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PREFACE

As part of a continuing program of studies conducted for the
United States Air Force, The Rand Corporation attempts to anticipate
and assess the impact of new technologies. The advent of laser tech-
nology is such a case. The propagation of high-power laser beams
through the atmosphere is degraded by well-known linear effects
(power-independent): absorption, scattering, and turbulence. 1t is
also degraded by nonlinear effects: thermal blooming, a distortion
arising from the laser energy absorbed by the atmosphere; electrical
breakdown of the atmosphere; and stimulated scattering effects.

In the present report, a simple method based on experimental
results has been developed to estimate the gross effects of the
thermal blooming phenomenon without resorting to the complicated and
often time-consuming numerical codes commonly used to compute the

effect.
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SUMMARY

In the present study, a simple method has been developed to
estimate the thermal blooming of a high-power focused laser beam
propagating through an absorbing medium without resorting to one of
those already developed detailed numerical codes. The method developed
here permits one to estimate with little effort the approximate reduc-
tion of the on-target laser intensity, but not the detailed intensity
pattern due to the thermal blooming. This method is based on experi-
mental observations of the self-induced thermal effects of continuous
wave laser beams in absorbing gases.

When a continuous wave (CW) laser beam propagates through an
absorbing medium, it will heat the medium along the path of the beam
because a small fraction of the laser energy is absorbed by the medium.
The heating of the medium will then induce a local change in the index
of refraction of the medium which, in turn, will cause some effects
of spreading, distorting, bending, or defocusing of the beam. These
are known as thermal bloeming or thermal lensing effects. One impor-
tant consequence of these effects is to spread the laser beam over a
larger.area, thereby reducing the intensity incident on a target.

Interactions between a laser beam and an absorbing medium are
governed by the electfomagnetic wave propagation equations; the hydro-
dynamic conservation equations of the medium; the equation of state
of the medium; the constitutive equations which relate the local macro-
scopic electromagnetic properties of the medium (such as the refrac-—
tive index, etc.) to the local thermodynamic state of the medium; the
relaxation equations (including all the relevant chemical kinetic rate
equations); and also the boundary conditions for the interaction med-
ium. The general problem is thus very complex, ‘Numerical codes
using a finite difference scheme for the governing equations have been
developed to treat this problem. These codes are necessarily very

complicated and time-consuming because of the complexity of the problem.



—yi-

It is found experimentally that for a highly focused beam the

quantity I the ratio of the distorted laser beam peak intensity on

REL? :
the target in the presence of thermal blooming, to the peak intensity on
the target in the absence of thermal blooming, depends on only the ther-
mal distortion number, N. Thus, once the value of N is obtained, the

quantity I can be estimated to give the actual intensity of a focused

REL
laser beam at the target. Consequently, the problem of thermal blooming
is reduced to obtaining a correct expression for N for each particular
horizontal propagation condition.

The expression for N for the case of a general gaussian beam pro-
pagating along a horizontal propagation path in the presence of a non-
turbulent transverse wind which varies with the propagation path can
be represented by a double integral with three parameters inside the
inner integral. Even though the problem of estimating the thermal
blooming is rendered much simpler by calculating the value of N using
the double integral than by using the previously mentioned numerical
codes, still it is by no means a simple task to evaluate this double
integral expression.

To simplify the calculations further, simple and correct expres-
sions for N are derived in this study to replace the double integral
expression whenever possible. A simple closed form solution is found
for a collimated beam with no beam slewing. For Yze < 0.5 where v
is the absorption coefficient, and zg is the range from laser to tafget,
simple algebraic expressions for N are derived for both a collimated
slewing beam and a focused beam without beam slewing; a somewhat com-
plicated expression is obtained for the case of a focused beam with
slewing. The expression for N for a focused beam with slewing con-
sists of three terms——two algebraic, one quadrature——and it is much
easier and faster than the original double integral expression in cal-
culating N.

Good agreement is obtained between values of N calculaté& from the
approximate expressions with those calculéted from the double integral
expression for Y2e % 0.5. It is found that the condition Yz < 0.5

is not a very restrictive one in practical applications because at
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Yz = 0.5, the atmospheric attenuation alone would reduce the laser
intensity by about 40 percent. A comparison is also made between

the values of IREL obtained with the present method and those avail-
able with a detailed numerical code. It is found that these results
agree not only in trend but also in magnitude in predicting the gross
effects of thermal blooming.

Furthermore,_the laser beam motions due to both random jittering
and atmospheric turbulence can be accounted for in this method quite
readily, provided that circular gaussian functions can be used to de-
scribe these beam motions.

It may be concluded that, with the derived simplified expressions
for N, the method developed in this study is much easier than the de-
tailed numerical code for predicting the gross effects of thermal bloom-

ing on atmospheric laser propagation in a preliminary laser application

system analysis.
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I. TINTRODUCTION

When a continuous wave (CW) laser beam propagates through an
absorbing medium, it will heat the medium along the path of the beam
because a fraction of the laser energy is absorbed by the medium.

The heating of the medium will then induce a local change of the index
of refraction of the medium which, in turn, will cause some spreading,

(1-4) These phenomena

distortion, bending, or defocusing of the beam.
are known as thermal blooming or thermal lensing effects (TBE). Such
thermal blooming can be important for the propagation of high—-power CW

lasers because of the presence of water vapor molecules

HF, CO and CO2

that absorb radiation at 2.8y, 5u, and 10.6u wavelengths,
because of the presence of carbon dioxide molecules in the atmosphere
that absorb at 10.6u. One important consequence of these blooming
effects is that the laser beam is spread over a larger area, thereby
reducing the intensity incident on a target.

Theoretical studies of the thermal blooming of high-power laser
propagation through the atmosphere have used both the geometric optics

- 1218
(2,7-11) and the wave optics approach_gC ) Interactions

approach
between a laser beam and an absorbing medium are governed by the elec-
tromagnetic wave propagation equations; the hydrodynamic conservation
equations of the medium; the equation of state of the medium; the con-
stitutive equations which relate the local macroscopic electromagnetic
properties of the medium (such as the refractive index, etec.) to the
local thermodynamic state of the medium; the relaxation equations (in-
cluding all the relevant chemical kinetic rate equations); and also the
boﬁndary conditions for the interaction medium. The general problem

is therefore very complex. Numerical codes using a finite difference
scheme for the governing equations have been developed to treat this

(12,13,17,18)

problem. These codes are necessarily very complicated

and time-consuming because of the complexity of the problem.

Earlier experimental studies of the thermal blooming effect in

(1-4,19)

absorbing gases were fragmentary and'piecemeal. Recently
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(15,16,20)

Gebhardt and Smith performed a series of laboratory experi-
ments simulating all of the important parameters in atmospheric laser
beam propagation. They found that for a collimated beam, the quantity
IREL’ the ratio of the distorted laser beam peak intensity on the tar-
get in the presence of thermal blooming, to the peak intensity on the
target in the absence of thermal blooming, depends on only two dimen~
sionless parameters: the equivalent Fresnel number F, and the thermal
distortion number N, which occurs naturally in- the geometric treatment
of the problem. For a highly focused beam it is found that IREL
depends on only the thermal distortion number N. The equivalent
Fresnel number is based on the initial beam radius, the laser wave-
length, and the path length of the thermal interaction; the thermal
distortion number is a function of the power and undistorted radii at
the input (source) and output (target) planes of the incident laser
beam, the interaction path length, the relative velocity between the
‘laser beam and the nonturbulent absorbing medium, and the physical
properties of the absorbing medium.

The objective of this study is to present a method for estimating
the thermal blooming effect on the propagation of a high-power laser
beam through the atmosphere without resorting to the detailed, compli-
cated, and often time-consuming numerical code. This method would per-—
mit one to estimate approximately with relatively little effort the
reduction of the on-target laser intensity, but not the detailed in-
temsity pattern due to the thermal blooming effect. The method de~
veloped here is based on the results of a series of laboratory experi-
ments investigating the self-induced thermal effects of CW laser beams
in absorbing gases by Gebhardt and Smith.(ls’zo)

Furthermore, the laser beam motions due to both random jittering
and atmospheric turbulence can be accounted for in this method quité
readily provided that circular gaussian functions can be used to de-
scribe these beam motions.

First, a review of the experimental results of Refs. 15 and 20
is given. Then the dimensionless parameter N is derived for different
operational conditions. Analytical expressions for N are derived when-

ever possible. Once the values of F and N are obtained, the quantity



IREL can be estimated to give the actual intensity at the target. It is
found that the estimated values of IREL employing this method compare
(18)

favorably with those obtained with the numerical code.



TI. BACKGROUND AND QVERVIEW

The intensity pattern produced on a distant target by a laser
beam propagating in a vacuum can usually be well approximated by a

circular gaussian function. The average intensity within a spot can

be written as(21)
L=k, = 2ka§ zz (1)
D
where
P = total power of the laser
G = gaussian power correction factor (GP is the total power in
the gaussian approximation to a real diffraction pattern)
k = a constant that depends only on the definition of spot size
IO = maximum intensity in the focal plane
R = range from laser to target
Op = angular standard deviation of the Gaussian diffraction pattern.

In reality, when a laser beam propagates through the atmosphere,
it suffers atmospheric degradation effects. These effects include the
linear atmospheric effects such as atmospheric attenuation and atmospheric
turbulenée. VFurthermofe,rtﬁere aré some random processes (e.g., pointing
and tracking) that may cause the beam to jitter over the target, thus
increasing the average spot size of a beam and therefore reducing the
effective average laser intensity incident on the target.

It can be shown that if circular gaussian functions can be used
to describe the beam shape, the beam motion due to both atmospheric

turbulence and random jittering, the average intensity within the "spot"

can be expressed as(21’22)

k G P T. (2

2n R2 (alz) + a% + uﬁ)

T =



where
op = angular standard deviation of the gaussian diffraction pattern
representing the beam portion caused by the atmospheric tur-
bulence.
oy = angular standard deviation of the jittering beam motion rep-

resented by a gaussian distribution.

T = atmospheric transmittance.

Besides these linear atmospheric effects, the laser beam also suffers
some nonlinear atmospheric effects such as thérmal blooming, breakdown
phenomena, and stimulated scattering effects.

The thermal blooming effect is the result of the self-induced
thermal distortion of CW laser beams in an absorbing medium. This
effect can be explained qualitatively as follows: when a CW beam
propagates through a static absorbing atmosphere (i.e., with no cross—~
wind or beam slewing), some of the laser energy is absorbed to heat
up the medium inside the beam. The pressure would remain constant
across the beam‘for steady state conditions. The net result is that
the density and refractive index (which varies linearly with density)
inside the Beam would decrease since they vary inversely with temper-
aturé.~ Sinece light rays bend toward the direction of increasing re-
fractive index, atmospheric heating would cause them to diverge as
shown schematically in Fig. 1.

However, if a crosswind perpendicular to the beam is present,
an asymmetric pattern of the beam would result and the thermal blooming
effect due to absorption is lessened because the new cooler gas pushes
the hotter gas to the other side. Thus, the laser beam bends into the
wind as shown in Fig. 2. This crescent-shaped laser beam cross section

in the presence of crosswind has been predicted theoretically(z) and

(15)

verified experimentally. In general, the effect of thermal blooming

is to cause a decrease in the peak intensity of the laser beam.
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The distortion number N is related to L in the following

(9,20)

manner :

REL

T = == exp (¥) (3)

where I is the intensity of the laser beam, o is the linear attenuation
coefficient, Z is the propagation direction, and Iu is the undistorted

intensity for an uncollimated gaussian beam profile

2 2 2
P - +
I,(y,2) = —75—— e ol (4)
T a (z)
and the beam radius a(z) can be written
a(z) = a; F(z) (5)

where a, is the 1/e intensity beam radius in the source plane, Z = O.

It can be shown that under the assumption of paraxial ray N is

related to Y through the following expression(zo)

u 2 u
_J)an 1 2h 1 3h dh
Y= NQ2E + 2 ¢ 4 L ob gh ;.
du T 2 f awZ oy N jaw du (6)

where
u = x/a(z)
v = y/a(g)
h(u,w) = e—(u2+w2)

and the general expfession for the distortion parameter for the case
of an uncollimated beam with varying velocity along the propagation path

is given by



£ Z g
_ 2 1 e’
N = N, 5 () dz’ dz (7
z (Z (Zl)Fz( ’
f o 5 & z')
where
Y = absorption coefficient
z; = range from laser to target
g(z) = 2
V .
o
v(z) = transverse velocity of the medium
‘ v, = transverse velocity at z = 0
and

' dn 2
N =(_£)__f__
[

mn pC v a,3
o" p o1

where

n = index of refraction of the undisturbed medium

%%'= the change of the real part of the index of refraction
with respect to temperature
p = density of the medium
v = constant relative velocity between the beam and the medium
(crosswind)
C_ = specific heat of the medium at comstant pressure

= (15,20)

The expression for F is given by

F=om— (8)

where A = laser wavelength.
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The specific problem treated by Gebhardt and Smith in Refs. 15
and 20 is the thermal blooming effect on a laser beam propagating in a
nonturbulent wind. This is the condition normally encountered in the
atmosphere where the convective heat transfer mechanism dominates. They
found out that although there are six nondimensional parameters that
must be simulated to describe the steady state wind-dominated thermal
distortion, only three parameters appear to be the most important in
simulating atmosphere propagation by laboratory experiments. These
the equivalent Fresnel number, which is the

three parameters are: F,

ratio of far-field range to the propagation range; the fractional absorp-
tion; and N, the distortion parameter, which is a measure of the dis-
tortion and bending effects of the convection-—controlled thermal lens
(for N = 0, there is no distortion effect). It is also found that
even though the measurements were made for the change of peak intensity
only, they are also representative of the changes in average intensity
of the bean.

20)

In interpreting their results, Gebhardt and Smith used the

following expression for N:

dn [
- —) 2P =z
N = (_Jil)____._ﬁ 1 -

-3
™ pC v a,
o D i

(9

where ag is the 1l/e intensity radius of the undistorted laser beam at
the output (target) plane, and q is a numerical correction factor which
varies from 1 to 2 as ai/af varies from 1 (collimated bgam case) to a
value much greateéer than 1 (highly focused case) (see Fig. 8 in Section
III). This particular expression for N (Eq. (9)) is applicable only for
Yz < 1, although it is also used for larger yz in Refs. 15 and 20

(the more general expressions for N will be discussed in Section IIT).
In fact, when Gebhardt and Smith(zo) used Eq. (9) for éalculating N

for finite values of yz as the normalized peak intensity of a focused
beam, IREL’ the results showed some pronounced influence of Yz on

1 It is shown later in this section that this phenomenon is due

REL"
to the erroneous use of Eq. (9) to calculate N for yz 2 1.
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Figure 3rshows the experimental results of the dependence of IREL
for a collimated beam on both the distortion number and the equivalent
Fresnel number for small distortion range (N < 5).<15’16) It can be
observed that for F = 108 the peak intensity data first decrease, then
increase to a maximum intensification of about 2.3, and are in good
agreement with geometric optics treatment for N < 2, As the equiva-

lent Fresnel number decreases the geometric optics approximation is

no 1onger valid and, also, the amount of intensification of the in-
tensity is. reduced. TFor equivalent Fresnel numbers smaller thauilo
(F < 10), the intensity data decrease;centiuuously with the thermal
distortion parameter, as predicted by wave optics calculations.(l4)
Physically the equivalent Fresnel number is a measufe of the impor-
tance of the diffraction effects, e.g., for large equivalent Fresnel
numbers (F + «, or A + 0), the geometric optics approximation is the
correct limiting case of wave optics. But, as the equivalent Fresnel
number decreases, the diffraction effects become more important- and,
finaliy, wave optics must be used to predict the phenomena correctly.
In the case of a highly focused beam, it is found that IREL is
almost independent of F and depends only on N as shown in Fig. 4.(20)
Furthermore, the value of IREL
N increases. Another interesting point about the focused beam is

decreases monotonically as the value of

that for N < 3, the value of IREL decreases slower than 1/N, but for

N> 3; IREL decreases faster than l/N. N is directiy proportioual

to the laserdpower, P. The actual lntensity at the: target, T, is

directly proportional to both IREL and P The implication is tﬁet

when N is equal to or greater than 3 the 1nten51ty at the target

actually decreases with increasing values of power due to the thermal
bloomlng effects. Thus, a piot oﬁu;REL ‘
(1) to assess the degradation of the on-target laser intemsity due to

versus N serves two purposes.

the thermal blooming effect, ‘and (2)"to detétmine the largest lQSer
power that can be used effecﬁively for a given set of atmospheric
conditions and a given source beam ‘ =

Now, we want to examine the influence of the absorption depth,
Yz, on the normalized peak intensity of a highly focused beam. Figure

5 shows the IREL as a function of N for three values of yz. The
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values of N are obtained using Eq. (7). It can be observed that the

influence of yz2 on T is quite small. But if Eq. (9) were used in

calculating N, the rggilts would have been quite different as shown in
Fig. 6. It is found in Section III that by using Eq. (9) to calculate
N for the cases when yz > 1, the error can be substantial. In fact,
for the case of yz = 2.3, the values of N obtained by using the gen-

eral integral expression, Eq. (7), are about half of those obtained

by using Eq. (9). For yz = 0.44, the correct values of N are about 85
percent of those obtained by using Eq. (9.

Thus, the problem of estimating the gross thermal blooming effect
on the propagation of the CW laser beam can be solved by calculating
the cOfrect value of N for a specific propagation‘path, because once
N-is obtained, IREL
average intensity on the target as follows

can be estimated from Fig, 5 to give the actual

- k o
L= 2( 2 2 2) LREL (10)
27R aD

It should be emphasized again, however, that when the atmospheric tur-
bulence and random jittering effects are included, the laser beam spot
size at fhe target plane should be calculated accordingly. It can be
shown that the target beam size is related to the angular standard de-

(21)

viation in the following way:
a; = § (Rat) (1D

where N R
a = (OLD + aJ + OLT>

a constant that depends only on the definition of spot size,

e.g., for l/e2 radius, § = 2, for 1/e radius, § = V2.

[+2)
It
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I1T. THE THERMAL DISTORTION NUMBER

The general expression of the distortion number, N, for the
case of an uncollimated gaussian beam with a nonuniform transverse wind
along a horizontal propagation path, where the integration is from
the source plane (z = 0) to the target plane (z = zf), is given

by Eq. (7):

z Z

. f
N =N dz’ dz 7
C{Z% F(z) . 8(2") ¥ (27) )

For a collimated laser beam of radius a, with a uniform cross wind

velocity - N reduces to NC when yz << 1. The effect of larger vz,

focusing, and slewing beam velocity is accounted for by the bracketed

factor in Eq. (7), which can be regarded as a correction modifying NC.
In the case of beam slewing, the crosswind velocity can be ex-

pressed as (see Fig. 7)

v(z) = v, + Qz (12)

where Q = (vf - vo)/zf is the slewing rate, and Ve = v(zf). Assuming

that the beam can be described by a linear profile such that

al .
F(z) = 22 - - (1——-f—>—Z (13)
a, a,| =z
i i f
then Eq. (7) becomes
z
f Z ‘.
g o ZNC 1 ngz ,
== a ) ( o ; > dz’! dz
b4 1- - X) —
£ + 35 )1 - -
o £ 70 1 - Z )l}_ (1 X) zf] (14)
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a
£ -
where x = P By setting z = z/zf, we have

=

1 z —(Yzf) z!
& dz! dz

N = oN L _J
CJo 1-a-= [ (E>E'} [1-a-x E']z

N

15

There is no closed form solution to the double integral expression
for N except for the special case of a collimated beam '(F(z) = 1)

with no beam slewing (g(z) = 1). Then

vz
2N f

N = —C _l-e (16)
YZf 'Yzf

Beam velocity, Qz

Wind velocity, v, A
\
| _\__,,
Slew rate, ,—”‘L/’ \\
—_—— \
—_— 1
& — -
z =0 “
Total velocity | Ve TVt sz
v {z) :
|
) |
Vo |
1 z
z=90 z

Fig.7—Beam slewing effect on the velocity of the medium
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Simplified expressions for N can be obtained for the following
cases: (1) collimated beam with slewing, (2) focused beam without
slewing, and (3) focused beam with slewing, when the approximation
e 1% 1 - vz is made in Eq. (14). (See Appendix. for detailed deriva-
tion of these following simplified expressions.)

(1) Collimated Beam With Slewing. 1In this case, F(z) = 1, and

g(z) = 1+ Qz/vo. Then the dimensionless distortion number can be

represented by the following algebraic expression:

N=2NC——;—'[(l+8)pm(1+6)—[3]<1+ ;

8 B , 17)

where

Fh

. - a
(2) Focused Beam Without Slewing. Here, F(z) = 1 - lf—-g£>-;£,
- i b

g(z) = 1, Thus the dimensionless distortion numbér becomes:

N LY o | |
N "2 (q PYZ() 18)
where
e
y af_x
S S S '
4 Y-1<l Y'f1>
oyt wy . @n> 1
P = [l Ty-1"2G-1]

(y = 1)2 :

q and p are plotted as functions of y in Figs. 8 and 9. Equation (18)

is plotted as a function of x in Fig. 10 -for selected values of YZgo
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In order to assess the validity of Eq. (18) for the distortion
number, numerical integration of Eq. (15) is made for @ = 0 and plotted
in Fig. 11. It can be observed that the maximum error introduced in
using Eq. (18) for N is about 10 percent at Yzp = 0.5 and y = 100. At
Yzg = 0.3, the error is between 0.8 percent to 4 percent for 10 < y < 100.
Thus, even for YZp = 0.5 Eq. (18) is still a good approximation for N.
It is found that the yz. < 0.5 is not a very restrictive condition in
practical applications because at Yz = 0.5, the atmospheric attenuation
alone would reduce the laser intensity by about 40 percent. On the
other hand, when Eq. (9) is used to calculate N, the result is not very
satisfactory. TFigure 12 presents a plot of N versus x for selected
values of YZgo It is found that when comparing with the integral solu-
tion, the maximum error is about 34 percent for vz, = 0.5 at y = 100.
At Yz = 0.3, the error is between 12 and 19 percent for 10 <y =< 100,
Therefore, Eq. (9) is good for either very small values of Yzg or very
little focusing (y < 10).

(3) Focused Beam With Slewing. In this case, there does not exist

any simple algebraic expression for N even with the approximation
e T2 o1 - YZ. Howevér, the double integral expression, Eq. (15), is

reduced to three terms, two algebraic, one quadrature, as follows:

1

1 1+ 82) -
N = (A ~ Yz A?) E‘f 1 _Q/n(](_ — X)Sz.)z. dz
ZNC o

§ =

2
+-% (B~ Yzg B’) —L&LEQ—E-+-% (c - Yzg C’) yq (19)
' (1 -x
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where

Qz

1 2 f
*Ty T a, B=3
1 o]
A= ” ' A = —=8
(8 + (1 - 12 8+ (1-n]°
5 B(1 - %) g o = (1= %)
6+ (1 - x1° (8 + (1 - 01
e Ll-x I S
C= ¥ a-® O G

Even though Eq. (19) is not a simple algebraic expression, it is
much easier and quicker than the double integral expression in calculat-
ing N. In fact, Eq. (19) can be computed quite readily using a desk
calculator. To assess the validity of using Eq. (19) to calculate N
for a slewing focused beam under different conditions (e.g., different
values of Yzg and B), calculated values of N according to the double
integral expression Eq. (15) and the simplified expression Eq. (19)
are plotted as functions of x for selected values of B, alternately
in Figs. 13 through 18. In our comparison of these calculated N
valﬁéé, it is found that at Yzp = 0.1, the error introduced by using
Eq. (19) to calculate N runs from a maximum of 0.3 percent at x = 0.02
(i.e.,'af/aik= 0.02, highly focused beam) to a minimum of less than
0.1 percent at x = 1 (i.e., no focusing). At Yz = 0.2, the error
ranges from a maximum of 3.5 percent at x = 0.02 to a minimum of 0.17

percent at x = 1. At Yz = 0.5, the error has a maximum value of 11.5

percent at x 0.02 and a minimum value of 0.7 percent at x = 1, Gen-

erally, the agreement is better for smaller values of Yz as it should
be because the approximation LA Yz is exact in the limit as

Yz approaches zero. It can also be observed that as R increases, N
decreases. Physically, as the slewing rate of the laser beam is in-
creased, the effective crosswind velocity is augmented; thus the thermal
blooming effect due to absorption is lessened. Therefore, beam slew-

ing can_reduce substantially TBE to the propagation .of highwpower laser
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through an absorbing medium. DLquation (19) will reduce to Eq. (18) as
B - 0; to Eq. (17) as x,y > 1; and to Eq. (16) as B ~ 0, x,y - 1 (see
the details in the Appendix).

It is noteworthy to emphasize again that in this case the simpli-
fied expression Eq. (19) consisting of two algebraic terms and only
one quadrature with two parameters inside the simple integral is a
major improvement over the original double integral expression Eq. (15)
with three parameters inside the inner integral. 1In fact, in the
actual numerical calculations performed o0 the Rand JOSS machine,
the calculations using Eq. (19) are at least ten times faster than
those calculated using Eq. (15).

So far, all the expressions for N are derived for a horizontal
propagation path such that all the medium physical properties including
the absorption coefficient are assumed constant. The situation is much
more complicated for nonhorizontal propagation of a laser beam because

the expression N, is no longer constant with respect to the propagation

C
path distance z. Taking the altitude dependence of the absorption

coefficient and the properties of the air into account, Eq. (7) becomes

: Zf z (f EEE) —yz!
N = 2P : J- 1 f dT / e dz’ dz (20)
a;
i o

T ) a0 0 8G P

Numerical integration must be resorted to for calculating the values
of N according to Eq. (20) because dn/dT, v, ns P Cp are all functions
of z. Even for vanishingly small values of yz, there is no simple
expréssion available for N in this case. Thﬁs, the evaluation of N
becomes a very tedious and time-consuming task,

This expression can be simplified somewhat by noting that the
changes in n_ with altitude are almost negligible, the changes in CP
are less than 20 perceént from sea level up to an altitude of 50 km,

(23)

and the changes in T are about 20 percent from sea level up to 50 km..
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The expression for n, the real part of the index of refraction of air,

is given by

n=1+n—p—p— (21)
S

where Py and p are the reference density at standard conditions and
local density, respectively. The variation of the index of refraction
with wavelength is small and the numerical value of 1 at infrared
wavelengths is about 0.000272. The following expression is obtained

for the temperature variation of n:

1
5T _ (22)

Thus, the air properties terms in Eq. (20) can be written as:

(“ %%) S 23)

noe Cp noPg T CP

For a nonhorizontal laser beam propagation path that is less than

50 km, average values of T and Cp’ T and Ep’ may be used, and then Egq. (20)

becomes:

z
£ z ‘

) : 2P 7 I T J‘ o2
N (24)
v T a? n p TC F(z) A g(z’) F2 (z%)

o i o"s p o

Now Eq. (24) is simpler than Eq. (20) because the medium properties
are taken outside of the double integral. But the variation of the

absorption coefficient with altitude is still to be accounted for.
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The variation of y with z is not only very complicated but also highly
wavelength-dependent. Unless an average value of vy is used, numerical
integration of the double integral is still the only means of obtaining
values for N in the laser beam propagation with a nonhorizontal path.
Once the altitude and atmospheric models are chosen, the distortion
number, N, for laser propagation can be calculated as a function of
laser characteristics, with crosswind as the only unknown parameter
using the appropriate expression for N derived in this section. Having
obtained the values for F and N (or N only), the quantity IREL can be

estimated from Fig. 5 to give the actual intensity at the target.
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IV. COMPARISON WITH NUMERICAL CODE SOLULIONS

Recently Hqgge(ls) developed a nonlinear numerical code to treat
the problem of thermal blooming effects on the propagation of high-
energy beams at 10.6u through the absorbing medium. Using the numeri-
cal codes developed, he did parametric studies of numerous cases typi-
cal to a high-altitude situation. The following assumptions were
made in Ref. 18: (1) the atmosphere is laminar and constant in its
composition and motion, (2) the atmosphere is free of scattering aerosols
and water particles, and (3) steady-state solution.

In orderrto limit the scope of the parametric studies in Ref. 18,
Hogge made the following additional assumptions: (a) Yz << 1; (b)
slewing rate is zero; (c¢) no kinetic coolingt (d) infinite gaussian
input beam; and (e) diffraction limited beams. Under these assump-
tions, it was found in Ref. 18 that the problem can be characterized
by three parameters: the laser focal length (zf for a focused beam),
the transmitter spot size (defined by the l/e2 intensity radius of the
laser beam at the source plane), and the strength parameter YP/VO.

It can be shown that by using the simplified expression derived
here, the distortion number N is characterized by the same three param-
eters. For a focused beam with no slewing and Yz, << 1, the appro-

priate expression for N is Eq. (10):

N Y - =X
2N, 7 (14~ Pvzp) =54

Thus, the distortion number N becomes

2(~dn/dT) Pyzﬁ, a, ‘
N = MER (25)
3 ac 2 4

m_p C_.v_ a,
0 p o i
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For a diffraction limited beam, the l/e2 beam spot size at zf is

Az
f
% T Ta, (26)
i
and
2
a, ma;
P A__l_ 27
ag Zg
dn
- =) P vz
N Lwrrs g (28)

n p C v a, A
o p o i

Therefore for horizontal propagation, the functional dependence of N

becomes
1 P Zf
N = AV a 4 (29)
[} 1
Once A, z and a, are chosen, we have
£ i
(30)

2
f
o %

In other Words,>it is shown that in this particular case, the expression
for N derived in this study can be characterized by the same three para-
meters: <z, ajs and YP/VO.

Figure 19 presents a plot of IREL as a function of the strength
parameter YP/Vo for three different initial laser beam diameters. Both
the results from the present work and Ref. 18 are presented for compari-
son. It can be observed that the agreement is very good for yP/v <1

watt—sec/M2 but as YP/V increases over 1 watt—sec/M the values of
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Fig. 19—The reduction of on-target laser intensity due to thermal blooming effect
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IREL obtained by this work are consistently higher than those of Ref,
18. At yP/vo = 3.5 Watt—sec/M2 the present results for IREL are about

a factor two higher than those of Ref. 18. To put this in a more

1 watt—sec/M2 may correspond

proper perspective, a value of yP/vO
to the following values for vy, P and voioY = 0.1 kmnl, P = 100 kW,
v, = 10 M/s.

Also presented in Fig. 19 are the results of a simplified code
developed by Peckham and Davis in Ref. 24. They derived a double
integral expression for N similar to the one presented here (Eq. (15))
except that they did not assume a linear beam profile and left the
crosswind velocity unspecified. Their results consistently overesti-
mated the TBE in comparison with those of Ref. 18 throughout the en-
tire range of interest of yP/vo. The agreement between the results
of Refs. 18 and 24 improves as yP/vO increases beyond 2 watt-

sec/Mz.

Figures 20 and 21 present results similar to those of Fig. 19 for

z, = 3 km and 5 km, respectively. There were no results available be-
yond 5 km in Ref. 18. Peckham and Davis did not have results available
for comparison at either zZe = 3 km or at z, = 5 km. Again, the compar-

ison between the results of the present work and those of Ref. 18 is
similar to those of Fig. 20. But in these two cases, there exist some
peculiarity in the results of Ref., 18 for large values of YP/VO, say
beyond 2 Watt—sec/Mz. It is observed that for all three values of a;s
the values of IREL seem to reach some asymptotic values as YP/v0 = 2
watt—sec/Mz. In other words, as YP/VO ingreases beyond 2 watt—sec/Mz,
I levels off. This behavior was not observed in either the liquid

REL
CS, cell or the high pressure gas cell experiment of Refs. 15 and 20

evin out to a value of 100 for N. The maximum value of N calculated
for these cases is about 25. This peculiarity was neither mentioned
nor discussed in Ref. 18. This peculiar behavior of IREL at z. = 3,
and 5 km for yP/vo > 2 watt—sec/M2 may be due to the fact that the as-~

sumption yz_. << 1 made in Ref. 18 is no longer valid in these cases.

f
The apparent good agreement both in trend and in magnitude be-

tween the present results and the limited numerical code results in
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predicting the gross effects of thermal blooming is certainly encour-
aging because the present>method is definitely much simpler and much

less time-consuming than the numerical code of Ref. 18. It can also

be observed in Fig. 20 that the algebraic expression for N, Eq. (18),
is just as good or even better than the simplified code of Ref. 22 in
predicting the TBE of laser propagation. Again, Eq. (18) is much

simpler too.
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V. CONCLUDING REMARKS

A simple method based on the experimental results of Refs. 15 and
20 for estimating the gross effects of thermal blooming on the prdpaga—
tion of high-energy laser through an absorbing medium has been devel-
oped. It is found experimentally that for a highly focused beam the

quantity I depends on only the thermal distortion number, N. Thus,

the main ozgictive is to derive a simple and correct expression of N
for each particular horizontal propagation condition. A simple closed
form solution is found for a collimated beam with no beam slewing.
Simple algebraic expressions are also derived for both a collimated
slewing beam and a focused beam without slewing under the condition
that the absorption depth Yzg < 0.5. As for the case of a focused
beam with slewing, a somewhat complicated expression is obtained for N
for Yz < 0.5. This expression consists of three terms: two algebraic,
one quadrature. Considering that the original expression, Eq. (7), is
a double integral with three parameters inside the inner integral, the
simplified expression, Eq. (1l), is a major improvement consisting of
only one simple quadrature with two parameters inside the single inte-
gral,

Good agreement is obtained between the values of N calculated from
the approximate expressions with those calculated numerically from the
double integral expression for Yzg < 0.5. It is found that the condi-
tion Yz < 0.5 is not a restrictive one in practical applications. But
the simplicity of these approximate expressions for N not only renders
the computation procedure effortless and much less time-consuming, but
also shows explicitly the functional dependence of N on the ratio of the
beam spot size, either x or y, the ratio 6f slewing velocity to a uni-
form crosswind velocity, 8, and YZg.

A comparison was also made between the values of IREL obtained with
the present method and those obtained with a detailed numerical code

of Ref. 18. TIt is found that these results agree not only in trend but

also in magnitude in predicting the gross effects of thermal blooming.
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Because of its simplicity and relatively little computation time
required to give fairly accurate results, it may be concluded that with
the derived simplified expressions for N, the method developed in this
study is much easier than the detailed numerical codé in predicting
the gross effects of thermal blooming on atmospheric laser propagation

in a preliminary laser system analysis.
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Appendix
DERIVATION OF VARIOUS EXPRESSIONS FOR THE DISTORTION NUMBER

The general expression of the distortion number for a slewing,

focused laser beam with a horizontal propagation path can be written
(20)
as

f z —yz!
N = E%' - I F%z) I N 2 dz’ dz (a-1)
C =z g(z’) F (2')

where
dn 2
G-EE> Py ze
N =
C 3
Tn p C.v_ a,
o p o i
zp = absorbing path length
Y = absorption coefficient
i
a(z) = beam radius
a, = the beam radius in the source plane z = (
- ¥(z)
glz) = =
o
v(z) = velocity of the medium
v, = velocity at z = O

Assuming that the focused beam can be described by a linear beam
profile and that the medium velocity is a combination of crosswind
velocity and beam slewing, we have the following expressions for

F(z).and g(z).
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a
_fyz _ Z_
F(z)—l—(l—;);——l—(l X)z (a-2)
i f f
where ac = beam radius at Zgs and
' Q
g(z) =1 Ttz (A-3)
)
where 0 is the slewing rate such that
Cv(z) = v, + Qz (A-4)

By substituting Eqs. (A-2) and (A-3) into Eq. (A-1), there is

obtained
zf z —yz?
N = lZf 1 - f = 2dz’dz
- - — 4
Zg o 1 1 - Zg o 1+ %~ z’ 1 - (1 - x) Z
o Ze | (a-5)

A simple closed form solution is obtained for the special case
of a collimated beam with no beam slewing: F(z) = 1, and g(z) = 1,

then Eq. (A-1) becomes

21
i
"
ot
o
%
b’
©
1
<2
N
N
[a®
N
-~
[a¥
N

= 1 - ' (A~6)
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As yz,. > 0, N becomes

£

1lim N== (1 - % Y z ) + 0 <(YZf)2> (A-7)

N =

Yz + 0

When the approximation e V%21 - Yz +-0Qyz)2> is made, simpli-
fied solutions can be obtained for the following three cases: colli-
mated beam with slewing, focused beam with no slewing, and focused

beam with slewing. Derivation of these expressions are presented below.

Collimated Beam With Slewing

In this case, F(z) = 1, g(z) = 1 + %— z, and Eq. (A-1) becomes
o

§ z——l—z- f j ~—1—Z—Y——~ dz! (A-8)
- - )
£

Z

Introducing a dimensionless variable, z = S we have
‘ f
_ 1 _ R (v zf)E' _
N = ——— . d%Y -
I dz J D) dz (A-9)
o o
where
Qz
f
B =
v
o

Equation (A-=9) can be evaluated as follows:
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1 z 1 z _
1 - _ - z ’
aF gy 9% T % I 4 J T+ )

e} o} o} o]

=21

I
—

[a R

N1
A

L [(1+e)m(1+8)*3} —Yzf(%-é—é (l+8)p/n[(l+8)~5j”

(A-10)

To check whether Eq. (A-10) would reduce to Eq. (A-7) as a limit
when there is no slewing, i.e., B = 0, the following expression is

used

s + 8%+ oesh

o] =

1imén (1 + B) = B -
g0

Substituting this expression into Eq. (A-10), we have

limﬁ=l2—[(1+s) (B—%82+—l-83>—8]

g0 B 3
= vz l%——ég- [(1+e) (e—%82+%63)—8]]
L[ - 5330
3t ot
=%(1-%Yzf> +0 (8 , 7_ (a-11)

which is exactly Eq. (A-7) when B 0. Thus, Eq. (A-10) reduces to

the correct limiting case of a collimated beam with no slewing when

B = 0.

Focused Beam With No Slewing

In this case, g(z) =1, F(z) =1~ (1 - x) %—, and the expression
- ¢

for N becomes
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Zf z
- —_ 4
§=-t dz 1-yz dz’ (A-12)
z2 l—(l—-x)z—- z'z'
f o z o L-(1-x) =
f Ze

Equation (A~12) can be broken up into 2 integrals:

Z

Z
-— 4
7= 12 f dz - f dz >
- - z. v
Zf o 1 (l X) zf o IEL - (1 - X) _Z_:]
pA
f
Zg Z
P ¢
_ dz z' dz =1 - 11
2 1-(-x % 2 |?
Zf o G 1~-(1-x)—~ (A-13)
=
£
where
Ze ”
_ 1 dz dz!
1=— Z 2
—_ — -— ’
Zg o 1 1-x z (o) [} -1 - %) EL}
f z
f
and
Zf z
It =‘__‘L2_ f dz - f z! dz’ ;
- — — [ .
Zg o 1 a x) ze "0 '} - (1 - x) 5;1.
3

The evaluation of the first integral, I, is quite straightforward;

we have the inner integral



Z
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dz’
f T —— (a-14)
0["_(1—}()-2_'} l"‘(l"X)-—z—-
‘ 2 £
£
and thus T becomes
Zf Zf Zf
- - dz
=L I zdz _ J (1 - x) ,
== > = -
Zf o O[:l—(l—X)z—} 5 1—(1—X);—
z f
£
A z
£ £
A<D dz
+ 5 (A-15)
z
o ﬁ - (1~ x) E;]
After some manipulation, Eq. (A-15) can be integrated as
=1 (1 mx ) _
! (l—x)(x+1-—x (4-16)
By introducing y = 1/x, we have
L= % vq (A-17)
where
q=—23_(1 -m¥_
y~1 y~1

But the evaluation of the second integral is slightly more com-

plicated; the inner integral can be expressed as
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z z
z z £ ‘ z £ ’
f z/dz’ _I lv--xdz _ 1—xdz
.12 2 _ - Zz.
o L-@1-x % o L~ (@1-x & 1-@ x>zf
Zg Ze L
z 2
£
= <1 = x> o 1 - (1 - x) =—
f
z 2 :
. [1fx] : -1 (a-18)
L 1-(1-x &
z
£
Therefore the second integral,II, in Eq. (A-13), becomes
z
1 f?/nE-(l_x)_z"‘J
z
IT = f
(1 - x? . 4z
1- (1 -x)—~
z
f
Zf
41 1 o 1 iz
(1 - x? z | 2
o 1-(Q1-x)~ ]_-(,l—x),z—
L “f £
(A-19)

The first integral in Eq. (A-19) can be integrated as

z z

Z z 2

, U odp = o (2—) &%) (A=20)
z : 1-x 2

o Zg

The second integral in Eq. (A-19)  can be expressed as
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zf ! z z
f 1 5 = L dz=—£+—l—~f—?/nx (A-21)
1-(1-x & X X
o 1- (1 - x) z z
Ze f

Substituting Eqs. (A-20) and (A-21) into Eq. (A-19), there results

- :
Y% 1 nx @n x)°
1L = 7 P T30 -9
(1 -x)
2 ‘ 2
- y yiny y @ny)
= vzg 3 L ~ (A~22)
v -1 y 27~ 1)

Therefore the expression for N becomes

2
I

2 (a - yz; P) (A~23)

where

q= 2y (1 - _@llL)

“%

o2t oy @ny)z]

To recover Eq. (A-7) from Eq. (A-23), proper limiting processes
for q and p should be taken as y - 1.
Set vy = 1 + £ where ¢ > 0, then

limfny = limfn (1 +€) = e - 2"+ $ ¢
y+1 e+0
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Substituting this expression into q, we have

Lin q = 1im 2L E ) (l_f/n(l+e)>

€ £
y>+1 >0

-2 te) (l-l+%—s—%€2)

€
=(L+¢e) -2 (1L+¢)
. _ 1 2 2 2
limgq =1+ 3¢ -5 + 0(c7) (A-24)
y>1

and

2 2
limp = qp 2T )7 |y i+ e)  [n(1+e)]
P 2 e 7€
y-1 £~0
2;1_I_€:2 e—%—32+%€3 ez(l-—%e+%e2)2]
- €2 L= € - 2e

2
= .g_(_l__;"__i{%: €2 _ AL €3 + 0(24)}
€

lim p =
e-+0

o

~Le+ 0t (A-25)
Therefore, the expression of N for a collimated beam with no
slewing is recovered, '

limN=2 @1 ~-3vy ze) (A-26)
y>1 '
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Now, it is desirable to find how q and p behave for a highly

focused beam, i.e., when y - @ or x > 0.

. 2 x dnx
lim T <} + 1 - x)

yooo x>0
= 2 (A-27)

lim g

where the following limiting process is used

lim x on x>0 (A-28)
x+)

Similarly,
2 xhmhx x@n x)2
lim p = 1lim —~——— |1 + -
(1 - X)Z 1 X 2(1 - x)
yroo x>0
= 2 (A-29)
Then

lim ¥ = y(1 ~ v zf)
- - (A-30)

Focgsgd Beam With Slewing

This is the most complicated case of all the cases considered here.

In this case, Eq. (A-5) is the correct expression for N.

zZ
= _ 1
N—'-——E" f
z
o]

£

f
1-yz dz’! dz

] .
el |
.z ‘ ’ 2
l-(l-x)’;f' o <1+%—g'>'l:l—(l—X)':*‘jJ
o (A-31)

£
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where the first double integral is

Z¢ Z

1’ = f 1 - J 1 5 dz! dz
- -— — '
o 1 1 - %) zZ¢ o <? + 2 z’) 1 (1 - %) z
v YA
: o} £
(A-32)
and the inner integral becomes
Z
J. dZ" = A f dz’ ——— e
v 712 e
Q 7 —
o <l+~—z’> 1 - (1-x) — v, )
v P
o £
.3 f
2
o 1~ (l - X) Z.
f
Z
+C J dz!
z! 2
- (1 - z_
N S e BT

where each of the integrals on the right-hand side of Eq. (A-35)

can be integrated to give

b\
NN
D
=N
N
-~
I O |
N
]
>
l <
o
s
o
+
4!:)
]
NN

Z
1 (l—X)E_f-
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where

A 62
~[5+(1-x)i|2
1-x 8
’ [B+(l—X)
C = (1 - %)

@ + (1 - xﬂ
. - szf

By substituting Eq. (A-34) into Eq. (A-32), we obtain the following

results

z Q
. fﬂ/n<l+;—z> i P %[1—(1-}{)«22—]
’ -
=22 f o z'dZ’Blf f v £,
1-@1~x = x 1_(1_x).§._

o
f o f

f

+ C .]. z 5 dz
o [1-(1;}()5—}

and

Z¢ o 1+ 2, 2
o A Y 2f 2
¥ = A=2 + B ).
3 - G-wm e @ e
o Zf - .
+C (‘E‘) q \zﬁ 1 (A-35)
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Now, the second integral in Eq. (A-31) is

Ze ;
1 ‘
II! = f ~ f Y z 5 dz’ dz
— - e— / .
o 1 1 - =) z. o (1+-&—z’> [l—(l—x) —Z-—:l
v z
o f
’ (A-36)
and the inner integral becomes
z - .2
y 2! dz’ = A’ dz’
| Q 2! |? 1+ g
o 1+ — z/ 1-(1~-x)— o v
z o
o £
Z
'4
+Bl ’[ dZ ;
Lo 1-(1-x) =
o} g ze
2
+ ¢! J‘ dz’
. 2! 2
o L.— (1 -x) —
._ Zf
(A-37)
where
- B
A 2
@ + (1 - x)]
B! = »"(1"'X)
|E%+(l—x)j|2
c! L
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It is observed that the integrals on the right~hand side of Eq. (A-37)

are identical to those of Eq. (A-33) except that the coefficients here

are A, B/, and C’.

Similarly, Eq. (A-36) can be written as

dz

Ze o (1 + %
VO f VOZ
IT = A vy z_. —
£a 1~-(1-x) Z.
0 zg

z 2 2
£ - (@n x)
‘
+ B v zf (l — x) 5

y 2
7
+ C' v Zg <2 ) q z¢

Thus, the correct expression for N in this case is

‘ sz _
1 M {1+ z
v v
0 (o} -
£ J-
(o}

I’\T:(A—YZA')"""‘QZ 1—-(1-X)Edz

2
n
+5 (B -y zB’) <%i_§—§5> + % (C -y 2z yq

where

Z
Z = e
z

13

In the limiting case where there is no slewing, Q =

(A~-38)

(A-39)

39

should approach Eq. (A-23) as a limit; this limiting process is pre—

sented bélow,
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lim A
Q-0

1
[w<]
]
o

It
=

lim C

lim A’ = 0

1im B/
Q-0

= - 7
l-x C

Therefore, Eq. (A~39) becomes

& 2
- f 1 n x 1
. = 1 - —_
élm N=zaqy +—3 [? - x <l - x > 1-x q%] (4-40)

The brackedted term in Eq. (A-40) can be expressed as

1 0 x 2 _ ) ‘y3 Iy 2 _ AﬂyZ
1~x\1-x T-x y - 1\y - y-1
3 2
= (%= (O/ny)z- S 2y -y
y 1 y—-1y-1 y~1

) ool

2 2
- — A _fny __@ny)
i (y - l> [1 y-17 30 - 1)]

=-7JpP

By substituting this expression into Eq. (A-40), there results
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lin § = % (q - v 2z.p) (A-41)

20

which is exactly the expression N for a focused beam without slewing,

The other limiting case where a collimated beam with slewing

(y = x = 1) can be obtained also with Eq., (A-39) as follows

lim A
x>l

il
et

e
B
=
i
o

then

Y z 7 =)y
limﬁv=<l+ f)-é— J (n1tgs) .
(o]

B

- Y )1 1
—<1_fr » >? [+ 8)tn(1+p) -8 -3 2

Y Zeq

-;‘5[(1+B)_P/n(l+6)-6]—yzf[

Y zg

%—E—-l-g [(1+3)a,n(1+s)_g{|}
8

This expression is exactly the same as Eq. (A-10).
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