty is inherent in the construction of the diodes.    The 
cathode is a large-area plate,  whereas the anode is a grid which is in contact 
with the entrance window of the diode.   Thus it would be expected that spac 
charge effects would interfere with the time response when the anode curr nt 
is measured. 

Some typical diode-response characteristics are shown in Figure 10.    The 
upper tra<-^s are for the A and B diodes at different operating voltages.    Out- 
put of the diodes are plotted against transmission.    The lower traces show a 
comparison betwten the responses of the two diodes.    The A diode was operated 
with a negative cathode and shows a relatively decreasing response,  which is to 
be expected,   since the anode current was measured and was probably space- 
charge limited. 

3. 3. 2. 2   Second Approach 

A second approach,  that of operation of both diodes so that the cathode current 
from each was fed into a differential amplifier,   after passing through a 50 ohm 
impedance,   also failed.    Here the difficulty is believed to be associated with 
both nonlinearities in the amplifier,   and time-response effects.    The experi- 
mental arrangement for thi* approach is shown in Figure 11.    This circuit used 
the ITT dicde circuit showi. m Figure 9. 
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Type F4502 

The F4S02 pbotodiode holder is designed to accommodate the 2-1/4 inch 
diameter series of biplanar photodiodes,   such as the FW114,   FWU4A, and F4000 
(81).   The F4502 provides a means of coupling these tubes to a coaxial cable; bow- 
ever coupling capacitors are not provided. 
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At this time, the beam-splitter design was improved to allow for the insertion 
(in an easily controlled manner) of neutral density filters.    It should be men- 
tioned that, for quantitative work,  the manufacturer's specification of the opti- 
cal density (optical dens it, is defined as the logarithm to the base 10 of the re- 
ciprocal #of the transmission) is not accurate,  especirlly at the laser wavelength 
of 6943 A.    For balancing purposes, this error is net significant,  but can be 
important in calibration and diagnostics.    The design used is shown in Figure 
12.    This mounting has a single beam splitter.    Because the light is not nec- 
essarily plane polarized, a more sophisticated beam splitter should be used 
for careful experiments.    This should contain ~n additional 45 degree glass 
plate, located at right angles to the first,  in such a manner that a polarized 
light beam makes two reflections,  and the effect of the two reflections removes 
the dependence of the signal arriving at the detector on the polarization of the 
light.    The insertion of the additional beam splitter reduces the signal by a 
factor of 5, anc can be compensated with a more sensitive photodectector (S- 1 
response). 

3. 3. 2. 3   Main Problem 

Following these two unsuccessful approaches,  it was decided that the main prob- 
lem lay in the electronics,  rather than in the photodetectors.   It was also ap- 
parent that both photodetectors had to be operated in an identical manner.    The 
approach then adopted was to apply the signal from each phototube directly to 
the plates of the oscilloscope.    The circuit for this is shown in Figure 13.    Again, 
the ITT-suggested diode circuit is used.    The circuit was then successively re- 
vised to eliminate unwanted signal reflections, and to improve the time response, 
Figures 14 and 15.    First,  a 100-foot length of RG-58U cable was added to de- 
lay the signal enough to permit triggering of the oscilloscope with a trigger pulse 
derived from the laser-monitor detector.    {The direct application of the signal 
to the detector plates bypasses all internal delays. )   The 50 ohm terminating 
resistor was moved and finally placed on both ends of the 100-foot delay line. 

The arrangement,  as shown in Figure 16, was capable of at least a 1-percent 
balance     However,  it was found that as the output intensity of the laser was 
increased,   a large unbalance signal appeared, which behaved as if the high- 
voltage supplied to one of the diodes had somehow become depleted.    In order 
to elminate this,  the ITT circuit was abandoned.    In its place the diode circuit 
shown in Figure 17 was used.    The ITT holders were adapted by removing the 
spring holder from the case,  inserting a Teflon insulator,  and soldering a high- 
voltage lead to the anode ring of the diode.    The high voltage to the diodes was 
now ballasted with separate capacitors,  to prevent depletion of the supply. 
Finally, the 4700 picofarad condensors in the plate-deflection circuit were 
replaced by 470 pf,  and a variable-delay line was added to one of the two signal 
lines.    The final arrangement is shown in Figure 18. 
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Thin circuit was capable of balance to at least 1 percent.   However, it did 
develop a major difficulty.    At very-high signal levels (corresponding to nearly 
50 volts applied to each plate) the electron beam in the oscilloscope defocussed. 
Thus,  although the balance could be maintained at high signal strengths, the 
signal could not be observed.    This effect also limits the sensitivity,  since it 
limits the magnitude of the signal which can be applied. 

It was hoped that a better oscilloscope (Tektronix 519) could be adapted to the 
above circuit.   However, the construction of the oscilloscope is such that a 
major design alteration is required.    It is not possible to apply the signals to 
both deflection plates. 

Following these attempts to obtain a balance technique to better than 1 percent, 
a novel approach was investigated.    This consists of reversing the phase of the 
signal through one cable by connecting the central conductor of the cable at the 
output end to ground,  and obtaining the signal from the outer conductor.    The 
two signals are now of opposite sign,  and can now be directly mixed,  and ap- 
plied to one plate of the oscilloscope.    The circuit for this is shown in Figure 
19.    This method is successful because the cable length is such that the transit 
time is longer than the pulse length.    As a consequence,  the signal loses its 
reference to ground and reversal of signal is possible.    The method will not 
succeed for pulses longer than the transit time, which is approximately 150 nano- 
seconds in the 100-foot cable.    The method also allows a balance to be obtained, 
to about 0. 5 percent,  and is therefore an improvement over the earlier technique. 
It also is not affected by the magnitude of the signal.    Finally   it can be applied 
to a 519 oscilloscope, which has extremely good (less than 1 < ..r-osecond) time 
response. 

The time response obtained by applying the signal directly to a 545 oscilloscope 
has also been investigated with the same type of circuit as shown in Figure 19. 
This response is approximately 2 nanoseconds,   which is considerably better than 
the response of the internal circuitry in th-j oscilloscope. 

Figure 20 shows a schematic of the suggested arrangement for short-pulse atten- 
uation measurements.    Each monitor,, which will be described later in detail, 
provides an output signal which is proportional to the light power arriving at the 
monitor position.    The signal from the two monitors is mixed,  as previously 
discussed,  and used as a measure of the difference between the light power enter- 
ing the test chamber and leaving the test chamber.    This difference can then be 
compared to the actual signal entering the chamber to provide a precise mea- 
surement of the effect of the aerosol in the chamber on the attenuation. 
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3. 3. 2. 4  Suggested Procedure 

The suggested procedure ii the following.    The signal corresponding to the in- 
coming laser pulse is fed directly to a Tektronix 519 oscilloscope,  operating 
in the single sweep,  internal-trigger mode.   Care must be taken to ensure that 
the signal arriving at the oscilloscope is not too large,  since the internal resis- 
tance of the oscilloscope can be destroyed by a short-pulse signal exeeding 100 
volts.    By starting with a large attenuation (a neutral-density filter of high value) 
in the path to the monitor phototube, the amount of attenuation can be successively 
reduced at each firing until an approximately full- scale signal is obtained.   This 
corresponds to approximately 20 volts with an impedance of 125 ohms,  or a 
photo-current of 0. 16 amperes.    Such a photocurrent corresponds to a power, at 
the detector,  of 2. 7 x 10* watts,  for the S-4 FWU4ITT planar diode.   Since a 
109 watt laser pulse would provide about 2. 7 x 10^ watts at the monitor photo- 
surface (as will be discussed later),  an attenuation of a factor of 10 is required. 
If a more sensitive photodiode (S-20 response) is used,  a factor of nearly 1000 
would be required.    Neutral-density filters are available which can allow a 
selection of attenuation factors from over IC* (ND = 4) to as little as 0. 80 
(ND = 0. 1),  so approximate selection of the necessary attenuation requires only 
a few firings. 

The trigger pulse from the oscilloscope is now used to trigger a second oscillo- 
scope which displays the difference signal from the two monitor diodes.    Because 
of the delay introduced in the difference signal by the presence of the 100-foot 
cable lengths,  the trigger signal may also require a delay.    This can be accom- 
plished with a long cable length,  selected after determining the actual delay. 

The signal from the two monitors depends upon the degree to which a balance is 
attained.    First,  a very large,  neutral-density filter is placed in the output moni- 
tor,   so the -    aal observed is essentially that of the input monitor.    A large 
enough filter is placed in the input monitor so the signal observed corresponds 
to about a full-scale deflection.    The delay between the oscilloscope trace of the 
pulse shape and the trace of the unbalance signal can be accurately measured. 
If now the attenuation in the output monitor is decreased until an approximate bal- 
ance is attained,   it will be possible to further reduce the attenuation in both the 
input and output monitor,  without obtaining an excessive signal.    At this time it 
will also be important to adjust the variable-time delay, which should be in the 
line of the output signal,  so as to ensure that the signals coincide.    The differ- 
ence signal is then made as small as possible,  by means of neutral-density 
filters,  until the nearest balance is attained, with the remaining signal corre- 
sponding to a slight deficiency in the input.     Fince balance can be achieved by 
adjustment of the angle of incidence to the output beam of two pellicles or beam 
splitters.    Two are required to make the adjustment independent of plane of 

( polarization. 
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Cnce a fine balance has been achieved, the unbalance signal is calibrated by the 
insertion of a calibrated, neutral-density filter into the input-beam monitor.   In 
the absence of any aerosol particles in the chamber, the unbalance signal in the 
oscilloscope is now proportional to the signal in the pulse-shape-monitor oscillo- 
scope: 

A(T-l) V. (104) 

where V is the observed difference voltage (or deflection),  and V   is the voltage 
(or deflection) of the actual pulse.     T is the transmissivity of the added filter, 
A is a proportionality constant, which is evaluated by this technique.    The delay 
between the two oscilloscope signals must be taken into account in making this 
calibration.    The constant A should be independent of pulse shape or magnitude. 
Now, if an aerosol is added to the test chamber, of transmissivity Ta, the signal 
observed will be,  if the filter in the input side is not removed. 

\ - A(T-Ta)Vs 

from which 

T- Va/AVg. 

(105) 

(106) 

Since the individual signals from the input and output monitors can be quite large 
(only the difference is recorded), the factor A is large.   As a consequence, a small 
change in transmission can be readily observed.    It is estimated that this change 
can be as little as 1/2 percent.    The limitation here is primarily that of time re- 
sponse in the mixing circuit.   Some improvements may be possible     The factor 
A can be as much as 10.   An ultimate limitation would be the accuracy to which the 
oscilloscope trace can be measured.    This is about 0. 1 millimeter.   With a full 
scale deflection of 20 millimeters, the precision attainable would then be about 1 
part in 2000,  or 0. 05 percent. 

3. 3. 2. 5   Long-Duration Laser Pulses 

For long-duration laser pulses,  the above technique is not suitable.    In the first 
place, the phase-reversal method does not work if the overall pulse duration is 
large.   In the second place, the magnitude of the signal is such that some ampli- 
fication is necessary.    On the other hand, a rapid time response is also not neces- 
sary.    In fact,   since there is no reason to expect that changes in attenuation will 
occur during the individual pul^s which form the output of a long,  or multiple- 
pulsed,  laser burst, the *'        .esponse of the system need only be enough to permit 
the evaluation of the aver.. w_ power.    A simple integrating circuit is sufficient for 
this.    Also,  because high time response is not important,  the detectors can be opera- 
ted in the manner first used.    One can be operated with the cathode at a negative 
high potential, and the signal be obtained from the anode current.    The other can 
be operated with the anode at a positive high potential,  and the signal obtained from 
the cathode current.    The two signals are then used to charge condensers,  and the 
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oscilloscope is used to record the integrated difference in the two output currents. 
The circuit for this is shown in Figure 21. The balancing procedure is precisely 
the same as that used in the short-pulse case and,  since the same diodes can be 
used will not involve greatly differing values of attenuation.    The only difference 
will be that the signal observed on the oscilloscope will be the integral of the 
laser power,  rather than the power itself. 

The monitors for the laser-beam power are shown schematically in Figure 22. 
These consist of a first beam splitter,  oriented so that a small portion of the 
beam is deflected at right angles onto a second beam splitter,  and thence is re- 
flected through filters and other optical elements onto the photo-surface of an 
ITT planar diode.   For minimum loss of energy, the first beam splitter should be 
be such that the beam is reflected in a direction parallel to the direction of polari- 
zation of the laser beam.    In order to eliminate the effect of polarization, the 
second splitter should be such that the reflection is at right angles to the plane of 
polarization.   With such a system,  if the splitters are uncoated glass flats,  or 
pellicles,  about 1. 65 percent of the beam will be reflected by the first reflector, 
and 16. 7 percent of this will be reflected by the second reflector, for a net power 
to the filters and diode of 0. 275 percent of the incident power. 

The construction of the monitor includes the ability to place neutral-density fil- 
ters or other filters in the path between the second reflector and the planar diode. 
These filters can be used to control the power arriving at the diode, to select the 
plane of polarization desired,  and to select the wavelength range over which the 
detector is to be sensitive.    \ diffusing plate should also be used close to the diode, 
to reduce the intensity on the diode photosurface, minimize "hot-spots",  and re- 
duce the effect of a non-uniform photo-response if the beam profile is altered. 

The ITT planar diodes, which were shown in Figure 9,  are particularly well adap- 
ted to the measurement of intense-laser-light beams.    They have extremely fast- 
time response,  since the photoelectrons need travel only about 1 centimeter. 
They are constructed to withstand high voltages (as much as 5000 volts applied 
potential),  so the space-charge limitation on photocurrent is very large.   In fact, 
under usual operating conditions, the signal necessary to drive a 519 oscilloscope 
to a full-scale deflection (about 0. 16 amperes) is nearly three orders of magnitude 
less than the space-charge-limited photocurrent.    Given an adequate light source 
(and las^r beams are adequate), they are far superior to photomultipliers in both 
time response and tolerable output current. 

The only major difficulty that may be encountered when planar diodes are used to 
monitor the short-duration laser pulse is that of an excessive noise signal radiated 
by the diode circuitry.    The noise occurs because the photocurrent emitted by the 
laser pulse is on the order of a tenth of an ampere, with a rise-time of a few nano- 
seconds.    As a consequence,  an electromagnetic signal is radiated by the diode and 
any unshielded leads to it.    This signal can be picked up by other detectors in the 
vicinity.    A particularly bad offender is the photomultiplier used for observing scat- 
tered signals.    Care must be taken to adequately shield the anode lead of the photo- 
multiplier from pick up from the dynode leads.    The noise from the photodiodes can 
can also be minimized by diode design as will be discussed later. 
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3. 3. 3   Combined Scattering and Attenuation Measurements 

It it expected to be a straightforward procedure to make simultaneous measure- 
ments of attenuation and scattering.    In fact, if the attenuation in the chamber is 
large,  such measurements will be necessary if accuracy in the scattering measure- 
ments is to be attained.    The experimental set up for the combined measurements 
is shown in Figure 23.   Here we have made provision for calibration as well as 
measurement.    The attenuation-measurement procedure is the same as that dis- 
cussed in an earlier report,  in which a signal representing the difference between 
the light power incident on the aerosol region,  and emerging from it, is compared 
to the signal representing the power incident itself. 

If the transmitsivity through the aerosol-containing length, L0 , is measured, 
then the laser power at the point at which the beam is scattered into the scat- 
tering detector can be calculated by the equation 

(107) 

where T is the tranamissivity through the entire aerosol region, LQ  the length, 
and x the distance traversed through the aerosol before arriving at the scattering 
region.    If the attenuation is large, it may also be desirable to correct the scat- 
tered power received at the detector by the factor T    I °, where </' is the dis- 
tance traversed,  in the aerosol, by the scattered radiation.   In most cases, how- 
ever, this correction will not be necessary,  since T should be fairly near unity. 
and d' /L    should be much less than unity. 

The effect of multiple scattering on the transmission measurement has also been 
considered.   At first it was felt that a significant amount of the energy transmitted 
through the aerosol might be the result of multiple scattering,  so that it would be 
necessary to restrict the field of view of the detector of the transmitted radiation. 
This restriction is inherently undesirable,   since any beam-divergence effects 
might then introduce a spurious attenuation,    However,  by transmitting a gas laser 
beam through the aerosol,  and restricting the üeid of the detector,  it was found 
that there was no measurable difference in the transmission, as the field of view 
was changed.   In the experiment, the detector was removed from the attenuation 
region by a distance of about 1 meter.   Avco now feels that as long as the datector 
is removed from the aerosol region, there will be no need to excessively restrict 
the field of view. 

3.3.4   Wave Front Changes 

Two methods can be used to determine the effect of the laser radiation on the 
aerosol,  and in turn, the effect of the aerosol changes on the optical path through 
the aerosol.    The first of these is interferometric.    At Avco,  a Mach-Z«?hnder 
configuration with a helium-neon gas-laser source is used,  along with an STL 
model ID image-converter camera to observe index-of-refraction changes in the 
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vapor created fay the interaction of laser energy with solids.    The basic arrange- 
ment is shown in Figure 24.   Here the radiation from the gas-laser source is 
split into two equal fractions, and then after reflection from two mirrors,  is re- 
combined with a second beam splitter.    One of the two beams created passes 
through the region to be investigated,  and the other serves as a reference beam. 
By careful adjustment of the mirrors and beam splitters, the two beams can be 
made to recombine in such a manner that both beams form overlapping images, 
and yet arrive at slightly different angles of incidence.    As a consequence,  inter- 
ference fringes appear in the image.    Now,  if there is a change in the index of 
refraction,  then the fringes will shift by a small amount.    The fractional shift 
(in terms of fringe separation) is then 

/B„ — B 

(108) 

where n0   is the index of refraction in the indisturbed region,   and n is the index 
in the disturbed medium.    The integral is over the region where n differs from 

In the system operated at Avco,  the beam from the läse:-.' source was focused by 
means of a cylindrical lens to a line focus at the point of interest.    This line was 
then focused onto the image plane of the STL ID image converter.    Since the refer- 
ence beam also contained the line focus (the lens used to focus the laser beam 
was placed before the first beam splitter) it could be focused to a line at the im- 
age plane. 

The mirrors could then be adjusted to make the imnges coincide and at the same 
time to produce a number of fringes which were perpendicular to the line.    In the 
setup used at Avco,   all of the mirrors and splitters were mounted on standard- 
optical bench components.    Although some instability was apparent,  the fringes 
were found to remain essentially stationary for a period of at least 1 millisecond. 
Because of the highly coherent nature of the gas laser used for the light source 
(a Spectra-Physics Model 116),  there was no need to take extreme precautions 
to ensure that the optical path in each arm was precisely the same.    The fringe 
pattern was oriented on the image plane so that the image was perpendicular to 
the direction of the sweep of the image,  when the camera was operated in the 
streak mode.    A typical interferogram is shown in Figure 25.    The region where 
the fringe shift occurs represents a time of about 100 nanoseconds,  with a re- 
solution of about 10 nanoseconds. 

In probing the aerosol,   the same arrangement can be used,  with the probe beam 
directed across the intense laser-beam path.    Mirrors could be added to increase 
the number of passes through the aerosol.    These should be added in both arms, 
to maintain an approximately equal path length.    Again,   a line focus of the probe 
and reference beams is required 'f a line image is to be formed at the detector 
surface.    This arrangement is shown in Figure 26. 
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Figure 25     ENLARGEMENT OF INTERFEROGRAM 
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The arrangement shown above is not very sensitive,  since the path Length tra- 
versed in the aerosol is short.   A more sensitive arrangement is shown in Fig- 
ure 27,  where the probe beam follows the same path as the intense laser beam. 
Note that the probe beam (asses through the aerosol in the opposite direction 
from the main beam.    This is to avoid irradiating the detector with the intense 
laser radiation.    The plane of polarization cf the gas-laser-probe beam is ro- 
tated 90 degrees with respect to the plane of the intense laser radiation.    This 
allows the use of a polarizer in the path from the gas-laser source, and essen- 
tially eliminates the possibility that the source can be damaged by the laser ra- 
diation which would otherwise reach it. 

3. 3,4. 1  Alternative Method 

An alternative method of measurement of fringe displacement is also possible. 
If, instead of the image converter,  a photomultiplier is used,  and this multi- 
plier receives only the light corresponding to a portion of a single fringe, then 
the amplitude of the photocurrent will undergo oscillations as the index of re- 
fraction changes and the fringes pass across the multiplier aperture.    The 
change in optical path length is now measured by the number of oscillations of 
the photomultiplier output.   An ambiguity exists, however,  since the direction 
of fringe motion will reverse once the index of refraction change has reached 
a maximum.   In most cases,  this reversal will be identifiable from the ampli- 
tude of the oscillation at that point,  since it is not likely that the reversal will 
occur when the amplitude is either at the maximum,  corresponding to complete 
constructive interference, or at the minimum,  corresponding to complete de- 
structive interference.    This method will have a time resolution limited only by 
the multiplier response.    An RCA 4459 multiplier would be quite adequate,   since 
it has an S-20 response, a rise time of 2 nanoseconds,  and a gain of 6. 6 x 10&. 

If the image-converter-streak method is used, the resolution is limited by the 
amount of light available on the recording film.    With Polaroid-type 47 film, a 
time resolution of 10 nanoseconds could be observed using a laser source oi 10 
milliwatts,  and a Mach-Zehnder configuration which permitted about 50 percent 
of the laser light to arrive at the image plane.    This configuration would be the 
same for the across-the-beam probe.    However, the along-the-beam probe pu^s 
only about 7 percent of the gas-laser radiation onto the detector.    Thus a 10 iuilli- 
watt laser would provide about 70 nanoseconds resolution.    In most cases this 
would be adequate,  since the thermal effects associated with a Q-switched laser 
pulse would require a longer time than this to become apparent.    More of the 
energy of the gas laser could be sent into the detector,   but only at the expense 
of a reduction of intensity of the main laser beam.   In the arrangement shown, 
this l eduction is only about 1 percent. 

Also in this arrangement,  a large fraction of the energy transmitted through 
the test chamber is directed toward the gas-laser source.    However, the gas 
laser can be protected by distance (the main laser beam uas relatively large 
divergence), by the addition of a filter,  and by the polarizer indicated in 
Figure 27. 
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The other approach to the measurement of the optical-path change is to measure 
the effect on the beam itself, or on a beam sent down the same path at some time 
after the first beam.   This type of measurement is not as sensitive as the inter- 
ferometric measurement, but is a direct measure of the effect of an index-of- 
refraction change. 

The suggested approach is the measurement of beam divergence,  after the laser 
beam has emerged from the test chamber. Such a measurement can best be made 
by measuring the diameter in the far field of the iaser beam.    This is done by 
focusing the radiation, with a long-focal-length lens,  onto a sensitive film,  such 
us that EG&G X-R film.   If necessary, an attenuater may be used to reduce the 
intensity at the film plane.    The image of the beam is now accurately mapped with 
a profileometer, and a contour plot of the intensity is made.    If the focal length 
of the lens is known, and the beam was initially parallel,  the divergence corres- 
ponding to any point on the contour plot (the 1/2 intensity point is often used) can 
be determined from the size of the cont .ir.    This method can be used to determine 
the beam divergence for a short pulse.   However, if the beam divergence changes 
during the pulse, as will probably be the case for a long pulse, then it will be ne- 
cessary to use a time-resolved technique.    One approach is to focus the radiation 
onto a screen, and photograph the screen with a framing camera. 

It should be mentioned that this technique requires a certain amount of trial and 
error to find the minimum focal diameter of the beam.    The focus of the laser 
radiation is not necessarily at the focal point of the lens, if the beam is not 
initially parallel. 

Figure 28 shows a schematic of the suggested arrangement for time-resolved 
measurement of the divergence of the laser beam.    The focai length of the lens 
should be sufficient so that the minimum focal diameter is large enough to pre- 
vent damage to the screen.   For a beam with a divergence of 2 milliradians and 
an initial diameter of 1 centimeter, the focal length should be on the order of 
500 centimeters.   If the focal length is to be shorter, an attenuater should be 
used.    The screen can be opal glass, or even ground glass.   The camera is to 
be focused on the screen.    If necessary, additional attenuation can be placed be- 
tween the screen and the camera,  although decreasing the aperture of the camera 
may be sufficient. 

3.3.5   Beam Profile Measurements 

Since the laser beam does not have constant energy density in its cross section, 
because of imperfections in the optics and ruby rods, it is necessary to measure 
the beam profile,  if knowledge of the energy density is necessary to the under- 
standing of an experiment.    The beam profiles are reproducible as long as the 
components of the laser are not changed.    This is especially true for the ruby-rod 
and flash-lamp positions.    Typical beam profiles that were constructed by using 
a photographic technique are shown in Figures 29 and 30.   A mathod by which the 
time history as well as the beam profile can be determined is presently being 
investigated. 
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The apparatus used in the photographic approach is shown in Figure 31.    A por- 
tion of the beam is diverted into a measuring system with a pcilicle.    Pellicles 
are manufactured by National Photocolar Corporation and consist of a clear plas- 
tic membrane stretched over a metal frame.    The membrane has an index of 
refraction of 1. 49 and a thickness of about 8 microns.    With this type of reflector, 
the separation of images due to reflection from front and rear surfaces is ex- 
tremely small.    Pellicles are able to withstand very high intensities.    The beam 
profile at any desired point is determined by focusing the desired portion of the 
test chamber onto the EG&G X-R extended-range film.    The pellicle provides "he 
necessary attenuation,   since only about 2 percent of the beam is reflected (plaice 
of polarization parallel to plane of incidence).    This ty       >i film has a relative 
exposure ratio of 10^,  which is accomplished by superimposing three emulsions 
of different sensitivity on one film base.    The film is calibrated by exposing the 
film to laser radiation through a neutral-density step-wedge.    The density of the 
various exposures are determined by using a microdensitometer.    With this in- 
formation,  a calibration curve of density versus relative exposure can be drawn. 

A density distribution of the laser-beam profile is determined by scanning the 
exposed film with a microdensitometer.    From this,  a three-dimensional relative- 
intensity distribution plot can be constructed. 

Figure 32 is an experimental setup used for probing the cross-section of a ruby 
laser beam to determine if a relationship exists between the position within the 
cross-section and the time nistory of the laser pulse.    Here an ITT,  FW 114 
Planar diode, using the collimating tube and lens system,  "sees" a magnified 
portion of the laser beam in the far field.    The planar diode response is recorded 
by a Tektronix 545 oscilloscope.    Figure 33 and 34 show t; }ical responses.    The 
planar dicde is mounted so that it can accurately scan the beam vertically and 
horizontally.    In this way small portions of the beam cross-section can be sampled 
as to its position,  relative intensity,  and time history.    So long as components of 
the system are not disturbed,  it is known   that the beam profile does not change 
from shot to shot.    Therefore a beam profile can be constructed from relative- 
intensity measurements ma.de while scanning the beam cross-section so long as 
the laser output energy remains constant.    All time measurements are made re- 
lative to a trigger pulse from an ITT FW-114 planar diode which "sees" a portion 
of the laser beam. 

The time response of the present system is limited by the time response of the 
oscilloscope.    Analysis of the preliminary data shows no measurable time varia- 
tions with respect to position.    The present optical system coupled with a Tek- 
tronix 519 oscilloscope will improve the time response to less than 1 nanosecond, 
which is necessary for a thorough analysis. 
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F-Igure 33     PLANAR DIODE RESPONSE 
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3.3.6 Laser Beam Calorimetry 

The monitoring photodiode, which utilizes two reflectors so as to be independent 
of polarization and an interference filter,   so as to eliminate any flash lamp pick 
up, was calibrated with a liquid calorimeter, Figure 35.    This calorimeter has 
been operated successfully with incident energies up to 10 joules from the laser 
operating in the multiple-pulse mode,  and with peak power of the order of 100 
megawatts from the laser operating in the Q-spoiled mode.    The calorimeter 
consists of a polished copper cell filled with an absorbing liquid.    This liquid 
composition is one part Scripto blue-black ink and four parts distilled water. 
The front window is a disk of fused quartz cemented with epoxy to the copper 
cell.    At the rear of the cell,   a temperature-sensing irtn-conatantan thermo- 
couple is soft-soldered to the copper back.    The cell is wrapped with a felt ma- 
terial and inserted into a cardboard tube so that the quartz window is exposed. 
This has been found to be sufficient insulation against cond active and convective 
losses from the sides,  since thermal equilibrium between the copper cell and 
the liquid occurs in less than 20 seconds.    The output of the thermocouple is am- 
plified by a Weston inductronic amplifier and recorded by a Sanborn recorder. 

After weighing all components and using the specific heat equation, the calori- 
meter properties   yield a response of 3.69 ji volts per joule with an iron-constan- 
tan thermocouple.   With a strip chart recorder having a response of 4. 10 divi- 
sions per fi volt, the response for the calorimeter is then 15. 13 divisions per 
joule.    This response of the calorimeter was plotted with the response of the 
photo-diode and its recorder. 

Recalling that since 4 percent of the incident light it> lost to reflection, the light 
received at a point in space will then be 1. 1 the value of the calorimeter registers. 
Since the calorimeter doesn't have a response urtil a certain level of output is 
obtained,  the slope of the resultant curve can be normalized to zero.    Hence, the 
monitoring photodiode yields 26 divisions for every joule of laser energy output. 

3.3.7 Miscellaneous Observations 

In the course of the various experimental activities,  a number of experimental 
effects occur which can obscure the results.    The first and most obvious is a 
breakdown effect at the focal point of lenses.    An air breakdown can occur, in 
the absence of any triggering matter, at laser intensities of approximately 10*1 
watts/cm2.    This means that, with a Q-switched laser of output power 109 watts 
and divergence 2 x 10"^ radians (half angle),  that a breakdown can occur if the 
focal length of a condensing lens in the optical path is less than about 25 centi- 
meters.    If it is desired to limit the field of a detector which can see the entire 
output of the beam,   care must be taken to avoid this breakdown. 

The breakdown phenomena is particularly apparent in calorimetry of the beam, 
and effectively prevents the use of small aperture,  black-body-type calori- 
meters,  unless they are evacuated.    Breakdown a'so prevents the use of open 
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calorimeters,  because the vaporization of the surface carries away too much 
of the energy of the beam.   Avco has found that the only suitable calorimeters 
for high-intensity laser beams are either the liquid calorimeter, which has 
been described, or an evacuated,  «mall-aperature, black-body cavity. 

Secondary reflections from optical surface» can also cause some problems. 
If the optical surface is placed too close to the output end of a laser-amplifier 
system,  enough radiation can be reflected back into the system to cause weak 
oscillation and consequent reduction of the population inversion.   Secondary 
reflections can also lead to a breakdown on matter at the focus of the reflection. 
This will ordinarily not occur in air, but can occur if the secondary focus is 
inadvertently located at or near a solid surface. 

As has already been mentioned,  breakdown can occur at the air-window inter- 
face,  if the laser beam intensity is in the vicinity of 10^ watts/cm^,   If there 
are some absorbing contaminants on the window, the breakdown may occur at 
even lower levels.   It may therefor« be important to include additional space 
between the windows and the aerosol-containing region to eliminate too high an 
intensity at the windows. 

Lens design for laser radiation in considerably simpler than for broadband ra- 
diation.    The only aberration of significance is that of spherical aberration, and 
this is negligible, if the ratio of focal length to beam diameter is greater than 
10.    The lenses used should be of high quality.   Such high-quality lenses can be 
obtained, ground to order, from such suppliers as Special Optics,  Cedar Grove, 
New Jersey. 

The only major problem is lens design is the prevention cf internal focusing of 
radiation reflected from the surfaces.    This is automatically done when thin len- 
ses are used, if the focal length-to-diameter ratio is large.   A problem could 
arise, however, if a lens of much greater diameter than necessary was used. 

Cemented lenses must be avoided,  since the laser radiation readily destroys 
the cement. 

Dielectric coatings can be applied to lenses and other optical surfaces, either 
to reduce unwanted reflections or to attain the desired reflectivity.   Avco has 
obtained highly resistant dielectric coatings from Optics Technology, Inc., 
248 Harbor Boulevard,  Belmont,  California. 

Timing of the laser pulse, when a Ci-switched output is desired, poses some 
problems.   Avco has found that there is the least jitter in a Kerr-cell Q-switch 
system,  since the switching is deliberately triggered at a specified time.    The 
saturable filter systems have the most jitter,  since the pulsing occurs at a time 
which depends upon the exact firing level,  rod temperature,  etc.   A rotating- 
prism system is intermediate in jitter,  but timing can be done to fairly high 
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precision with the aid of a secondary light beam which reflects from the prism. 
In the attenuation and scattering measurements, timing problems are not serious, 
since the detectors can operate in an internal trigger mode.   However, when a 
framing camera,   -such as the STL image »converter camera, is used,  it may be 
necessary to trigger the camera before the arrival of the laser pulse, il the event 
is to be caught.    This requires some means of triggering the camera fixed time 
before the onset of the laser pulse. 
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4.0   AEROSOL GENERATION 

4. 1   INTRODUCTION 

Avco has investigated the different possibilities to produce aerosols by evalua- 
ting its own past experience; by studying papers from the fields of geophysics, 
industrial chemistry,   protection against nuclear hazards,   medical research, 
colloid chemistry,   and others; and by visiting scientists working in the aerosol 
field and discussing this problem with them. 

There are a number of possibilities to solve this problem.    Among these are 
aerosol generators which are known by the name of the scientists who developed 
them,   such as the LaMer Generator,  the Lauterbach Generator,  and the various 
Dautrebdnde Generator».    These generators produce mostly liquid aerosols of 
a more or less monodisperse distribution,   and some may also produce solid 
aerosols.    The principle is either a mechanical disrupture of a surface of a liq- 
uid,   or an evaporation and condensation process.    The most elaborate genera- 
tor oi this type is the one designed by Whitby and Liu.    A very promising type 
is the Vonnegut generator. 

A number of possibilities to produce liquid aerosol or solid-dielectric aerosol 
in polydisperse distribution by some very simple means are also known.    These 
are either again disruptures of surfaces or condensation of water or other va- 
por on nuclei.    The surface disruptures can be made by a gas jet or by ultra- 
sonic vibration. 

The possibilities have been investigated to reduce the bandwidth of polydisperse 
aerosol, i. e., to make it almost a monodisperse one, by using filters, electro- 
static precipitation or inertia precipitation. 

Finally investigation of the possibilities of using hydrosol manufactured by in- 
dustry in hopes of turning it into an aerosol was undertaken.    Since these hydro • 
sols come in the size range between 0. 08 and 1. 2 microns,  which is of interest, 
and because of other reasons (very precise sizes,  available both as uncoated 
spheres of nonconductive material and as spheres coated with different more 
or less conductive materials) these hydrosols are considered to provide the 
best material for producing solid aerosol for the purpose of the planned experi- 
ments.    These aerosol particles are spheres.    For this reason they may easily 
be measured according to size and number densities in the Goetz Aerosol Spec- 
trometer*. 

•Producer:  Zimney Corporation, 160 Taylor Street. Monrovia, Calif., 91016, phone (213) 357-2291, TWX (213)571-3050. 
Typical price for the Spectrometer about $5,500, for the Analyzer 16,700.   Delivery time 6 month». 
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In the following»  concentration it on this last-mentioned method:   how to make 
a monodisperse,  solid,  dry aerosol consisting of spheres of a known material. 

4. 2 SOURCE FOR LATEX HYDROSOL 

There are two sources for latex polystyrene spheres in the indicated size range; 

one a foreign manufacturer* .    Theae spheres come with diameters which are 
accurately known,  and all spheres in one package have but one diameter,  but 
only a limited supply of spheres of one given diameter is available.    Once this 
supply is exhausted,  new spheres can and will be produced,  but the diameters 
will be different. 

The American source**   offers,   at present,  the following sizes: 0. 088,  0. 126, 
0. 234,   0. 357,   0. 557,   0. 796,   and 1. 099 microns.    The polystyrene material 
includes some inorganic impurities,  but this is of little or no concern for the 
present purpose.    The hydrosol comes in packages of 15 milliliters of water 
with ?n percent polystyrene material in it. *** 

4. 3   DEFINITION OF THE PROBLEM 

The latex spheres come as hydrosol, 1. e., immersed in water.    When these 
are transformed into an aerosol,  i. e., immersed in air or a gas,  there 
are two problems: 

a) The avoidance of clustering; in other words,  at least 90 percent of the 
aerosol particles must consist of one sphere only. 

b) When the water droplets are evaporating,  other nuclei will be formed 
from the impurities in the water.    This must be avoided,  or a means must 
be provided to separate these undesired nuclei from the monodisperse latex 
aerosol. 

4. 4 BASIC SOLUTIONS 

The following possibilities have been proven experimentally for the solution of 
the two problems indicated above: 

For Problem (a):   The amount of water in which the hydrosol is immersed 
must be increased to such an extent that all droplets that will form during 
a spraying proces* Jo not contain more thar. one sphere in the maximum. 
This means that there will be many droplets without a sphere (and this ag- 
grevates problem b).    To determine the amount of water to be added,  a 

• BASF (Bausche Anilin und Sodafabtik), 6700 Lud vigshafen (Rhein), West Germany. 
••Bio-Product», Dow Chemie«!, P.O. Eox 512, Midland, Mich.; telephone (517)636-5012, attention:   Mr. Louis Lippe, 

•••present price:   $10.00 pet package. 
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formula for the Poisson distribution derived by Greene and Lane4 can be applied, 
which reads as follows: 

lx(d0/J)3)n 

P(n)   -    .     exp[-x(djd)3)   ; (109) 
n.' 

where 

Pfn) is the probability to obtain n spheres per water droplet, 

x      is the volume ratio of the particles in the suspension, 

dQ     is the diameter of a water droplet in the spray, 

d      is the diameter of the latex spheres. 

To obtain a probability that 90 percent of all aerosol particles are single spheres, 
the ratio P(2)/P(l) must be 0. 1.    As can be seen from the formula,  it is essen- 
tial to know the diameter of the water droplets in the spray,   and a means must 
be provided to measure them.    If this is done,  the degree of dilution,  and (by 
this) the parameter x in the equation,  may be determined. 

For Problem (b): Two means must be applied here. (1) The water used for 
the dilution must be very clean (conductivity water), and (2) a size-selective 
filter for the dry aerosol must be applied. 

4. 5 GENERAL CONCEPT FOR THE PRODUCTION OF THE AEROSOL 

There will be three vessels constituting the aerosol generator.   The first vessel 
will contain the diluted hydrosol.    The second serves as a space for the evapora- 
tion of the droplets of hydrosol sprayed into it through a nozzle from the first 
vessel.    The third contains a size-selective filter for the separation of the latex 
spheres from other nuclei. 

Before the degree of diluting can be determined,  according to the formula given 
in Section 4, the diameter of the spray droplets must be determined.    After 
these droplets have been formed,  by the same process to be applied during the 
aerosol generation proper.    Then the degree of dilution is calculated,  and the 
hydrosol is diluted according to this degree by extremely pure conductivity water. 
The proper nozzle is used for the spraying,  and the proper pressure and volume 
of spray-air or spray-gas is applied.    For the intended experiments,  extremely 
clean nitrogen will be used.    The second vessel is to be filled and constantly fed 
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by extremely clean and very dry nitrogen (relative humidity less than 10 per- 
cent}.    In this environment the spray droplets will evaporate in a fraction of a 
second*.    Since there will be only a few (less than 10 percent) droplets contain- 
ing more than one latex sphere,  the aerosol will consist of 90 percent of single 
latex spheres,  about 10 percent of double spheres (clusters) and to a small 
fraction (very small mass) of residuums of evaporated water droplets which did 
not contain any latex sphere.    In terms of numbers, these residuums or nuclei 
are considerable,  about 10     of them per cm' have been counted in a similar 
experiment.    For this reason these nuclei must be eliminated,  and this is done 
by blowing the gas with the aerosol through a filter consisting of glass spheres 
with a diameter of about 1. 5 millimeter.    In the experiment quoted,  this filter 
reduced the number of nuclei to about 102 cm"'.    Thus the gas coming out of 
the filter is a practically monodisperse aerosol consisting of latex spheres, 
uncovered or covered with conducting surfaces,   etc.,   depending on the hydrosol 
applied.    Figure 36 presents an overall scheme of this setup. 

4. 6.    THE SPRAYING PROCESS 

The best, nozzle for this experiment is one of the type commonly used in medicine 
for the treatment of asthma and respiratory diseases.    Figure 37 shows a cross 
section of a nozzle as used in such experiments. 

This nozzle it     ot by clean nitrogen at a superpressure of 1 atmosphere, 
using 15 liters oi n*. 3en per minute in order to spray an amount of 0. 25 cm' 
per minute of the diluted hydrosol. This arrangement gave a spray consisting 
of droplets of about 2 micron diameter (dQ in the formula in Section 4). 

The nitrogen is taken from pressurized bottles,  containing bone-dry gas,  and 
cleaned by a Cambridge Absolute Filter, which eliminates 99. 97 percent of 
0. 5 micron particles,  and more of smaller,  as well as greater particles. 

4. 7.    MEASUREMENT OF DROPLET SIZE 

In order to measure the diameter d0 of the droplets,  care must be taken that 
they do not evaporate prior to,   or in the course of the measurement.    To this 
end,  the spray is made into an atmosphere with a high relative humidity,  and 
the droplets are caught in oil.    This oil must have such a consistency that the 
droplets do float just under the surface of the oil,   so that they do not evaporate, 
but still are visible in a microscope.    By mixing several mineral oils,  this 
condition can be fulfilled.    Since this is a rather tedious precedure,   care must 
be taken that all parameters governing the spray process remain securely con- 
trolled,   so that it can be expected that the droplets are of the size determined 
before. 
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4. 8   EVAPORATION OF DROPLETS 

The nozzle ejects the spray into   a cylindrical drying chamber,  which has a 
diameter of 40 centimeters and a height of 52 centimeters,  and a content of 65 
liters.    Into this chamber a steady flow of clean,  dry nitrogen is maintained at 
a rate of 100 liters per minute.    This gas is taken from a pressurized bottle 
containing bone-dry nitrogen and fed through an absolute filter (see above). 
Thus every minute ,   115 liters of nitrogen enter the chamber, plus a very 
small amount of water (1/1000 liter per four minutes),  which is quickly turned 
into water vapor. 

4. 9   REMOVAL OF THE SMALL NUCLEI 

The nitrogen,  containing the latex aerosol nuclei consisting of the residuum« of 
fully-evaporated water droplets,  and a minute amount of water vapor,  streams 
out of the drying chamber through an orifice covered with a mesh grid of about 
1-millimeter grid size into another vessel.    This filtering vessel has a 30-centi- 
meter diameter and is about 40 centimeters high, 30 centimeters of which are 
filled with glass spheres of a diameter of about 1. 5 millimeter.    The 115 liters 
passing this filter each minute correspond to a velocity of about 2. 7 cm/sec. 
This filter is designed based on proposals by LassenS and Langer^,    As men- 
tioned above,  this filter reduces the content of nuclei from a rough 10*1 cm-3 
to about 10^ cm"3.    The maximum transparency of this filter is for particles 
with a radius between 0. 3 and 0. 4 micron.    Particles smaller than 0. 01 micron 
and greater than 0. 9 micron are filtered out at a rate of better than 95 percent. 

Thus the filter must be modified if the aerosol generator is to be used for 
particles of about a micron size or greater. 

At the top of this filter,   a pipe of about 1. 5-centimeter inner diameter provides 
the monodisperse-spherical-solid aerosol at a rate of 115 liters per minute, 
immersed in nitrogen.    The number density of these particles should be deter- 
mined by experiment. 
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5. 0   LABORATORY MEASUREMENTS 

5. 1   EXPERIMENTAL ARRANGEMENTS 

During the last portion of the research period, the aerosol generator which has 
been described was set up and used to provide aerosols for some brief experi- 
mentation.    A schematic of the overall experimental arrangement is shown in 
Figure 23.   This system demonstrated the existence of several known phenomena 
and proved capable of detecting these phenomena to prescribed limits; a 1 per- 
cent difference in the signals from two phtodiodes,  one before and one after the 
test chamber; a minimum noise signal of about 2. 5 millivolts for the photo- 
multiplier whose signal varies from 20 millivolts for low scattering intensities, 
to a high of 500 millivolts. 

The system incorporated the standard oscillator-amplifier laser using new 
Czochralski ruby rods in order to improve on the beam profile,  beam inhomo- 
geneities,  and beam divergence.    The beam,  upon leaving the amplifier,  passes 
through the laser power monitor,  Figure 23.    This incorporates an ITT diode 
whose output (integrated by 0, 01-millifarad capacitor) is fed into the 100-milli- 
volt side of an E+H electrometer amplifier (Model 201C).    This,  in turn,  is fed 
into a Bristol's 50-millivolt strip-chart recorder which displays the energy of 
each shot.    The beam was expanded to two inches in diameter immediately after 
the monitor.    It is then reflected by a dielectric reflector for 6943A and focused 
through two lenses to a point 157 centimeters away from the last lens.    The two 
lenses used were first,  a piano concave (/ = -28. 4 cm) and second,  a piano con- 
vex 'J = 50 cm) in such a manner as to minimize spherical aberations.    The dis- 
tance between these two lenses was about 22 centimeters.    The beam passed from 
the lenses through two-glass-plate beam splitters,  through a Brewster- angled 
glass window on the front end of the test chamber,  through the baffled chamber 
region containing the aerosol,  out of the other Brewster window and finally 
through a verticle glass plate (rotation produced the final balance to 1 percent 
for the balancing diodes) and a second beam splitter.    The glass beam splitters 
deflect approximately 2 percent of the beam into the ITT FW-114 photodiodes. 

5. 1. 1   Actual Focal Point 

The actual focal point of the laser beam was placed directly in the field of view 
of the RCA-6810A photomultiplier (3 nanosecond rise time with an S-ll spec- 
tral response) which measures the forward scattering at an angle of 45 degrt   a 
to the beam path.    The beam was centered visually by observing its scatter 
through the aerosol and had a measured diameter of 2 millimeters.    This 
means that the equation relating the power scattered into the multiplier with 
the input beam power 
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is better than 10 percent iti accuracy.    Figure 4 showed the geometric     layout 
for this scattering chamber and Figure 38 shows it for the collimating tube lab 1- 
ing all existing dimensions.    Figure 38 ie an improvement over the original 
version shown in Figure 5. 

The signal from the first photodiode was a monitoring pulse that was sent to a 
519 Tektronix oscilloscope and recorded by using a C-12 Tektronix camera 
system. 

The 519,   set on internal trigger,  produces an output-trigger pulse when it 
triggers internally.    This pulse triggers two other 545-A oscilloscopes set on 
external single-sweep mode.    One 545-A monitors the pulse produced by the 
photomultiplier from the scattered light.    The multiplier scans through the 
chamber into a light trap to minimize any spurious signals.    The signal is sent 
through a Tektronix 53/54B type plug-in preamplifier which has a variable gain 
adjust ranging from 20 volts to 5 millivolts. 

The other 545-A was modified so that a signal could be brought directly to the 
oscilloscope plates.    This required the use of a Tektronix-deflection plate con- 
nector.    The signal monitored by this system was produced by using two FW-114 
IT+T diodes,   one immediately before the chamber and one after,  whose outputs 
were fed into a Bishop Instrument matched tee at 50 ohms.    These outputs each 
had to be passed through a 100-foot cable which acted as a 100-nanosecond time 
delay.    In the line from the first diode,   an extra length of line had to be incor- 
porated in order to time-balance the two signals.    This amounted to 90 centi- 
meters of cable in conjunction will a GR constant - Impedance Adjustable 20-   , 
centimeter line,   No.   S74-LK20L.    At the match,   this signal was also reversed 
as seen in Figure 39.    Then the signal sent to the oscilloscope plates was the 
difference in amplitude of the two,  both matched in time.    The plates of the 
oscilloscope have a 2-nanosecond rise time with a 7. 25 volt/cm deflection- 
screen constant. 

By incorporating a Tektronix shutter-actuator power supply (Model 1,   No. 
016-211),   one button is pushed which opens two camera shuttera set for one 
second exposure and fires the laser simultaneously.    The other camera was 
tripped just prior to pushing the actuator button.    This yields three pictures of 
three pulses that have a definite time relationship among their pulse peaks. 
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5. 1. 2   Aerosol Generator 

The aerosol generator described in Section 4. 0 of this report was used to pro- 
duce the aerosols for this experiment.    Figure 40 is a photograph of the genera- 
tor.    The upper and lower chambers were made from cast acrylic tubes.    Origi- 
nally,  the upper chamber contained glass spheres to act as a filter.   These, how- 
ever, were found to be unnecessary.    The aspirator used to inject the aerosol 
particles into the lower chamber was constructed from glass according to the 
dimensions shown in Figure 41.    This proved to be superior to the design ob- 
tained originally.    A dry (tank) nitrogen flow of about 10 liter/min was used to 
operate the aspirator.    The hydrodisperse particle solution was introduced with 
the aid of the flask shown in Figure 40.    Control of the flow of the solution was 
accomplished by adjusting needle valves in the path of the flow,  and by control- 
ing the rate of air admission into the top of the flask. 

With the 10-liter-per-minute-aspirator gas flow alone,  the resulting aerosol 
was dominated by condensed water vapor.    However,  an additional flow of 10- 
cubic-feet-per minute of dry (tank) nitrogen was sufficient to prevent such con- 
densation.    The cone placed in the lower chamber collected any large water 
droplets which were formed,  and prevented them from reaching the upper cham- 
ber.    The upper chamber itself acted primarily as a diffusion chamber. 

The gas flow from the generator then passed into a monitoring chamber, which 
is shown in Figure 42 and in the photograph, Figure 43.   A 6328A He-Ne-laser 
beam is multiply reflected through this chamber to monitor the attenuation of 
the aerosol.    This beam then emerges and is recorded with ths aid of a Spectra- 
Physics power meter and a Varian G-11A recorder. 

After leaving the monitor chamber,  the aerosol enters the test chamber through 
4 inlet tubes.    These tubes are arranged in the approximate center of the cham- 
ber length,  and the inlets are equally spaced about the circumference.    These 
can be seen clearly in Figure 44.  The 4-tube arrangement has been found to 
produce the least turbulence inside the chamber 

Figure 40 also shows the scattering chamber,  which is located adjacent to the 
inlet chamber.    Because a short aerosol-containing length was required for the 
experiment,  the window-protective baffles are located next to the inlet and 
scattering chambers,  and the windows themselves are a long distance from the 
aerosol-exit region.    This arrangement was necessary to prevent the laser 
beam from attaining too high an intensity at the windows. 

Figure 45 shows an overall view of the experimental set-up.    The monitor 
chamber is in the center foreground,  and the output monitor phototube is on the 
left.    The laser beam enters the test chamber from the right. 
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Figure 40     PHOTOGRAPH OF GENERATOR 
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The oscilloscopes were focused just prior to testing by using a pulse generator 
built from flip-chip modules made by Digital Equipment Corporation.    The gen- 
erator utilizes a variable clock (R401),  a Schmitt Trigger (W501),  and a pulse 
amplifier (W607).    By using the clock to fire the trigger which free-runs the 
three amplifiers hooked in series,   a 40-nanosecond,   7. 5 volt pulse is produced 
with a megacyle repetition rate.    By triggering the scope and observing the 
pulse on the single sweep mode,  actual test conditions are approximated and a 
good focus can be obtained. 

Once an aerosol of stable concentration had been created (and monitored by ob- 
serving the constancy of the transmission through the monitor chamber),   a 
series of laser firings were carried out at various different peak powers. 

The instantaneous transmissivity (or optical density) of the aerosol under test 
was determined using the procedures described in Section 3. 0.    Some of the ex- 
perimental results are shown in Figure 46.    The upper curve is the   optical 
density of the latex-sphere aerosol at the time of peak laser power.    It is to 
be noted that,   in the vicinity of 1()9 watts/cm^,  the optical density undergoes a 
sharp increase.    This is precisely what is to be expected if the la*ex spheres 
become absorbing at this level as a result of non-linear effects.    The latex 
spheres,   at breakdown,  produce an ionized vapor,    Since this ionized vapor can 
trigger an air breakdown,   the sharp increase in attenuation is to be expected. 
The oscilloscope   trace for the balanced photodiode shows this breakdown dra- 
matically.    In Figure 47 and 48,  photographs 1 to 3 show the breakdown increas- 
ing as the laser power increases. 

The boron,  on the other hand,   indicated a decrease in attenuation as the power 
is increased.      This is again to be expected.    The boron particles are very 
small compared to a wavelength of light.    They are also small enough so that 
they would be partially evaporated by the laser energy, but the vapor thus created 
would not become absorbing.    Thus the attenuation would be expected to decrease. 
In Figure 48,  photograph 4 shows no breakdown effect when the boron was used. 

Figure 49 compares the optical density versus time for the latex and boron 
spheres.    A time plot of the laser pulse for the latex spheres is superimposed. 
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Figure 47     OSCILLOSCOPE TRACE 1 & 2 
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Figure 48     OSCILLOSCOPE TRACE 3 & 4 
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6. 0   SUGGESTED CHAMBER DESIGN 

6. 1   CHAMBER CONSTRUCTION 

The glass-and-metal construction that has been used for the experimental work 
described is adequate for work carried out at atmospheric pressure and below. 
The method of construction - that is, the use of segments - allows a large degree 
of versatility,  since the overall length of the chamber,  and the type of experi- 
ments,  can be varied at will.    Avco feels that this is superior to the approach 
involving multiple reflections within the chamber, although the latter is a use- 
ful approach, especially for attenuation measurements. 

If operation at higher pressures is desired however, the method of chamber 
construction used is no longer adequate.    Accordingly,  chamber designs which 
are conservatively estimated to be adequate at 10 atmospheres (150 psi) have 
been prepared and will be discussed in the following pages. 

6.1.1    Basic Design 

The basic chamber design incorporates simple,  smooth-surfaced flanges.    These 
flanges are to be bolted together, with Consolidated Vacuum Corporation 
"Con-O-Rings" serving as a hermetic seal.    Figure 50 shows the aerosol gene- 
ration chamber.    This is constructed with the standard 15 I/2-inch flanges shown 
in Figure 51.    This flange is welded to 0. 065-inch wall-thickness type 304 
stainless steel.    (Stainless steel is chosen because the aerosol generation 
technique most suited for experimentation uses a hydrosol,  and rusting of 
ordinary steel might be a problem).    The viewing ports are constructed in the 
same manner as the ports on the export chamber, Figure 57.    The top of the 
upper chamber is capped with a 1/2-inch thick plate containing a 1/2-inch-dia- 
meter pipe fitting for the exit.    The bottom plate of the lower chamber is fastened 
to the chamber with a standard flange.    This plate,  Figure 52,   contains a 1/2- 
inch threaded hole in the center for acceptance of the aspirator, shown in Figure 53. 

The remaining parts of the apparatus are constructed of the standard 9,   3 1/2,  3, 
and 2 1/2 inch flanges shown in Figures 54 and 55.    These flanges can be 
welded to 0. 065 inch wall-thickness stainless steel of 4,  2,   1,  and 11/2 inch 
optical density,  respectively (note that the 3-inch flange has a 1-inch hole). 

Figure 56 shows the chamber entrance and exit windows.    Because of the sizes 
and thicknesses required, the use of Brewster angle windows has been discarded. 
Instead the windows are anti-reflection coated on both sides.    This design allows 
a chamber of 4-inch diameter, and hence provides adequate space to allow 
multiple paths through the chamber.    The length of the exit window is not shown, 
since it can be any length desired.    A nominal length would be 3 inches overall. 
A 1/2-in  h fitting is attached to the side wall to act as a gas inlet. 
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The export chamber i8 shown in Figure 57.    This contains a small window 
through which the mixing of the aerosol can be observed.    Its overall length 
is 6 inches. 

Figure 58 shows the scattering chamber.    Th«s overall length is 20 inches,   and 
the long side arms are 10 inche- long.    The short arms are 4 inches (from the 
center of the chamber).    Figure 59 is a view of the collimating <;ube and the 
light trap which are to be attached to the chamber. 

The chamber section .'or across-the-beam interferometry is shown in Figure 
60.   Figure 61 shows the aerosol inlet section.    Figure 62 is a drawing of a 
photodiode holder which should greatly aid in the reduction of unwanted electro- 
magnetic radiauon from the holder, when short, intense laser pulses are moni- 
tored.    The holder includes the capacitor which maintains the anode voltage 
during the photoelectric emission.    Furthermore, the optical entrance to the 
diode also contains a screen which provides additional shielding. 

This type of holder should be a marked improvement over the holder presently 
used, in so far as noise is concerned.    It can be used in place of the holder 
shown in the monitor system of Figure 22. 

The chamber length can be varied depending on the length of the section between 
the aerosol input section and the export section.    The sections are simply any 
desired length of pipe having the standard chamber flanges welded to both sides. 
In this way the length of aerosol the laser beam sees for any particular experi- 
ment can be varied. 

When using the scattering chamber, which is placed on the incident-laser-beam 
side of the aerosol input section,   another section which is just as long should 
be placed on the opposite side.    This is to ensure easier balance of flow rates 
at any desired operating pressure and to ensure that the aerosol is in a drifting 
state in the scattering chamber; that there is no turbulence which will introduce 
discrepancies in the data taken.    Two port windows were placed at the top and 
bottom of the scattering chamber in order to verify this.    All that is needed is 
a laser beam passing down the test chamber with enough power to""illuminate the 
particles so that they can be seen.   In this way, any turbulence ca I be eaaily 
noted. 

Port windows are also provided in the aerosol export section.   Using the gas 
laser, turbulence in the section can be noted and the flow can be adjusted in 
order to minimize this condition.    It also provides for a quick check to ensure 
that the end windows are protected. 

The baffles to be used between the aerosol input section and extension section, 
between the extension section and the export section,  and between the export 
section and end window should be made out of light aluminum 1/16-inch thick, 
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such that their overall diameter will fit inside the Con-O-Rings inside diameter; 
namely,  5 1/4 inches for those used on the test chamber.    The actual hole in 
the baffle which regulates the air flow is variable and only by testing will the 
correct   size be obtained.    For a 2-inch-diameter test chamber running at a 
atmospheie pressure, a 1 1/4-inch opening was used for the baffle between 
the input section and the extension section, a 3/4-inch opening between the 
extension section and the export section, and a 1-inch opening between the export 
section and the end window.    Whether, for a 4-inch-diameter chamber, the 
holes should be increased by twice the diameter or by twice the area to match 
conditions should best be answered in the laboratory. 

» 
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I • APPENDIX 

A SIMPLE ANALYTICAL MODEL OF THE LASER-INDUCED BLOWOFF 

1. 0 Introduction 

The information presently available on the interaction of laser energy with solids, 
->.t high incident flux^c and short pulse durations,  is limited in scope.    This is 
because the numerical theories of the interaction are extremely complex,  and 
because the available experimental results are limited to relatively low energies 
concentrated on small areas.    The following discussion involves the application 
of some simplifying assumptions to the problem,   and the results,  which are 
analytical,  provide scaling laws which can be used to correlate more exact theo- 
retical treatments and applicable experiments. 

2. 0 The Assumed Model 

The present understanding of the laser interaction is that at relatively high 
incident fluxes,  the bulk of the incident laser energy is absorbed in the vapor 
evaporated from the solid,   rather than in the solid itself.    The absorption pro- 
cess is primarily that of inverse Brems Strahlung,  and it is therefore not 
unreasonable to assume that the absorption coefficient is proportional to the 
square of the density of the vapor.    Because the vapor formed at high intensities 
is essentially fully ionized, the absorption coefficient is not highly temperature 
dependent,   so that,  as a first approximation, temperature effects can be ne- 
glected. 

Now,  for the case in which a laser beam is incident on a plane surface at an 
angle of incidence o \    ;asured from the normal),  and both the beam and the 
surface are infinite in extent, the intensity of the beam at a distance k from 
the surface is 

=   /„  exp  - a     I      p     dh'/cos 6 (1) "I l0  exp  - a     I      p 

where a is a coefficient, p is the density,  and  /    is the intensity of the laser 
beam before any absorption occurs. 

Under most conditions, the vate of evaporation from the surface is slowly 
varying,   so that steady-state conditions can be assumed to prevail at the surface. 
If reradiation effects are neglected, then the rate of evaporation at the surface is 
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Ig cos 0 exp - a I pi dk'/cosO 
(2) 

(L+l/2 v/) 

where A is the absorptivity of the surface for optical radiation, /, is the heat 
of vaporization per unit mass of the solid,   and vs is the velocity at which the 
mass leaves the surface;   vt is a function of the surface temperature,   which 
again is not greatly dependent upon the intensity at the surface,   so that vs 

can be considered as essentially constant. 

If it is assumed that a fraction/* of the energy absorbed by the vapor is effective 
in accelerating the vapor in the direction normal to the surface,  then the rate 
of change of the kinetic energy of the vapor as it moves away from the surface 
is 

d 
(1/2 p vs) aßp2t 

a />* exp i p2 dh'/cosd (3) 

if we neglect the contribution from the intensity reflected from the surface and 
from reradiation from the vapor.    The former is only significant near the 
surface, at high laser intensities,  and the latter is not as effective in heating 
or accelerating the vapor,  because it occurs at a very short wavelength.   Re- 
radiation would affect the energy arriving at the surface,  but this can be 
included in an effective absorptivity A. 

Now,  in order to integrate Equation (3),  it is necessary to assume something 
about the flow.    The simplest assumption is that the mass flow away from the 
surface is not a function of position.    This assumption is not unreasonable, 
since the decrease in mass flow, with time,  from the surface,  as the laser 
beam is attenuated by the vapor layer,  is compensated by the higher velocity 
as the vapor moves away from the surface.    Under this assumption, the mass 
flow is 

"i   *   m
0   -   Pv 

and Equation (3) becomes 

t>J   dv/dh    =   a ß l0  m0   exp - a   m0' 

(4) 

[ 
dh' 

v    cos 6 
(5) 
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Equation (5) can be differentiated,  and the exponential eliminated between the 
equation and its derivative,  to produce the differential equation 

d/dh (v3 dv/dh) = (a mj2I cos 0) vdv/dh (6) 

which can be integrated once to give 

v3 dv/dh    -   a + a  m2 v2/2 cos 6. (7) 

Now, if the laser pulse is of finite duration«, the vapor layer will expand to 
a distancehm, and the velocity of the vapor at that distance will be v . Then, 
at time i,  Equation (5) becomeo 

V dh'/v    cos 6. 3 J../JL   _   j    i  -   i 2     H        M, >/..'?■  .,,..  ft (8) 

But,  from Equation (7), 

dh/v2    -    vdv/(a  +  a m0
2  v2/2 cos 0} (Q) 

so that the integral 

.A. 

h2     I dh'/v' >2  cos 0 - In (a +   a m2 v212 cos 6)/(a + a m2 v2/2 cos 0). 
(10) 

'A 

Thus Equation (5) becomes 

v3 dv/dh   =   a ß l0 m0 (a + a m2 v2/2 cos 6)/(a + a mQ
2 vJ/2 cos 0), (11) 

and,  from Equation (7),  is obtained 

m0!0   -   a + a   mj vJ/2 cos 0. (12) 

From Equation (2) is obtained, using the integral of Equation (9) and Equation (12), 

A L   cos 6(0 + 0. m„   v, /2 cos 6) 
(13) 

I (L + 1/2 v/) a ß l0 m0 I 
By elimination of "a" from Equations (12) and (13), an expression for  m 

I is obtained 
i 
I 
j mQ   =   2 ß l0 cos 6/ [ vj - v2 +(2 ß/AXL + 1/2 v2) ) . (14) 
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Also, from Equation (13), Equation (7) can be written as 

v3 dv/dh » (a *2/2 cos 6)[ v2 - v2 +(2 ß/A)(L + 1/2 v2) 1 . (15) 

An expression for vm in terms of the pulse duration t is still required. By 
applying conservation of energy, the total energy attained by the vapor, by 
absorption from the incident beam, is found to be: 

i E   •   I    ß 1   cos 0 (1 - exp — m2      I        dk /v2 cos e) it' 

1/2 p(v2 - v2)dh' • 1/2 m0     I (v-vs
2/,<) 

*0 

dh' (16) 

Equation (16) can be integrated with the aid cf Equations (2) and (15), with the 
results: 

3 a ß l„ mn t   « vj - v3 
~   o     o m s 

Then,  by inserting the value for m   from Equation (14), we obtain 

l2  t cos 0 ~  (vm
3 - vs

3) lvm
2 - v2 +(2 ß/A)(L  + 1/2 v2)] /6aß2 

as the equation relating v  with .', t, and 6. 

(17) 

(18) 

The impulse on the surface can be determined by determining the momentum 
of the vapor 

r /    =     § ß  vdh'   -   m0     \   dh' 

to i 

r v3 dv/fa m2/2 cos 6) [v2 - v2 +(2 ß/A)(L + 1/2 v2) ] 

(cos$/am0)  )   vm
2-vt

2 +   U2 -£ ß/$(L + 1/2 v2)) In 

2       .,2 

fyß/AlL+1/2 v2) (19) 

On insertion of the value for m   from Equation (17); o 
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JT ß i01 cos e (     9 r 2 2/3      21   r 

/I J |_      ' 
Equation« (18) and (20) arc sufficient for the determination of the impulse for all 
values of/ ,t,  and 6,   However, the assumptions used should only be valid when 
t-mis large compared to Vj.   In this case,  Equation (18) reduces to 

±3 

l0
2   COS 5/6 t =  vj"~  a ßd 

and Equation (20) becomes 

y = 3 ß i01 cos e/vm 

from which is obtained 

3ß3/5,3/S ,4/5 cos4/Se 

I = 

(21) 

(22) 

(23) 

6l/5 a 1/5 

Equation (23) is the expression for the impulse per unit area as a function of 
pulse intensity, duration, and angle of incidence.   It contains only the parameters 
a  and ß ,  and does not contain the absorptivity A ,  or the energy of vaporization 
L + 1/2 v 2   ,    This result justifies the neglect of the effect of reradiation on 

the rate of mais loss,  and also implies that the vapor properties dominate the 
interaction process. 

It should be pointed out that the analytical expressions in Equations (18) and (20) 
approach the expected value of the impulse as the pulse intensity and duration 
are decreased to the point that vapor absorption is negligible.   In this case v 
approaches v ,  and 

\   (20) 

/  * A v. /„ cos e t/(L+l/2vt
2) SO « 

as is to be expected. 

3.0 Finite Beam Size 

(24) 

The preceding derivation is applicable to the case in which the distance traversed 
by the vapor, km,  is small compared to the- size of the incident laser beam.    The 
A can be found by integration of Equation (.5),  and is 

//*- 

7  + 

1.5 t 

2 2 
tn 3 

(2ß/A)(L + l/2v/)_ 

-J ~ »s* + 
m s V2.J1 (L+1/2 

A 

2 2 2/3 
(I + 1/2 

**)   j In 

(25) 
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which approaches 

A«.   «   l.S «t 
3f6)1/S «J/s ß2/sL2/5 %m ™1/5e 

(26) 

as vm becomes large. 

Now, it is assumed that the pressure on the surface remains unchanged once hm 

exceeds the beam radius.   This pressure is defined by tne product 

where m   and v  are defined at the time when h   ■> r . 

(27) 

When the expressions for the asymptotic values of v   and M  are used, together 
with Equation (26), the resultant pressure is 

p   -   3S/6 ß2/3 i 2/3 cos5/6 $/2l/6 .1/6 ,1/6 (28) 

It should be noted that changing the value Of the cut-off point has only a slight 
effect on the pressure,  since the pressure is not a strong function of r.   The 
impulse is then 

/ - pt 

. 35/6 ß2/3 lg2/3 tcosS/6 $-l/6 f-l/6 2-l/6 

4. 0  Low Energy Case 

(29) 

At low energies,  the impulse follows Equation (24).   However,  a finite length 
of time is required for evaporation to occur.    This time is inversely propor- 
tional to the square of the incident intensity,   so that the term t in the equations 
should be replaced by the term t - t', where 

t' B/l0
2 cos2 e (30) 

In most cases, this correction is necessary only for relatively low incident 
intensities and short pulse durations. 

5. 0 Summary 

The equations that have been developed contain parameters that are best deter- 
mined from either experiment or from relatively exact theoretical analyses. 
Since it is more convenient to work either with impulse per unit area or with 
coupling coefficient (impulse per unit area divided by energy incident per unit 
area), the results will be summarized in both these forms,  for the various 
ranges of interest. 
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a.     Low energy regime 

Coupling coefficient 

C   =   0, 

a(l-tVt) 

t'   -   B/lJ cos2 6 

Impulse/unit area 

/    -   al0 cos6(t-t') 

b. Short pulse regime 

c - 6 a0
2 t cos er1/s 

1    -   bl^5 t«5 cos«H 

c. Long pulse regime 

C   - c (i2 T cos er1/6 

2/3 ,5/6 r-i/6t 

t < /' 

i > t' 

t > t' 

*CT < ' 

*„>' 

(31a) 

(31b) 

(31c) 

(32a) 

(32b) 

(33a) 

(33b) 

(34a) 

(34b) 

The constants B, a, b, and c, in the equations ara to be evaluated from theoretical 
or experimental results.   In general, the regions of validity of the equations, 
with increasing pulse duration or intensity,  are in the order given.   Figure   1 
illustrates this, for constants arbitrarily chosen as B = 10?,  a = 10,  b = 1000, 
and c = 100.    These are chosen to give impulse in dyne-sec/cm ,  coupling 
coefficient in dyne-sec/joule,  and time in seconds,  with intensity in watts/cm^. 
The different curves are for different radii in centimeters for an angle of incidence 
0 of 0 degree.   In Figure 1,  coupling coefficient is plotted as a function of time, 
for an incident intensity of 10° watts/cm . 

The curve labelled r = 0 is Equation (31b),  and labelled r = «>   is (33a).    Equation 
(33a) is also corrected for the evaporation time«'.   If, for example, the beam 
had a 10 centimeter radius, then the coupling coefficient would follow the r = 0 
curve for durations less than 1. 5 nanoseconds.   It would then follow the r - «• 
curve until this curve intersected the r ~ 10 curve at a pulse duration of about 
500 nanoseconds.   For longer puh<es the r = 10 curve would be followed. 
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