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We begin with a discussion of the history of attempts to correct combustion-driven
high-energy laser (HEL) heams; these attempts have nol tended to be as successful as
hoped. After discussing beam control tests on MIRACL, a megawatt-class deuterium
Suoride (DF) laser, we consider the conclusions of a Beam Control Maturity Assessment
Panel (BCMAP)—convened by the now-terminated Space Based Laser Integrated Flight
Experiment program—concerning the history of HEL beam control. We then discuss the
results of the Alpha LAMP Integration (ALI) tests and what was and was not learned from
those tests. Next we evaluate what was known from the wavefront sensor available as part
of the Alpha Laser diagnostics suite and from high-frequency subaperture intensity data
available from a mode beating experiment performed with Alpha. Tuken together, these
sources defined the need for a high-bandwidth measurement of Alpha subaperture intensity
and tilt behavioy, the defining requirements for the MHz Intensily and Tilt Sensor (MITS).
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1. Introduction

Development of very high power (100-kW-class and beyond) lasers was spurred by
their potential as long-range, nearly immediate kill weapons. To be effective in this rolc,
however, the quality of the output beam (relative to a diffraction-limited beam) needed to
be good enough to be well focused on a target. Although a fairly poor-quality beam can be
propagated over a few kilometers and still be focused onto the target, propagation at ranges
of hundreds of kilometers or more requires a beam to be near the diffraction limit if a useful
amount of power is to be focused on the target. The challenge, however, is that pushing
lasers to produce the maximum power from a device of a given size has always resulted
in degradation of the beam quality. To cscape from this compromise between maximizing
device power and retaining high beam quality, it has long been desired to reduce optical
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aberrations on the beam external to the lasing medium, either by measuring the phase errors
on the beam and correcting them in the beam train or by using nonlinear matcrials to phase
conjugate the beam. This paper discusses the former approach: its history, the implications
of that history for plans to use hydrogen fluoride (HF) lasers in space, and the motivation
for the MHz Intensity and Tilt Sensor (MTTS) used to measure beam properties on the
megawatt-class Alpha Laser.

2. Tests on MIRACL

The Mid Infrared Advanced Chemical Laser (MIRACL) was the {irst megawatt-class laser
developed in this country, and it remains the highcst-average-power lascr yet demonstrated.
A combustion-driven deuterium fluoride (DF) laser, it was originally developed by the Navy
for short-range fleet defensc. and its intrinsic beam quality, while mediocre, was adequate
for the mission. In its role as a testbed, however, it was used to develop beam control
technologies intended o improve the performance of chemical laser systems.

In 1986-1987, a local loop control system was tested as part of a larger program called
SkyLite. It employed a cooled, 69-actuator deformable mirror (DM) known as HICLAS to
correct the high-power beam. Wavelront sensing initially employed a pinhole filter, a point
detector, and an uncooled 69-channel mirror to modulate a low-power sample of the beam
in a multidither fashion and later used a 69-channel Hartmann wavefront sensor. This was
an improved version of a system that had been developed in 1977 o correct gas dynamic
CO, lasers.

SkyLite used a hybrid servo system developed to permit use of the HICLAS DM
for both tilt and higher-order correction. This was an expedient decision, as there was
no room on the bench for a separate fast-steering mirror (FSM). Extensive laboratory
characterization was conducted prior to field testing with an electric discharge laser with
static MIRACL-like irradiancc and phase and applied beam jitter. Diffraction-limited
performance was achieved (Fig. 1).

High-power tests were preceded by 15 “piggyback” tests with the corrector in a low-
power sample of the MIRACL bheam. These tests were uscd to explore parameter settings.
Up to a 2.3-fold increase in peak irradiance and some decrease in the 63% flux area were
achieved. Similar performance was obtained with only the P»(8) or P,(9) line being sensed
through a pinhole as with all the lines. Six tests with the HICLAS DM in high-power
beam were performed. In these tests, only power from P»(8) line was sensed. The tilt
control system was intcgrated with the MIRACL alignment system. A factor-of-two re-
duction in tilt PSD out to 300 Hz was achieved. The higher-order wavefront correction
resuited in a twofold increase in peak intensity, but there was no change in the 63% flux
area (Fig. 2).

From 1993 to 1995, another series of SkyLite tests was performed with a 32 x 32 sub-
aperture Hartmann wavefront sensor. High-power correction (tilt and wavefront) used the
same 69-actuator HICLAS DM. Reference gradients, obtained with a low-power chemical
laser (LPCL) alignment laser beam, were subtracted from the MIRACL gradients before
reconstruction. This removed most of the noncommon path errors, assuming that the ILPCL.
had flat phase. Difference gradients were ramped to zero for low-intensity regions. A digital
phase gradient reconstructor provided a 17 x 17 phase map. and a programmable spatial
filter was used to gencrate drives for the 9 x 9 DM. The wavefront control bandwidth was
limited to 0-15 Hz by the low (40%)-charge transfer efficiency of IR charge-coupled device
detector.
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Fig. 1. SkyLite performance on an electric discharge laser with static, MIRACL-like irra-
diance and phase and applied beam jitter.
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Fig. 2. SkyLite performunce on the MIRACL beam.
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This system participated in eight MIRACL tests, three taking passive (open-loop) data
only and the others with ~8 s for loop closures at the end of each test. The wavefront sensor
used only the P2(8) line except for the last test, which was done on all lines.

Consistent jitter correction out to 300 Hz was achieved with a 2.5-fold reduction in
rms azimuth and elevation. Wavefront correction was a mixed success. In test 1 a 2.5-fold
increase in peak irradiance was observed when the loops first closed, but the correction
degraded with time. This was attributed Lo poor control of the actuators in the low-intensity
regions. In test 2 a gradient processor modified for better edge control resulted in stable
loop closure, but no fur-field data were obtained due to a camera failure. In test 3 the use
of a 3 x 3 spatial filter provided a 1.25-fold improvement in peak irradiance and a 25%
decrease in the 50% (lux area. In test 4 the sensor was improved, but no improvement was
seen with the loop closure. Posttest computer propagation with the phase measured by the
closed-loop Hartmann sensor predicted that a fivefold increase in peak irradiance should
have been seen. This points (o the need for an independent sensor to score performance!

3. Beam Control Maturity Assessment Panel

In 1999 the Spacc Based Laser (SBL) Program Office at the Air Force Space and Missile
Systems Center, which was managing the (since canceled) SBL Integrated Flight Exper-
iment (IFX) for the Ballistic Missile Defense Organization (BMDO), chartered an expert
panel to assess the readiness of high-energy-laser-beam-control technology to support the
TFX program. This Beam Control Maturity Assessment Panel (BCMAP) was chaired by
John Albertine and included members from the Department of Defense, Federally Funded
Research and Development Centers (FFRDCs), and industrial contractors. Although the
panel considered all aspects of laser beam control, we will discuss only its findings regard-
ing beam correction.

In cvaluating the tests performed with MIRACL, the BCMAP concluded, “Multidither
and Hartmann sensor local-loop systems provided near diftraction-limited corrections with
multi-line electric-discharge lasers, but modest improvements with combustion-driven high-
power lasers.” As *“Plausible Explanation|s]|” they offered “System corrected low spatial and
temporal {requency errors, perhaps mirror heating and some aero effects in laser medium”
and “Higher spatia] frequencies have higher temporal frequencies, so no benefit in increasing
bandwidth without increasing actuators.”

In assessing what was unknown about correcting high-power chemical lasers, the BCMAP
concluded as follows:

» What is the spatial and temporal spectrum of wavelront errors?

* Are there significant variations from line to line at higher frequencies?

» Will subaperture power fluctuations limit ability to accurately sense wavefront errors
at the (high) frame rates needed for correction?
¢ How coherent is the wavefront?

e Is it sufficient to justify investment in expensive correction system?

e How will the measurement of high-spatial-frequency wavefront errors be affected by
instrument limitations (dark current, read noise, accuracy and stability of slope calibra-
tion, threshold settings) and the overall magnitude, gradients, and temporal variations
in the in-band background?

* Note: Resonator codes and system optical quality codes have not been reliuble cnough
to provide this information
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¢ In the absence of such information, previous systems have been built with the best
available technology, constrained by budget, schedule, and interfacc considerations
(space, electrical power, thermal control, etc.).

Recommendations for future local loop systems were as follows:

* More diagnostics on laser needed before designing system.
* Spatial and temporal spectrum of tilt and wavefront errors,
» Powecr spectrum of subaperture intensity fluctuations.
* Phase coherence over aperture {two-pinhole experiment).
¢ All ol above: single lines and all-lines, and over power range of interest
* Best choice, based on current understanding:
* Design Hartmann sensor, with at least 6 x 6 pixels per subaperture.
* Design bundwidth and N, based on laser diagnostics.
* Sense all laser lines to minimize effects of single-line fluctuations.
* Use separate high-power FSM and DM.
¢ Usc independent jitter sensor and far-field camera for scoring,
* Use near-field irradiance monitor in low-bandwidth loop (o sclect edge actuator
control and select best reconstruction matrix.
* Big payoff in charactlerizing syslem in laboralory:
¢ Tailor irradiance distribution to look like high-energy laser (HEL) distribution.
¢ Iniroduce irradiance fluctuations, wideband tilt and higher-order aberrations
simultancously.
* Conduct HEL test in stages:
* Open-loop characterization prior to closed-loop tests.
* Plan on cnough tests to understand and optimize performance.

4. Alpha Lamp Integration

Following the cancellation of the Zenith Star SBL flight demonstration in the late 1980s,
the Strategic Defense Initiative Organization (SDIO) decided to integrate the megawatt-
class Alpha HF laser (which was designed for space vacuum operation), the beam control
technologies developed under the Large Optics Demonstration Experiment (LODE), and
the 4-m-diameter primary mirror buiit under the Large Advanced Mirror Program (LAMP)
into a functional ground demonstration of SBL beam control. This was known as the Alpha
LAMP Integration (ALI) program.

Figure 3 shows the LAMP mirror in its ALI configuration (the Griff Telescope) as a beam
director. With the closcout of the Alpha, ALI, and [FX efforts, the LAMP mirror is being
transferred to the Air Force Academy, where it will become an astronomical and space
surveillance telescope. This is also shown in Fig. 3.

The ALI system used 202 holographic optical clements (HOEs) on the LAMP mirror to
pick off a small amount of the power in the HF P (7) line and direct it through a holc in the
center of the secondary and onto a Hartmann wavefront sensor (Fig. 4).

Four high-power tests were conducted. Test HL410 was a short test of system safety.
HL420 closed the jitter control loop. HLA430 closed the beam correction loop with a water-
cooled DM. The final test, HL440, closed the correction loop with a new, uncooled DM.

Unfortunately, some of the 202 subapertures were obscured (by support struts and the
feedback hole), and many others were usable only part of the time due to varying subaperture
signal-to-noise ratios. The Alpha laser was originally designed to have 5 m of gain, but for
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Fig. 3. Left: ALI beam director (Griff Telescope) employing the 4-m LAMP mirror. Right:
U.S. Air Force Academy design for reusing the LAMP mirror in an astronomical and space
surveillance telescope.
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Fig. 4. HOE map on the LAMP mirror and on the wavefront sensor.

cost reasons was built with 2 m of gain. The result of this was a reduction in saturation.
which led not only to a factor-of-three reduction in total power but also to a less uniform
beam, both spatially and temporally. Figure 5 shows the near-field intensity pattern from
the HLLY10 test adjusted to the beam orientation on the LAMP mirror as well as the HL410
beam as scattered from the LAMP surface. (HL410 was the first high-power beam placed on
LAMP. HL910 did not propagate the beam to LAMP. but the near-field intensity pattern is
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Fig. 5. Left: Alpha near-field intensity pattern as projected on LAMP. (The HL910 image
is used for illustration. although HL910 did not propagate the beam onto LAMP.) Right:
Infrared image of HL410 beam on LAMP (March 20. 1997).
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representative of the Alpha beam.) Of 175 unobscured HOEs, only 55 had sufficient signal
to use more than 80% of the time, with another 20 usable less than 80% of the time. Figure 6
shows the map of these HOE:.

The reported results showed correction to within 15% of the program goal. (The specific
goal was classified.) This result must be taken cautiously. however. The wavefront control
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sensor was used for scoring, and there was no independent truth sensor. This meant that
any actual wavefront errors that, for whatever reason, could not be measured by this sensor
would not be seen as residual crror by the scoring system. The same would have been true
of errors induced on the beam due to imperfections in the wavefront control sensor itself or
due to its misalignment relative to the primary mirror (and, hence, the HOEs). What was
ultimately measured was how well the system corrected perceived wavefront error, not the
final beam quality. kt also was based on reconstructing the wavefront from a limited subset
of subapertures, as discussed above. As a result, we are not certain how well the system
actually performed. While it appears that the quality of the beam was improved, the lack of a
full (4-m) aperture truth sensor made it impossible to accurately quantify the resulting beam
quality. There was an independent wavefront sensor measurcment of a 1.5-m subaperture
of the beam, and the result was similar (o that seen in the same subaperture in the control
wavefront sensor. Both subaperture results, however, showed worse corrected-beam quality
in the subaperture compared to what the control wavefront sensor measurcd over the full
aperture, and so it is difficult to draw conclusions about the full-aperture-beam quality.

5. Measurement on the Alpha Beam

Over the years various measurements were made on the Alpha beam to try and understand
its correctability. Tt is important to note that low temporal and spatial frequency aberrations
should be relatively easy to correct, so that ultimate performance is determined by the
high-temporal and high-spatial-frequency components of the beam.

Alpha oulput beam wavefront errors were measured with a rotating grating wavefront
sensor. This device was originally designed to drive a low-bandwidth correction Joop and
was never intended to provide a comprchensive measurement of the Alpha beam. Although
it sampled thc wavefront at 6 kHz, data from this wuvclront sensor seem to show a noise
floor between 200 and 300 Hz, depending on the signal. Because there is device- and
facility induced structurc on the beam out to 100 Hz or so, these data arc only able to hint
at a 1/f2 roll-off in the subapcrture slope PSD and in the reconstructed wavetront crror at
high frequency. An example from HL912 is shown in Fig. 7.

Higher frequency measurements of subaperture intensity were made. As far as is known,
slope and intensity variation arise from the same underlying sources and so are expected to
have the same roll-off at high frequency. A high-bandwidth-intensity detectlor was instatled
to measure an intracavity subaperturc. When the feedback for the unstable resonator was
fed back in fo the lascr, it was expanded off of a conical optic. To avoid placing power on
the tip of the cone, a 1-cm piece of the beam was cored from the feedback. Of this, a 1-mm
samplc was measured with the intensity detector. There is no reason to believe that the
behavior of this part of the beamn was any different from that of thc outcoupled beam. The
original purpose was to observe the beating of the longitudinal modes at 6-MHz. intervals
out to about 30 MHz and 1o confirm that multiple transverse modes were not present. The
clectronics were later upgraded to allow sampling at 1 GHz, which produced a PSD useful
to about 250 MH7. Data storage capacity limited the sample to 30 us; therefore the data
arc valid only for high frequencics.

The results were somewhat ambiguous. There is possible structure in the few-megahertz.
regime, but there is also a lot of noise in this regime. The mode beating is obvious and
dominant wherc it is expected. For higher frequencies the roll-off actually appcars Lo be
faster than 1/f2. Onc fit put it at 1/f>3, See Fig. 8.
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Fig. 7. Example of an Alpha (HL912) tilt PSD from the diagnostic wavefront sensor.
showing the apparent noise floor beyond ~300 Hz.
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Fig. 8. Annotated intracavity subaperture intensity PSD (HL912) showing mode beating.
possible structure at megahertz frequencies, and roll-off at high frequency.

6. Why Understanding the High-Frequency Behavior
Is Important

In principle, the aberrations on a laser beam could have content at all spatial and temporal
frequencies, but physical size and timescales associated with the generation and propagation
of the beam result in a rapid roll-off for high frequencies. A wavefront sensor will have the
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Fig. 9. Only part of the WFE on a laser beam is measurable, and of that only part is
correctable.
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Fig. 11. What MITS was developed to look for.

ability to measure the aberrations up to some spatial and temporal frequency limits based on
its design and construction, and a beam correction system will be able to correct the errors
up to some lesser spatial and temporal frequencies. The resulting corrected wavefront error
(WFE) on Lhe bcam is a combination of the residual error after correction of the nominally
correctable part, the measurable but uncorrectable part, and the unmeasurable (at least by a
wavefront sensor) part. Because the last of these terms is unmeasurable, it must be inferred
to allow for an estimate of the total residual error after correction. (The effects of all sources
are, of course, evident but not very separable in far-field mcasurements.) Figure 9 shows
the regions pictorially.

Understanding the roll-off in both spatial and temporal frequencies is necessary to
assess the uncorrected residual from a beam correction system. Measuring the high-
spatial-frequency content requires either wavefront sensors with very many subapertures
or inference from behavior in various sizes of subaperture. Although the IFX program
was beginning to address this at its termination, we will concentrate on the high-temporal-
frequency behavior. While physical dimensions and mechanical frequencies arc likely to
limit the high-spatial-frequency content of the WFE, high-temporal-frequency effects in-
volving reactions within the supersonic flow of the lasing medium and optical mode inter-
actions have been postulated as possible sources for high-temporal-frequency content.

If the roll-off has the form PSD = ¢f 7% where f is frequency and a and ¢ are constants,
the integrated residual rms WFE from a frequency f; to infinity is [cf; e — )]0,
This can be converted to a Strehl (from this crror only) by the Marechal approximation.
Figure 10 shows an ecxample fora =2 and (.5 with f = 300 Hz and the rms WFE at 300 Hz
varied parametrically from 0 to 1 x 10~* waves?/Hz. Clearly the residual high-frequency
error can limit corrected beam quality.

7. MITS

To address the issuc of high-lemporal-frequency behavior of a combustion-driven HF
laser beam, the TFX program created the MITS. The goal was to explore the subaperture
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Fig. 12. Sample MITS PSD.

intensity and tilt behavior of the Alpha laser beam. looking to observe the roll-off to higher
frequency. to identify possible structure above the roll-off, and to identify higher-frequency
structure rising above the noise floor of the sensor (Fig. 11).

An Alpha test, HL913, was performed to obtain MITS data. As hoped. the data showed a
1/ roll-off of subaperture tilt and intensity with no evidence of high-frequency structure.
It also showed good correlation between lines. Although this suggests that the beam would
have been highly correctable, more data would have been useful to characterize correctability
limits. Figure 12 shows a sample PSD.'

8. Conclusions

Historical attempts to correct high-energy-laser beams have not tended to be as successful
as hoped. In particular, the results of beam control tests on MIRACL. a megawatt-class DF
laser, generated concerns about the general correctability of beams from combustion-driven
HF and DF lasers. The SBL IFX program chartered a Beam Control Maturity Assessment
Panel (BCMAP) to consider this and other beam control issues. The panel identified a
number of issues that needed to be addressed and recommended approaches to addressing
them. The results of the Alpha LAMP Integration (ALI) tests, combined with results from
the Alpha laser diagnostic wavefront sensor and from high-frequency subaperture intensity
data from an Alpha mode beating experiment. provided some insight into HF laser behavior.
It also raised questions. Taken together. these sources defined the need for a high-bandwidth
measurement of Alpha subaperture intensity and tilt behavior—the defining requirements
for the MHz Intensity and Tilt Sensor (MITS). It was the team’s hope that the measurements
made with MITS would help define the optimum approach to wavefront correction of
a combustion-driven HF laser as well as the practical limits of correctability. Although
only one test was completed with MITS, the data from that test increased confidence that
combustion-driven, high-energy-laser beams are correctable to near the diffraction limit.
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