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Chemical oxygen-iodine laser (COIL)-based weapon systems thar operate near the
ground will experience thermal blooming due to atmospheric absorption if output power
is sufficiently high. The thermal lens in the air-to-ground case is predominantly in the far
Jield of the optical system, which puts the problem outside the envelope for most classical
phase correction techniques. Focusing the laser beyond the targel (defocus) in the
air-to-ground regime is shown to improve irradiance at the target and can be thought of as
reducing the thermal blooming distortion number Ny rather than as phase correction.
Improvement is shown in a baseline scenario presented and all variations from it are
explored. The Breaux Np is examined for potentiaf use in a defocus scaling law, and a
correction factor due to Smith is proposed to address deficiencies. Optimal defocus
settings and expected improvement are presented as a function of Breaux Np, and a
discussion of the interaction between turbulence and thermal blooming that may limit
performance in the air-to-ground case is given.
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Nomenclature
a; initial radius of the laser beam at the propagating aperture
ar final radius of the laser spot at the target for the given degree of focus as well
as diffraction and other linear effects
Qgeom ray-optics radius of the beam at given point along optical path
cp specific heat of atmosphcre
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k wave number (27 divided by wavelength)

Np thermal blooming (phase) distortion number

Niocus focus adjustment mutltiple for Np

7o unperturbed refractive index of air

P laser output power at aperture

Risrper distance from the aperture to the target plane

Sinteract Strehl ratio for the interaction of turbulence and thermal blooming effects

St Strehl ratio for thermal blooming effect in absence of turbulence

STB-+twrb Strehl ratio for combined effect of turbulence and thermal blooming

Sturb Strehl ratio for turbulence elfect in absence of thermal blooming

§ spread of the beam at given point on optical path due to diffraction and beam
quality effects as well as specialized estimate of the spread due to blooming

T atmospheric temperature at given altitude

T atmospheric baseline temperature (300 K, for this research)

Vg effective wind velocity perpendicular to optical path

Caby absorption coefficient

Ueat scattering coefficient

on/aT ratc-of-change refractive index with respect to local temperature

P air density

4 transmission (fraction of power transmitted over a given optical path)

1. Introduction

The Department of Defense is developing 4 concept demonstrator of a high-energy laser
(HEL) air-to-ground weapon called the Airborne Tactical Laser (ATL). The ATL is being
constructed with a chemical oxygen-iodine laser (COIL), which operates at a wavelength
of 1.315 pum. Unfortunately, although COIL devices can gencrate high laser powers for
propagation, 1.315-p2m light is rcadily absorbed by any water vapor in the atmospheric
path. This absorption reduces the laser power that reaches the target, and if the atmospheric
heating that accompanies the absorption is severe enough, the beam will also become
distorted by resulting air density fluctuations in the optical path in a process called thermal
blooming. Thermal blooming distortion usually reduces the peak irradiance of the laser
spot at the target. One possibility for mitigating this effect of thermal blooming for a given
engagement scenario is to focus the beam at a point beyond the target during propagation
rather than directly at the targct. When thermal blooming is a significant effect, the marginal
reduction in the thermal blooming distortion is often a stronger function of relative defocus
than is the defocusing effect itself on peak irradiance in the absence of absorption. When this
is the case, peak irradiance of the laser spot at the target will rise, then crest, and then fall as
a function of relative defocus. Thus, in many thermal blooming conditions, an appropriate
amount of defocus should improve the overal] peak irradiance at the target over the focused
CdscC.

Defocus has been known for some time to be a primary contributor to correction for
thermal blooming in the presence of convection.!? Typically, defocus is discussed as a
portion of the optical wavefront correction. Wavefront correction implies that wavefront
aberrations near the transmitting aperture arc the subject of interest in those articles, since
phase correction is less effective as the aberrations occur at increasing distances from
the aperture. In the air-to-ground case, however, most of the thermal blooming aberration
occurs far from the aperture since the weapon platform is moving at aircraft velocities (high
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ellective wind vclocities reduce thermal blooming near the aperture) in less absorptive air
at altitude, and the target on the ground is stationary in our case, though subject to wind,
and in a more absorptive atmosphere. In view of this, we find it valid to think of defocus
not as a wavefront correction, but as a method to reduce the thermal blooming distortion
number Ny as compared to the focused case, with the resulting improvement in the Strehl
ratio due to thermal blooming.

Further, it would be useful to know the conditions under which defocusing the beam
will be beneficial to increasing peak irradiance of the laser spot on target, and when these
conditions are met, knowledge of the optimal defocus distance, as well as the expected peak
irradiance itself, will be important. Not surprisingly, these results are highly multivariate
functions of the engagement scenario, depending on, for example, atmospheric absorbance
and scatter, optical path wind profile, laser power and beam profile, aperture specifica-
tions, range to target, and strength of turbulence. Wave optics simulations that account for
these variables have been available for many years to study thermal blooming and other
atmospheric effects. For this study we are using Science Applications International Corpo-
ration’s (SAIC’s) Atmospheric Compensation Simulation (ACS). ACS is a Fortran-based
code written and maintained by Donald Link!® that can run on UNTX, LINUX, or Windows
platforms. The scenario and the weapon systems parameters are read by ACS from a text
file, and in addition to these settings, many parameters have to be established, including
numbers and resolution of phasc screens, number of replications to average, simulation lime
step, dwell time, and delay before gathering statistics. Output files include the irradiance
profiles at the target, with and without atmospheric distortions, and summary statistics for
the engagement.

The important finding for this paper is that all operating conditions studied herein bene-
fited in terms of peak irradiance from having some amount of defocus. Since operating with
a focused beam is an arbitrary decision (at least in the presence of thermal blooming), it
should be relatively inexpensive to add defocusing capability to existing designs or operat-
ing procedures. Also, since other effects may cause beam spreading in ATL scenarios, such
as diffraction due to aerosols'® or aero-optic effects at the beam turret, we may find that
weapons operated at thermal blooming wavelengths arc not negatively impacted by these
phenomena if the spreading effects are no larger than the spreading associated with optimal
defocus, On the other hand, we note that time-averaged spreading due to turbulence does
not always mitigate the thermal blooming effect, and often worsens it.

To illustrate these findings, the Breaux thermal blooming distortion number Np is re-
viewed and a baseline scenario is defined. We then examine the sensitivity of system per-
formance in many dimensions of the scenario, which shows how much defocus is advisable
and how much improvement might be gained. Next we explore a proposed modification to
the Breaux Ny, that could make defocus an added [eature in scaling laws that use the Breaux
Np. Finally, we observe that thermal blooming interacts with turbulence in ways that can
affect thc optimal delocus and further limit the performance of HEL systems beyond the
effects of thermal blooming and turbulence independently.

2. Thermal Blooming Distortion Number

Historically, the effect of thermal blooming has been discussed with respect to the thermal
blooming distortion number Np. Np is designed to be a scaling variablc that is corrclated
to blooming effect and that relates the effect of engagement scenario parameters to each
other. For example. according to the N, formula [sec Eq. (1) below], the effect of doubling
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the wind (which reduces Np) is the same as halving the power. There have been prominent
scaling laws relating Np to peak irradiance at the target plane that have been given by
Smith.'® Gebhardt,” and Breaux.? These relate Np to the thermal blooming Strehl ratio
Stp—the ratio of peak irradiance with thermal blooming to peak irradiance with no thermal
blooming (but including power loss due to absorption)—which is a decrcasing function of
Np.

Origination of Np, is often attributed to Bradley and Herrmann,' though Gebhardt and
Smith® had a similar construct. It was cast into integral form by Breaux,? among oth-
ers (e.g., Ref. 13), and Breaux’s was modified by Vernon and St. John'? to explicitly
mclude effective wind velocity Vg in the integrand rather than merely a scaling factor
to account for slewing. Vernon and St. John also moved the absorption coefficient (caps)
and temperature (7') under the integral since thosc will vary with altitude, an important
dimension in the ATL case. Starting with Bradley and Hermann and leveraging the others’
developments, the formulation for N used in our research, then, is as follows:

_ KPTy(=3n/0T) [ 1 — (r/Ruge) s ()T(r)

perm o sy VEOTO)

where & is the wave number, P is the laser power, Ty is a temperature bascline (300 K, for this
research), an/a3T is the rate-of-change refractive index with respect to local temperature,
p is the air density, cp is the specific heat of air, ng is the unperturbed refractive index of
air, and Ryurge s the distance from the aperture to the target plane. The integration proceeds
from the aperture to the target and. in addition to thosc functions mentioned earlier, the
integrand consists of these functions of position along the optical path: @geom is the ray-
optics radius of the bcam, s is a specialized function developed by Breaux? that contains
the spread of the beam due to diffraction and beam quality eftects as wcll as an cstimate
of the sprcad due to blooming (the latter added to improve correlation of his scaling law),
and 1 is the transmission. Vernon and St. John added turbulence and other linear effects
to 5 in their modeling. Note in Eq. (1) that the contribution of cach portion ol the beam to
Ny, is inversely related to the beam size at that point. However, Breaux also recommends
weighting each beam position by the proportion of the path remaining to the target (i.e.,
path leverage); hence the 1 — (r/Rirge) In the numerator. Because of this as well as the
inclusion of s, we will refer to Eq. (1) as the Breaux Np formulation. We note that Bradley
and Hermann rejected path weighting by leverage and beam size since those tend to cancel
each other out in the focused case; this reasoning is superseded by inclusion of Breaux’s
spreading term.

We follow Vernon and St. John as well as Magee and Ngwele'? in modeling the trans-
mission function in Eq. (1) as follows:

Np ()

T(r) = 5XP{ - f dr’[aabs(r/) + asc:u(rl)] B (2)
0

where ., 18 the scattering coefficient.

The construction of Eq. (1) suggests that it could be applied to defocused beams by
meodifying the beam size function dgeonm to something other than the target-focused case.
As we will show, however, it is not so simple. The difficulty lies in the special spreading
function s, the estimated blooming portion of which appears to have been developed for
the focused case. As a result, s dominates ¢tgeom in the root sum squared (RSS) under the
integral near the target for the defocused cases; this results in little change in calculated
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Np as a function of defocus. Since wave optics shows that defocus can result in significant
improvement of peak laser intensity at the target in the air-to-ground case, the Breaux Np
equation (1) cannot be applied without modification in a scaling law that seeks to model
the effect of beam defocus.

To overcome this limitation of the Breaux formulation, we leverage Smith,'® who devel-
oped correction factors for various aspects of the collimated thermal blooming case under
constant wind and low absorption assumptions, In particular, the correction {actor derived
for converting a collimated distortion number (o that for a focused case is

2ai/fay)’ [1 _ In(aj/ay) ]
(a;/ar —1) (aifay = 1) ]

where a; is the radius of the propagating aperture and a; is the radius of the spot at the
target for the given degree of focus as well as diffraction and other linear effects (such as
turbulence and jitter). Fitting our purpose, note that the focus distance, from which a is
determined, need not be the same as the target distance but can be beyond it. However, since
the Breaux formaulation already assumes that the beam is focused at the target, determining
Np for a defocused (noncollimated) case requires first dividing Eq. (1) by Eq. (3) evaluated
for the target-focused case and then multiplying by Eq. (3) reevaluated for the defocused
case. Np for defocused settings calculated in this way will be referred to as Breaux and
Smith results. Results of this approach are discussed in a later section. Next, we describe
a baseline air-to-ground HEL engagement scenario that is useful for evaluating our Np
formulation.

Nrocus(a; /af_) = 3

3. Baseline Scenario

To understand how a notional ATL will respond to defocus in view of the many factors
thut determine performance, we first establish a baseline air-to-ground scenario with two
laser power values. We will later examine sensitivities and expand our scope. Here are the
particulars of the baseline scenario:

e Weapon platform: 2-km altitude, 100-m/s due east velocity vector

o Target point: located east of platform, on ground at sea level, and stationary; 6,000-m
slant range from platform

» Laser aperture: 0.5-m diameter, 30% single-axis central obscuration

o Atmosphere: 1976 U.S. Standard for temperature (Vernon and St. John); the Mani'*
atmosphere for absorption and scattering (molecular and aerosol), Bufton wind model
with 10-m/s wind at ground from the north (Vernon and St. John). No turbulence is
assumed for most of the analysis. When turbulence is included, the HV 5/7 atmosphere
is assumed (Vernon and St. John).

o Laser powers at aperture: 50- and 100-kW continuous-wave, beam quality 1.0, uni-
form beam profile

¢ Beam control: closed-loop tracker for tilt correction only, no higher-order correction

While not part of the scenario in a real-world sense, an important part of any wave-
optics simulation setup is phase screen selection and positioning. We found that the accurate
modeling of thermal blooming can require additional phase screens beyond what is needed to
model laser propagation in turbulence alone. For this scenario, 10 phase screens is adequale
for modeling turbulence alone, but for also modeling thermal blooming, additional phasc
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Table 1. Average across focus ranges 6,000-7.500 m
of magnitude percentage change in peak irradiance
for each incremental increase in phase screen number

Phase screen Average change in
change peak irradiance, %
20 from 10 9.0
30 from 20 L5
40 from 30 0.5
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Fig. 1. Sensitivity of peak irradiance to focal range for baseline scenario.

screens were required to improve accuracy. Table 1 shows the effect of increasing the phase
screen numbers for the baseline scenario (at 150 kW, for conservatism). Even though the
average change in target peak irradiance by going from 20 to 30 phase screens was only
1.5% across the range of focal lengths considered (6-7.5 km), the change wus more than
4% at some of the defocus values of interest. As a result, we used 30 phase screens in
the wave-optics runs to determine laser system performance for the baseline scenario and
variations from it. Further, in all scenario variations the position of the screens was biased in
distribution toward the target, i.e., not uniformly distributed. For more details of this phase
screen analysis, see Long.!!

Wave-optics calculated performance resutts for the baseline scenario are shown in Fig. 1,
which plots the peak irradiance at the target as a function of focal length. These peak
irradiance values arc averaged over 100 ms of dwell time after waiting 30 ms for the thermal
blooming transient to settle. Since no turbulence is assumed, the averaging primarily has
the effect of suppressing any remaining transient elfects. For the 50-kW casc, the optimal
focal range is approximately 6.4 km, representing a defocus of 7% relative to the 6-km
target range, and the optimal peak irradiance is about 19% higher than the peak irradiance
for the focused beam. For the 100-kW case, the optimal focal range is approximately
6.85 km, a defocus of about 14%. In this case, the peak irradiance increases by 25% at
the optimum focal range compared to the focused beam. In addition to the improvement
in peak irradiance, it is noteworthy that the response curves under defocus are relatively
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flat at the oplimum operating points. This suggests that if a pattern can be determined for
optimal defocusing, it may be relatively robust to uncertainties in the knowledge ol driving
parameters and therefore have utility in an operational cnvironment. However, we note that
this observed “flatness™ appears to be sensitive to the obscuration assumption, discussed
later. Next, we examine variations from bascline scenario in several dimensions and the
effect on peak irradiance.

4. Power Sensitivity

In this scction, the bascline scenario is expanded by looking at two laser power levels
higher than 50 and 100 kW, from which we already saw a relationship between the optimal
[ocal range and power. Figure 2 shows the peak irradiance functions for the baseline scenario
at 150 and 200 kW under no turbulence and for 200 kW with HV 5/7 turbulence.

Notice that the peak irradiance functions with no turbulence are multimodal. However,
it is interesting that the first peak is washed out by turbulence, as shown by the third line in
Fig. 2. The peak that is washed out occurs in one of the secondary lobes of the irradiance
pattern, which under our 30% central obscuration assumption are somewhat prominent in the
diffraction limit, much more so than were the secondary lobes in the 10% obscuration cases
considered below. Note that the optimal focus distance is about the same for the 200-kW case
regardless of the turbulence assumption (not counting the first mode for the no-turbulence
case). This result was true in general for the 30% obscuration cases across the power and
range settings explored hercin, but for the 10% obscuration, optimal defocus distance under
turbulence is usually less than in the no-turbulence case due to strong interaction between
thermal blooming and turhulence. Also, for the 30% obscuration, higher-order behaviors of
the peak irradiance early in the defocus range are typically washed outby HV 5/7 turbulence.
Therefore we use the location of the sccond maximum in these cases as the optimal focal
range. Note that the optimal focal range continues to increase with power (and therefore
Np) for the bascline scenario.

Critical power is defined as the power at which peak irradiance no longer rises when power
is increased. Figurc 3 shows the peak irradiance for the baseline scenario as a function of

6.E+7
__B.E47 1
NE e
3 RIS S o Sl S
Z 4E+7 I it “ \\
8 .
8 3.E+7 4 [P
L+ —-———
®
§ —— 200 kW
1.E+7 4-{ -2 150 kW
--¢--200 kW (HV 5/7)} :
0.E+0 T T T )
6000 6500 7000 7500 8000
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Fig. 2. Sensitivity of peak irradiance w [ocal range for baseline scenario at higher laser
powers.
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Fig. 3. Peak irradiance as function of laser power by focus and turbulence assumptions.

power for four different settings: focused beam and optimally defocused beam, each with
no turbulence and with HV 5/7 atmospheres. From the no-turbulence (solid) lines in Fig. 3,
it can be seen that critical power goes approximately from 100 kW for the focused case to
200 kW for the optimally delocused case. With-turbulence (dashed) lines suggest that the
critical power goes approximately from 50 to 125 kW for the same change in paradigm.
The fuct that the critical power point decreases with the inclusion of turbulence indicates
the existence of a positive interaction in Strchl ratio space between turbulence and thermal
blooming. This will be addressed later. Next we look at the obscuration size dimension.

5. Obscuration Size Sensitivity

The central obscuration at the aperture represents an interesting dimension of the air-to-
ground thermal blooming problem that we address next because its interaction with other
dimensions will be also be discussed in subsequent sections. Here we investigate the baseline
scenarios with the modification of assuming a 10% single-axis central obscuration, which
represents an 8.8% increase in the area of the propagating aperture over the 30% obscuration
case. The peak frradiance [unctions with respect to defocus for the baseline scenarios at
both obscuration sizes are shown in Fig. 4. Note that the focused and optimal irradiances
are all higher than for the 30% obscuration case and that the optimal focal length is shorter,
especially for the 100-kW case. Some of this increased performance can be attributed to
increased aperture area, but this cannot be said for the qualitative difference in defocus
function, for which optimal performance occurs at 5% and 6.7% for the 50- and 100-kW
cases, resulting in 22% and 42% increases in peak irradiance, respectively. The relative
shortness of the optimal defocus distance remains in the 150- and 200-kW cases as well.

Figure 5 gives the irradiance plots for 150 and 200 kW and 10% obscuration, along
with the turbulence case for 200 kW. The performance with no turbulence is significantly
better than for the 30% obscuration case, and the optima occur at shorter focal ranges, 6.7%
and 8_.3%. However, under HV 5/7 turbulence in the 200-kW case a significant interaction
with thermal blooming onsets, resulting in a shortening of the optimal focal range to 5%
and a reduction in performance to slightly less than in the 30% obscuration case under
turbulence. This interaction is similar to the one that washes out the high-order behavior
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Fig. 4. Sensitivity of peak irradiance to focal range for baseline scenario with 10% and 30%
central obscurations.

B.E+7

7.E+7 4

6.E+7

Peak irradiance (W/m?)

—— 200 kW
--«-- 200 kW (HV 5/7)
0.E+0 T T T T

6000 6200 8400 6600 6800 7000
Focal length {(m)

Fig. 5. Sensitivity of peak irradiance to focal range for baseline scenario with 10% obscu-
ration at higher laser powers.

of the peak irradiance functions at 30% obscuration, but the 10% obscuration function is
not bimodal. It is unclear why the 10% obscuration case should suffer so severely from the
interaction at optimal performance under turbulence. The effect of this phenomenon is that
optimal defocus with a 10% obscuration under turbulence will be slightly less than that for
no turbulence.

6. Other Dimensions of Sensitivity

Rather than plot the irradiance functions with respect to focal length for all dimensions
of interest, we resort to the Breaux distortion number N p, which, in the focused case, 1s
a useful function of the scenario variables. The 100-kW baseline scenario values are fixed
for all dimensions except one, and values for the dimension of variation we evaluate are
listed in Table 2 along with the Breaux N, value for that scenario. This makes the 100-kW
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Table 2. Scenario values and associated Breaux N for this study

Scenario description dimension to vary ~ Variation value  Np

Power, kW 50 11.8
100* 23.7*
150 35.5
200 47.3
Slant range, km 3 9.6
4.5 16.6
6* 23.7*
9 37.2
Absorption (Table 3) 80% winter* 23.7%
80% summer  53.5
Ground wind, m/s 2.5 41
5 32.7
10* 23.7*
Propagation vector Perpendicular 9.8
Parallel* 23.7*
Altitude, km 2* 23.7*
3 16.6
4 12.5

*100-kW baseline scenario (pivot point).

baseline scenario a pivot point from which we evaluate the sensitivity of performance in
only one dimension of variation at a time. Then the optimal defocus multiples and irradiance
improvement factors are plotted in Figs. 6-9 against Breaux Np for all dimensions explored
in this study. This approach also illustrates the utility of Breaux N, as a predictor of optimal
defocus and expected improvement.

The absorption dimension is not single valued, since it is a function of altitude, and
we also include with it extinction due to scatter. Table 3 contains the combined molecu-
lar and aerosol absorption and scattering coefficients for the baseline (Mani) assumption
and the 80-percentile summer case. The Mani atmosphere constitutes an approximately
80-percentile winter case. Note that the scattering (which is primarily due to aerosols) is
left approximately unchanged between the cases.

The propagation vector warrants explanation also, The baseline scenario calls for the
HEL platform to be flying toward the target. In this case, a component of the optical path
(the propagation vector) is parallel with the velocity vector, and will be referred to as “paral-
lel” propagation, though of course there is an angle between the propagation vector and the
velocity vector in the baseline scenario since the laser is shooting toward the ground while
the aircraft is flying level. “Perpendicular” propagation refers to a geometry in which the ve-
locity vector is 90 deg from the propagation vector, meaning that the HEL is shooting to the
side while flying into the wind. This geometry maximizes the effective wind velocity (due to
aircraft motion and real wind) through the beam path; hence the significant reduction in Np.
On the other hand, turbulence losses in this geometry are greater, since the ability of a fast
steering mirror to compensate for the higher-bandwidth tilt turbulence will be further taxed.
Also, shooting to the side is anticipated to have some aero-optic beam spreading/distorting
effects due to buildup of turbulence across the aperture glass that we do not model here.
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fig. 6. Optimal focal length multiple of slant range (defocus) for 100-kW baseline scenario
(30% obscuration) and varied parameters, as function of focused-case Np.
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Fig. 7. Same as Fig. 6 except for 10% obscuration.

7. Optimal Defocus Performance by Obscuration Size

Using Breaux Np as the independent variable, we plot the optimal defocus multiple
(optimal focal range divided by Riarge) and performance improvement factor (optimal peak
irradiance divided by focused-case peak irradiance) for the baseline scenarios as well as
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Fig. 8. Peak irradiance improvement at optimal defocus [or 100-kW baseline scenario (30%
obscuration) and varied parameters, as function of focused-case Np.
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Fig. 9. Same as Fig. 8 except for 10% obscuration.

their variations, and we see that a relationship is apparent. Further, as suggested earlier, a
clear distinction in that relationship appears betwcen the 30% and 10% obscuration cases.
Figures 6 and 7 show the respective optimal defocus multiples as a function of Breaux
Np for each dimension of variation. (Some of the dimensions were not explored for the
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Table 3. Combined absorption and scattering coefficients due to
molccular and aerosol effects in this study

Atmospherc Altitude, km (abs Cgeat

Mani (80-percentile winter) 0.03755 0.05376
0.01905  0.02377
0.00827  0.00702
0.00401  0.00305
0.00199  0.00169
0.06681 0.05376
0.06226  0.02377
0.02103  0.00701
0.01187 0.00304
0.00656  0.00168

8(-percentile summer

RO B W — O

10% case since it was not the baseline scenario.) For the 30% obscuration, the optimal
defocus appears to rise about 6% per ANp = 10, until about N, = 30, when the defocus
multiple rolls flat at about 1.25, In contrast to that, the optimal defocus multiple for the
10% obscuration jumps about 5% immediately and stays between 1.05 and 1.10. (Note
that Figs. 6 and 7 have the same vertical scale for comparison purposes.) For the 10%
obscuration case, given its susceptibility to turbulence interaction, it appcars that one could
safely operate at about 5% defocus at all times to get most of the defocus benefit and stay
to the left of the optimal point.

Next we look at the peak irradiance improvement over the focused case as a function of
Np when operaling al the optimal defocus shown above for each scenario. Figures & and 9
plot these results for the 30% and 10% obscuration cases, respectively, and as beforc, they
have the same vertical axes to facilitate comparison. Figure 8 shows that the improvement in
peak irradiance for the 30% obscuration case is a factor of 1.2 for many settings that span the
Np range. Exceptions arc wind and power, the former of which shows large improvements,
but that is primarily due to the fact that the slow winds significantly knock down Stg (as
shown in Fig. 10). This highlights thc importance of wind as a major factor in determining
a COIL-equipped ATL's performance, and when wind is low, defocusing the beam can
offer significant assistance. (The improvement tactor value that exceeded the vertical axis
range on the wind line is 2.7 for Np =41.) Similarly, 200-kW power pushes down Stg,
making the recovery due to defocus look remarkable when in fact defocus is merely moving
the critical power from a smaller value from 125 to 200 kW, as was shown in Fig. 3. The
altitude and propagation vector lincs illustrate better operating scenarios than the baseline
scenario. Not only does propagating perpendicular to the velocity vector improve Stg, as
shown in Fig. 10, but that geomelry also responds to defocus more readily. The same is
true for increased altitude (keeping slant range the same). Combining the two geometries
should yield additional benefit.

Figure 9 shows that despite the fact that the optimal defocus multiple is fairly flat for the
10% obscuration case (Fig. 7), the improvement over the focused case increases as Breaux
Np increases by about 18% per ANp = 10. Tt must be remembered that for the 10% obscura-
tion, the larger improvements at high N p will be offset by the thermal blooming-turbulence
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Fig. 10. Breaux Np exhibits some inconsistency across the scenario variables in its corre-
lation to Stp for the air-to-ground case. Pivot point is baseline scenario at 100 kW,

interaction that affects this case to a greater degree, as we will show below for the case
of laser power. The perpendicular propagation geometry again represents a better operat-
ing point than the baseline scenario and shows tremendous potential benefit from defocus;
however, the interaction with turbulence will affect it also.

Wallace and Pasciak?” found that in the case of the thermal lens being strongest close to
the target plane, the amount of potential correction by adjusting the phase at the aperture is
limited to about a factor of two. As discussed above, the air-to-ground case results in such
a thermal Jens placement. We have found that defocusing the beam, in every air-to-ground
geometry explored here, results in some irradiance benefit. In many ol the cases, a significant
portion of Wallace’s recovery limit is realized with defocus alone. The improvements found
herein are also consistent in magnitude with findings by Pearson'® for thermal lenses near
the target plane.

Defocus appears (o work, not because it constitutes a phase correction (most of the
distortion being corrected with the small amount of focus we suggest is in the far-ficld portion
of the focused beam), but rather because it reduces the beam spreading transverse to the
wind that occurs near the target plane. An intense focused beam with a wind perpendicular
to it will set up steep temperature gradients in the beam path that constitutes a negative lens
and spreads the beam transverse to the wind. A small amount of defocus affects only the
beam near the target, but this slightly wider beam with the same wind will have shallower
temperature gradients, resulting in less spreading. To be sure, in the nonthermal blooming
case defocusing the bcam results in a decrease in peak irradiance, to which the improved
Stg is in effect applied. However, the strength of the negative thermal lens, even as close as
itis to the target plane, is reduced at a faster rate than is the unbloomed irradiance for some
amount of defocus. This view of the effect is supported by an experiment performed by
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Edwards* in which he showed that jitter transverse to the wind was equivalent to defocus in
improving irradiance of focused thermally bloomed beams. Yeh et al.?? show that attempts
to soften the transverse wind tempcerature gradient with “guide beams” improves irradiance.
Finally, when observing the laser spot produced by our wave-optics runs, the classic thermal
blooming crescent thickens as a function of defocus, and eventually a round core will
emerge in the center of the crescent as the flattened temperature gradient allows the center
of the beam to pass without spreading. This final effect usually occurs beyond the optimal
defocus value, but its progression as a function of defocus supports the causal theory offered
above.

8. Thermal Blooming Strehl

Thermal blooming Strehl Stp is defined as the ratio between peak intensity of a beam
with blooming distortion operative and the same beam with blooming distortion inoperative,
but including extinction effects due to absorption and scatter. Smith'® and Gebhardt” report
good correlation of Stg to Np, and Gebhardt provides the following scaling law for uniform
beams:

St = 1/(1 + 0.091’\4’[‘)’2). )

Figure 10 shows the resulting Stg [rom the variations described in the preceding section.
Each line represents a different dimension of variation, and the pivot point at Ny = 23.7 is
the baseline scenario. All points in Fig. 10 are focused cases. The open triangles are a plot
of Eq. (4), and it appears that the variation of Stp as a function of Np due to power variation
is the closest to its shape, although there are reasons to expect that the Gebhardt law’ would
not match our wave-optics results: he uses a different formula for N, that has no lever arm
in the numerator or spreading function s. Ideally, a scaling variable would be constructed
such that the slope of all the Stg functions is the same near a common starting point;
this would imply that the scaling relationship between the scenario dimensions had been
captured. Where the line plots in Fig. 10 do not exhibit a common slope at the pivot point
suggests where improvements in the Breaux N could be made for application in an ATL
scaling law. The higher slope of the power Stg line and still higher slope of the wind Sy
line relative to the other lines point to an inconsisiency in the scaling variable and suggest
that power and wind are not receiving enough weight relative to the other factors in the Np
calculation (or similarly that the other factors are receiving too much weight). The flatness
of the nonwind and nonpower lines led Vernon and St. John to develop a transform for Np
for the other factors, as determined by Eq. (1), that remaps them more closely to the N,
response due to power (for the air-to-ground case).

Figure 11 contains all the same data as Fig. 10 but with the lines removed and the
Gebhardt law highlighted with a dotted line. Added in arc the Svg lines for defocus as a
function of Np., the latter calculated in two different ways. One added plot (solid line, filled
diamonds) is Breaux Np calculated for defocus using Eq. (1), where ageon is modified to
represent increasing the focus distance beyond the target by 5%, 10%, and 15%: longer focus
distances for the given target range increase Stg. The large difference in slope between this
plot and the test of the Sy functions indicates that the Breaux formulation (1) alone is not
constructed in a way that allows Np to be calculated for the defocused case. As mentioned
earlier, the reason for this lies in Breaux’s special spreading function s that is RSSed with
dgeom- The second added plot (dash—dot line, filled boxes) in Fig. 11 is the Syy function for
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Fig. 11. Use of Smith correction [actor removes gross inconsistency in Breaux Np with
respect to defocus scaling. The dashed “Poly” line is a fit to the Gebhardt law points to
distinguish them from the scenario excursions. Pivot point is baseline scenario at 100 kW.

the same defocus values with Np calculated by applying the Smith correction factor (3) to
the Breaux N, for the focused case. Interestingly, this approach yields an Stg function that
not only is more consistent with that of the other factors than is the solid, filled-diamond
line, but is in fact very consistent with the nonpower, nonwind factors Lo the left of the pivot
point. This result suggests that those thermal blooming scaling law models that depend
on the Breaux technique for calculating Np can capture the defocus effect in the scaling
relationship by use of the Smith correction factor.

9. Effect of Turbulence

As mentioned in connection with Figs. 3 and 5, some scenarios that we study suffer
from an interaction between turbulence and thermal blooming that reduccs peak irradiance
beyond what either effect would cause if applied independently. Not all such interactions
will be detrimental to peak rradiance. Smith points out that if the bandwidth of the tur-
bulence is higher than that of the thermal blooming process, the beam gets spread out in
a time-averaged scnse, resulting in less thermal blooming than would have otherwise oc-
curred. All of the blooming discussed to this point is known as whole-beam blooming.
However, at higher N, a small-scale blooming known as stimulated thermal Raleigh scat-
tering (STRS) can emerge.” According to Chambers ct al.,* this effect is caused by local
focusing in the beam path due to the turbulence structure, which leads to inhomogeneous
heating down the optical path and additional spreading due to the thermal lens caused by
the uneven irradiance. This effect is captured in ACS, the model used in this study. For
completeness, we mention Yahel,2! who theorizes about a different kind of interaction in
which the lascr-induced temperature gradient in the beam path causes a new and more
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Fig. 12. Siperace for baseline scenario (100 kW) by turbulence multiple and obscuration size
as function of slant range.

severe turbulence structure to arise. This effect is not captured in ACS, nor is it clear that his
theory would apply to an ATL case, but if realized, it would be devastating to COIL ATL
performance.

To develop scaling law models for defocus, it will probably be necessary to include not
only a predictive variable for Stp as a function of defocus, but also the interaction Strehl,
since we find that it can be a significant component of the air-to-ground performance degra-
dation. We will look at the interaction as a function of range for the 30% obscuration and
then as a function of power for both obscurations, and finally we will look at perpendicular
propagation.

Figure 12 shows the bascline scenario (100 kW) thermal blooming and turbulence in-
teraction Strehl for the 30% obscuration case as a function of range at the optimal focal
length for each range. This calculation for each scenario requires running the model for
three cases: turbulence only, thermal blooming only, and both effects simultaneously. The
interaction Strehl Siyeract 15 then calculated by

Sinteract = STB+turb/(STB Sturd ). (5)

Note that for the shorter ranges Sineract 1S actually greater than one, but that it drops below
unity and decreases with range. The Sineraq function is plotted for two levels of turbulence
(1 and 2x HV 5/7), and note that for worse turbulence, the cffcet whether positive or
pegative appears to be amplified. None of these 30% obscuration interaction effects is
terrible, especially compared to the 10% obscuration results on the same graph, which are
at the optimal defocus setting for the with-turbulence assumption. Note that the vertical
axis in Fig. 12 does not have zero at the origin.

Figure 13 shows Siperact fOr both obscurations as a function of power for the otherwise
baseline scenario at optimum focal length. Here the greater sensitivity of the 10% obscura-
tion case to interaction is clearly seen. Remember, however, that the 30% obscuration case

Journal of Directed Energy, 2, Spring 2007



206 LONGET AL.

1.2 e er—— 1 o = ;
1 —
A ~—
= 0.8 1 : : \
® A i
# e !
5 7 :
:.: A
£ 04+
0.2 | —#— 1x HV 5/7 (30% obsc)
----&--- 1x HV 5/7 (10% obsc)
0 - : ' ' —
0 50 100 150 200 250

Laser power (kW)

Fig. 13. Sineract at optimum defocus for baseline scenario by obscuration size as function
of laser power.

1 _| e — i 1+ 5 1 1
0.8 4
0.6 - A

0.4 1

Interaction Strehl

—m— 30% obsc {parallel)
--E-- 30% obsc (perpindicular}
~--A--- 10% obse (perpindicular)
—&— 10% obsc (parallel)
0 T

focused optimal defocus

0.2 1

Fig. 14. Siperye for parallel and perpendicular propagation as function of focus setting at
200 kW for otherwise baseline scenario.

experiences these levels of interaction for some defocus values as well (e.g., the washed-out,
higher-order peaks in Fig. 2), just not at the optimum defocus. The values for the 30% ob-
scuration case update results presented by Long and Miller'? for the interaction Strehl as a
function of power. In that presentation, the interaction was overstated as a result of using
too few phase screens in the simulation,

Figurc 14 shows Siperac for both obscurations and both laser propagation vectors for
the focused case and at optimal focal length. For both obscurations, Sigerac; is significant,
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though it remuins worse for the 10% obscuration at optimal defocus. So for perpendicular
propagation, Sinersc 18 less than 0.7 at optimal defocus for both obscurations, and we noted
that the perpendicular case is probably a preferred operating geometry. Additionally, we
have already noted that Siyerace 18 dynamic with respect to the defocus multiple, and as such,
it can alter the optimal defocus value from the no-turbulence case. The ability to predict a
near-optimal defocus for ATL-like scenarios without having to directly measure the beam
at the target will depend on our ability to understand the significance of STRS for the
engagement and possibly have a predictive model for it.

10. Conclusions

Computer simulation cvidence has been presented that a high-cnergy COIL air-to-
ground system can realize significant benefits simply by defocusing the beam during an
engagement. This result is consistent with the maximum expected benefit of phase cor-
rection when the thermal lens is located near the target plane.?” Further, the optimal de-
focus amount is proportional to the thermal blooming distortion number of the focused
€4dsce.

The functional form of optimal defocus appears to be sensitive to the size of the central
obscuration for the uniform beam, with the 10% obscuration having a fairly flat response
lo Breaux Np. The obvious benefit of using defocus is that because it is a radial phase
parameter, precise knowledge of the wind direction is unpecessary to implement it, unlike
the use of coma and astigmatism, as suggested clsewhere.® Additionally, most systems
could take advantage of this phenomenon without major hardware modification.

Another important aspect of defocus benefit is related to radial beam sprcading due
to diffraction from aerosol forward scattering. In the boundary layer, significant aerosol
densities can occur, which not only contribute to thermal blooming and extinction, but
can also cause beam spreading on the same order of magnitude as turbulence.> %7 This
spreading cannot be compensated for by phase changes at the aperture. However, such
spreading will likely have the samc cffect as intentional defocusing on an HEL under thermal
blooming conditions so that the effect of aerosol spreading will merely be to improve peak
irradiance, as long as the spreading does not overshoot the optimal defocus. On the other
hand, aerosol spreading can only negatively impact the peak irradiance of lasers that do not
operate under thermal blooming conditions.

Similarly, if aero-optic effects at the turrct cause a high-bandwidth beam spreading,
it may be that the focused, thermally bloomed beam benefits from the spreading, or at
least is not adversely impacted, favoring the already preferred larger angle between the
propagation and velocity vectors that reduces ¥ p. Alternatively, if the aero-optic spreading
is low bandwidth, then an interaction with thermal blooming similar to that with turbulence
could arise, forcing a smaller angle to be selected.

1f the defocus effect on thermal blooming ATL-like systems is to be utilized, the capabil-
ity to capture the effect of defocus in scaling laws is needed for systems analysis. Currently,
scaling laws that use the Breaux Np equation (1) cannot adequately represent this phe-
nomenon. One path to correcting this deficiency is the use of the Smith correction lactor
(3). Finally, scaling laws do not appear to have been developed that capture the interaction
between thermal blooming and turbulence in the ATL regime. This appears to be more of
an issue for the 10% obscuration than the 30% in parallel propagation but is significant for
both in the case of perpendicular propagation.
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11. Disclaimer

The views expressed in this presentation are those of the authors and do not necessarily
reflect the official policy or position of the Air Force, the Department of Defense, or the
U.S. Government.
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