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B Thermal blooming is the spreading of a laser beam that results when some of
the beam’s energy is absorbed by the medium that the beam is propagating
through. If left uncorrected, the spreading would significantly reduce the
effectiveness of high-power lasers as directed-energy weapons and as devices for
beaming power over long paths through the atmosphere. In this article we
survey the theory of adaptive compensation for thermal blooming, with an

empbhasis on research at Lincoln Laboratory since 1985. This work includes the
development of MOLLY, a uniquely realistic computer simulation of adaptively
compensated laser propagation through turbulence and thermal blooming, and

the development of robust experimental signatures for important fundamental
processes, most notably phase-compensation instability (PCI). Caused by
positive feedback between an adaptive optics system and laser-induced
atmospheric heating, PCI can strain the capabilities of adaptive optics hardware.
Results from both MOLLY, which was optimized for the Cray-2
supercomputer, and our analysis of PCI have been verified in laboratory and

field experiments.

In this article, we discuss the physics of uncompensated and compensated
thermal blooming, the architecture and capabilities of MOLLY, and an analysis
of PCI that takes into account the detailed structure of adaptive optics
hardware. Finally, we use MOLLY output to illustrate signatures of PCI, effects
that ameliorate PCI, and characteristic trends that make it possible to predict

large-system performance from subscale experiments.

spreads in response to its own heating of the
medium through which it propagates. Com-
pensation for thermal blooming will be required if a
high-power laser is used, for example, as a directed-
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energy weapon, as in the Strategic Defense Initiative
(SDI) concept of ground-based-laser ballistic-missile
defense. Compensation for thermal blooming is also
required when a high-power laser is used to deliver
large amounts of useful power over long distances
through the atmosphere to reduce onboard-power
requirements for earth-orbiting satellites, for exam-

ple, or to transmit power directly to a lunar station.
Compensation for thermal blooming relies on the
same principles of adaptive optics used in atmospheric-
turbulence compensation [1, 2]. In the compensation
process, a phase sensor measures the reference
wavefront of a beacon coming from above the atmo-
sphere, and a deformable mirror applies in real time
the inverse of the sensed aberrations (i.e., the conju-
gate phase) to the outgoing (high-power) laser beam
to compensate the beam’s wavefront for the aberra-
tions. The phase of the laser beam at the top of the
atmosphere is thereby made nearly diffraction lim-
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ited. Turbulence and thermal blooming can, of course,
occur together, and a wavefront sensor cannot de-
compose an aberration on an incoming wavefront
into two separate components, one due to turbulence
and the other to thermal blooming.

When thermal blooming is present, compensation
with adaptive optics is complicated by several factors
that are not present when lasers of relatively low
power are used, i.e., when only turbulence matters.
Most importantly, thermal blooming creates feed-
back between the adaptive optics and the propaga-
tion medium: a transmitted laser wavefront is modi-
fied by the adaptive optics system, which leads to a
change in the irradiance pattern of the propagating
beam, which in turn causes a perturbation in the
beam-induced atmospheric heating that the adaptive
optics system was initially trying to correct. This
feedback results in phase-compensation instability
(PCI), which, under extreme conditions, can lead
laser-induced atmospheric heating to form patterns
of irradiance and phase distributions that cannort be
corrected by the adaptive optics hardware.

In this article, we survey contributions by Lincoln
Laboratory to the theory of adaptive compensation
for thermal blooming with a special emphasis on
developments since 1985, when SDI objectives fo-
cused attention on very large laser systems with stron-
ger thermal blooming than was previously contem-
plated. This period also saw the emergence of PCI as
a dominant technical concern, which led to the first
use of high-performance supercomputers for ther-
mal-blooming modeling. Lincoln Laboratory is one
of a number of organizations that have significantly
contributed to the theory of adaptive compensation
for thermal blooming [3].

Before beginning our survey, we introduce the
basic physics of thermal blooming and PCI. We then
articulate the broad framework of the Lincoln Labo-
ratory program in thermal-blooming theory and high-
light a cornerstone of this program: MOLLY, a
supercomputer model that has come to define the
state of the art in the numerical simulation of
adaptively compensated laser propagation through
turbulence and thermal blooming. Finally, we use
MOLLY output to illustrate the basic phenomena of
thermal-blooming compensation and particular fea-
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tures of thermal-blooming compensation in very large
systems.

Physics of Thermal Blooming

The basic properties of thermal blooming are gov-
erned by the absorption of laser energy and by the
flow of the medium that the laser beam is propagat-
ing through. The absorption determines the amount
of heat available for perturbing the index of refrac-
tion in the propagation medium, and the flow deter-
mines the time available for the heated medium to
affect laser propagation before it is swept out of the
beam.

In quantitative terms, let / represent the laser irra-
diance, i.e., the power propagated by a laser across a
unit area perpendicular to the direction of propaga-
tion. The power absorbed by the medium per unit
volume is then e/, where « is the absorption per unit
length, or absorptivity. This absorption produces a
temperature change per unit time of a//pc,, where p
is the mass density of the medium and ¢, is the
specific heat at constant pressure. This temperature
change per unit time in turn produces an index-of-
refraction change per unit time of

ol |dn
Pe, dT’

where 7 is the refractivity and 7 is the temperature.
These estimates assume that the absorbed energy is
transformed instantaneously into heat, and that the
heat instantaneously results in a change in the index
of refraction of the propagation medium. Both as-
sumptions are appropriate for this article. Typically,
refractivity decreases (toward unity, its value in vacuo)
with increasing temperature. Thus dn/dT is negative,
so the laser beam transforms the medium through
which it propagates into a diverging lens, directly
leading the beam to spread, or bloom—hence the
term thermal blooming.

The strength of this lens is limited by the transport
of heated air out of the beam’s path in a time of order
D/v, where D is the beam’s diameter and v is the
relative speed between the beam and the propagation
medium in a direction transverse to the beam direc-
tion. The variable v receives contributions from ma-
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terial flow as well as from slew, which is defined as
the angular motion of a beam when tracking a mov-
ing target. The quantity 7= D/, known as the wind-
clearing time, represents a fundamental relaxation
time for transient phenomena in thermal blooming.
The total change in the index of refraction induced
by a laser beam in an absorbing medium is thus

o ﬂ_f[ﬁﬁ,}B
Pe, dT ] v

associated with a toral change

{(z)2)

in the temperature of the propagation medium.
This laser-induced change in refractivity in turn
induces an aberration

O[a_f[ﬁ]eﬂ] i
PC, dT ) v

in the laser beam’s phase, where £ is the laser wave
number (equal to 2z divided by the laser wavelength)
and L is the length of the absorbing portion of the
propagation medium.

For a feel for the size of these effects, consider the
unslewed vertical propagation—from ground to space
through desert air flowing at a wind speed of 3 m/sec
(a relatively calm day)—of a 1.06-um high-power
laser with an irradiance of 1 MW/m? and a beam
diameter of 3.5 m. At this wavelength, which lies in
an atmospheric transmission window [4] where the
absorptivity is dominated by aerosol particles [5],
@ =0.002 km™ and Z = 2 km [6]. Combining these
numbers with

L P,

pe,

14 7.7%x10% ccl]
pey dT

at 27°C, we obtain a laser-induced refractivity per-
turbation of roughly 2 x 107 associated with a tem-
perature rise of ~0.002°C. This perturbation will

produce an integrated phase aberration of roughly 20
radians. The ~0.002° temperature rise is much smaller
than the O(0.1°C) that is typical of the temperature
fluctuations associated with atmospheric turbulence.
The temperature fluctuations due to thermal bloom-
ing, however, are much more effective in producing
phase aberrations than fluctuations due to turbulence
because the blooming fluctuations all have the same
sign, and they thus add constructively.

The conventional measure of the optical strength
of thermal blooming is given by the distortion num-
ber Np. First introduced by Lee C. Bradley III and
Jan Herrmann of Lincoln Laboratory in 1974 [7],
Np is defined by
u[‘i‘\/ikp]ﬁ Me—j;[a(;')-pa,(z')]dz.dz’

Np =
= -!. dT v(z)

pcPD
where z is the propagation distance, P is the laser
power, and ¢, is the scattering coefficient. This equa-
tion F:ncmlizes Expression 1 (if one identifies / with
PID?) to scenarios in which absorption and wind
(including slew) vary with propagation distance, and
in which attenuation of the laser beam is sizable. As a
rule of thumb, the total peak-to-valley phase aberra-
tion in radians is approximately Np/3 for a laser
beam with a Gaussian irradiance profile.

Figure 1 illustrates the spreading of far-field irradi-
ance due to thermal blooming with N, = 50. The
characteristic asymmetry seen in the figure is caused
by the wind. To understand this phenomenon, con-
sider the distribution of laser-induced heating in the
absorbing medium. Points in the medium at both the
upwind and downwind edges of the beam are heated
by the beam, but the downwind points are also heated
by the wind-driven transport of hot medium from
the upwind edge. Thus the laser-induced change in
index of refraction is more negative downwind than
upwind, and consequently the laser-induced phase
aberrations tilt the beam into the wind. The result is
the crescent seen in Figure 1.

Figure 2 schematically illustrates the characteristic
dependence of peak far-field irradiance [, on trans-
mitted laser power Pin the presence of thermal bloom-
ing. Without absorption, the curve of I, versus 7
would be a straight line. In the presence of thermal
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FIGURE 1. Far-field irradiance pattern of a thermally
bloomed beam with thermal-blooming distortion number
Np = 50. The spacing between tick marks in the figure is
two-thirds the diameter of an unaberrated (diffraction-
limited) spot. The contour spacing is one-ninth the peak
irradiance.

blooming, the curve exhibits a maximum, at which
point further increases in power result in decreasing
irradiance. The power at the point of diminishing
returns is referred to as the critical power P, ;.. Adap-
tive optics can increase both the value of _; and the
value of the corresponding irradiance /_;, but even
with adaptive optics we expect that the [, -versus-7
curve will exhibit a maximum irradiance, at which

Diffraction Limit »

’l:ril

Without Adaptive Optics

point a further increase in power will not result in a
further increase in irradiance.

Atmospheric turbulence can exacerbate the effects
of thermal blooming. Turbulence causes a propagat-
ing laser beam to become scintillated; i.e., the beam
develops irradiance variation on small scales trans-
verse to the propagation direction. Thus turbulence
can cause the heating that is deposited by the laser
beam to vary on small transverse scales, producing
strong phase gradients that directly increase the angu-
lar spreading of the far-field irradiance pattern. The
effectiveness of the adaprive optics can be undercut
when the scale of the spatial variation that the turbu-
lence-induced scintillation imposes on a thermal-
blooming phase aberration is smaller than the small-
est scale resolvable by the deformable mirror used in
the adaprive optics system. This interplay between
turbulence and thermal blooming, known as turbu-
lence/thermal-blooming interaction (TTBI), was first
described by Herrmann of Lincoln Laboratory in the
early 1980s [8]. TTBI became a major focus of study
in the late 1980s [3].

Phase-Compensation Instability (PCI)

As explained earlier, a phase-conjugate adaptive op-
tics system can compensate for thermal-blooming
phase aberrations just as it can for turbulence. At very
strong levels of blooming, however, the adaptive op-
tics system itself can provoke the growth of a strong
variation in phase aberrations on small scales trans-
verse to the propagation direction. This phenom-
enon, referred to as phase-compensation instability

With Adaptive Optics

Peak Irradiance in Far Field

Pcrit

Transmitted Power

FIGURE 2. Schematic behavior of the peak irradiance in the far field of a laser
beam subjected to thermal blooming. The line labeled "Diffraction Limit" refers

to unaberrated propagation.
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FIGURE 3. Phase-compensation instability (PCl) mechanism: (a) Strong and weak spots that occur naturally in the
outgoing laser irradiance induce hot and cold regions (denoted by dark and light areas, respectively) in the
atmosphere. A wavefront sensor detects valleys and peaks in the aberrated wavefront of a beacon due to the beacon's
passage through atmospheric regions that are relatively hot and cold, respectively. (b) A deformable mirror
compensates the aberration by applying to the outgoing beam a phase that has peaks beneath hot regions and valleys
beneath cool ones. (Note: The deformable-mirror surface will have valleys and peaks where the applied phase has
peaks and valleys, respectively.) Thus the deformable mirror has the effect of focusing the outgoing beam into hot
regions, making them hotter. Again, the hot and cold regions distort the measured beacon phase, and (c) the
distortion causes the deformable mirror to focus even harder into the hot regions.

(PCI), is illustrated in Figure 3. The figure shows
schemarically the evolution in time of a set of hot and
cold regions in the propagation medium. Denoted by
dark and light areas, respectively, the hot and cold
regions can be induced inidally by strong and weak
spots occurring naturally in the outgoing laser irradi-
ance. The hot and cold regions distort the measured
phase of the beacon. In its attempts to compensate
the aberrated beacon phase, the correction system
focuses the outgoing laser beam into the atrmospheric
hot spots, making them hotter, which, in turn, results
in an even greater aberration of the measured beacon
phase.

The possibility of positive feedback between adap-
tive optics and thermal blooming was first raised by
Herrmann of Lincoln Laboratory in 1977 [9], and
explored with a mathematical model that idealizes the

absorbing medium as a simple lens whose strength
depends on the irradiance of the laser beam propagat-
ing through it. Subsequently, the growth of small-
scale structures was observed in steady-state computer
simulations of compensated strong thermal bloom-
ing. Although this result was tentatively identified as
a physical instability, researchers suspected at the time
that computational artifacts might be playing a role
[10]. The modern period in the theory of PCI was
initiated in 1986 through 1987 by the introduction
of linearized PCI analyses [11-14] that were not linked
to a simple-lens idealization, and by the advent of
fully time-dependent simulations of thermal bloom-
ing with supercomputers.

As it turns out, the rate at which PCI develops
increases roughly as the spatial scale that the adaprive
optics system can resolve decreases [14]. In practice,
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this scale is calibrated in terms of the perturbation
Fresnel number Np = 7na’/AL, where n and L are the
refractivity and depth, respectively, of the absorbing
medium, « is the actuator spacing of the adaptive
optics system, and A is the laser wavelength. One
might imagine inhibiting PCI by using a coarse ac-
tuator spacing. This strategy is often not practical,
however, in situations where turbulence and thermal
blooming are present at the same time—turbulence,
which can cause aberrations that have high spatial
frequencies, cannot be corrected effectively when the
actuator spacing is too coarse.

Several factors reduce the practical impact of PCI.
First, wind clearing limits the growth of PCI because
a beam-induced change in the propagation medium
can affect subsequent propagation only as long as the
heated material remains in the beam. Second, wind
variation (including the contribution of slew) along
the propagation direction also inhibits PCI. When
the magnitude or direction of the wind takes different
values at different distances from the laser transmitter,
the atmosphere cannot sustain patterns of hot and
cold that line up with the propagation direction as
they do in Figure 3. Wind variations thus offset the
tendency for contributions to PCI from different dis-
tances along the beam to reinforce one another. Fi-
nally, PCI is damped by thermal diffusion and turbu-
lent diffusion, which tend to wash out thermal
inhomogeneities. This effect is relatively unimportant
in the open air, but thermal diffusion can be signifi-
cant in a laboratory thermal-blooming experiment
with a small beam propagating through an absorbing
liquid [15].

Thermal-Blooming Theory
at Lincoln Laboratory

Work on the theory of thermal blooming began at
Lincoln Laboratory in the late 1960s, when Bradley
and Herrmann developed a steady-state computer
simulation of laser propagation through an absorbing
medium [16]. The simulation was the first to repre-
sent uncompensated thermal blooming accurately.
From a mathematical standpoint, the simulation was
notable for implementing numerical techniques that
avoided spurious sources or sinks of laser energy, and
for employing a coordinate system whose resolution
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transverse to the propagation direction varied with
propagation distance. The coordinate system permit-
ted the accurate representation of the beam even when
the beam spread under the influence of strong ther-
mal blooming and when it became small because of
focusing. Numerical simulation has figured promi-
nently in thermal-blooming theory at Lincoln Labo-
ratory ever since.

The steady-state propagation code was in continu-
ous use and development until the mid-1980s. At
that time, SDI ground-based ballistic-missile-defense
mission requirements—Ilaser apertures several meters
in diameter and distortion numbers of several hun-
dred or more—highlighted a number of simulation
limitations that further incremental changes in the
steady-state code could not overcome. One of the
limitations was that the steady state was computed as
the result of a mathematical iteration that bore no
direct relation to the physical passage of time. Thus,
when indications of instability at a high distortion
number were first observed, it was difficult to decide
whether to ascribe them to a real physical effect, to a
breakdown in convergence due to a numerical diffi-
culty, or simply to the nonexistence of a true steady
state. Another limitation of the code was that there
can in fact be no steady state for thermal blooming in
the presence of turbulence because wind-blown tur-
bulence is inherently time dependent. Finally, be-
cause the steady-state code was not optimized for
vector computer architectures, it could not exploit
the speed and large memory of modern supercom-
puters. This last point was especially important be-
cause the prospect of simulating processes (e.g., PCI)
that create significant structure on small scales over
long propagation paths pointed to a need for fine
spatial resolution, which requires the storage and pro-
cessing of very large amounts of data.

Accordingly, in 1986 I undertook the development
of a new computer simulation of the time-dependent
behavior of adaptively compensated laser propagation
through turbulence and strong thermal blooming [17].
The new computer code, named MOLLY after the
character Molly Bloom in James Joyce’s Ulysses [18],
was optimized for operation on the Cray-2
supercomputer, notable for its speed (400 Mflops
peak on each of four processors) and memory (256
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Mwords). In addition, the Cray-2’s long word size of
64 bits provided additional insurance against numeri-
cal artifacts that were not provided for by the 32-bit
computers for which the steady-state code was de-
signed. The Cray-2’s large memory has permitted us
to use MOLLY to simulate with impunity scenarios
that other organizations have been unable to simulate
acall.

MOLLY has come to define the state of the art in
the numerical simulation of adaptively compensated
high-power-laser propagation. The code is notewor-
thy for the realism with which it models adaptive
optics hardware, and for a number of structural inno-
vations that have made it uniquely flexible and effi-
cient. MOLLY’s design will be discussed in greater
detail in the following section.

The fundamental questions stressed in the applica-
tion and continuing development of MOLLY have
been the following:

1. Is PCI a real phenomenon?
2. What physical processes ameliorate it?
3. What is its impact on the effectiveness of

systems that use high-power lasers?

We have learned much of what we know about the
answers to these questions, especially the third, through
the exploratory application of MOLLY. The code has
also been used extensively to plan and interpret ex-
periments, and it has in turn been verified by com-
parison with the results of those experiments [15, 19].

In addition to code development, we have pursued
the development of the analytical theory of PCI. Only
a few years ago, the analytical theory (as Reference 14
exemplifies) was not sufficiently advanced to provide
decisive signatures of PCI for high-distortion-num-
ber experiments and simulations. In particular, the
theory assumed closeness to certain idealized condi-
tions that, if the propagating beam was sufficiently
powerful, could remain valid only for a short time.
Moreover, the early theory was developed for a sim-
plified model of the adaptive optics hardware. For
example, the model did not take into account that
real wavefront-sensor subapertures and deformable-
mirror actuators are arranged on fixed (usually square),
finite-resolution grids. The development of analytical
theory at Lincoln Laboratory has kept pace with com-
puter modeling over the past five years: the develop-

ment has focused on the generalization of the analyrti-
cal theory of PCI for adaptive optics models with a
realistic grid geometry, and on the search for analyri-
cal predictions that transcend small-time limitations
[20]. This development will be discussed further in
the section “Simulation Results.”

The MOLLY Code

MOLLY simulates the time evolution of a laser field,
the laser- and turbulence-induced refractivity varia-
tions, and the adaptive optics components, all on
rectangular grids perpendicular to the propagation
direction. Time is discretized by idealizing the laser
beam as a sequence of instantaneous pulses. MOLLY
places no restrictions on the order in which high-
power-laser pulses, beacon-laser pulses, and intervals
of medium transport occur, nor on the relations be-
tween parameters (such as wavelengths and absorp-
tivities) that govern the dynamics of distinct laser
pulses. This scheduling flexibility enables MOLLY to
simulate easily and efficiently the thermal blooming
produced, for example, by a multiline chemical laser
(such as the Alpha Verification Module used in the
SABLE experiment described in Reference 19). For
the purpose of simulation, such a laser must be treated
as an ensemble of lasers, one for each spectral line.
MOLLY’s scheduling flexibility also facilitates simu-
lations of scenarios that use a synthetic beacon (an
adaptive optics beacon source produced by the back-
scatter of a laser beam focused high in the atmosphere
[21]). In such cases, MOLLY must choreograph the
propagation of an outgoing high-power laser, an in-
coming tracking beam, an outgoing synthetic-beacon
laser beam, and a statistical ensemble of return propa-
gations that represents the incoherent backscatter from
the synthetic beacon.

To keep MOLLY running fast, we held the code to
the following standard: with very few exceptions, all
algorithms involving any of the aforementioned grids
require at most O(N logzN) arithmetic operations,
where Nis the number of points in the grid in ques-
tion. In large part, this restriction was accomplished
through the liberal use of fast Fourier transforms,
which not only promoted speed but, as we shall see,
also helped to protect against numerical artifacts that
could otherwise obscure the proper physical conse-
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FIGURE 4. Model of compensated laser propagation in the MOLLY computer code.

quences of small-scale phenomena such as PCI and
TTBL

To conserve memory, we did not constrain the
transverse grids on which MOLLY defines the high-
power-laser field, beacon-laser field, and rurbulent
refractivity to the same size. (The grids for the laser-
induced refractivity perturbations and the high-power
laser are identical, however, as are the grids for the
adaptive optics components and the beacon.) Even
on the Cray-2 supercomputer, finite memory can
significandly limit the simulation of thermal-bloom-
ing compensation, at least for very large laser systems.
A typical MOLLY simulation defines laser-induced
heating on 50 or so transverse grids with each grid
having 300 x 300 or so points, and 2 more com-
plex simulation can use as many as 400 grids of size
540 x 540. For the simulartion of propagation through
the open air, such grids correspond to physical spac-
ings as small as a few meters along the propagation
direction, with a grid resolution of a few centimeters.
Correspondingly, memory usage for a typical simula-
tion is 20 Mwords or so, and the usage for a more
complex simulation has been as large as 190 Mwords,
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nearly 80% of the Cray-2’s capacity.

MOLLY’s software model of an adaptive oprics
system is shown schematically in Figure 4. As in a real
system, adaptive compensation is shared between a
flat mirror for tile correction and a deformable mirror
for higher-order correction. Each correction element
is driven by its own sensor. The wavefront sensor can
be either a Hartmann sensor [22], as indicated in the
figure, or a shearing sensor [23]. MOLLY is also
capable of modeling multidither compensation [24],
which does not rely on a wavefront sensor per se. The
deformable-mirror model includes such realities as
broken actuators, finite response times, and limits on
deformable-mirror stroke.

MOLLY uses a variety of atmospheric models. For
simulation of the laboratory experiment described in
Reference 15, MOLLY incorporates the precise ab-
sorptivity, refractivity, and placement of laboratory
absorbing media. For simulations of field experiments
in the real atmosphere, MOLLY can take atmospheric
parameters as measured at discrete locations at the
experimental site and, where necessary, interpolate to
reconstruct a representation of the atmosphere in con-
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tinuous space. For simulations of ballistic-missile-de-
fense scenarios, MOLLY has used atmospheric pa-
rameters derived from measurements taken at the
White Sands Missile Range in New Mexico by the
Army Atmospheric Sciences Laboratory and supple-
mented by a model of random wind fluctuations (see
the section “Simulation Results”).

At the heart of the code, MOLLY represents a
monochromatic, single-polarization optical beam by
a complex scalar field y that advances along the propa-
gation direction according to the paraxial equation

[2;‘&;:1 +V2 4 Zkzﬁn]w =0, (2
Jz
where V2 is the transverse Laplacian, # is the optical
wave number, 7 is the ambient refractivity, and &n is
the sum of turbulence- and laser-induced deviations
from ambient refractivity. Strictly speaking, Equation
2 applies only to collimated laser propagation. Fo-
cused propagation (as occurs, for example, in the
formation of a synthetic beacon) is reduced in MOLLY
to Equation 2 by a coordinate transformation. The
turbulence-induced refractivity perturbation, which
the wind blows rigidly across the beam, is computed
at initialization, before any numerical laser propaga-
tion takes place. The laser-induced contribution &n
to dn is determined by
|:i +v-V- ;(Vz}ﬁnl_ - =8 . yf|2
at PC, dT

, (3)
where y is now the high-power-laser field, is time, v
is wind (including the contribution of slew), and  is
the thermal diffusivity.

The paraxial equation is solved in MOLLY with
the Fourier split-step algorithm [25]: propagation
through a numerical range step of thickness Az is
divided into three substeps, as illustrated in Figure 5.
In the first and third substeps (called phase half-
steps), the paraxial equation is solved for step thick-
ness Az/2 by omitting the Laplacian term. In the
second substep (called the vacuum step), the paraxial
equation is solved for thickness Az by omitting the
refractivity term. This algorithm is computationally
fast, amounting to simple point-by-point multiplica-
tion in the phase half-steps, and a fast Fourier trans-

formation and point-by-point multiplication in the
vacuum step. The algorithm is also accurate—the
error is O(A2’)—and manifestly energy-conserving,
so that it introduces no numerically spurious energy
sources or sinks that could mask an amplification
process such as PCI.

We also avoided spurious sources or sinks by calcu-
lating the wind transport and thermal diffusion (as
defined by Equation 3) in the Fourier domain [25]:
MOLLY advances the refractivity contribution &n;
through a time increment &¢ by adding &7 times the
right-hand side of Equation 3 to &7, Fourier-trans-
forming the result, multiplying the Fourier transform

by
e:‘p-vrSr—;rpz&r (4)

where p is the Fourier wave vector and p is its magni-
tude, and inverse-Fourier-transforming the product.
Smoothing at the grid boundaries is performed to
avoid a numerical artifact known as Gibbs ringing
[26]. In the absence of diffusion, this procedure is
manifestly energy conserving because the multiplier
given in Expression 4 has unit magnitude.

In interpreting MOLLY results, we must contend
with two types of uncertainty: statistical and numeri-
cal. When turbulence is included, statistical uncer-
tainty arises because random numbers are used in
generating the turbulent refractivity patterns in the

z+ Az
A A
Step 3
zZ+ Az|2
A
Step 1 Step 2
z

FIGURE 5. Schematic of the three substeps in one step of
the Fourier split-step propagation algorithm. The propa-
gation direction is up, and Az is the thickness of one
numerical step. The first and third substeps, each through
distance Az[2, ignore diffraction. The second substep,
through the full thickness Az, ignores refraction.
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atmosphere. This kind of uncertainty is handled by
simulating a propagation scenario several times, with
different random numbers, to quantify the statistical
spread. Numerical uncertainty arises because there is,
at present, no practical theory of errors in the numeri-
cal modeling of thermal blooming. Numerical uncer-
tainty is handled either (1) by simulating, when pos-
sible, a propagation scenario with various grid spacings
and time steps, and verifying the insensitivity of the
results to such numerical parameters, or (2) by identi-
fying a trend that suggests a straightforward extrapo-
lation to the continuum limit.

Simulation Results

We now present representative results drawn from
simulations of a variety of laser systems. These results
highlight the three questions that originally moti-
vated the development of MOLLY, as well as of labo-
ratory and field experiments conducted by Lincoln
Laboratory. As stated previously, the questions are (1)
is PCI real? (2) what physical processes ameliorate
PCI? and (3) what is PCI’s impact on the effectiveness
of practical systems?

In a sense the first and second questions are closely
intertwined. When PCI first became a pressing re-
search concern, the standard practice in modeling
and analyzing thermal blooming was to assume a
uniform wind. This assumption, as we now know,
tends to exaggerate PCI. In reality, natural wind
in the open air is far from uniform. The variation of
the wind with distance from the high-power-laser
transmitter limits the strength of PCI that ap-
pears in scenarios of practical importance. For
this reason, we have studied PCI in the limit of
uniform wind and have investigated the ameliora-
tion of PCI by incorporating wind variation in the
simulations.

One real contribution to the variation in natural
wind is illustrated in Figure 6, which shows a natu-
ral spiral in the wind at Orogrande in the White
Sands Missile Range [6], as measured in the lower
atmosphere, where absorption is strongest. In addi-
tion to such an average spiral, the wind exhibits
spatially random fluctuations with a strength of 5
to 15% of the mean, and with a characteristic length
scale of up to O(100 m). For ballistic-missile-de-
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FIGURE 6. Wind spiral at Orogrande, White Sands Mis-
sile Range, N.M. [6].

fense scenarios in which the high-power beam is di-
rected at a cooperative relay-mirror satellite, slew
adds a nonuniform contribution of magnitude £2z to
the wind, where z is the distance from the transmit-
ter and (2 is the slew rate (angle per time). For a
relay mirror in low-earth orbirt at altitude H directly
overhead, 2 (in mrad/sec) is approximately 7.5/H,
for H in Mm. For a geosynchronous relay, £2 is es-
sentially zero.

We use a number of diagnostics to identify PCI.
Immediate visual evidence is provided by the dra-
matic growth of small-scale structures in the laser
irradiance distribution, in the deformable-mirror fig-
ure, and in the phase of the corrected beam at the end
of the absorbing medium, where the amplitude of
phase variations should be minimal if adaptive com-
pensation is successful. The latter diagnostic thus also
serves as an indicator of exactly how PCI compro-
mises adaptive optics performance. These indicators
are most readily interpreted in the absence of turbu-
lence, which produces irradiance scintillation even
without PCI and which can corrupt the deformable-
mirror figure and laser phase via TTBI.
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We have obtained a more robust indicator of PCI
by simulating the performance of a laser-propagation
system under two different modes of operation. In
the first mode, the adaptive optics loops are closed at
the same time that transmission of the high-power
laser beam is initiated, and performance is measured
after one or a few wind-clearing times. This mode is
referred to as the @b initio mode. In the second mode,
called the deferred mode, the closing of the adaptive
optics loops is delayed for a time after the beam is sent
into the atmosphere, and performance is measured
shortly after loop closure. The delay is typically one or
a few wind-clearing times. Figure 7 illustrates these
two modes. In the deferred mode, correction for ther-
mal blooming should be relatively good. (There can
be no PCI in this case because the adaptive optics
system will have been on for too short a time for PCI
to grow.) If, however, conditions are right for PCI to
develop, then correction for thermal blooming will be
relatively poor in the ab initio mode. This difference
in thermal-blooming correction, which results from
the opportunity for the adaptive optics feedback to
generate PCl in the ab initio mode, has proven to be a
useful signature for PCI. We now turn to specific
results.

PCI Signatures for Uniform Wind

Figure 8 illustrates an extreme instance of PCI as
diagnosed by the rapid growth of strong irradiance
scintillation. Here, Ny = 360, the wind is uniform,
and there are 340 adaptive optics actuators across
the beam diameter for a corresponding very small
Np = 0.013. The figure shows the irradiance profile
of the high-power beam at the end of the absorb-
ing medium. Note that the beam evolves rapidly
from smooth to highly scintillated in less than one
third of a wind-clearing time. In Figure 9, the effects
of strong PCI are evident in the highly uneven
distribution of deformable-mirror actuator strokes
in a simulation of a laboratory experiment [15] with
Np = 240 and 16 actuators across the beam for
Np = 14 (a value more typical of practical systems
for transmission through long distances in the atmo-
sphere). The effects of strong PCI are also evident in
Figure 10 in the sizable and busy residual phase of the
high-power laser beam as it exits the absorbing
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o
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FIGURE 7. lllustration of (a) deferred and (b) ab initio
behavior. Deferred behavior is measured after a high-
power-laser beam has been on for a long time, but
closure of the adaptive optics loops has been delayed
until just before the measurement. Ab initio behavior is
measured after a long transmission time during which
the adaptive optics loops have been on from the start.
Feedback between the adaptive optics hardware and the
laser-induced heating affects the ab initio behavior but
not the deferred behavior.
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Wind

(d)

(b)

(e)

(U]

FIGURE 8. Contour plots of high-power-laser-beam irradiance at the end of the absorbing
medium from a simulation with uniform wind, Np = 360, Np = 0.013, and time equal to
(a) 0.27, (b) 0.2257, (c) 0.25t, (d) 0.2757, (e) 0.3t, and (f) 0.51, where 7 is the wind-clearing
time. The contour spacing is one-seventh the peak irradiance. These plots illustrate the
rapid onset of PCl as seen in the development of a strong variation in laser irradiance on

small spatial scales.

FIGURE 9. Deformable-mirror actuator positions, indi-
cated by vertices in a stick figure, for a uniform-wind
simulation of a thermal-blooming laboratory experiment
[15] with Np = 240 and 16 actuators across a beam
diameter (Np = 14). This illustration shows PCIl as seen
in the development of a strong variation in the adaptive
optics phase correction on small spatial scales.
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medium. The system is the same system as in Fig-
ure 9 but with a slightly larger N, = 270.

The effects of strong PCI are evident in Figure 11,
which shows the contrast berween the ab initio and
deferred peak far-field irradiances from uniform-wind
simulations that included turbulence. In the simula-
tions, there were 50 deformable-mirror actuarors across
the beam diameter for N = 7. As explained earlier,
the ab initio results include feedback berween the
adaprive optics and the laser-induced heating, while
the deferred results do not. Accordingly, the ab initio
curve lies well below the deferred curve. Figure 12
provides a more direct illustration of the contrast
between deferred and ab initio behavior for the sys-
tem represented by Figure 11 by showing the residual
phase of the high-power beam at the top of the atmo-
sphere. As expected, the ab initio residual phase is
much more corrupted than the deferred residual phase
because of the feedback between the adaptive optics
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FIGURE 10. Phase of simulated high-power-laser beam
at the end of the same distorting medium as in Figure 9,
but with Np = 270. The contour spacing is n/2 radians.
This figure illustrates strong PCl as seen in the
uncorrected portion of the outgoing high-power-laser
phase.

system and laser-induced heating in the ab initio
mode. Incidentally, the less severe but not insignifi-
cant corruption also seen in the deferred profile (Fig-
ure 12(b]) is an example of TTBI.

Perhaps the most striking indicator of PCI is the
formation of organized patterns in the propagating
optical fields. Figure 13(a) shows such a parttern that
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FIGURE 11. Peak far-field irradiance for ab initio and
deferred compensation for combined thermal blooming
and turbulence with a uniform wind and no slew. The
actuator spacing is 1/50th the beam diameter for Np = 7.
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FIGURE 12. High-power-laser-beam phase at the end of
the absorbing region after (a) ab initio and (b) deferred
compensation for combined thermal blooming and tur-
bulence with Np = 175 and other parameters as in Figure
11. The contour spacing is 2r radians. These figures
are the residual phases after attempted correction by
the adaptive optics system. Because of feedback be-
tween the adaptive optics and the atmospheric heat-
ing, the residual phase is seen to be more significant
in the ab initio than in the deferred case. The less se-
vere residual phase in the deferred picture is a con-
sequence of turbulence/thermal-blooming interaction
(TTBI).
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(a)

FIGURE 13. An important quantitative signature of PCl: (a) Pattern formation in the irradiance distribution of a
beacon beam entering an adaptive optics system. The pattern was obtained from simulation of a thermal-bloom-
ing laboratory experiment [15] with uniform wind, Np = 300, and 16 actuator spacings across the beam (Np = 14).
(b) Diagram calibrates the pattern's unit cell (blown up) in terms of a, the deformable-mirror actuator spacing.

formed spontaneously in the irradiance distribution
of a beacon beam as it entered an adaptive optics
system. We obtained this dramatic signature of strong
PCI in a computer simulation of the thermal-bloom-
ing laboratory experiment [15] with N, = 300, 16
actuators across the beam, and N, = 14. Although the
simulation is idealized in the sense that it does not
include imperfections such as defective actuarors
(which are present in the real experiment), similar
patterns have in fact been seen in the laboratory [15].
In the figure, a chainlink pattern is evident. The
diagram in Figure 13(b) indicates that the diamond-
shaped unit cell of the chainlink pattern is two actua-
tor spacings wide across the wind and three actuartor
spacings long along the wind.

The diamond shape and the aspect ratio 3:2 have
both been successfully predicted by a linearized analy-
sis [20]. The main output of the linearized theory of
PCI is a set of growth rates for perturbations in laser
fields or in atmospheric heating (see the box, “Linear-

144  THE LINCOLN LABORATORY JOURNAL  VOLUME 5. NUMBER 1, 1992

ized Analysis of Phase-Compensation Instability”).
The theory produces a variety of such growth rates
that correspond to characteristic PCI modes, which
are analogous to the characteristic modes of vibration
of, for example, a drumhead. The pattern that stands
out in a picture such as Figure 13 is dominated by
modes whose growth rates have the largest real part.
For the scenario in Figure 13, it can be shown [20]
that there are four such dominant modes, whose
superposition is in close correspondence with the ob-
served chainlink pattern (discussed in the box, “Lin-
earized Analysis of Phase-Compensation Instability”).
This correspondence is especially impressive because,
strictly speaking, the thermal blooming in Figure 13
is actually too strong for the application of linearized
analysis.

Processes That Ameliorate PCI

Figure 14 illustrates how PCI is ameliorated by incor-
porating wind variation into the simulation. The
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scenario is the same as in Figures 11 and 12, except
the uniform wind is now supplemented by a slew
that causes an approximate quadrupling of the total
wind speed between the high-power-laser transmit-
ter and the end of the absorbing medium. Figure
14 shows curves of deferred and ab initio peak far-
field irradiances, just as does Figure 11. Note that
although the ab initio curve lies well below the de-
ferred curve in Figure 11, the two curves in Figure
14 are very close, indicating that the slew-induced
variability in wind has suppressed the growth of
PCL

In principle, we can eliminate PCI by using ful/-
field-conjugate, rather than phase-conjugate, adaptive
optics to compensate for thermal blooming [14]. With
full-field conjugation, the beacon and the outgoing
laser have the same wavelength, the outgoing phase is
conjugate to the incoming phase, and the ourtgoing
irradiance pattern must be equal to the incoming
pattern, up to an overall gain multiplier. In phase-
conjugate adaptive optics, on the other hand, the
outgoing irradiance is unrelated to the incoming irra-
diance and the outgoing and incoming wavelengths
need not be equal.

The potential of full-field conjugation is illustrat-
ed in Figure 15, which shows irradiance profiles of

Wind

1 | | |
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I
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| R |
|

Peak Far-Field Irradiance
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Distortion Number

o
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FIGURE 14. Peak far-field irradiance for ab initio and
deferred compensation for combined thermal blooming
and turbulence. The data are for uniform natural wind
plus slew that roughly quadruples the total wind speed
between the high-power-laser transmitter and the top of
the absorbing medium. The atmospheric, adaptive op-
tics, and beam parameters are as in Figure 11.

two high-power-laser beams at the end of 2 common
uniform-wind absorbing medium after one wind-
clearing time of propagation with Ny = 330. In
Figure 15(a), thermal blooming is compensated by
a phase-conjugate adaptive optics system with a
very fine actuator spacing, as in Figure 8. In Fig-
ure 15(b), thermal blooming is compensated by full-

(a)

(b)

FIGURE 15. Contour plots of high-power-laser-beam irradiance at the end of the absorbing
medium after one wind-clearing time, from uniform-wind simulations with (a) very-high-
resolution phase-conjugate adaptive optics (Np = 0.013) and (b) full-field-conjugate adaptive
optics. The value of N is 330, and the contour spacing is one-seventh the peak irradiance. The
plots illustrate the potential of full-field-conjugate adaptive optics for suppressing PCI.
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LINEARIZED ANALYSIS OF PHASE-
COMPENSATION INSTABILITY

THE EQUATIONS that govern the
detailed dynamics of thermal
blooming (Equations 2 and 3 in
the main text) turn out to be easy
to solve in closed form when the
laser fields and refractivity are as-
sumed to be uniform in space.
Thus it is common to analyze the
dynamical equations of thermal
blooming by expanding all equa-
tions to linear order about the
uniform solution. References 1
and 2 specify the resulting linear
system in dertail.

The linearized equations of
thermal blooming take the gener-
al form

d(om)
dt

= H(‘Sn]_)s

where &n; is the laser-induced
contribution to refractivity, ¢ is
time, and H is a linear operator
that depends on the wind, ab-
sorptivity, and other atmospheric
properties, and also on the details
of the adaptive optics compensa-
tion. In phase-conjugate compen-
sation, the operator / has an ei-
genvalue spectrum so that, in
general, any &7 is a sum of eigen-
modes, each evolving in time as

exp(wt), where o is the corre-
sponding eigenvalue, or growth
rate, of phase-compensation in-
stability (PCI). In view of the ex-
ponential character of this time
development, the mode(s) with
the eigenvalue(s) with the largest
real part will dominate the ap-
pearance of propagating fields for
very large ¢

The linearized equations of
thermal blooming simplify con-
siderably when they have been
Fourier transformed with respect
to the directions transverse to the
direction of propagation [1, 2].
One finds that a general PCI
eigenmode, characterized by a
{WO-COMPpONENt VECtor p, is a sum
of Fourier components with wave
vectors of the general form p +
2nn/a, where n is a two-compo-
nent vector with both compo-
nents integers and « is the actua-
tor spacing of the deformable
mirror [2]. As a practical matter,
the dominant PCI growth rate
can be obrained by first calculat-
ing the real part of the dominant
growth rate for fixed p—which
is a doubly periodic function of
p with periods (0, 27/2) and

(2nla, 0)—and then searching
for the global maximum.

Figure A shows a contour plot
that we computed [2] for the real
part of the p-dependent domi-
nant growth rate for the simula-
tion scenario of Figure 13 in the
main text. The axes do not ex-
tend beyond *z/4 in any direc-
tion because of double periodi-
city. The dominant modes cor-
respond to the peaks in Figure A,
Whlch occur at wave vector
(¥2n/3a, L/ a), where the x axis
lies along the wind. These modes,
which correspond in real space
to ripples with period 2zin yand
3a in x, are in good agreement
with the crisscrossing lines that
make up the chainlink pattern in
Figure 13 in the main text.
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field conjugation. Note that in the phase-conju-
gate case the beam is highly scintillated, while in
the full-field-conjugate case hardly any scintilla-
tion can be seen. Ideally, full-field conjugation would
be accomplished with passive nonlinear-optical ma-
terials, rather than by the electro-optical-mechani-
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cal hardware used in conventional phase-conjugate
adaptive optics. (Reference 27 discusses the limita-
tions to PCI suppression in real nonlinear-optical
media.) Full-field-conjugate correction for strong
thermal blooming has yet to be demonstrated
experimentally.
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FIGURE A. Contour plot of the real part of the dominant PCI growth rate
(in Hz) as a function of the spatial wave vector for the scenario of Figure
13 in the main text. The maxima are indicated by red Xs and the
coordinate axes are calibrated in units of nfa, where a is the actuator
spacing of the deformable mirror.

Practical Systems

Our most realistic simulations of prospective practical
systems have been done in the context of a study
on scaling. Scaling is of particular importance in an
area such as ballistic-missile defense, in which the
full-scale system that would ultimately be built is
considerably larger, more powerful, and more expen-
sive than the exploratory or proof-of-principle
systems used to gain the confidence necessary to
undertake full-scale deployment. The object of a
scaling study is to identify credible trends, if they
exist, that might enable the easy extrapolation from
the results of a subscale experiment to the perfor-
mance of a full-scale system. A number of re-
searchers have attempted to derive such scaling

trends from theoretical arguments, but to date no
clear consensus has emerged. We have attempted
to resolve the matter empirically with MOLLY
simulations.

Figure 16 shows the results of such an exercise for
vertical, zero-slew propagation at 1.06 um from ground
to space at the White Sands Missile Range. An adap-
tive optics system with an actuator spacing of 7.5 cm
corrected the propagation. The figure shows quite
clearly that a simple scaling trend exists. Strehl ra-
tio—the ratio of the actual peak far-field irradiance o
the peak far-field irradiance in the diffraction limit—
depends on laser power Pand diameter D only through
the combination P/D'; i.c., a big system and a small
system with a common wavelength and actuator spac-
ing will exhibit roughly the same Strehl ratio as long
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FIGURE 16. Strehl ratios for various power/diameter pairs
from simulations of compensated vertical 1.06-um propa-
gation at White Sands Missile Range with an adaptive
optics actuator spacing of 7.5 cm (Np = 8). For refer-
ence, Np is 182 for simulation with power 15.9 MW and
diameter 3.5 m. The line connects points with a common
value of power!diameter1"".

as they share a common value of /D", Note that
the simulations represented in Figure 16 omit spa-
tially random fluctuations around the nonuniform
mean wind. Because of limitations in time and fund-
ing, we were unable to repeat all of the simulations
with the random fluctuations included. Nevertheless,
an incomplete set of results with fluctuations suggests
that if two systems share a common value of P/D'?,
the larger-diameter system will exhibit the higher Strehl
ratio. These results should be valuable for future
designers of large, high-power-laser propagation
systems.

Even though we found the Strehl ratios to be high
for the largest systems in Figure 16, these systems in
fact also exhibited pattern formation indicative of
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PCI. Thus significant PCI can coexist with good sys-
tem performance. This result—that the Strehl ratio
can remain high in spite of the onset of PCl—is
encouraging because it shows that PCI does not pose
the threat to practical large-system performance that
had once been feared.

Summary

We have surveyed more than 20 years of thermal-
blooming theory at Lincoln Laboratory with an em-
phasis on work performed since 1985, most promi-
nently the development of the computer-code
MOLLY. With MOLLY, we have been able to address
the three basic questions that motivated the code’s
development in the first place. Results from MOLLY
have confirmed (1) that PCI is a real physical phe-
nomenon that behaves in quantitative accord with
analyrtical predictions, (2) that PCI is ameliorated by
slew and the realistic variation of natural wind, and
(3) that PCI can coexist with good correction for
thermal blooming. In addition, results from MOLLY
have demonstrated trends that have facilitated
the prediction of the performance of large thermal-
blooming-compensation systems from subscale
experiments.
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