Thermal-Blooming
Laboratory Experiments
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B We conducted a multiphase series of laboratory experiments to explore the
adaptive optics compensation of a laser beam distorted by strong thermal
blooming. Our experimental approach was to create on a small, low-power beam
the same phase distortion that would be experienced by a large, high-power
beam propagating through the atmosphere and to apply phase compensation via
deformable mirrors. We performed the investigations to lay the foundation for

future ground-based laser experiments and their corresponding atmospheric-

propagation computer models.

The experiments had three primary objectives: to provide a controllable,
repeatable means of obtaining data for the verification and benchmarking of
computer codes, to investigate the different phase-compensation instability
(PCI) mechanisms that were predicted by theory and computer code, and to
gain information relevant to the design of adaptive optics systems for ground-
based laser propagation. The experiments were successful in realizing all three
objectives: we observed the first experimental evidence of PCI and achieved
excellent agreement between experimental results and computer-code
predictions. In addition, the work provided valuable insight to the role of
adaptive optics hardware in influencing high-energy beam propagation and
to the importance of incorporating realistic hardware models into propa-

gation codes.

NE OF THE GOALS of the Strategic Defense Ini-
O tiative Organization (SDIO), formed in the

mid-1980s, was to establish the feasibility of
using ground-based lasers to intercept ballistic mis-
siles. For ground-based lasers to be useful in this type
of mission, it was necessary to show that atmospheric
compensation could be performed for a very-high-
energy laser beam propagating from the ground to an
orbiting relay mirror.

At the time that this SDIO research was initiated,
Lincoln Laboratory was completing the Atmospheric-
Compensation Experiments (ACE), described by
Darryl P. Greenwood et al. [1] and Daniel V. Murphy
[2] in this issue, and was actively planning for the
Short-Wavelength Adaptive Techniques (SWAT) ex-
periments, described by Ronald A. Humphreys et al.

[3] and Byron G. Zollars [4] in this issue. Although
these experiments demonstrated ground-to-space com-
pensation, they addressed only compensation for tur-
bulence because they used only low-power beams. For
high-energy beams it is also necessary to compensate
for thermal blooming—spreading of the beam that
results from energy deposited in the atmosphere by
the laser beam itself.

From our early work in the 1970s on the thermal-
blooming compensation of focused laser beams
[5-7], we knew that adaptive optics could not always
provide a perfect correction for thermal blooming,
Although correction of beams propagated from the
ground to space is actually easier than correction of
beams focused in the atmosphere, the fundamental
nonlinearity of the thermal-blooming effect can lead
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to instabilities [8—10] that limit the correction, par-
ticularly at the extraordinarily high energies required
for ballistic-missile defense. In fact, some researchers
suggested that thermal blooming could not be cor-
rected in the high-energy SDIO scenario, thus mak-
ing ground-based lasers unsuitable for such an
application.

To investigate the correctability of thermal bloom-
ing for the SDIO scenario, Lincoln Laboratory con-
ducted a three-part program that involved
1. theoretical analyses and the development of a time-

dependent propagation computer code called

MOLLY [11],

2. laboratory experiments scaled to real atmospheric
scenarios, and

3. a horizontal-path field experiment [12].

The scaled laboratory experiments are the subject of

this article.

We conducted the laboratory experiments in two
phases. In Phase I, which used a 69-channel adap-
tive optics system, we obtained the first experimental
evidence of thermal-blooming phase-compensation
instability (PCI) by seeding the instability with an
initial intensity perturbation [13]. In Phase II,
which used a 241-channel adaptive optics system,
we observed the first experimental evidence of
the spontaneous growth of thermal-blooming PCI
[14].

Although we did observe the predicted PCI phe-
nomenon, we discovered that the instability was ac-
tually difficult to excite; careful adjustment of labora-
tory conditions was required. Our results showed
that adaptive optics can provide a good, stable correc-
tion for thermal blooming under most conditions.
We compared our laboratory results to the predic-
tions of the MOLLY propagation code, and by
benchmarking the code in this way we were able to
corroborate its predictions that thermal blooming
can be successfully corrected for a ground-to-space
path of a laser beam at full ballistic-missile-defense
power levels.

Motivation

Theoretical work in the phase compensation of ther-
mal blooming predicted limits to high-energy beam
propagation based on the degrading effects of various
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instabilities. These instabilities included PCI, which
is caused by feedback of the adaptive optics sys-
tem, and turbulence/thermal-blooming interaction
(TTBI), in which small-scale blooming of turbulent
scintillations leads to a scattering loss of energy from
the beam.

Figure 1 explains the mechanism of PCI. The
figure schematically shows the intensity distribution
within a laser beam as it propagates from the ground
to the top of the atmosphere at three successive times
in the process of an adaptive optics phase correction.
(For an introduction to adaptive optics concepts, see
the article by Greenwood [1] in this issue.) The high-
energy laser beam is assumed to have regions of local
intensity maxima, or “hot spots,” which are repre-
sented by the darker zones in Figure 1. (Hot spots
can arise, for example, from turbulence-induced scin-
tillations or from an inherent structure in the beam as
it emerges from the laser.)

When a laser beam propagates through the atmo-
sphere, the atmosphere absorbs some of the energy
and becomes warmer where the beam is most in-
tense. As a result, just milliseconds after the beam is
turned on, the air becomes less dense in these re-
gions, thus causing local changes in the refractivity
of the atmosphere. When light from a beacon in
space passes down through the region where the
high-energy laser beam is present, the beacon
wavefront, which is initially flat, develops wiggles
that match the refractivity pattern produced in the
atmosphere by the laser-induced heating (Figure
1[a]).

A wavefront sensor measures the structure of the
beacon phase, and when the adaptive-optics-system
loops are closed, the conjugate of this phase structure
is placed on the outgoing laser beam by the deformable
mirror. (We have assumed that the deformable mir-
ror was initially flat.) It turns out, however, that the
mirror will actually focus energy into regions that
were already the warmest, thereby heating them even
more (Figure 1[b]). As a result, the refractivity pat-
tern in the atmosphere becomes even more concen-
trated. The beacon radiation brings this information
to the wavefront sensor, the compensation system
again tries to correct for the phase error, which is now
larger than the initial error, and the deformable mir-
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FIGURE 1. Phase-compensation instability (PCI) mechanism: (a) When light from a beacon in space passes down
through a region where a high-energy laser beam is present, the beacon wavefront develops wiggles that match the
refractivity pattern produced in the atmosphere by the laser-induced heating. (b) A deformable mirror in the system
places the conjugate of this phase structure on the outgoing laser beam. As it turns out, the mirror will then focus
energy into regions that were already the warmest, thereby heating them even more. (c) Thus the refractivity pattern in
the atmosphere becomes even more concentrated, the compensation system again tries to correct for this phase
error, which is larger than the initial error, and the deformable mirror causes the local structure in the laser beam to
focus energy even more strongly into the warmest regions. (Note: Local intensity maxima, or “hot spots,” are

represented by darker zones.)

ror causes the local structure in the laser beam to
focus even more strongly (Figure 1[c]).

Clearly this situation is unstable—the intensity in
these regions, as well as the phase corrections, will
continue to grow until they are limited by the hard-
ware or by some other saturation mechanism. In this
discussion, we have ignored the effects of wind (natu-
ral and slew-induced) as well as any temporal changes
in the atmosphere and any finite time delays of the
adaptive optics system. These factors all play a role in
determining how the interaction between the adap-
tive optics correction and the atmosphere will evolve.

TTBI is a specific case of a more general open-
loop phenomenon that has also been referred to as
stimulated thermal Rayleigh scattering (STRS) [15].
TTBI occurs when the spatial scales of phase aberra-
tions associated with irradiance hot spots are too

small for the adaptive optics system to compensate;
i.e., the spatial scales are smaller than the correction
system’s spatial Nyquist frequency, which is equal to
two actuator spacings. In TTBI, the hot spots can
cause local atmospheric heating that scatters energy
out of the beam. If the atmosphere is thick enough
and the hot spots small enough, the hot spots can
grow and their growth will eventually saturate by
diffusion, thermal blooming (spreading) of the whole
beam, or wind clearing.

The growth rates for both PCI and TTBI increase
with increasing thermal-blooming distortion and de-
creasing hot-spot size [9, 10]. Time-dependent propa-
gation codes developed both within and outside Lin-
coln Laboratory have predicted rapid degradation in

beam quality as a function of laser energy, due largely
to the effect of PCI and TTBI. Although we have also
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investigated TTBI in the laboratory, we will deal only

with PCI in this article.

In their early stages of development, time-depen-
dent codes were viewed with skepticism for several
reasons. First, and perhaps most importantly, no ex-
perimental verification of theoretical or code predic-
tions existed. Second, although some emphasis was
placed on incorporating realistic atmospheric models
into the codes, little attention was paid initially to
modeling the adaptive optics hardware or to under-
standing the role of the hardware in estimating sys-
tem performance. Consequently, we designed a two-
phase set of laboratory thermal-blooming experiments
to address these concerns. The objectives of these
experiments were threefold:

1. to provide a controllable, repeatable source of
data to verify and benchmark code predictions,

2. to observe, understand, and characterize the dif-
ferent instability mechanisms that were predicted
by theory and code, and

3. to gain information relevant to the design of the
adaptive optics systems for ground-based laser
propagation.

While the laboratory experiments were under way,
the time-dependent code was upgraded to include
specific features of the experimental hardware. In this
way, experimental conditions were used as code in-
puts and results of the two could be easily compared.
This parallel effort, which was unique among re-
search groups involved in laser propagation through
the atmosphere, yielded interesting results that will be
discussed in subsequent sections.

Experimental Approach

The experiments proceeded in two phases: the first
phase used the 69-channel adaptive optics system that
had been developed for the ACE program (see the
article by Greenwood [1] in this issue) and the second
used a new 241-channel system that was constructed
specifically for these experiments. Both phases of ex-
perimentation used two deformable mirrors, mainly
to increase the total amount of phase distortion that
could be compensated, but also to explore alternate
compensation schemes, such as a woofer-tweeter
approach.

We did not intend for the 69-channel experiments
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to access a region of large PCI growth, primarily
because of the relatively few number of actuators in
the system and the limited dynamic range of the
adaptive optics hardware. We did intend, however,
for the 69-channel experiments to provide early data
for code verification well before the completion of the
larger 241-channel system.

The increased number of actuators in the 241-
channel system permitted compensation at spatial
frequencies approximately twice as high as with the
69-channel system, thereby approximately quadru-
pling the expected PCI growth rate [10]. In addition
to having more channels, the larger system had a
greater deflection range, or stroke, on the deformable
mirrors, a larger dynamic range of the wavefront sen-
sor, and more flexible phase-reconstruction capabili-
ties to permit the investigation of alternate recon-
struction schemes.

A schematic of a generic turbulence/thermal-bloom-
ing compensation experiment is shown in Figure 2.
In our experiments, we simulated turbulence via trans-
missive phase screens (produced by ion-etching a fused-
silica substrate) of varying turbulence strength ¢,
and we induced thermal blooming with I,-doped,
CClyfilled cells of varying absorptivity . The
phase screens were the same diameter as the thermal-
blooming cells and could be either used as windows
to the blooming cells or separately mounted in rotat-
ing frames to provide turbulence simulations at
varying altitudes. All blooming cells were approxi-
mately 20 cm in diameter, substantially larger
than the 1-cm laser beam that propagated through
the cells. We simulated wind by rotating the cells and
propagated the beam through an outer radius to mini-
mize the variation of the wind across the beam di-
ameter. The experiment was designed to incor-
porate up to six phase screens and three blooming
cells. All of the experiments discussed in this article,
however, were conducted without phase screens and
with only one blooming cell because our primary
purpose was to explore the physics of PCI.

In our experiments, a 0.514-um beam from a
20-W Ar-ion laser reflected off deformable and tilt-
correction mirrors and propagated vertically through
the blooming cells. The process created transverse
thermal gradients in the blooming medium and the
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gradients distorted the outgoing beam. We focused
the beam, which was approximately 1 cm in diameter,
into a camera at the end of the blooming path to
simulate propagation to the far field. This camera
provided one of the primary diagnostics for the
experiment.

For the adaptive optics beacon, we used a low-
power laser beam—a 0.633-um HeNe laser beam
whose diameter was slightly larger than that of the Ar-
ion outgoing laser beam. The beacon beam propa-
gated in the opposite direction through the blooming
medium and exited the blooming cells with the dis-
tortions that the outgoing laser beam had induced.
The beacon beam reflected off the tilt-correction and
deformable mirrors and was transmitted through a
dichroic beam splitter into a wavefront sensor. The
sensor measured the phase gradients in a two-dimen-

sional array of subapertures that were registered with
the deformable-mirror actuators. The measured gra-
dients thus corresponded to the local x and y tilts
between the deformable-mirror actuators.

The wavefront reconstructor converted the phase
gradients into phase values centered at each actuator
location. The deformable-mirror drivers then used
the reconstructor outputs to derive the individual
voltages required to produce the desired deflection of
the mirror surface at each actuator location. In our
experiments, the adaptive optics operated in a con-
tinual null-seeking mode in which each actuator
was displaced so as to zero the beacon phase at that
location. We located the base of the blooming
cell, one deformable mirror, and the wavefront sen-
sor at conjugate image planes to minimize the
conversion of phase to intensity in the intervening
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FIGURE 2. Turbulence/thermal-blooming experimental layout.
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optical paths. When the adaptive optics system was
turned on, the outgoing laser beam entered the bloom-
ing cell with the conjugate of the phase the beam
would encounter in the blooming medium al-
ready applied to the beam.

Tilt compensation was based either on tilt esti-
mates made by the reconstructor or on independent
measurements in a tilt-sensing loop that typically con-
tained a quad cell—a position sensor that sensed
displacement of the focused beacon. In general, we
included two tilt-correcting mirrors in the experi-
mental setup: one mirror responded to the low-fre-
quency (<20 Hz), large-stroke (~10 mrad) tilt that
is induced by thermal blooming, while the other mir-
ror responded to the high-frequency (~200 Hz),
small-stroke (~100 prad) tilt that is characteristic of
turbulence.

When the compensation was successful, the outgo-
ing laser beam exited the blooming cell with a flat
phase and the beam could be brought to a tight focus
in the far field. Additional diagnostic cameras were
located at the far-field image of the beacon beam, and
at various intermediate-field locations along the opti-
cal propagation path. We used the intermediate-field
cameras mainly to monitor the development of scin-
tillation on the outgoing laser and beacon beams in
the presence of PCI. In addition, the measured phase
gradients, computed phase, and applied actuator volt-
ages and mirror displacements were all recorded.

Scaling

To determine such experimental characteristics as la-
ser power and beam diameter, we identified scaling
parameters that allowed us to simulate, on a labora-
tory scale with low-power lasers, the degree and type
of phase distortion that would be encountered by a
large, high-power-laser beam propagating through the
atmosphere. Two of these parameters are the distor-
tion number /Vp, and the perturbation Fresnel num-
ber N, (see the box “The Distortion and Fresnel
Numbers”). NVp, which is proportional to the strength
of the thermal-blooming phase distortion, determines
the required stroke on the deformable mirrors as well
as the required dynamic range of the wavefront sen-
sor. N describes the effect of diffraction on adaptive-
optic-scale sizes and is partially determined by the
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actuator spacing of the deformable mirror.

An additional consideration in the design of a
scaled adaptive optics experiment is the required sys-
tem bandwidth, which is determined by the smallest
time scale during which the (simulated) atmosphere
is expected to change. For thermal-blooming com-
pensation, this time scale is defined by a wind-clear-
ing time—the time it takes for wind (either real or
slew-induced) to clear the heated atmosphere out of
the beam path. In order to reproduce the temporal
behavior of larger systems in the real atmosphere, we
required in our laboratory experiments that the prod-
uct of the adaptive optics correction bandwidth and
the wind-clearing time be constant. This requirement
is almost equivalent to insisting that the wind-clear-
ing time in the laboratory not differ substantially
from the wind-clearing times in the atmosphere be-
cause most adaptive optics systems to date, both in
the laboratory and field, have operated with band-
widths of up to several hundred hertz and we do not
anticipate being able to increase that limit substan-
tially in the near future.

Phase I

A photograph of the Phase I experimental layout is
shown in Figure 3. In the foreground, a blooming cell
is mounted on a tower in which two blooming-cell
frames are visible. Note the two 69-channel deformable
mirrors in the middle ground. The mirrors are of a
monolithic piezoelectric material (MPM) design and
they have stroke displacements of about 1.4 um each.
In the background, the wavefront sensor—a ra-
dial-grating shearing interferometer that measures
60x and 60y phase gradients at a 10-kHz frame rate
[17]—is visible. The measured gradients were recon-
structed in an analog resistor-network reconstructor
to yield 69 phase values, which were used in 69
null-seeking loops that operated at bandwidths of
100 Hz. In the Phase I experiments, tilt compensa-
tion was performed by a null-seeking tilt loop in
which a three-actuator mirror was controlled by tilt
estimates derived from the wavefront reconstructor.
The racks surrounding the optical bench were all
part of the electronics required to operate the mir-
rors, the wavefront sensor, and the various cameras
that comprised the diagnostic equipment.



¢ JOHNSON
Thermal-Blooming Laboratory Experiments

THE DISTORTION AND
FRESNEL NUMBERS

THE DISTORTION NUMBER is de-
fined as [1]
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Np describes the integrated phase
distortion across a beam diameter
D that results when a beam of
wavelength A and power P, propa-
gates through a medium of length
L in the presence of a transverse
wind. Note that the term (dn/
dT)[1/( pcP)] is determined solely
by the density p, specific heat ¢,
and refractive-index variation with
temperature @n/dT of the propa-
gation medium. The term in the
integral is the range-dependent
absorptance of the medium di-
vided by the wind velocity »(2)
or the effective wind velocity 7(2)
+0z, a is the attenuation coeffi-
cient due to absorption, and «a; is
the attenuation coefficient due to
scattering.

Obraining large phase distor-

tions from low-power beams in
the laboratory requires a medium
for which the quantity (dn/dT)
[1/(pg,)] is as large as possible.
The medium must also have a
low thermal diffusivity so that
forced convection (wind) will be
the primary cooling mechanism,
as it is in air. Gases are not ap-
propriate media for laboratory
experiments, as the thermal dif-
fusivity of gases is too high. The
diffusive cooling over small, cen-
timeter-size beams is much more
severe than the diffusive cooling
over the meter-size beams used in
atmospheric propagation.
Consequently, we examined
several liquids such as water, etha-
nol, and CCly, and compared the
dnldT and diffusivity x of each.
We chose CCly because it had the
largest dn/dT and smallest y of
the liquids. Even in CCly, how-
ever, cooling by thermal diffusion
exists to a much larger degree than
it does in the atmosphere. In fact,
if we were to operate at too slow a
wind speed, then cooling by dif-
fusion might dominate cooling by
wind. Thus the beam diameter
and wind speed were chosen so
that heat deposited in size scales

of the order of two actuator spac-
ings (discussed in the following
paragraph) diffuses by no more
than 10% in one wind-clearing
time. To satisfy the N scaling
(see the subsection “Scaling” in
the main text), we absorbed ap-
proximately 60% of the incident
laser power.

The perturbation Fresnel num-

ber NN} is defined as
_ 7nd £
AT

where 7 is the index of refraction,
and 4 is the perturbation scale.
We chose 4 to equal the deform-
able-mirror Nyquist frequency,
which is two actuator spacings.
The choice of the perturbation
scale came from the prediction
that the highest PCI gain will oc-
cur at the highest spatial frequen-
cy that the adaptive optics can
accommodate (nominally two ac-
tuator spacings). In general, PCI
gain is highest when IVj is large
and Np small.
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Figures 4(a) and 4(b) show contour plots of the
far-field irradiance of the Ar-ion outgoing laser beam
in both open-loop (i.e., no adaptive optics) and closed-
loop (i.e., with adaptive optics) operation. The cres-
cent-shaped profile in open-loop operation (Figure

4[a]) is characteristic of thermal blooming. If there
had been no wind, the bloomed beam would have
exhibited simple defocus and the far-field irradiance
would have appeared symmetrically spread around
the center. The presence of a transverse wind intro-
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FIGURE 3. Phase | experimental layout.

duces a tilt and also causes the defocus to be stronger
in one axis than the other. Thus the resulting phase
aberration is largely astigmatic and the far-field irradi-
ance appears as a crescent bent into the wind direc-
tion. In contrast, the closed-loop beam (Figure 4[b])
is a well-focused spot whose width is essentially dif-
fraction limited.

(a)

We examined the far-field irradiance for a range of
Np, which we varied by changing the laser power. In
Figure 5, the open black circles depict the peak irradi-
ances in open-loop operation. Note that the irradi-
ance increases with increasing /Vj, (laser power) up to
a critical point (power) where a further increase in NVp,
(laser power) results in a decrease in the far-field

(b)

FIGURE 4. Far-field irradiance of outgoing laser beam in (a) open-loop and (b) closed-loop
operation. Note the thermal-blooming-induced crescent shape in part a. The beam
diameter in part b is approximately diffraction limited.
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irradiance. The solid black circles represent the peak
irradiance in closed-loop operation. Note that with
phase compensation, the irradiance has increased by
an order of magnitude for higher NVj values, and the
critical power has increased by almost an order of
magnitude. In closed-loop operation, the critical power
occurs at an Np, of nearly 200, at which point the
deformable mirrors were at the limit of their stroke
capabilities. The red circles and curve are the results
of MOLLY simulations of these experiments. Note
the excellent agreement, even at the point at which
the hardware limits the performance. Thus the Phase
I experiments demonstrated stable phase compensa-
tion of thermal-blooming distortion and provided
data for the first comparison of the time-dependent
code with experimental results.

As mentioned previously, we had little expectation
of observing the spontaneous onset of PCI in the
Phase I experiments. Thus we decided to try to stim-
ulate the instability. We passed the outgoing laser
beam through a transmissive mask onto which a si-
nusoidally varying intensity pattern was imposed
at the Nyquist frequency 4 of the deformable mir-
ror (Figures 6[a] and 6[b]). Our intent was to ob-
serve any growth of intensity and/or phase modu-
lations by seeding an intensity perturbation at
the frequency that had the highest predicted growth
rate. The modulation growth would presumably be
caused by PCI.

We examined the near-field irradiance profile of
the outgoing laser beam at the top of the blooming
cell at the end of one wind-clearing time in both open
and closed-loop operation. Figure 7 shows slices of
the near-field irradiance profile taken across the cen-
ter of the beam, perpendicular to the wind direction,
for an incident laser power of 0.9 W (N = 85 and
N; = 120). In open-loop operation, the initial modu-
lations were smeared out due to thermal blooming.
But in closed-loop operation, the modulations were
enhanced, and the enhancement increased with in-
creasing laser power (see the box “Low- and High-
Spatial-Frequency Modulation”). To quantify the
growth or decay of the modulations more easily, we
Fourier-transformed the slices and plotted the com-
ponent of the power spectrum at the modulation
frequency as a function of time (Figure 8). As ex-
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FIGURE 5. Peak irradiance as a function of Np in both
open- and closed-loop operation. The red data points
and curve are the results of simulations by MOLLY, a
time-dependent propagation code. Note the excellent
agreement with the closed-loop results.

pected, the modulation depth was the same for both
open- and closed-loop operation at time zero. But,
although the modulations decayed quickly in open-
loop operation, they grew in closed-loop operation.
Growth of the modulation reached a steady-state satu-
ration value in a time that depended on the slice
examined (Figure 6[a]). For a slice in the center of the
beam, saturation occurred at one-half the wind-clear-
ing time. For slices upwind of center, saturation oc-
curred earlier; for slices downwind, saturation oc-
curred later.

We also examined the phase that was applied to the
deformable mirror at the end of one wind-clearing
time. A clear signature of PCI is growth of a structure
at a Nyquist frequency on the deformable mirror. It is
this growth, of course, that drives the intensity modu-
lations described above. If the PCI growth is fairly
small, then we can often use a linearized theory to
predict the gain, i.e., the modulation growth in one
wind-clearing time, due to the instability.

The circles in Figure 9 show the amplitude of a
ripple at the Nyquist frequency (observed in the phase
applied to the deformable mirror) as a function of
position on the mirror from upwind to downwind.
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(Linearized theory predicts identical growth rates of
PCI for both the intensity modulation observed in
the beam frame and the applied-phase modulations
observed in the mirror frame.) In Figure 9, the blue
dashed curve is the calculated phase growth that would
occur in the absence of PCI; this growth results sim-
ply from compensation for the accumulated heating,
integrated from upwind to downwind, of the modu-
lated-input intensity. Note that the actual phase growth
is noticeably higher than the zero-gain limit and the
growth is in good agreement with that predicted by
linearized-gain theory (the blue solid curve). As be-
fore, the red curve denotes the MOLLY predictions,
which are in excellent agreement with both the linear-
ized-gain theory and the measurements.

In these experiments, we obtained what we believe
to be the first experimental evidence of PCI. This in-
stability was difficult to excite; it required both seed-
ing with a large modulation and careful alignment of
the modulation with the actuator grid and wind di-
rection. Results of these experiments were in good
agreement with time-dependent code predictions and
provided ample motivation for the Phase II investiga-
tions of spontaneous PCI in a high-gain region.

‘o ® o 0 o @ o\o

|'— Beam Diameter —|

(a)

Phase II

Experimental Hardware

With the exception of the blooming cells and some
relay optics, almost all hardware for the Phase II
experiments (Figure 10) was newly procured. As stated
earlier, one goal of the Phase II system was to access a
region of high PCI gain. Thus the deformable mirrors
had more stroke and actuators, and the wavefront
sensor had a greater dynamic range.

The 241-channel, low-voltage electrostrictive ma-
terial (LVEM) deformable mirrors (Figure 11) [18]
were built by Itek. The deformable mirrors had a
combined maximum stroke of about 7 um and a
combined maximum interactuator-stroke difference
of approximately 3 um. The interactuator-stroke lim-
its resulted from protective circuitry implemented to
avoid overly stressing the mirror facesheet.

Deformable mirrors typically have an inherent struc-
ture in the form of a dimpling, which can be pro-
duced during the facesheet-polishing process, at the
actuator locations. This structure can usually be kept
smaller than 2/20 rms, in which case its presence does

(b)

FIGURE 6. Imposed intensity perturbation to seed PCl: (a) geometry of inten-
sity-modulation mask in which dots correspond to positions of deformable-
mirror actuators and the center line indicates the position of irradiance scan of
part b, and (b) measured laser irradiance profile perpendicular to modulation

direction.

160 THE LINCOLN LABORATORY JOURNAL ~ VOLUME 5, NUMBER 1, 1992



* JOHNSON
Thermal-Blooming Laboratory Experiments

Relative Amplitude
|
]

|<@—— Beam Diameter ————»»|
(a)

Relative Amplitude
|
]

|«¢—— Beam Diameter ————»»|
(b)

FIGURE 7. Irradiance of outgoing laser beam at the end
of one wind-clearing time in (a) open- and (b) closed-
loop operation.

not significantly affect the beam propagation. In ad-
dition to this dimpling, the Phase II deformable mir-
rors had a surface structure that occurred approxi-
mately at the Nyquist frequency but was 90° out of
phase with the actuator locations (i.e., the peaks and
valleys of the structure fell between the actuator loca-
tions). The surface structure was as high as 2/10 peak-
to-peak in some places, and it represented an
uncorrectable source of residual-phase error due to its
positioning. We believe that the residual structure,
which increased with increasing overall stroke on the
mirror, originated from nonuniformities within the
actuators themselves. Thus, instead of producing
straight piston responses to applied voltages, the ac-
tuators could sometimes bend, creating dimples or
bumps between actuators. Understanding this struc-
ture became essential to interpreting the experimental
results, discussed later in this section. (Note: The
structure provided valuable information on the manu-

facturing requirements for deformable mirrors. In fact,
this problem was identified early enough and the
actuator-fabrication process changed so that the
deformable mirror built for the SABLE experiments
[12] does not exhibit this feature.)

The wavefront sensor (Figure 12), also built by
Itek, was a radial-grating shearing interferometer [16]
that was similar in design to the interferometer of
Phase I and that measured 224x and 224y phase
gradients at a 10-kHz frame rate. The maximum
dynamic range of the wavefront sensor was +6.54 per
subaperture, which was a threefold increase over the
dynamic range of the Phase I sensor. A 16-bit digital
reconstructor [19], built at Lincoln Laboratory, con-
verted the measured phase gradients into phase values
centered at each actuator. The reconstructed phases
were converted to mirror-drive signals in the servo
compensators, which were also built at Lincoln Labo-
ratory. The servo compensators had a number of new
features that allowed, for example, the addition or
removal of a stored surface figure to correct for static
systematic wavefront aberrations.

In contrast to the procedure used in the Phase I
experiments, tilt compensation was performed by an
independent tilt loop and not by signals derived from
the reconstructor-tilt estimates. In the new setup, a
portion of the beacon beam was split off after exiting
the blooming cell and focused into a position sensor.
The x and y position signals were sent to a four-
actuator, 16-mme-aperture mirror that was driven to
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FIGURE 8. Intensity modulation at Nyquist frequency as a
function of time (Np = 85 and Np = 120).

VOLUME 5, NUMBER 1, 1992  THE LINCOLN LABORATORY JOURNAL 161



« JOHNSON
Thermal-Blooming Laboratory Experiments

LOW- AND HIGH-SPATIAL-
FREQUENCY MODULATION

THE SPATIAL FREQUENCY of the
modulations that we imposed to
seed phase-compensation instabil-
ity (PCI) was fairly low, limited
to what the deformable mirror
could correct. We also conducted
several experiments to observe the
open-loop behavior of modula-
tions at high spatial frequencies

(i.e., beyond the compensation
range of the deformable mirrors).
Intensity modulations in these
two regions are expected to evolve
along the propagation path in dis-
tinctly different ways.

At low spatial frequencies (i.e.,
large Fresnel numbers), the evo-
lution is dictated almost entirely

by the strength of the thermal
blooming. As shown in Figure
7(a) in the main text, blooming
will cause these modulations to
smear out.

At high spatial frequencies (i.e.,
small Fresnel numbers), the evo-
lution of modulations is affected
not only by blooming but by dif-

2

Relative Amplitude
T
|

0
-0.35D

M

+0.35D -0.35D

+0.35D
)

FIGURE A. Outgoing-beam irradiance in open-loop operation at (a) time zero and (b) about one-tenth the wind-

clearing time later. (Note: D is the beam diameter.)

maintain zero displacement at the position sensor.

The Phase II Experiments

Except as mentioned, we conducted most of the ex-
periments by closing the loops around the beacon
beam for several wind-clearing times before opening a
shutter to transmit the Ar-ion outgoing laser beam. A
ground-based laser system would presumably use this
mode of operation because of the difficulty of main-
taining a high-energy laser in a constant On mode.
(Note: This mode is sometimes referred to as the 24
initio mode because the adaptive optics loops are
closed from the start. An alternate mode, in which the
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beam is first shuttered on, blooming is allowed to
develop fully, and then the loops are closed, is called
the deferred mode.) Our experiments were aimed at
observing PCI signatures, which are described in the
article by Jonathan E Schonfeld [20] in this issue.
Briefly stated, these signatures are rippling of the
deformable mirror at a Nyquist frequency, character-
istic pattern formations on the outgoing laser and
beacon beams, and a significant decrease in the (com-
pensated) far-field irradiance with increasing NVp. It is
worth mentioning that these signatures were initially
derived with ideal adaptive optics models. We ex-
pected that the behavior of real hardware would influ-



« JOHNSON
Thermal-Blooming Laboratory Experiments

o o
|

>

N
|
®

|

R

Variance of Intensity Modulation
(Relative Units)
w
)

[ 1] .ov 0.

©ap
e © ®e —
..I > .'.....o\ :.'

1.0 2.0

t/twind clearing

FIGURE B. Intensity modulation at a high spatial fre-
quency as a function of time (Np = 66 and Np = 0.8).

fraction as well. Light from indi-
vidual intensity ripples will spread
at relatively large angles, and, if
the blooming layer is thick
enough, rays from different ripples
will intersect and lead to multiple
regions of interference and en-
hanced modulation. If we exam-
ine a transverse slice of the
beam irradiance at a fixed propa-
gation distance far from the trans-
mitter, the modulations will ap-
pear to grow in time undil their
growth is saturated by some

mechanism.

To observe this growth, we
modulated the intensity of the
outgoing laser beam with a mask
whose dominant frequency com-
ponent was approximately four
times higher than that used for
the PCl-seeded experiments. Fig-
ure A(1) shows a slice of the irra-
diance profile at time zero when
the beam is turned on, and Fig-
ure A(2) shows the slice at about
one-tenth of a wind-clearing time
later as blooming develops. Note

the growth of the high-spatial-
frequency structure at the later
time. Figure B displays the Fou-
rier component of the power spec-
trum of this irradiance slice as a
function of time. As predicted,
the modulation depth grows un-
dl it reaches a peak, where fur-
ther growth is probably limited
by thermal diffusion. The modu-
lation is then smeared by thermal
blooming until wind clears the
beam.

This rapid and large initial
growth of high-spatial-frequency
modulation is similar to what
might be expected for a high-dis-
tortion-number beam propagat-
ing through turbulence. Turbu-
lence-induced scintillations can
provide initial high-spatial-fre-
quency modulations, which are
referred to as hot spots (see the
section “Motivation” in the main
text). As the modulations grow,
they scatter energy out of the
beam and can sometimes result
in a significant decay of the far-
field irradiance.

ence these signatures; as will be shown, we were not
disappointed.

Observations of rippling on the deformable mirror.
Figure 13 shows the measured deformable-mirror
strokes at the end of one wind-clearing time for
an incident laser power of 3.8 W (N = 280 and
N, = 10). Note that the Nyquist-frequency rippling is
greatest in the downwind-center portion of the mir-
ror, where PCI has had the longest time to develop
and where the beam intensity is greatest. At an inci-
dent laser power of 3.8 W, the maximum peak-to-
peak deformation of the mirror surface grew to about
5. It is interesting to note that a steady-state condi-

tion was not achieved; i.e., the rippling on the
deformable mirror continued to change as the adap-
tive optics system responded to an ever-changing heat-
ing profile in the blooming medium. This observa-
tion of rippling on the deformable mirror was, to our
knowledge, the first experimental evidence for spon-
taneous growth of PCL.

Because PCI increases with spatial frequency, the
ripples occur preferentially at the highest spatial fre-
quency that the actuator grid can support. In the
absence of wind, this frequency occurs at 45° to the
grid at a period of \/24 where zis the actuator spac-
ing (Figure 14). For winds aligned along the grid axis,
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FIGURE 9. Magnitude of phase ripple in center of beam at
the end of one wind-clearing time. The black circles
represent measured data points; the blue dashed curve is
the calculated growth in the zero-gain limit, i.e., the
growth that would occur in the absence of PCI; the blue
solid curve is the calculated growth from linearized-gain
theory; and the red curve represents results from MOLLY
simulations.

as in our experiments, the angle of dominant ripple
formation is reduced somewhat and the period is
slightly larger.

To quantify the growth of the deformable-mirror
ripple and to examine it as a function of laser power,
we define a quantity that is related to the Nyquist-
frequency rippling at 45° to the actuator grid. If we
envision the deformable-mirror surface as a checker-
board with the light and dark squares centered on
alternating actuators, we can assign each actuator to a
diagonal row on the actuator grid. For each frame of
deformable-mirror data, we can take the sum of all
the strokes on the light squares and subtract it from
the sum of all the strokes on the dark squares, and this
difference will be a measure of the total stroke modu-
lation at 45° to the grid. The black circles and squares
in Figure 15 display the maximum value of this differ-
ence in the first wind-clearing time for two experi-
mental runs over a range of laser powers from zero to
about 4.6 W (N = 340). Note the almost sixfold
increase in this ripple growth as the laser power is
increased from 2 to 4 W. This growth is a clear sign of
PCI.
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At approximately 4 W, the deformable mirrors
were driven to the limit of their stroke capability, and
the scintillations on the beacon beam exceeded the
intensity dynamic range of the wavefront sensor. Al-
though one might have expected the ripple amplitude
to saturate at these hardware limits, Figure 15 shows
that the amplitude (i.e., the PCI signature) actually
dropped at powers greater than 4 W. The drop oc-
curred because the wavefront sensor failed to deliver
meaningful data for intensities significantly beyond
the dynamic range for which it was designed, and the
adaptive optics system effectively performed no phase
compensation at all. Hence there was a resulting re-
duction in instability growth (as well as in any bloom-
ing compensation).

Early simulations of this experiment with the time-
dependent propagation code MOLLY predicted much
larger growth than was actually observed, and we
began to suspect that the residual-phase structure on
the deformable mirror was influencing our experi-
mental results. MOLLY already included realistic mod-
els for the influence of individual actuators on neigh-
boring actuators, but the residual structure was
contributing a different type of error whose effect was
to suppress the feedback between the blooming me-
dium and the adaptive optics system. In other words,
the difference between the actual applied phase and
the intended applied phase was large enough so that
the growth of PCI was suppressed.

To test this hypothesis, we recorded interferograms
of the deformable-mirror surfaces after applying a
precalculated thermal-blooming surface figure for a
moderately high blooming level (N = 240). We then
calculated the residual phase (measured phase minus
intended blooming surface figure) and formed a
288 x 288 array of phase values to be used as inputs
to the computer model. The residual-phase array
formed a phase screen that was located, in the com-
puter model, at an image plane of the deformable
mirror. Each propagation iteration would first apply
the stored phase aberration to the beam and then
propagate the beam through the cell to mimic the
effect of the phase structure on a real beam reflecting
off the deformable mirror. The red data points and
curve in Figure 15 represent a MOLLY run with this
residual-phase structure included. Note the excellent



« JOHNSON
Thermal-Blooming Laboratory Experiments

FIGURE 10. Phase |l experimental layout.

agreement with the experimental results up to the
laser power at which the hardware limits were reached.
Thus we obtained the first experimental evidence of
how the specific characteristics of the adaptive optics
hardware influence high-energy-laser beam propaga-
tion, and we could successfully incorporate the rel-
evant features into the code.

Characteristic pattern formations. A second PCI sig-
nature—pattern formation on the outgoing laser
and beacon beams—can be seen in Figure 16(a). The
figure displays the beacon irradiance measured at the
base of the blooming cell (i.e., the bottom of the
“atmosphere”) at the end of one wind-clearing time
for an N, = 300. Note the diamond-shaped structure
in the upper right quadrant of the photo. The orien-
tation and aspect ratio of the structure match that
predicted by theory and by MOLLY runs with ideal
adaptive optics (Figure 13 in the article by Schonfeld
[20] in this issue). The pattern is corrupted elsewhere
because of deformable-mirror defects such as failed
actuators (both mirrors had several) and residual phase
structure. When these defects were included in

MOLLY, the resulting irradiance (Figure 16[b])
showed remarkable similarity to the measured distri-
bution. The observation of pattern formation in the
presence of PCI was an experimental first. Further-
more, the credibility of the code was enhanced con-

FIGURE 11. 241-channel deformable mirrors of Phase Il
experimental layout.
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FIGURE 12. Wavefront-sensor optical unit of Phase Il
experimental layout.

siderably by its ability to reproduce the qualitative
and quantitative features of the experimental observa-
tions with such accuracy.

Far-field irradiance decay. We found the third sig-
nature of PCI by examining the far-field irradiance as
a function of laser power. Figure 17 displays the ratios
of the peak irradiance at two wind-clearing times after
the outgoing laser beam is turned on to the peak
irradiance when the beam is first shuttered on. The
black circles, diamonds, and squares are from three
experimental runs, and the red circles and solid curve
are from a computer simulation that included the
residual-phase error mentioned earlier. Note that the
ratio of the irradiances decreases with increasing laser
power and plateaus at about 4 W, the power level at
which the adaptive optics hardware limits were reached.
Also note that the irradiance exhibits a gradual decay

166 THE LINCOLN LABORATORY JOURNAL  VOLUME 5, NUMBER 1, 1992

FIGURE 13. Applied-deformable-mirror phase at the end
of one wind-clearing time for a laser power of 3.8 W.

that starts at relatively low power levels, as opposed to
the sharp roll-off that was observed in computer simu-
lations with ideal adaptive optics (the red dashed
curve in Figure 17). The decay begins at low power
levels, which suggests that, in addition to PCI,
blooming from the residual deformable-mirror
structure also contributes to the decrease in far-field
irradiance.

To identify how much of the irradiance decrease
was caused by PCI and how much was caused by
imperfections in the deformable mirrors, we repeated

Wind

FIGURE 14. Section of actuator grid where actuator spac-
ing along grid axes is denoted by a. The red lines
illustrate the predicted pattern formation for wind aligned
along the grid.
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the above experiments in the mode in which bloom-
ing was allowed to develop fully before the adaptive
optics loops were closed. We reasoned that, even in
open-loop operation, small-scale blooming from the
deformable mirrors would cause a reduction in the
far-field irradiance. After the loops were closed, any
additional decay in the irradiance with elapsed time
would be due principally to the adaptive optics feed-
back, i.e., to the effects of PCI.

Thus we compared the far-field irradiances at the
instant of loop closure with the irradiances observed
at later times. The two sets of data shown in Figure 18
correspond to the Strehl ratio at loop closure and at
the end of two wind-clearing times. (Note: The Strehl
ratio is the ratio of the peak irradiance in a given far-
field energy distribution to the peak irradiance that
would exist if the distribution were produced by a
diffraction-limited system.) The Strehl ratios mea-
sured at the instant the loops were closed decrease
with increasing laser power as a result of small-scale

(@) Wind
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Incident Laser Power (W)

Magnitude of Ripple (in Ar-lon Wavelengths)

FIGURE 15. Growth of applied Nyquist-frequency phase
ripple at 45° to the actuator grid. The black circles and
squares represent measured data points from two differ-
ent experimental runs, and the red circles and curve are
from MOLLY simulations that included the residual
deformable-mirror structure.

(b)

—_—

FIGURE 16. Irradiance profile of beacon beam at the base of the blooming cell at the end of one wind-clearing time: (a)
measured profile (note the formation of a honeycomb pattern in the upper right quadrant of the image), and (b)
MOLLY simulation of profile. A residual-surface structure on the deformable mirrors was included in the simulations.
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Peak-Irradiance Ratio*

1 2 3 4 5
Incident Laser Power (W)

*Ratio of the peak irradiance at two wind-clearing
times after the beam is first shuttered on to the
peak irradiance when the beam is first shuttered
on.

FIGURE 17. Peak-irradiance ratio as a function of laser
power. The black circles, squares, and diamonds repre-
sent measured values from three experimental runs; the
red circles and solid curve are from MOLLY simula-
tions; and the dashed red curve is from MOLLY simula-
tions before a residual-deformable-mirror structure was
included.

blooming that arose from the residual deformable-
mirror structure. The dependence on laser power,
however, was much more pronounced for Strehl ra-
tios measured at the end of the second wind-clearing
time, particularly for laser powers above about 2 W.
This behavior is characteristic of PCI.

Thus the Phase II experiments provided the first
conclusive evidence of the existence of spontaneous
PCI. We have seen each of the three PCI signatures in
our laboratory and have compared the results of our
observations with code predictions. The agreement
was excellent when the details of the adaptive optics
hardware were taken into account in the modeling.

It is important to note that we optimized these
experiments to observe PCI. Even small departures
from that optimization, such as tiny misalignments
between the beacon and outgoing laser beams, were
enough to suppress PCI significantly. Many features
of real atmospheric propagation that we did not simu-
late in the laboratory—e.g., turbulent diffusion, wind
variations, slewing of the beam, and variable absorp-
tion—are also expected to suppress PCI.

Thus we do not expect that ground-based lasers
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operating in the real atmosphere will exhibit the strong
PCI signatures that were observed in the laboratory.
In fact, MOLLY predictions, which do include realis-
tic atmospheric features, indicate that adaptive optics
can be effectively used for high-power lasers over a
ground-to-space path.

Summary

We have carried out scaled laboratory experiments to
investigate phenomena associated with phase com-
pensation of laser beams in the presence of strong
thermal blooming. The propagation of a high-energy
laser beam through the atmosphere was simulated by
transmitting the beam from a low-power laboratory
laser through a cell containing an absorbing liquid.
Rotation of the cell produced an effective crosswind.

The experiments reported here were directed at
observing and quantifying the behavior of a phase-
compensation instability (PCI) that had been pre-
dicted by propagation codes and analyses. PCI, which
results from the positive feedback between the adap-
tive optics system and the intensity-induced refractiv-
ity of the atmosphere, can limit the amount of power
that can be usefully propagated through the atmo-
sphere to space. In the experiments, we observed
three types of signatures that characterize PCI. The
agreement between laboratory results and the predic-
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FIGURE 18. Strehl ratio as a function of laser power when
loops are first closed (circles) and two wind-clearing
times later (squares). (Note: The Strehl ratio is the ratio
of the peak irradiance in a given far-field energy distribu-
tion to the peak irradiance that would exist if the distribu-
tion were produced by a diffraction-limited system.)
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tions of MOLLY (Lincoln Laboratory’s time-depen-
dent propagation code) was excellent in all cases. The
experiments helped benchmark the code, and they
provided valuable insight on the importance of in-
cluding realistic hardware models in the computer
simulations.
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