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ABSTRACT
(Distribution Limitation Statement A)

Atmospheric turbulence can affect the propagation of laser beams of any power.
Thermal blooming, a nonlinear propagation process, can seriously degrade high-
energy beams. These two processes are reviewed in detail, with emphasis on
parametric effects such as aperture size, wavelength, and focal distance.
Included in the discussion are such new topics as supersonic slewing and stag-
nation zone problems. '
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SECTION 1
INTRODUCTION

When laser radiacion is transmitted through the atmosphere, numerous physical
processes can occur that, generally speaking, alter the nature of the beam. When
the power in the beam is low, the processes tend to be linear in nature. At high
powers, new processes are found to occur. Depending on the specific application,
these processes may limit the usefulness of the laser system.

In tnis report two phenomena characteristic of high-energy laser beams which
propagate through the atmosphere are discussed. The first subject is atmospheric
turbulence, a phenomenon which a fects both high- and low-power beams. A brief
introduction to the atmospheric effects that are the source of optical degrada-
tions is given. Next, certain theoretical implications of the propagation of
focused beams are described. Finally, experimental observations that have been
made on this aspect of propagation in a turbulent atmozphere are given.

The second subject is the thermal blooming of high-energy laser beams. Par-
ticular emphasis is placed on 10.6um systems and the particular kinetic processes
associated with the absorption of this wavelength in the atmosphere. A discus-
sion of the current status of theoretical calculations is given and examples of
the parameter dependencies of the phenomena are shown. The propagation of pulsed
laser systems is discussed and results of some recent work presented.

=
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SECTION 11
LASER BEAM PROPAGATION IN ATMOSPHERIC TURBULENCE

1. BACKGROUND

When a laser beam traverses a distance in the atmosphere, its ideal phase
characteristics experience small perturbations which alter and redirect the
energy in the beam (refs. 1, 2, 3, 4, and 5). The resulting intensity fluctua-
tions are called scintillations and have been observed when looking at twinkling
stars. The source of these perturbations is a random index of refraction field.
The source of this field is related through the density almost exclusively tc
temperature fluctuations. Pressure variations (P) are very small and are rapidly
dispersed. One can therefore show that the change in the index of refraction
with temperature (T) in the atmosphere (using an isobaric assumption) is given by

% AT(r) (1)

an(r) = - 79x10-%
It is generally assumed that the atmosphere is at least locally homogeneous

and isotropic, although this is often not true. To help diminish the problems
associated with this assumptiun, atmospheric scientists often studied structure

functions. Defined as
Dp(risry) = <[in(ry)-<n(ry)>)-(n(rs)-<n(r,)>)]%> (2)

where the brackets denote ensemble average, this function has been found to be
less sensitive in form to the conditions of local homogeneity and isotropy.
Assuming homogeneous and isotropic turbulence, the temperature field has been
shown experimentally and theoretically fur sufficiently small spacings (r) to

have the form

Dr(r) = <(aT(p) - aT(r+p))2> = Cr2r2/3 (3)
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Using high-speed temperature-sensitive instruments one can calculate the constant
Ct (ref. 6). Through equation 1 a similar spaiial dependence of the index of
refraction can be obtained and hence a determination of C,? made.

79P .
o = (2210 o g

Ch” is frequently called the atmospheric structure constant, although it is
seldom very constant. [t has come to typify in one all-encompassing term the
nature or strength of the atmospheric turbulence. Its value near sea level
ranges from 10-!’m="/' or smalier for “ery wcak turbulence to 10-!°m=2/3 or larger
for very strong turbulence. Actually, the nature of atmospheric turbulence is
much too complicated to be described very well by this one parameter. Notably,
scale sizes are very important in the description of naturally occurring tur-
bulence.

Temperature fluctuations are introduced into the atmosphere by large scale
phenomena such as heating of the earth's surface. These disturbances are broken
up and mixed by the wind until temperature fluctuations of all scale sizes exist.
Wind fluctuations control the temperature variations. Hence, it is instructive
to discuss the characteristics of the atmospheric wind field.

This field obtains energy from large scales such as wind shear or convection
from solar heating of the ground. Therefore, the turbulence energy must be
introduced by scale sizes larger than some minimum value (L) called the outer
scale of turbulence. (Wave number Ko = 2n/L0 in figure 1. Actually, figure 1
shows the power spectrum of the index of refraction fluctuations, but the form
of the curve is equivalent to the velocity field puwer spectrum as well.) For
K < Kg, the form of the power spectrum is not known in general, owing to its
dependence on local conditions and surface terrain. In this region the turbulence
is most likely not homogeneous and isotropic. Typical ~izes for L, vary from a
number such as the height above ground to 100 meters or more for the upper
atmosphere, although stratification can alter this. In figure 1, the inclusion
of a finite outer scale causes the power spectrum to remain finite as K - 0.

Under the assumptions that energy is input at the small wave numbers and
dissipated at large wave numbers, and that for these scale sizes of turbulence
the Reynolds number is much greater than unity, and that the scale sizes are
small enough so that buoyancy forces are negligible, Kolmogorov originally

3

i




AFWL-TR-74-74

Ca

MODIFIED MODEL

S
Y

|
°C [ P 2’/'0 I "'G[
Eaé’» Losinm I §
23 4 Tl 7AW ! a
4 | a2
10 Lot Im | a
|
|S°‘- .l |
e X

| | \ | I |
LA4s) L d Lk
[ 0 10 10

Kiw')

Figure 1. Three-dimensional Spectrum of the
Refractive Index Fluctuations (ref. 4).

proposed a turbulence model that predicted a K-!1/3 spectrum in the inertial
subrange where the sca'e sizes are smaller than Lo but larger than ¢45; this has
been experimentally verified. 1, is an inner scale length which marks the tur-
bulence scale sizes for which viscous dissipation converts the energy in the
turbulence into heat. Typically it is on Lhe order of 1 mm near the ground to
a few millimeters at altitude. In this region of the turbulence spectrum, the
form is again not well known. However, it is clear that for K > Ky = 5.92/%,,
the slope of the spectrum is steeper than the slope of the inertial subrange.

It has been found that the temperature fiuctuations obey the same spectral
law as the velocity rluctuations. That is not to say that their magnitudes are
related, however. Strong mechanical turbulence (i.e., velocity fluctuations)
tends to smooth out temperature variations and produce an atmosphere with an
adiabatic lapse rate. On the other hand, an atmosphere with very little wind
can sustain very strong thermal gradients. For optical propagation, temnerature
is the primary source of disturbance.

Tatarski (ref. 1) used the following form for the power spectrum of the
refractive index:

on(K) = 0.033C,2K-11/3exp(-K2/K2p) (€

This spectrum is singular at K = 0 and therefore does not possess i covariance
function. This difficulty can be circumvented by use of a Von Karman spectrum
of the form (ref. 4)

PR or T
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0.033C,“exp(-K2/K2,)

(K? + (Lo/2r)=?)' /" : X

3n(K) =

that artificially imposes a well behaved dependence for K - 0.

In figure 2 some experimental results are presented to show (ref. 7) the
simultaneous behavior of the measurement of optical intensity scintillation and :
and Cp”. Plotted on the ordinate is the variance of the log amplitude ”xz =
<(x=+x>)?>, where ¢ = In(A/Ay), Ag and A being the unperturbed and perturbed
field amplitudes, respectively (note I~ AZ, where I is the field irradiance).

|
l
The theoretical 1og amplitude variance prediction tor a spherical wave source '
i
1
]
|

in turbulence is

‘Y; = 0_%24 Cpl 7211/¢ ¢7/6
where k = 2n/), % is the optical wavelength, and Z is the range to the observa-
tion plane. These results show the good agreement between macroscopic measure-
ments of turbulence and simultaneous optical effects. Note the increased
strength of both processes during daylight hours, the very low values at sunrise
and sunset, and the nighttime variability. The two simultaneous optical path

' R Rt Cae i A
| AT
; Y v W ’u
: i/
. g - /f” LNN\»

Ta 4PN A RA

Figure 2. Simultaneous Amplitude Scintillation and
Turbulence Structure Constant Data (ref. 7).
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measurements also show the frequently referred to phenomenon of saturation of
scintillation (refs. 8, 9, 10, and 11); during daylight hours, the variance of log
irradiance of the 1000-m path is actually lower than the same quantity measured

in the 490-m path. This behavior has frequently been observed and is really only
understood in principle to be a multiscattering phenomenon.

2. PROPAGATION OF BEAM WAVES IN A TURBULENT ATMOSPHERE

Historically, one finds that much of the original experimental and theoretical
work has been directed to studying the propagation effects of plane and spherical
wave sources in a turbulent medium. In recent years there has been considerable
interest in extending the earlier theories to treat the propagation of beam waves
in turbulence. The theoretical work has been extensive (refs. 12 through 20) and
presents many interesting questions which need to be tested by the experimentalist.
Unfortunately, experimental results on beam wave propagation have been slow in
developing (refs. 22 through 27) owing mainly to the difficulties associated with
good quality large laser optics and related instrumentation. The remaining dis-
cussion of atmospheric turbulence effects will be confined tu those results which
specifically apply to the propagation of beam waves. (A beam wave may be defined
as any transmission configuration which does not fall in the spherical wave or
plane wave propagation case. Stated slightly differently, it may be defined as
a propagation arrangement in which the transmitted beam emerges from optics which
have finite size.)

Consider an experimental arrangement (figure 3) in which a beam wave is trans-
mitted through atmospheric turbulence to a target where it is observed. The
transmitter characteristics are specified by the output beam diameter (D), the
wavelength (1), and the focal length (F). The intervening turbulence is specified
by the structure constant (C,?) and the outer and inner scale sizes. If Ly > D,
then there must be turbulence scale sizes that are larger than the beam diameter
at all points along the beam path. These "turbules" act as week lenses which
deflect the beam as a whole in a random way leaving the shape of the beam
unaltered. This is called beam wander. Scale sizes smaller than the diameter of
the beam diffract and refract the beam and generally smear out its energy dis-
tribution profile, an effect referred to as beam breathing and scintillation.
Depending on the characteristics of the turbulence and the transmitter, these
two mechanisms share with some proportion in producing the total average long
term distortion of the beam.
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Figure 3. Usual Propagation Configuration.

Kerr (ref. 23) has observed that under moderate strengths of turbulence, the
focal plane distribution retains its diffraction-limited beam size but moves
randomly mainly under the influence of the large turbulence scale sizes (figure
4). He has observed large scintillation effects, however, at points well removed
from the central spot of the beam. The reduction in scintillation of the central
cpot is predicted in one beam wave theory (ref. 12), but the same theory appar-
ently fails to adequately account for the beam wander effects (ref. 23). This
theory also predicts a severe sensitivity of scintillation of focus adjustments,
an cffect which Kerr found to be true (figure 5). Misadjustments in focus
resulted in a beam which scintillated strongly in the form of many time-evolving
intensity blobs each of which is approximately the size of the transmitter's
diffraction limit. In the presence of strong turbulence, the beam breaks up into
a proliferation of many spots, each of which is also approximately the spot size
of the transmitter's diffraction limit (figure 6). In this situation, the phase
distortions incurred by the beam are so large that the physical concept of focus
no longer seems to be valid. .

A problem closely related to the propagation configuration of figure 3 is
shown in figure 7. If one observes the image plane characteristics of the point
source, one will find almost exactly the same characteristic dependences as Kerr
found for the beam wave projected through the turbulence. This is no uccident,
and it is related to the reciprocity of the linear turbulence operator.

For example, beam wander is clearly a major concern in the propagation of
beam waves, for there exists the possibility that this phenomenon can be removed
by fast tracking optical systems. Because the beam wander is mainly a result of
large turbulence scale sizes, geometrical optics approaches to the problem should
yield good results. Many persons have attempted this approach making a special
treatment of turbulence scale sizes which are larger than (or smaller) than the
beam size (refs. 24 and 26). Hull, et al. (ref. 24), using such an approach,
obtained the following expression for the angular beam wander (along one axis)

7
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ca2> =

£l

LD-1/3C,7 {1.45 - 3 (0/Lo)* (7)

Considering the reciprocal problem (figure 7) several other persons have

analyzed the nature of the focal plane image dancing (refs. 3, 15, 16, 20, and 27).

Fried (ref. 27), for instance, used an approach that decomposed the turbulence
distorted phase profile at the collecting aperture into a series of polynominals.
He then defined the angle of arrival as the angle normal to the best fit linear
plane surface through the phase aberrations. Heidbreder (ref. 16), also using an
extremum approach, defined the angle formed in the direction of maximum instanta-

neous power as the beam wander. Both workers arrived at identical results for
image dancing (ref. 20).

In the limit Ly » =, they obtained (for spherical waves)

<a?> = (2.91)(3/8)(1.026)L (D)~ 1/ 3Cp? (8)
which differs from equation 7 by about 1 percent. The thrust of the image-dancing
analysis can be easily visualized in the following argument originally proposed by
Hufnagel (ref. 19). Consider an arbitrary phase distribution across an aperture

of diameter D. The phase difference between opposite points on the edge of the
aperture is [+(D/2,0) - +(-D/2,0)] so that the angular tilt is just

« = [+(0/2,0) - ¢(-D/2,0)]/kD (9)
where k = 2n/). Assuming a zero mean for ., one gets for the variance
“a?> = Dg(D)/k2D? (10)

where Dg (-) is the phase structure function. For a spherical wave, and Lg - =,

and D "Q xL
<a?> = (2.91)(3/8)LD~ !/ 3¢p? (11)

which is quite similar to equation 8. Inclusion of outer scale effects produces

<a?> = (2.91)(3/8)LD"1/Cq2(1-0.67(D/Lo) ! *) (12)

11
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where Lo = Lo/27. The existence of a finite outer scale tends to decrease the
strength of the beam wander (ref. 14).

Beam wander has been measured by 1 few researchers under vcrying conditions
of transmitter configuration and turbulence strengths (refs. 22 23, 24, 26, and
28). Some of the most interesting work was performed by Dowling, et al., at NRL,
where they simultaneously measured through common optics the far-field irradiance
characteristics of laser radiation of two very different wavelengths (0.6328um
and 10.6um). Their results show, among other things, that beam wander is to a
very high degree independent of wavelength (figure 8) as the theory predicts and
a reasonably accurate function of LCp? (figure 9). Maximum values of <a2>
exceeded 1.6 x 10-%urad? at times of strong turbulence.

The developments leading to equations 7, 8, 11, and 12 stress the importance
of the phase structure function. To include amplitude effects, the wave structure
function, defined as the sum of the phase and loa amplitude structure functions,
should be used instead. However, for many situations of interest, the effects of
phase aberrations strongly outweigh the comparable amplitude effects and can be
shown to dominate the far-field distributions. Nonetheless, it should be kept
in mind that these developments have assumed small amplitude disturbances. In
any event amplitude effects should never produce more than a factor-of-two effects
in the calculations.

The reciprocity of beam wander (figure 3) and image dancing (figure 7) is
only part of a very useful reciprocity theorem. It may be stated as follows
(ref. 29). Consider a single realization of the random index of refraction
field between two points in space (BJ and B?)' The field at point p, due to a
unit amplitude spherical wave source at point p, is exactly the same as the field
at p, due to a unit amplitude spherical wave source at point Pi1. Any linear
ref;ﬁctive element (say for example, a lens) may be placed between p; and p,, and
the reciprocity theorem is still valid.

Two important results are implied by the point-to-point reciprocity therein.
First, one can show that if the instantaneous phase and amplitude distribution
can be measured in the transmitting aperture for point source located at the
receiver plane, then by transmitting a beam whose amplitude and phase is exactly
conjugate to this, the far field irradiance distribution is limited only by the
diffraction aspects of the telescope. This is to say, all the deleterious effects
of the intervening turbulence can be eliminated. Of course, it is no simple feat

12
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to either instantaneously measure the amplitude and phase of the point source
accurately or to quickly and precisely generate a beam with the conjugate field
distribution. However, there does exist the possibility of rapidly sensing
(through heterodyne detection, for instance) an effective wave front tilt for the
spherical wave. Transmitting a beam with the conjugate tilt (fast tracking
telescopes do this) can eliminate the beam wander component of the phase distor-

tion.

A secc 1 result of the point-to-point reciprocity theorem is the following.
If a lens is used to collect and image a point source that is imbedded within
the turbulence, then for every instant in time there will be a certain random
irradiance distribution obtained in the receiver's focal plane. If at that same
instant in time one could use the collecting telescope as a transmitting tele-
scope, in a reciprocal configuration, then the irradiance distribution thus
obtained would be precisely the same as the one obtained in the imaging configura-
tion. This suggests, among other things, that for the determination of the wave-
front tilt, one need only observe the angular deflection of the image of the point
source. Thus, a collecting telescope and a displacement detector (such as a quad
cell, for instance) can make a very simple device for rapidly sensing wavefront
[ tilting.

i I

i i R~ e

These two results follow from the point-to-point reciprocity theorem, but in
reality they only approach the exactness implied above when a certain condition
is satisfied. That condition requires that the refractive scattering of the
turbulent medium must be weak enough to insure that the focal plane spot size of
the transmitted beam including beam wander and beam spreading must be smaller
than the isoplanatic patch size. The meaning of this isoplanatic patch size can
be illustrated as follows. Suppose two point sources are imbedded in the tur-
bulent medium adjacent to one another. In the focal plane of the receiving
telescope, the two sources will be imaged side by side. If the two images are
exactly alike (and this of course requires some qualification), then the two
point sources are said to be within the isoplanatic patch size. The focal plane
spot size of the transmitted beam will be within the isoplanatic patch if the
invariance of the two point source images is maintained for lateral separations
larger than the focal plane beam diameter. For strong optical distortions, the R ii
isoplaratic assumption may be violated, vitiating the two previous results; '?
nonetheless, point-to-point reciprocity will still be valid under any condition.
Incidentally, the isoplantic requirement is usually satisfied for most optical
systems operating in the near field of the transmitting aperture. In addition,
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it can be shown that the isoplanatic qualification can be totally removed if one

considers statistical quantities, such as the long time averaged size of the beam.

Using this theorem, Lutomirski and Yura (refs. 13 and 31) have developed an
elegant propagation theory which seems to coalesce nicely with the few recorded
experimental observations of beam wave propagation which are available for
detailed comparison. Hufnagel and Stanley (ref. 19), Fried (ref. 18), and
Mooreland and Collins (ref. 17) developed a similar line of analysis for the
case of an imaging receiver. By the reciprocity theorem, they are now known to
be the same. Lutomirski and Yura show that the irradiance at a point p in the
receiver plane is given by (ref. 13) -

1(p) = (_2_T|:_Z_)z /f expyik(s,-s,)}

rexplv(ry) + i*(r;)} Up(ry) Ua*(rp)dr %dr,? (13)

where UA(ﬁ) is the transmitted aperture distribution; s,, s, are the geometric
distances between points p and the points r, and r, in the aperture, respectively;
and, W(EJ) and ¥(r,) are the perturbations in the field at p due to unit spherical
waves emitted at r) and r,. -

Performing an ensemble average, or as is done in practice, averaging over a
time long compared to all the beam wander and beam scintillation frequencies of
interest, one gets

1)y - () ff emtiktsis e )

U(r JU*(r;)d%r; ,d?r, (14)

where MgLT is the "long time" mutual coherence function of a point source located
at the receiver plane and measured at the transmitter plane. One can readily show
that if ¥(r,) = x +iS, where . = 1n (A/Ay) (Ao being the unperturbed amplitude

of the field and A the perturbed amplitude) and where S is the perturbation to
the phase, then assuming that the random quantities are Gaussian random variables,
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MsLT(0,2) = <exp(¥(r)) ¥*(r,))> = exp{-D(p)/2} (15)
where |r; - r,| = p and where D(p) is the wave structure function given by

D(p) = Dx(p) + Ds(p) (16)

Homogeneous and isotropic turbulence has been assumed. In terms of the covariance
function (instead of structure functions)

D(o) = 2(B(0) - B(p)) (17)

B(0) is a constant and is equal to the sum variances of the log amplitude fluctua-
tions and the phase fluctuations. B(p) is the covariance function which can
assume many forms but in general has the property that as p+ B(p) = 0. Thus a
typical form for the mutual coherence function in equation 14 might be 1ike the
function shown in figure 10. Lutomirski and Yura show that the asymptotic limit

is given by
B(0) = 2Z/%, (18)

where

I = [2n2k2 /‘w¢n(K)KdK]-l (19)
0

for 45 << Lo, equation 19 can be approximated by
Zc = (0.4k2Cp2Lg5 ) "! (20)

Notice that in the limit of infinitely large L, (as implied by the power spectrum
of equation §), Z. = 0. This is a reflection of implication that there is, in
this 1imit, an infinite amount of energy in the turbulence spectrum, which of
course is not true. Nonetheless, if one holds all else constant, then by increas-
ing the outer scale size the total energy in the turbulence spectrum grows, and
hence more severe optical effects occur. Thus, it is valid to conclude that when
equation 5 can be used to calculate optical quantities, the results generally form
an upper limit estimate of the effects. This is illustrated in the comments that
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follow. Zc has units of length and may be thought of as designating a propaga-
tion distance for which the mean field of a spherical wave is reduced by e-! from
its vacuum value.

For homogeneous and isotropic turbulence, equation 14 can be written in the
paraxial approximation as

<I(p)- = (2"2) // d2oMsLT(p,2)exp[-(ik/z)0-p]

//U(f_ + o/2)U*(r - o/2)exp[(ik/z)p -r]d?r (21)

where the second double integral can be identified as the modulation transfer
function (MTF) of the transmitter. This function varies in shape dependence on
the nature of the telescope and radiation source but generallv might have a shape
as shown in figure 10 (bottom curve). As the diameter of the transmitted beam is
increased, or the wavelength of the radiation shortened, the cut-off frequency
grows larger indicating an increase in the resolution of the telescope (and con-
versely, indicating a decrease in the transmitted diffraction limited spot size).

Consequently, equation 21 can be interpreted as stating that the MTF of the
total system (atmosphere and telescope) is the product of the MTF of the atmos-
phere and the MTF of the telescope. The irradiance distribution (point spread
function) is just the Fourier transform of the total system MTF.

Clearly, if MSLT(E) = 1, (for all p), the system will be diffraction limited,
the integral argument being dominated by the MTF of the telescope. In fact, if
exp[-B(0)] is greater than e-!, for example, the effects of turbulence on the
optical transmission characteristics are very slight. If, however, exp {-B(0)]|
<<e~l, the atmosphere has a strong effect on the beam. The degree to which the
effect is severe depends critically on the width of MSLT(L). Lutomirski and Yura
arbitrarily define a (long term) "coherence diameter” as beirg that value of
e=pg for which MsLT (LOLT) = e-!. In order to be able to do this, one must
require of the propagation range being considered that M¢(2g,2) =1 and Mg(Lg,Z)
<< 1 which imolies that

Ic << L << Ij (22)
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Figure 10. Typical Modulation Transfer Functions for the Atmosphere
and for a Telescope.

where Zj = Z.(Lo/20)°/3. In this region, one can write approximately that
MsLT(0,2) = exp[-1.4(2/2c) (p/Lg) %/ 3(1-0.71 (o /Lg) /3] (23)
ool TILT) = oot T(=) (1 + 0.426[p T (=)/Lo]}/?) (24)

where pg(~) = (0.545 chzk/)'f’/5 is the cohererice diameter obtained by assuming
an infinitely large outer scale (i.e., using equation 5 for the power spectrum).

If Z >> Z;, then MSLT(XO,Z) <~ 1 aid the focal plane irradiance distribution
is very broad. The MSLT(o) is found there to depend most strongly on the inner
scale characteristics:

MsLT(0) = expl0.8(2/Z)(0/54)2] (25)
For this case,
0o = [0.76 Co221/25 =1/ 6k]"2eeqy (26)

One can then interpret the preceding results as follows. Turbulence converts
a coherent radiator of diameter D into a partially coherent radiator diameter




ooLT. The size of ooLT is determined solely by the mutual coherence function
(MCF) of a spherical wave source located at the receiver and measured in the
transmitter plane. Incidentally, to be more precise, in the range where

Ic <7 <%, and Ly » =, pg is given by the following weighted integral.

-3/5

Z, Z,-1-75/3
polT = 1.45k2fz an(Z')[Z&_zl—] dz’ (27)

1

This implies that the turbulence near the transmitter (Z,) is weighted most
heavily as affecting the beam propagation characteristics. Thus, for instance,
if atmospheric turbulence can be assumed to decrease with altitude, then greound-
based illuminators of airborne receivers are degraded more seriously than equiv-
alent airborne illuminators .of ground-based receivers.

The relative size of oolT to D has been found to correlate well with the
observations made by Kerr (ref. 23). The following conclusions apply to a beam
focused in the near field of the transmitting aperture. Namely, when oq >> D, no
turbulence effects of any degree are significant. For ooLTzz D, beam wander is
found to be the predominant propagation effect, with very little instantaneous
beam breathing or scintillation. For ooLTﬂiD, beam wander is still a major
effect, but now beam breathing is becoming a competing process, although still
not dominant. If oglT << D, scintillation, and beam spreading are the dominant
effects.

Amplitude scintillation effects are small when Z is in the near field of the
ooLT or D, whichever is smaller; i.e., Z - k ogtT°. (This condition coincides
nicely with the requirement that the amplitude scintillation of a spherical wave

remain small.) For Z - kooLT“, where ¢q << D the beam breaks up into a prolifera-

tion of individual patches of spots, each approximately the diffraction spot size

of the transmitting aperture. Focusing in this case ceases to have a well-defined

meaning.

One implication of the preceding which is important is that when Z 2 Z.,
substantial improvement in far field irradiance can be achieved by using increas-
ingly larger transmitting optics (ref. 16). This conclusion however, does not
follow if the power spectrum of equation 5 is used. In that case, the MCF is
found to be given by
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Mg (o) = exp[-(2.91)(3/8)k2Cy2Z05/3] (28)

which rapidly tends to an asymptotic value of zero for large ¢, (i.e., Zc ~ 0 as
Lo » 0 as noted before). Recalling the form of the calculation of the irradiance
distribution, the quantity of interest is the product of the atmospheric and
telescopic MCF's. If the aperture of the transmitter is made sufficiently

larger and larger, its MCF becomes wider than the atmospheric MCF (figure 10), so
that the integral in equation 21 is determined solely from the form of the latter
MCF. When equation 28 is used for the form of the atmospheric MCF, this implies
that the maximum far-field irradiance achievable with increasingly larger trans-
mitting optics is limited (See figure 11 from ref. 16.). With the inclusion of
outer scale effects, and the assumption that 2Z/1. .1, the correct form of the
atmospheric MCF shows an asymptotic limiting values as ¢ - « of exp(-2Z/Z.). The
area under this curve grows without 1imit (conceptually) so that by making the
MCF of the telescope broader (D -~ =), the far field irradiance can be continually
(and substantially) improved (figure 11). For values of 2/Z. -~ 1, the differ-
ences in *he shapes of the atmospheric MCF's became less significant, with the
result that for all practical purposes the maximum irradiance in the far field
does satlurate with increasing transmitting aperture diameter.

Recently Yura (ref. 15) has developed a similar formalism to describe "short
time" propagation effects. Tnese effects include only the average instantaneous
beam characteristics, beam wander being filtered out of the long time atmospheric
MCF. VYura's results follow from the development of the short time MCF (due to
Fried, ref. 18) and really apply only when scintillation effects are small. One
determines that

MST(c) = exp{-(—-‘t—T-)q[i [1-0.62(0/0)1/’]} (29)
o

where this is valid when o > (1Z)!/?, Ly = ~ (and consequently for 1. .1 214).
Proceeding as before, one can define an approximate short time lateral coherence
diameter as

COST = L»OLT [] ” 0.37(0°LT /0)1/4] (30)
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Figure 11. Transmitter Aperture Dependence in Turbulence (ref. 31).

The implications are that if one can track out (or in some other manner remove)
the beam wander, the effective atmospheric MCF is broadened, with a subsequent
increase in the effective coherence diameter of the radiator. One might then
alter the preceding interpretation of the experimental results by replacing every-
thing that was said about glT by 0oST. The fact of the matter is, however, that
these parameters do not differ greatly anyway, so that the thrust of the argument

is still very much the same.

Yura (ref. 30) also shows that one can obtain an approximate estimate for the
size of the irradiance distribution (defined to the e~! point) as

P = p§ + Py

where
_ 2z
Po = kD
and
21 27
pr = or
T kpoLT kooST
21




AFWL-1R-/4-/4

depending on the specific problem of interest. One can then make an argument for
the approximate independence of the beam wander and beam spreading processes and
assert that the two random effects can be root-mean-squared (rms) as

<a?> = (pLT2 - pSTZ)/ZZ (32)

which can be compared with the work described earlier for beam wander. The
agreement in functional dependence is exact, but they differ in magnitude by
about 20 percent, the latter angular variance being smaller. This is probabiy a
reflection of the inappropriateness of the rms assumption, although this has not
been shown.

In equation 29, it is clear that as D - «», the long time and short time
effects cease to be different. Physically this corresponds to situations where
the transmitting aperture size is larger than almost all the turbulence scale
sizes of interest. Spatial averaging of the turbulence over the width of the
beam only produces beam spreading, beam wander becoming a secondary effect. In
view of this observation and with the possibility of tracking out beam wander,
the curves in figure 11 now appear as shown in figure 12. Removing beam wander
can produce a system with an optimum far-field irradiance that is larger than
the large aperture limiting value. Subsequent increase in transmitting aperture
size actually leads to a decrease in system performance (although very slowly).

SHORT Ti1Mf AvtRAGF
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Figure 12. Average Focal Plane Maximum Irradiance Dependence on
Transmitter Aperture Size, for Long-term and Short-term Averages.
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The two upper curves utilize the two different beam wander approaches, Yura's
approach being the lower of the two. The lowest curve not exceeding the asymp-
totic value is the same as the curves shown in figure 11 with L, - «.

The wavelength dependence in this problem has not been mentioned. Clearly
beam wander is a wavelength-independent phenomenon; however, beam spreading is
not, and it does exhibit a weak theoretical wavelength dependence. To illustrate
the dependence, consider two systems. Both systems are operating with the same
total output power, transmitter diameter, focal length setting, and wavelength
of radiation. The first system does not have the ability to track beam wander,
whereas the second system does, and this is their only difference. Pose the
following problem: if one is at liberty to alter the wavelength of the source
radiation, what transmitting aperture size will produce the same far field
irradiance maxima? The results for the first system are shown in figure 13. In
the absence of turbulence, the dashed line indicates the appropriate system and
therefore the ideal aperture. With turbulence, however, one finds that one needs
apertures which are slightly larger than the ideal limit, indicating that turbu-
lence is affecting the shorter wavelengths more severely. In addition, there is
a limiting wavelength, below which no finite aperture can achieve the equivalent
irradiance (again the case where Z - Zc has been used).

When beam wander is removed, one observes a similar behavior shown in
figure 14. Note that since wander has been removed, these curves represent an
effectively higher maximum irradiance, and yet, the optimum wavelength is actually
less than for the long time average case. The explanation for this is related
to the fact that beam wander is not wavelength dependent. Consequently, the
effect of a particular value of beam wander on the far-field irradiance is pro-
portionally larger for the shorter wavelength system. Of course, all of these
conclusions assume that the observation plane is in the near field of the spheri-
cal wave lateral coherence diameter in order to assure small amplitude scintilla-
tion effects.

It might be pointed out that this curve is not asymptotic at this apparent
value of wavelength. Actually, with increasing transmitter diameter, the cor-
responding system equivalent wavelength begins to increase again, eventually
asymptoting a wavelength that is larger than the limiting wavelength in figure
13. This is to be expected, since the curves in figure 14 correspond to a higher
system equivalent irradiance than the ones in figure 13. The limiting intensity
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Average).

0% — a—
04 12 110" e ' 2
C
[
3 0
-
o
o
(™)
=
3 —_— -
g 0% RELATIVE 10
s | A 06um
e D: %m
s o
S
i 01 Pl
7
f L//’
.
{ .{i S I —— | — 1
? 3 8 10

WAVELENGTH {pm)

Figure 14. Equivalent Transmitting Systems That Produce
Constant Focal Plane Maximum Intensity for
Different Strengths of Turbulence (Short-term
Average).

T T —_ it s




as D » « can be easily shown to vary as »2/%, and therefore a longer wavelength
system is needed in order to achieve the proportionally higher irradiance value
obtained by tracking out beam wander.

Thus, even though there is only a weak dependence on the radiation wavelength,
its inclusion in the turbulence problem can in some situations strongly alter the
final system design considerations.
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SECTION III
LASER BEAM PROPAGATION IN AN ABSORBING MEDIUM

1. BACKGROUND

The propagation of laser beams in turbulence is a linear process in that the
medium is not perturbed by the presence of the radiation. Strictly speaking,
this is only true for very low power beams. As the energy is increased, absorp-
tion of the radiation begins to induce temperature changes in the medium, which
in turn, result in density, and therefore index of refraction changes. These
then alter the optical characteristics of the medium. The process is nonlinear,
in that the beam irradiance distribution induces index of refraction changes in
the medium that in turn alters the beam irradiance characteristics, which alters

the refractive index changes, etc.

In the past, one basic problem has received a great deal of attention in the
open literature (refs. 32 through 42). Specifically, the following assumptions
were usually made with regard to the thermal blooming problem: (1) the high-
energy beam has an unperturbed irradiance profile that is Gaussian in shape; (2)
the medium through which the beam passes is flowing at a constant velocity that
is much less than the speed of sound and is free of any turbulence (i.e., laminar
flow); (3) the beam is assumed to have been "on" for a time long enough to
establish a steady state irradiance distribution; (4) the wavelength of the radia-
tion is 10.6 ;m; and (5) it has been assumed that the energy thermalization
process produces an instantaneous heating of the medium. In addition, using
assumption 2, it can be shown that the hydrodynamic processes of interest are
essentially isobaric, and therefore an instantaneous temperature change in the
medium causes an instantaneous density change and, therefore, refractive index

change.

In this section the nature of the results obtained for the basic thermal
blooming problem described by the assumptions above is discussed. In addition,
some recent work on related subjects will also be presented. The discussion
begins with a brief review of the basic thermal blooming problem.
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2. BASIC PROBLEM CONSIDERATIONS

With the five assumptions specified above, the thermo-optical process is
conceptually easy to visualize. Figure 15 is a simplified description of what
is known as pure blooming. Holding assump“ion 2 in abeyance for the moment,
assume that the air is stationary, so that at t = 0 second, the temperature,
density, and index of refraction profile are constant across the beam. When
the beam has been turned on, some of the radiation energy is absorbed and then
released in tihe form of heat in the gas; the temperature in the vicinity of the
beam rises. Air mass subsequently flows away from the beam center (at the speed
of sound) lowering the index of rufraction. The beam then experiences a weak
defocusing effert much the same as a negative lens. Frequently an annular
irradiance distribution appears in some planes away from the transmitter plane.
This has been demonstrated experimentally and typical results are shown in
figure 16 (frame two, numbered from left to right, and top to bottom). These
pictures were obtained by passing a 10.6 um laser beam through a C0, filled
absorption cell. The latter four pictures were obtained by translating the beam
laterally through the cell, thereby simulating a wind.

The effect of a wind on pure thermal blooming is shown in figure 17. As a
parcel of air moves across the beam, it absorbs energy, causing a temperature
rice. Again, mass flows away from the parcel at the speed of sound, decreasing
its density. As a result, the density and therefore refractive index profile
across the beam both tend to decrease from the upwind to the downwind side. The
1ight rays, bending into more (optically) dense regions, are therefore refracted
into the wind. In figure 16, the wind direction is downward in frames 3 to 6.
Note that for slower wind speeds, a crescent-shaped irradiance distribution
occurs. At higher wind speeds, the parcel of air is carried through the beam so
rapidly that very little energy can be deposited during the time that it is in
the vicinity of the beam. Density changes are thus very small, and consequently,
very little optical distortion occurs. The transit time of a parcel of air across
the beam is a characteristic time of interest to the thermal blooming problem.
For times less than this number, thermal blooming (beam divergence in frame 2 of
figure 16) is the main source of optical distortion. For times long compared to
the transit time, a steady state irradiance distribution evolves.

Another characteristic time of importance to thermal blooming is the sound
speed transit time across the beam (also called the acoustic transit time, tac).
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Figure 17. Simplified Graphical Description of Thermal
Beam Bending for a Constant Transverse Wind.

Temperature disturbances in a gas cause pressure disturbances that are rapidly
dispersed as sound waves. At standard temperature pressure (STP), the speed of
sound is approximately 330 m/sec. For times long compared to the acoustic
transit time, the isobaric assumption of the hydrodynamic processes is valid.

In times short compared to this, computation of transient density changes is no
longer isobaric and requires special treatment. This is a time regime of interest
in high-energy laser pulse propagation.

For the record, the parabolic wave equation is generally used for the thermal
blooming problem.

VY U - 2ikng 5f'+ k?2(n?-ng?)U = 0 (33)

where [U exp(-ikngZ)] is the solution of the reduced wave equation. Second
derivatives of U in the propagation direction (Z) have been dropped in equation
33. The index of refraction difference term (nZ-ng?) is approximated well by
2ngn,, where n = ny + n,, n, being the index of refraction of the quiescent gas
(for air ng = 1.000292). Using either the Gladstone-Dale relation for gases or
the Lorentz-Lorenz relationship, one gets n, = (ng - 1) 0,/0g, Where density has

been written as o = o9 * £1» oo being the quiescent gas density.
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The density perturbation for the case of a constant transverse wind, Vg» Can
be determined by linearizing the appropriate hydrodynamic equations. Under the
assumption that v, <~ c, where c, is the speed of sound in the gas, the process
can be shown to be isobaric. The density perturbations given by

l] X,y,Z) P X M
S A2 B dx* caQ(x",y,2) (34)
0

°0 ¥ Vo Po Jx-vgt

where roé(x,y,z) is the Taser heat deposition temm. pg is the ambient pressure
and is taken as constant in this analysis. Time (t) is measured from the instant
the laser is turned on, although the solution is really only valid for times long
compared to the acoustic transit time. In steady state (t » =), the lower 1imit
of the integral can be set to minus infinity.

The heat deposition term is a function of the radiation wavelength and its
specific atomic or molecular absorption-thermalization process in air. If pure,
instantaneous heating is assumed (as is the case for absorntion of 10.6um radia-
tion by water), equation 34 is just

) o 2} S :
> = (Y ) s [w I(x",y,z)dx (35)

where « is the absorption coefficient for the specific absorption-thermalization

process being considered.

For the case of 10.6.m radiation, carbon dioxide in addition to water vapor
is also found to be a strong absorber in the atmosphere. The absorption process
is between the lower and upper lasing vibrational energy levels (1n°0 and 00°1).
The vibrational energy level diagram which is important to the absorption of 10.€
im radiation by C0, is shown in figure 18. Briefly, the absorption energetics are
the following (ref. 43). Upon absorption of a photon of 10.6:m radiation, the CO,
vibrational system is raised from the (10°0) state to the (N0°1) energy level. To
raise a C0, molecule to this level, energy cgyy, must be added to the system. A
portion of this energy comes from the 10.6um photon, the remaining portion coming
from the energy in the (10°0 vibration level (e;,0). The (10°0) energy level
is now no longer in thermal equilibrium and therefore, through collisional
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Figure 18. Vibrational Energy Level Diagram of
Molecular Species Important to the
Kinetic Processes of CO, Absorption
of 10.6um Radiation (ref. 43).

deactivation, it is repopulated by taking energy out of the translational energy
(temperature) reservoir.

The process is very quick and engenders an immediate decrease in the tempera-
ture of the gas. Of course, this condition cannot last forever. Energy has been
ahsorbed by the gas, and ultimately there must occur a temperature rise. This
occurs in the following way. The (00°1) level of C0, is in near equilibrium with
the first vibrational energy level of nitrogen. In the atmosphere there are
roughly 2600 times as many nitrogen systems as CO, systems. Through collisional
deactivation, most of the energy stored in the (00°1) C0O2 systems is quickly
transferred to the nitrugen systems. The reverse reaction is effectively much
slower because of the preponderance of the nitrogen molecules to carbon dioxide
molecules. The excited nitrogen atoms can also return to ground through col-
Tisional deactivation with H.0 or 0,. All these rates are siow, however, produc-
ing in effect a freezing of the energy in the nitrogen vibrational energy
reservoir. Thus, until ritrogen releases its energy, the effect of absorption of
10.6um radiation by CO, is to ccol the air. In the case of a wind, the extent to
which a parcel of air is cooied or heated by the CO, absorption process depends
on the length of time that the parcel is in the beam and the net relaxation rate

of nitrogen.
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Considering the two main sources of 10.6um absorption (H,0 and CO,), one can
obtain for the density variation of equation 35

#1(r) - _Q(L'J_) o] /X {1-7exp[- Q—i—’i)-]}l(x’,y,z)dx‘ (36)

where

I(x,y,z) = irradiance distribution of the laser i
7 = net relaxation rate of nitrogen

Q@ = o +
4= W0 * %o,

3 (| ')] "CO'/ LCO;n
— =~ 2,44 ——
“outl - “100 4 4

v

Note that when = 0, then 53- 0; i.e., no cooling can occur. Similarly, if

%, = 0, then - ~ 0 and aga?n no cooling can occur. In general, neither of these
conditions occurs in praccice, so that the integrand of equation 36 may, under
the appropriate conditions, assume negative values, thus indicating a cooling
phenomenon. Sigma (o) assumes its largest value (2.441) when ‘H,0 >~ (0, so that
the kinetic cooling phenomenon (as it is sometimes called) can be expected to
occur at the higher altitudes in the atmosphere where the water vapor content

is small. Finally, it is clear that no kinetic cooling can occur if “H,0 ° 1.44
‘.’ though partial cooling can offset to some degree the heating due to absorp-

tion by H.0.

Prior to the full diffraction treatment of thermal blooming (equation 28)
extensive work on this subject was also performed using geometrical optics
(refs. 39, 44, and 45). The full diffraction approach to the problem was later
found necessary however, in order to adequately describe focused beams and cases
of severe ray deflections (leading to caustics in geometrical optics).

Figure 19 is an example calculation of a diffraction code. The results are
typical of focused beams with a constant transverse wind. Pure heating is
assumed. Notice that the beam is deflected into the wind and that a crescent,
or sugar scoop, irradiance profile develops. The amplitude in each frame has
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Figure 19. Typical Example of a Theoretical
Computer Calculation of Thermal
Blooming (ref. 36).

been normalized to unity. Again, it is reiterated these are steady state results

(i.e., the beam is assumed to have been in for a long period of time).

The inclusion of kinetic cooling in the calculations can dramatically alter
the focal plane irradiance distribution. For example, in figure 20, a typical
focal plane irradiance distribution is seen when : = 0 (pure heating). In figure
21, the same case is shown when « = 15 msec. With kinetic cooling present, the
beam is seen to deflect downwind, develop an irradiance distribution which appears
to be self-trapping to some degree, and exhibit a peak irradiance which is better
than twice as large as for the purely heating case. This latter characteristic,
in fact, seems to be generally true. Whenever any degree of kinetic cooling is
present, far-field maximum irradiance values are always improved over the com-
parable pure thermal blooming case.

In this vein, however, it should be pointed out that Sica (ref. 46) at the
Naval Research Lab (NRL) has recently found experimentally that the earlier
published values for the nitrogen relaxation rate are too large. Specifically,
in the 1imit of very little water content, Sica's experimental measurements tend
to agree with the theoretical published values. However, for larger water-vapor
levels, the published values appear to be as much as six times larger than the
experimental measurements. Generally speaking, however, for high-altitude 10um
propagation, this does not noticeably alter any previous conclusions because
there is usually a sharp decrease in water vapor content with altitude (figure 22).
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Figure 20. Characteristic Thermal Blooming
Irradiance Profile for a Purely

Heating Medium.

Figure 21. Characteristic Kinetic Cooling
Irradiance Profile for a Dominatly
Cooling Medium; Wind Is in the
Same Direction for Both Figures 20
and 21.
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Figure 22. Attenuation of 10.6um Radiation in
the Air (ref. 43). 1

3. RESULTS AND STUDIES DEVELOPED FROM THE BASIC PROBLEM

In dealing with nonlinear problems one of the most difficult tasks is arriving
at good scaling laws. By doing this, however, one can circumvent the usual time-
consuming operation of numerical integration of equation 34 for each and every
specific case of interest.

To approach such a problem one must know the parameteric dependencies of the
specific variables of interest. Analysis of the governing equations frequently
helps, but since the process is nonlinear, some care must be exercised with this
approach. In this section some studies which have been conducted to investigate

T

the parametric dependencies of thermal blooming are described.

a. Power Optimization

Solving equation 33, one finds that with increasing output power, the
maximum irradiance in the receiver plane first begins to increase, gradually 1
saturates, and then actually begins to decrease with yet larger power. This j
characteristic of the problem has lead to a group of parametric studies called
power optimization curves. In figure 23, a sample power optimation study is
shown with results obtained from numerically solving equation 33. Notice that
the peak maximum power varies strongly, as does the corresponding optimum power
setting for different absorption coefficients. Note also that these curves are
for one fixed wavelength, one fixed transmitting aperture diameter, and one fixed
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Figure 23. Thermal Blooming Power Optimization Curves
(John Hayes, NRL, 1973).

focal length. Altering any of these can also drastically change the location
(total output power) and magnitude of the focal plane maximum power.

Studying curves like these, Hayes and others at NRL were able to reliably
fit all computed calculations for a fixed wavelength and aperture size to a
function of the form

-af
IvaC (f) =

I peak (f) = P %P 2
1+ Ala,f) (—vl e'“f)+ B(a,f) (’Vl e'“f)
0

(37)

0

where A(«,f) and B(«,f) are polynomial functions in a« and f (f is the focal
length). The solid line in figure 23 is the parametric curve obtained with
equation 37. From a consideration of the form of equation 36, one can deduce
that blooming should scale in some fashion with quantities like (a PT/Vo) and
(az). This is clearly reflected in equation 37.

Other parameters which appear in the analysis and may be good scaling
quantities are
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f/number

T 2

—F Fresnel Mumber .
RAWANL 54 oy a dimensionless parameter

N¢ = (no-l) (‘L ) ( - )( _ *) (7—-) developed by Gebhardt and
’ o /\Po wi '/ \"f Smith (ref. 38)

b. Parametric Dependence on Transmitted Beam Diameter and Wavelength

To deduce other scaling laws, one needs to study the additional effects
of apertures and radiation wavelength on the thermal blooming process. Figure
24 is an example of the wavelength dependence of the process. Holding all else
constant for each curve (u, ., PT, 5 vo), the wavelength of the radiation source
was varied. The dashed curve shows the ideal 1imit of maximum irradiance versus
wavelength. The solid curves lying below this are for different absorption
coefficients. For (« PT/vo) > 0.9 watt-sec/m?, the curves show an increase in
focal plane irradiance with decreasing wavelength at a rate that is much less
' than the theoretical limit of ,-7. In figure 25 the same data (normalized to
the vacuum intensity) plus other data as well are plotted (on log-log scales).
The Timiting slope for decreasing wavelength is seen to he ~.1.54. Since Io(»)-)-V,
then for this set of conditions, one can conclude that I, - /~“*"“, when
@ _5x10~" m~!. Note that figure 25 shows data for other transmitter aperture
sizes as well, and that all the data reflects the above wavelength dependence.

In a similar fashion, figure 26 shows a parametric study of transmitting
aperture dependence. Ag+in the dashed line is the theoretical limit increasing
as w?. The thermal blooming results lie below this curve and show an interesting
result. As the transmitter aperture is increased. the focal plane irradiance in
the presence of thermal blooming increases with an aperture dependence much the
same as the aperture dependence of the vacuum propagation case. Figure 27 is a
log-log plot of the relative irradiance, and shows a slop of approximately 0.5.
For short wavelengths (these results were for » = 10.6 m), the approximate same
behavior is found to occur, with perhaps a slight increase in the slope with
decreasing wavelength. These results suggest that for this situation, the focal

C

plane irradiance maxima varies as Ipay - w®"

the far-field irradiance maximum is increased more by doubling the aperture size

5

! From these results, one must conclude that if all else is held constant,
|

i 37

{




I \\ w:025m
Y
N
W \\.
(= e
",
L S
- I N 00
- a:
g’ \'\ LLa8 o
i L \_\ ¥
L ~ | w0
\ PR
['TP u,:l!Hs_
ﬁt:|F
'}."- ‘\H‘H—h\_‘_""- .
Te——— [ u:hin's
b {!]I:HI%E
L2
: 6 ' 10 iz
WAVELENGTH (ym)
Figure 24. Wavelength Dependence of

Thermal Blooming; Absolute Irradiance
(peak) in Focal Plane.

MO THEAMAL BLOOMING e @:00
I ™) .

0 a=5Xl0'5m'l
g arixote’
3
-
<
=
[}

g -
3
-
«
=
0
- Az 66 um

i i 4
025 037 05
TRANSMITTER  RADIUS (m )

Figure 26. Aperture Dependence of Ther-
mal Blooming; Absolute Irradiance (peak)
in Focal Plane.

LT AVERAGE SLOPE ~ | 54
| %4

. 1.,,=xofxl(l)
% A
2 FOCAL LENGTH : 14m

= i

a| =<

i3

S
135 a:1110%

246  a:510%n

01— ————
g L2  w:025m
34 G035,

A A W |
4 [} 8 10
WAVELENGTH (um)

Figure 25. Wavelength Dependence of
Thermal Blooming; Relative Irradiance
(peak) in Focal Plane.

.0+ --------------- LT g: g
08
arsxida’
06 - /
= SLOPES x 08
>
”-. 04
= 2
e ixpte!
/ As 6 pm
02 n " N " 1 ]
02 03 o4 0% or 10

TRANSMITTER  RAGIUS (m)

Figure 27. Aperture Dependence of Ther-
mal Blooming; Relative Irradiance (peak)
in Focal Plane.




o

— . e,

AFWL-TR-74-74 1

than by halving the radiation wavelength (which for the vacuum propagation case
would produce identical focal plane results). In fact, with increasing aperture
size, the maximum irradiance actually begins to approach the diffraction-1imited
irradiance, whereas with decreasing wavelength, the maximum irradiance actually
diverges from the limiting value. The reason for this behavior is two-fold.
First, the shorter wavelength radiation is affected more strongly by comparable
density gradients (as with turbulence) than the longer wavelength radiation.

e u.- e i

Second, the shorter wavelength radiation exhibits spot sizes at all points along ﬁ
the beam that are, in the vacuum limit, smaller than the longer wavelength spot 4
sizes (for the same transmitter diameter, of course). _;

Therefore, for a constant output power, higher intensity levels result.
This is true also for larger aperture systems for planes near the focal plane.
However, at the other planes along the propagation axis that are slightly removed
from the focal plane, the shorter wavelength system, at fixed transmitting
aperture size, still has larger irradiance values than a longer wavelcngth system
operating with very large transmitting optics. The situation is shown in figure
28, where the shorter wavelength (»,) and larger aperture size (w,) have been
chosen to make the focal plane vacuum spot sizes the same for the two beams

(i.e., A;/A, = w;/w,). Thermal blooming is a nonlinear process that is driven
solely by the form and magnitude of the laser beam irradiance distribution.
Hence, one would therefore expect that for two vacuum equivalent systems (focal
plane irradiance distributions), one with a large aperture and the other with a
short radiation wavelength, that less thermal blooming would occur in the former
case.

A related subject pertaining to this problem is the following. What
portion of the propagation path contributes most to the thermal blooming phenome-
non? In general, this is a complex question, the answer depending strongly on all
the parameters. However, some things can be concluded. First, for a collimated
beam (or diverging beam) it is easy to show that the maximum weight occurs at
the transmitter. Here the density gradients are the largest and the propagation
lever arm (to any observation plane) the longest. For the case of a focused beam
in a constant transverse wind, the maximum contribution to thermal blooming no
longer occurs in the vicinity of the transmitter. Two competing mechanisms, (1)
the strength of density gradients and (2) the remaining propagation level arm,
move the maximum of the weighting function away from the transmitter and nearer
the focal plane--surprisingly near to the latter.
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Figure 28. Simplified Explanation of the Wavelength
Dependence and Transmitting Aperture
Dependence on Thermal Blooming.

One can do a number of things to try to study this problem, but one of
the clearest presentations of the effect can be seen if the following is computed.
Consider a slice of propagation path which is, for example, 1/5 or 1/10 the total
path length. Make this slice of path absorbing with some absorption coefficient
«. Specify the rest of the propagation path to have a zero absorption coefficient
(i.e., free space). MNow place the absorbing segment at different positions
between the transmitter and receiver and note the reduction in maximum irradiance.
In figure 29, the results of performing this computation with a segment 200 meters
long are shown; the focal length was 1 kilometer and the transmitting aperture
diameter was 30 centimeters. The abscissa locates the center of the segment along
the propagation path, and the ordinate preser“s the obtained relative irradiance
for each case. The greatest reduction in irradiance occurs for a segment located
between 700 and 800 meters. Shortening the segment length to 100 meters improves
the resolution of this process, and these results are shown in figure 30. Appar-
ently, the maximum weighting occurs near the 800-meter point.

To check the understanding of this process, a similar arrangement with a
smaller transmitting aperture diameter of 20 centimeters was considered. The
maximum of the weighting function should move toward the transmitter, and it does
(figure 31). "t must be pointed out, however, that the difficulty with using
this sort of an analysis to‘1ocate the maximum weighting location is that the
effects of accumulated optical distortions are not accurately assessed. Other
work done by the author seems to indicate that for each of these cases a better
estimate of the location of the weighting function maxima is actually slightly
closer to the transmitter. Nonetheless, the conclusion is that for a focused
beam, the portion of the optical path that contributes most heavily to the
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thermo-optical distortions is well away from the transmitter plane, and, in
particular, for larger aperture transmitting systems, the position moves closer
and closer to the receiver plane. This result obviously has some bearing on the
explanation of the wavelength versus transmitter aperture size dependencies.

With the inclusion of slewing, wavelength-dependent absorption coeffi-
cients, etc., the preceding discussions must be somewhat re-evaluated. Neverthe-
less, the approach taken and some of the typical dependencies of the various
parameters entering in the thermal blooming problem should be clear. Generally
speaking, the problem is very complex and is made even more so by the necessity
of treating special problems and effects which often occur.

4. SPECIAL PROBLEMS IN THERMAL BLOOMING

A number of interesting but specialized problems have developed as a result
of the basic thermal blooming problem. One of the most obvious variations to
the basic problem is the inclusion of an angular slewing velocity which has the
effect of varying the transverse wind speed at points along the beam. At first
thought, this seems to be a simple enough problem. However, it can create some
very complicated situations. For instance, by simply slewing in a plane that
does not lie parallel to the ambient wind directicn, the wind transverse to the
beam varies in magnitude and direction at all points along the beam. Generally
speaking, this complicated situation has been neglected and the wind direction
has been placed in the slew plane. If the slewing direction is into the wind
and at all points along the beam the transverse wind is much iess than Mach 1,
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the thermal blooming problem can be treated quite well with a simple modification
to the basic problem, namely by varying the transverse wind speed with range along
the beam. However, two other problems of infinitely more complexity can occur if
(1) the slew direction is reversed, and (2) if the slew rate is very large giving
rise to transonic winds transverse to the beam. In the first case, if conditions
are right, the slewing-induced wind and the naturally occurring wind can cancel
one another, producing a situation where the wind transverse to the beam is zero
(ref. 47). These are called "stagnation zones."

Analysis of the wind flow in the vicinity of stagnation zones is complex,
and accurate computer modeling of even the simplest problems is very difficult
(and approximate). Assuming that the air in the stagnation zone is truly station-
ary (which it usually is not) and making some assumptions with regard to the way
in which the density gradients are modeled in this region, the irradiance dis-
tribution for a beam that has been on for 100 msec was obtained (the stagnation
zone density variation growth is time dependent) and is shown in figure 32. The
density gradient in the stagnation region acts as a negative lens, spreading the
beam in all directions. In this case, the focusing effect of thermal blooming
along the wind axis prevents the total divergence of the beam “n that direction,
thus resulting in a focal plane irradiance distribution that is double peaked in
the direction normal to the wind. The stiength of the effect varies as (aP/vj w))
for times longer than the acoustic transit time, although it is mitigated some-
what by the motion of the stagnation zone in space, or if it is not moving, then
by the initiation of an induced convection wind, or both.

The second situation, that of a transonic flow, is a relatively new problem
and is still being investigated (refs. 48, 49, and 50). The nature of the process
can be visualized by looking at figure 33. Assume that at t = 0, the beam is in
the position shown. The medium is continually absorbing energy, and therefore
(approximately) cylindrical sound waves are constantly being generated. At
t = +t, the sound waves generated at t = ) have reached the position shown by
the dashed lines. At that time, the beam has reached the position shown. The
intersection of the beam and the sound wave locates the position of transverse
sonic wind flow. The result is that at this point in the beam, density perturba-
tions grow into a shock wave across the leading edge of the beam. Depending on
the nature of the medium and radiation, cooling or heating might be the dominant
temperature effect. Whichever is the case, an underpressure or overpressure
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Figure 32. Thermal Optical Effects of a High-energy

3eam Propagating Through a Stagnation
Zone.
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shock wave, respectively, develops. Figure 34 shows three density profiles, one
at Mach 1.1, Mach 1.0, and Mach 0.9, respectively, from left to right.

The first and the last profiles are steady-state solutions obta ' 2d from a
two-dimensional hydro-code under the assumption of a Gaussian-shaped irradiance
distribution (kinetic cooling dominated this case). The middle picture was
obtained for the same conditions at a velocity of Mach 1. It is not a steady-
state solution and is found to grow (after some initial millisecond transients)
linearly in time. In figure 34 the plots are all normalized and consequently do
not reflect the true relative magnitudes of the density gradients. Generally
speaking, for a given time the density variations are always larger for the Mach
1 case than for velocities greater than or less than this. One finds that for
velocity ranges other than Mach 1, the steady state density profile evolves in a
time long compared to 2 w(z)/|vg-c,|, where the bars denote absolute value, and
where w(z) is the beam radius at the position z where v, is the transverse wind.
Using these density profiles, a propagation configuration was modeled in which
the Mach 1 velocity point occurred in the center of a 1-km path. The time evolu-
tion of the focal plane irradiance distribution is shown in figure 35 for a time
up to 100 msec. In each frame the maximum irradiance has been scaled to unity.

Another class of problems deal; with the effects of non-Gaussian and/or non-
ideal phase profiles on thermal blooming. This category includes the study of
apertured and obscured beams, nondiffraction limited beams (ref. 51), and beams
propagating in the presence of atmospheric turbulence. Work is presently under
way in all these areas. The problems are difficult, with the order of difficulty
increasing as listed, respectively. Time does not permit a discussion of these
problem areas.

Finally, there is the problem of short pulse propagation. Here one is con-
cerned with pulse lengths whose duration is on the order of the hydrodynamic
times; i.e., on the order of the acoustic transit time. The problem describes
thermal blooming in the transient time region. This was purposely avoided in
the treatment of the original basic thermal blooming problem. To simplify things
slightly, it is usually assumed that during the pulse, the transverse motion of
the air is negligible; that is, the wind is assumed to be zero, and thereby the
problem is treated as a cylindrically symmetric one. The hydrodynamics can be
sol d exactly (for the linearized equations) if the irradiance distribution is
assumed to remain Gaussian in shape throughout the entire pulse (which, to be
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Figure 35. A Simulation of Optical Effects for a Beam
Propagating Through a Transonic Region.

exact, it does not). One finds that the density initially grows for time (ref.
52) t << tac (tac = y/c,) as

op = (v=1) ut? v7 14/6 (38)

and for long times, t -~ t,., as

2 -2 (39)

where Io(r) is the Gaussian beam in a vacuum. For t < tic» @ pressure wave is
generated by the temperature rise (drop) which then propagates as an acoustic
disturbance away from (toward) the beam. For times t -> t,., the pressure is
found to be constant, and the usual isobaric density growth occurs. In figure
36, one can see the propagation of the overpressure out of the beam (pure heating
case), the later density changes being linear in t and proportional to the
assumed irradiance profile of the laser (Gaussian).

For sufficiently high energy pulses, serious optical distortions can result.
Figure 37 reproduces some of the results of Ulrich and Wallace (ref. 52) for the
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propagation of a pulsed collimated beam. The range z is in units of Rayleigh
range (nwztr/k) and times in fractions of t,.. The results can be explained as
follows. As air mass is moved out of the center of the beam in the compression
wave, the local index of refraction decr2ases. Rays in the center of the beam
are bent outward, redistributing the energy very quickly in an annulose shape.
This effect was seen for the case where t - t;. in frame 2 of figure 16. For
the longer range the optical distortions are more severe, the irradiance in the
center of the beam going almost to zero.

Ulrich (refs. 53, 54, and 55) has also studied the propagation of pulsed,
focused beams, and a typical result is chuwn in figure 38. The bottom figure is
the time average of the upper figure results. Apparently, a donut-irradiance
distribution can still form in the focal plane for a focused beam, but the mag-
nitude of the outer ring seems to be reduced over the collimated beam result.

Ulrich has noted (personal communication) that for the case of pulsed,
focused laser beams, the region along the propagation path which contributes
most substantially to the thermo-optical distortions is near the focal plane.
There are two reasons for this. One is that in this region, the density pertur-
bations are the strongest, owing to the higher irradiance values obtained by
focusing. The second reason is that because the beam is smaller (in diameter)
here, the acoustic waves can be more rapidly propagated away from the beam,
resulting in a more rapid density perturbation growth. Thus, even though the
propagation lever arm is very shnr' for these index-of-refraction disturbances,
their magnitude is so strong that serious optical effects are still observed.
Interestingly enough, this is in agreement with the earli2r discussion of the
range dependence of steady-state thermal blooming.
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