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Introduction

POSSIBLE method of minimizing the thermal blooming

associated with the propagation of laser radiation
through the atmosphere is to use repetitively pulsed lasers.
This approach allows maintenance of high average power on
target and, by optimizing the pulse width and intervals bet-
ween pulses, permit convective clearing of the heated air be-
tween pulses. Results presented by Wallace and Lilly' showed
that peak time-averaged intensities could be four or more
times as great at low pulse repetition frequency (PRF) as con-
tinuous wave (CW) propagation at the same average power.
At higher PRF, the peak intensities produced approach CW
conditions and essentially no advantage is obtained.
However, the results presented did not consider the effects of
varying beam power or focal length.

In this paper, the dependence of peak intensity on target on
the laser power level is theoretically investigated at low PRF
for both focused and collimated beams. For the collimated
case, the enhancement, or increase in peak intensity above the
diffraction-limited (unbloomed) intensity, a result recently
confirmed by experiment, ? is investigated further. The results
of Gebhardt et al.? showed that the peak intensity obtained
for subsequent pulses could exceed the first pulse peak in-
tensity by 20% or more. In this paper results are presented
showing that this enhancement could reach 75% for optimum
power beams.

Summary of Theory

The basic governing equations for thermal blooming of
laser beams are the fluid dynamics conservation equations for
determining atmospheric variables and the electromagnetic
wave equations governing the laser energy distribution. To
couple the solutions of these two basic equations, an ad-
ditional equation relating the index of refraction and the air
density is required.

For a repetitively pulsed laser beam consisting of a series of
pulses of duration ¢, separated by duration ¢, where 1, <t,,
the solution for the density variation in the beam for the Nth
pulse becomes
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where

I; =theintensity distribution of the ith pulse

P =theatmospheric ambient density

v  =the specific heat ratio

« = the absorption coefficient

I, =the beam peak intensity at z=0

P = theatmospheric pressure

X,y =the coordinates in the plane of the beam normalized
with respect to R, the initial beam radius

z  =the coordinate along the beam

U, =the wind velocity transverse to the beam

The wind component can be modified to account for beam
slewing, stagnation zones, etc. Additional terms accounting
for pressure relaxation effects and single pulse blooming
during time /, have been neglected. Kinetic effects and
bleaching are considered unimportant in the present analysis.
The single term retained accounts for the overlapping effects
of each succeeding pulse being transmitted through the air
heated by the previous pulses. The shift, which produces
overlapping between pulses is due to wind effects and is
represented by U, ¢;/R,,. Defining one flow time as the time
required for the wind to sweep across the beam at the aperture
(z=0), the number of overlapping pulses contained within
the beam is 2R ,,/U ;. This quantity is defined as the pulses
per flow time (PPFT) and specifies the number of previous
pulses affecting the transmission of any given pulse. After
leaving the aperture, the number of overlapping pulses
changes as the beam focuses or defocuses and a change in
wind velocity such as beam slewing or stagnation will
similarly alter the overlapping effect.

For laser propagation in the atmosphere, the appropriate
form of Maxwell’s electromagnetic wave equation is the
paraxial approximation represented for the Nth pulse by
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where

F =the Fresnel number 27R 2/ Az,
A =the complex amplitude

z; =therange to the focus

n, =the ambient index of refraction

The amplitude distribution at the aperture is required as a
boundary condition and an additional equation relating index
of refraction to density is simply a linear expression.

Whereas the basic governing equations presented can be
solved entirely by finite-difference methods, the requirements
in computation time and computer storage are enormous. A
particularly straightforward and efficient method of solution
is to use Fourier transforms utilizing the Fast-Fourier Trans-
form (FFT) algorithm.?® This method is typically many times
faster than ordinary finite differences and usually requires
less computer storage. Because the air density is explicitly
determined once the intensity distribution is known, it
remains to solve the wave equation for the amplitude
distribution then I is calculated from I=AA*. The wave
equation is solved by introducing a phase-front distortion
term proportional to the density changes produced by heating,

“finite differencing in the propagation (z) direction, and taking

the Fourier transform of the result thus giving
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The barred quantities indicate FFT transformed values, ¢ is
the distortion parameter; p and q are the transform variables
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that must be chosen at discrete intervals in the transformed
plane according to the relations

M(Ax) (Ap) =L(Ay) (Aq) =27 C))

where M and L are the number of mesh points in the respec-
tive directions. The subscript k represents the z position of the
computation along the propagation direction so that the
quantity A%, is the solution for the amplitude at the next z
station for the Nth pulse after the inverse transform of the
A%, array is completed using the FFT routine. Computation
in the z direction typically requires 10 steps compared to
perhaps 100 steps for a finite-difference solution. The time
required to make a complete coupled computation for each
pulse transmitted using 10 z steps with a 64 X 64 array in the x-
y plane is approximately 20 sec using a computer such as the
CDC 6600. As was illustrated by Wallace and Lilly, ' steady-
state density distribution is attained after one flow time;
hence, the number of pulses that must by transmitted to reach
steady intensity distribution is one more than the PPFT.

A parametric investigation of laser propagation through the
atmosphere has resulted in the development of a scaling-law
computation for peak target intensities of repetitively pulsed
and CW laser beams.* Functionally, the intensity on target
can be represented in terms of the nondimensional governing
parameters as )

I/1py =®(Np,No,Np,Np) - &)

where I, is the diffraction limited intensity and the
parameters are

Np =2mR}/\z;, the Fresnel number
N, =azy, the extinction number
Np =2R, /Ut pulse number or PPFT
2 -1\ alyR,, .
Np =T (ne,—1) (7_) a—ﬂ—m—,distortion number.
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These four dimensionless parameters represent the effects of
focusing, absorption, pulse rate, and power, respectively. An
additional number representing beam-slewing effects has been
omitted in this analysis. The results of this investigation will
be presented in terms of these parameters in the following sec-
tion. i

Results

The results presented in this section were obtained to in-
vestigate the dependence of peak target intensity on the laser
power level at low pulse number for focused beams at a con-
stant Fresnel number and for collimated beams at the same
range z as for the focused beams. Investigation of peak pulse
intensity enhancement for a collimated beam was of special
interest because the experiment of Gebhardt et al. at United
Aircraft Research Laboratories had confirmed predictions
that a collimated beam would be focused by the effects of
heating from previous pulses at low PRF. ?

Conditions chosen for the computations were for an in-
finite, circular, Gaussian beam, R,, was the initial beam
radius to the I/e? intensity level, az; was held fixed at 0.8,
Fresnel number at 5.93 for the focused beam, and the pulse
number was held constant at 2 PPFT. To illustrate the im-
provement in pulsed propagation at low pulse number, the
results for focused beams will be shown compared with CW
beams at the same average power level, Fresnel number,
extinction number, and distortion number. Constant intensity
contour plots chosen to illustrate the relative spot sizes show
intensity levels at 90%, 70%, 50%, 30%, and 13.5% of the
peak intensity of that spot.

Figure 1 presents calculated peak intensities obtained at the
focal plane for a focused beam. Shown here as a function of
the distortion number for 2 PPFT and CW at the same
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Fig. 2 Constant intensity contours for focused beams, Np=35.93,
N,=0.8. :

average power, these curves illustrate the drop in peak in-
tensity to less than 5% of diffraction limited for CW beams
compared to approximately 40% for the pulsed beam. Spot
size as shown on the contour plots in Fig. 2 remains small for
pulsed beams in comparison to CW beams transmitting the
same total power. It is hoted that the spot shape for pulsed
propagation at low pulse number is of basically different
character than for CW beams. This is attributed to the beam
being transmitted over much of the latter part of its path is
undisturbed air because the decreasing beam size overlaps less
and less of the heated air from previous pulses; hence, its
shape more closely resembles the unbloomed spot.

Results for the collimated beam calculations are presented
in Figs. 3 and 4. Figure 3 presents the ratio of peak intensity
obtained for the second pulse after the initial unbloomed
pulse to the peak intensity of the initial pulse. Shown as a
function of N, for the same extinction term, N, as the
focused beams, this curve shows that the enhancement ratio
increases to a peak value of almost 1.8 and decreases thereaf-
ter as beam power is increased. The contour plots of Fig. 4
show that the peak intensity enhancement grows with in-
creasing flatness of the spot in the downwind (right) direction,
but eventually decreases as the growth in spot size in the
lateral direction becomes predominant. Examined from a dif-
ferent viewpoint, it is seen that rays in the overlapping part of
the beam are focused by the negative slope in index of
refraction produced by heating from the previous pulse
resulting in increased intensity in the upwind (unheated) part
of the beam.
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Fig. 4 Constant intensity contours for collimated beams, Np=2.

Conclusions

Presented here are results that demonstrate the im-
provement in peak intensity obtained by propagation of low-
pulse-rate beams compared to CW beams of the same average
transmitted power. These results have been obtained without
consideration for such practical limitations as atmospheric
breakdown, which could be encountered with low-pulse-rate,
high-average-power pulsed lasers. These results are subject to
the stated conditions of negligible pressure relaxation,
negligible single pulse blooming effects, and the assumed
Gaussian beam profile. However, it should be pointed out
that the method of solution presented is not limted to these
restrictive conditions, but may be employed for analyzing
lasers- with non-Gaussian beam profiles, beams from
oscillators with central obscuration, or nonsymmetric beam
profiles. The basic method of solution used here has now been
extended by other investigators to analyze the effects of at-
mospheric turbulence, transonic slewing beams, beams with
stagnation zones, and beams from lasers with compensating
optical output to further reduce thermal-blooming effects.
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Introduction

EASUREMENT of the local friction force is an im-

portant objective in many experiments. Yet it seems
that no method is both accurate and practical in all ap-
plications of potential interest. Various methods have been
used,! among which the Preston tube?? seems to be one of
the most simple and reliable. By measuring the differential
between the total head and the local static pressure it is
possible to obtain the friction force from a calibration curve.
But it is often difficult or costly to measure the static pressure
with the required accuracy. This may be the case for instance
near the trailing edge of a wing model, and generally on
models not originally intended for static  pressure in-
vestigations. It is also difficult to establish where a static
pressure tap should be located to be undisturbed by the
presence of the Preston tube. Different remedies to this
problem have been suggested; among others Gupta*
suggested the use of a double Preston tube of different outer
diameters and with one tube cut at 45°.

In the present report, another approach is suggested. In
view of all the difficulties encountered in obtaining the correct
static pressure and the necessity of drilling holes in the surface
(or placing a static pressure probe somewhere outside the
boundary layer) it appears simpler to measure the static
pressure in the center plane of the tube at a specified down-
stream distance from the leading edge of the tube provided
this can be related to the actual static pressure at the tip. This
will not be the true static pressure, but the deviations are small
and can be accounted for. The probe may be located
anywhere within the measurement area like the Gupta probe
but will give larger differential pressures than the latter, which
is desirable for improved accuracy. One disadvantage of the
present method is that small probes are difficult to make.

The use of the new probe is based on knowledge of the flow
around surface cylinders aligned with the flow in a nominally
constant pressure boundary layer. In Ref. § such information
has been collected in the form of velocity profiles, pressure
distributions, and flow visualizations. It appears that a static
pressure tap located at a distance L/D>?2 downstream of the
leading edge is not much influenced by the local pressure
gradient due to the flow field around the cylinder. The
pressure tap should preferably be located outside the pressure
peak in the vicinity of the leading edge, but should be as near
the front as possible to minimize the influence from external
longitudinal pressure gradients. As a compromise the probe
illustrated in Fig. 1 was made, with dimensions D=3 mm,
L/D=35. A limited investigation was undertaken to determine
the L/D effects, covering L/D=5 to 2. In the arguments
previously presented the wall thickness has been ignored as it
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