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High Efficiency Ceramic Lasers

J.S. Sanghera, W. Kim, C. Baker, G. Villalobos, J. Frantz,
L.B. Shaw, A. Lutz, and I. Aggarwal
Optical Sciences Division

The Problem: Lightweight and compact high pow-
er lasers will facilitate integration of directed energy
weapons systems on board tactical platforms without
compromising mobility (Fig. 1). Solid-state crystal
lasers would be ideal for these applications. Single-
crystal yttrium aluminum garnet (YAG) has been the
workhorse of solid-state crystal lasers, whereby doping
YAG with about 1% to 2% of rare earth ions (e.g., Yb**

FIGURE 1
Schematic representation of terrestrial and airborne platforms
with high energy laser systems.

or Nd*¥) has led to lasing at a wavelength of ~1 um.
However, scaling to very high laser powers with good
beam quality in YAG is limited by its thermal conduc-
tivity and the sudden drop in thermal conductivity with
increasing dopant concentration. An additional prob-
lem is the poor dopant solubility in YAG, which leads
to non-uniform dopant concentration, a big problem at
high dopant concentrations. A better solution is to use
materials with better dopant solubility and higher ther-
mal conductivity, such as the sesquioxide Lu,O,. In fact,
the thermal conductivity for Lu,O, remains relatively
constant with increasing dopant concentration due to
the similarity of the phonon energy of the dopant and
the host. However, single-crystal Lu, O, is difficult to
make by traditional high-temperature crystal growing
from the melt, due its very high melting temperature of
2400 °C. This leads to crucible reactions, volatilization,
chemical inhomogeneity, lattice strain, defects, and
cracks, which therefore limit the size of the crystal to
the millimeter scale. These small sizes are not suitable
for making high power lasers. Therefore, alternative
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methods are needed to make suitable-sized solid-state
laser materials.

The Solution: The polycrystalline ceramic process
is a method that can mitigate the problems associated
with growing single crystals from their melts at high
temperature. This process uses high-purity, submicron
powder that is densified at only two-thirds of the melt
temperature using vacuum sintering or hot pressing.
The small size of the powder makes it very accom-
modating to lattice strain and so it is easy to dope with
high levels of rare earth ions. Also, the product is a
polycrystalline material, typified by grains and grain
boundaries. The grains, which are single crystals, can
range in size from a few microns to several tens of mi-
crons. As their size is small, they can also accommodate
higher rar earth jon dopant concentration, with any ad-
ditional lattice strain being accommodated by the grain
boundaries. If the grain boundaries are clean, i.e., with-
out impurities, then the polycrystalline ceramic will be
transparent and with high optical quality. This process
is readily scalable to large sizes and conformal shapes.
A further advantage is that ceramics are tougher and
stronger than their crystalline counterparts and so they
possess a higher threshold for thermal shock, thereby
enabling higher laser output power.

Experimental Details and Results: We have
developed wet chemistry processes to make submicron
Yb**:Lu,O, powder that has a particle size of approxi-
mately 100 nm, surface area of 33 m?/g and less than
1 ppm impurity content. The powder is uniformly
doped with tailored amounts of the dopant Yb**. Hot
pressing this fine, non-agglomerated powder at ~1600
°C for a couple of hours under a load of ~5,000 psi

FIGURE 2
A polished 1-in.-diameter transparent 10% Yb®** doped
Lu,0, ceramic sample.



yields a partially transparent ceramic with >99% density.
Subsequent hot isostatic pressing (HIP) at ~1600 °C
using an argon gas pressure of 30,000 psi completes the
process by increasing the density to 100% and provid-
ing full transparency. Figure 2 shows a polished 1-in.-
diameter transparent 10% Yb** doped Lu,O, ceramic
sample that exhibits excellent optical quality. Pumping
this sample with a diode laser operating at 975 nm leads
to lasing with more than 16 W output power at 1080 nm
and a slope efficiency of 74% (Fig. 3). This result rep-
resents the highest output power and highest efficiency
obtained from Lu,O, ceramics. What makes this result
even more remarkable is the high doping concentration
of 10% Yb?*. This technology, along with several patents,
has been licensed to industry. The domestic availability
of transparent rare-earth-doped Lu,O, ceramics will
enable fabrication of ceramic laser materials for power
scaling and implementation in highly efficient and com-
pact directed energy weapons systems.
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FIGURE 3

Output laser power at 1080 nm vs absorbed pump laser power
at 975 nm.
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Introduction: Detection of chemical and biological
agents that would most likely be dispersed as aerosols
has become a critical component of modern defense
capability. Under a Defense Threat Reduction Agency
(DTRA) supported program, the NRL Optical Sciences
Division has recently developed advanced ambient
air monitoring and aerosol classification technologies
based on laser interrogation and spectroscopy. These
optical characterization measurements are performed
on individual aerosol particles entrained in a con-
tinuous air stream as they move past the sensor focal
volume at rates up to 10,000 per second. Multiple
laser beams at several wavelengths are used to inter-
rogate the particles. Six beams are generated by one
continuous-wave visible wavelength diode laser and
collectively provide position and velocity information
of the aerosol particles. Subsequently, each particle is
illuminated with one or two pulsed ultraviolet (UV)
lasers. If the particle is composed of biological material,
the UV lasers will excite characteristic fluorescence.
These UV laser-induced fluorescence (UV-LIF) signals
from discrete spectral channels are recorded, as are the
elastic scattering intensities. Up to 14 optical measure-
ments may be obtained from each particle. These data
values are used to differentiate and classify the particles
into potential-threat or non-threat categories.

Spectral Discrimination: Figure 4 shows a scatter
plot survey of UV-LIF particle signatures from eight
separate populations with different compositions as de-
scribed in the legend and elsewhere.! The data shown
are the sum of the emission intensities from multiple
channels for the two indicated excitation wavelengths.
The aerosol particles shown here are approximately one
micron in diameter, and each point on the plot repre-
sents a single particle. One can easily see that signifi-
cant discrimination is obtained for four broad catego-
ries of different materials, including those relevant to
biological agents. However, the spread in these particle
data includes variation in instrument optical collection
efficiency and laser illumination of the particle de-
pending on its location in the sensor focal volume. To
improve discrimination, we have implemented a new
laser beam design to reduce variability due to particle
position.

Instrument Design: The basic optical design has
been previously published,' and contains greater detail
than can be accommodated here. The original design
uses a single separate continuous-wave laser beam
as a “trigger” to indicate the presence of an aerosol
particle entering the instrument, and cue the firing of
pulsed UV lasers. Most recently, this trigger beam has
been split into a set of six spatially structured beams
that provide data on the specific position and veloc-
ity of each particle. This arrangement, referred to as
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FIGURE 4

An illustration of the separation observed in measured UV-LIF emission intensities in two spectral
channels from lab-generated populations of aerosol particles representing four broad groups:
inorganic ambient background particles, fungal spores, bacterial particles (spores or cells), and bio-
toxin surrogates (proteins). The eight specific example compositions are color-coded in the legend.

a structured trigger beam (STB),” provides the ability
to reduce the spread of the fluorescence and elastic
scattering data used to characterize the particle. By
knowing the precise particle location, the instrument
response function due to spatially dependent laser
beam intensity profiles and optical collection efficiency
can be normalized. Figure 5 shows the precision mask
(a) used to generate six spatially distinct STB laser
beams, and a typical oscilloscope trace (b) of a particle
passing through these beams (lower, blue trace). The
particle position and velocity is coded into the relative
positions of these six pulses generated by the particle
passing through each beam. Figure 5(c) shows typical
X-y-z trajectories for an ensemble of particles calculated
from the STB data, while Fig. 5(d) shows the (parabol-
ic) distribution of flow velocities for the same particles
as a function of their position (x-y) in the flow cross
section. Finally, the effectiveness of the STB positional
data to normalize fluorescence intensities can be seen
by comparing Fig. 5(e) to Fig. 5(f). Figure 5(e) shows a
histogram of un-normalized (raw) fluorescence pulse
heights, while Fig. 5(f) shows the same data normal-
ized for spatial position instrument response. The
result clearly shows the presence of three distinct test
populations of fluorescent particles that were previously
completely obscured.

Future Directions: In the past year, we have also
developed customized UV laser light sources that offer
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certain advantages, such as greater energy efficiency,
over the commercially available laser systems employed
so far (e.g., 266 and 355 nm wavelength lasers). Figure
6(a) shows a photograph of an NRL-developed, mode-
locked fiber laser that provides high-intensity pulses
(<500 fs in duration) at a 41 MHz repetition rate.’ The
photograph shows the coiled optical fiber laser (as
bright purple) as well as its second harmonic converted
light (as green). The fiber laser pulse intensities are
sufficiently high that two-photon absorption can be
used to effectively produce fluorescence. The scatter
plot in Fig. 6(b) shows UV fluorescence intensities in
two spectral bands from three different populations of
aerosol particles excited by green laser light. These data
are the first published’ observations of emission due to
multiphoton absorption from bacterial aerosol par-

ticles.
[Sponsored by DTRA]
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FIGURE 5

Different aspects of the structured trigger beam (STB) are shown, starting with: (a) the high-precision mask used to
generate the six beams, (b) a typical oscilloscope trace (blue trace) showing the six-pulse signature as a particle passes
through each of the beams, (c) a three-dimensional representation of particle trajectories for an ensemble of particles
created from STB data, (d) the corresponding velocity (v,) profile from that particle ensemble, (e) uncorrected LIF pulse
height data from test particles, and (f) the same LIF data as in (e), corrected now using the STB data, and revealing the
presence of three distinct fluorescent populations.
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FIGURE 6

(a) A photograph of a unique, mode-locked fiber laser developed to provide a continuous train

of short (<500 fs) pulses of light for aerosol particle interrogation. The laser fundamental wave-
length can be either doubled to 526 nm (green) or quadrupled to 263 nm (UV) very efficiently.

(b) Because of its high peak power, two-photon absorption of the laser green light results in UV
fluorescence from aerosol particles of bacterial spores (BG clusters of 2.5 and 3.8 um diameters)
compared to nonfluorescent mineral particles (kaolin) of similar size as shown in this scatter plot.
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Angel Fire/Blue Devil Sensors for
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Surveillance
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Introduction: The Applied Optics Branch has been
developing technology for use in a broad range of tacti-
cal and wide-area surveillance systems. These systems
include high-resolution, high-framing-rate, panchro-
matic, and hyperspectral imaging systems in the visible
through infrared spectral regions, on platforms ranging
from low-altitude small UAVs to high-altitude standoft
aircraft. Recently, a dual-band wide-area persistent
surveillance sensor system (DB-WAPSS) has been de-
veloped, flight-tested, and transitioned. The DP-WAPSS
IR subsystem uses a 16.7-megapixel mid-wave infrared
(MWIR) focal plane array (FPA; 4096 x 4096 pixel,
15-um pixel pitch, sensitive from 3.5 to 5.1 pm wave-
length) to provide the largest presently available day/
night IR coverage in addition to increased resolution
performance at lower altitudes. The visible subsystem
is a large-format 59-megapixel camera that can oper-
ate at high frame rates. Both imaging subsystems are
incorporated into a step-stare gimbal, the CA-247 from
Goodrich ISR Corporation, that can increase coverage
by creating a mosaic of images, i.e., trading update rate
against area coverage. The DB-WAPSS/CA-247 system
has been demonstrated to a Technology Readiness
Level (TRL)-7 level of maturity, showing direct applica-
tion to existing and developing wide-area persistent
surveillance airborne platforms used by U.S. Navy, U.S.
Marine Corps, U.S. Air Force, and U.S. Army. Seven
sensors were developed for the Marine Corps” Angel
Fire program, each sensor showing high-level, repro-
ducible performance; these sensors have since tran-
sitioned to other Services’ applications, in particular
the Air Force’s Blue Devil program. We describe key
subsystem breakthroughs and resultant system perfor-
mance.

Focal Plane Array and Sensor Development:
Major challenges for focal planes for framing-camera
applications are maximizing the number of pixels per
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array and simultaneously maximizing the array frame
rate. Silicon FPAs for the visible/near-IR (VNIR) spec-
tral band are commercially available in sizes of several
tens of millions of pixels. However, these commercially
available FPAs are not yet available at frame rates above
1 to 2 per second and with electronic shuttering, which
is needed for long-duration, persistent surveillance ap-
plications. The sizes of IR FPAs for day and night usage
significantly lag behind sizes available in the VNIR.
Progress in large IR FPAs has been made primarily in
the MWIR band. Prior to DB-WAPSS, the largest IR
FPA available was the 4-megapixel MWIR array, de-
veloped by NRL and L3 Communications, Cincinnati
Electronics, Inc. (L3 CE), used on the Navy’s SHARP
system and for early persistent surveillance demonstra-
tions.! Use of a reticulating process by L3 CE on the
SHARP FPA design allowed scaling up in size from a
4-megapixel, 25-pm pixel pitch to a 16-megapixel, 15-
pm pitch FPA on an only modestly larger die size than
for the SHARP FPA. Further scale-up to 64 megapixels
should be possible and is presently being explored.

The IR FPA is integrated into an IR Imaging
Module (IRIM) that produces the high-speed output
data. Non-uniformity corrections (NUC) and bad pixel
replacement are calculated within the IRIM and applied
in real time. The IRIM is preloaded with two preset
integration times that correspond directly to two oper-
ating temperature ranges. The temperature ranges are
operator selectable and can be used for either change
in climate or change between day and night operation.
The image data is output over four 14-bit CameraLink
data ports, which are then converted by a multiplexer
into two gigabit Ethernet outputs for interface conve-
nience.

The VNIR capability of the DB-WAPSS 59/16 is
provided by a ruggedized 59-megapixel CMOS camera,
the V59M, produced by Teledyne Imaging Sensors. The
camera produces a square-format of 7680 x 7680 pixels,
and images at almost 10 frames per second (fps) with
an electronic global shutter. The camera’s high qual-
ity EO lens matches the same 22.8° field of view as the
MWIR channel. The V59 output is also CameraLink,
with possible conversion into multichannel gigabit
Ethernet.

The IRIM and the V59 are integrated into a single
unit and installed into a stabilized CA-247 gimbal. The
sensor may be operated in IR, visible, or simultaneous
EO/IR modes, gaining the benefits of fused multiband
image products. Figure 7 shows the DB-WAPSS-59/16
sensor. The central rectangular box contains the IRIM,
which uses the 16.7-megapixel MWIR FPA and the
V59M camera with the 59-megapixel FPA. Large drive
motors power both the roll and azimuth axes in the
DB-WAPSS 59/16, allowing the sensor to slew quickly
in large steps to commanded positions. The sensor is



FIGURE 7
DB-WAPSS 59/16 camera. IR optics shown with yellow protec-
tive cover. VNIR optics below and to the left of the IR optics.

capable of stepping a 2 x 2 pattern of images in less
than a second, maintaining a high degree of stabiliza-
tion during frame exposures, and covering a total field
of regard of approximately 36° on each side. The sensor
is 40 in. long and has a rotational “keep-out” diameter
(including sway space) of 24.75 in. If step-stare is not
used, the imaging unit can frame faster than the 4-fps
limit set by the stepping motors.

The sensor is designed to operate in harsh military
environments on either manned or unmanned plat-
forms. System mean-time-between-failure (MTBF) is
estimated at greater than 2800 hours using MIL-HD-
BK-217.

Test and Evaluation: Seven 16.7-megapixel IRIM
units were produced for Blue Devil DB-WAPSS sen-
sors. Measured IRIM characteristics for five IRIMs are
summarized in Table 1.

TABLE 1 — Measured IRIM Characteristics

Parameter Average of 5 Units
Operability 99.0%
Max Power during Cool 175.42
Down (W)
SS Power Operating at 59
Temp. (W)
Weight (Ib) 28

Sensor imaging performance was validated dur-
ing factory test by measuring the system relative edge
response (RER) and calculating the associated sys-
tem modulation transfer function (MTF). Measured
response has matched very closely with predicted
performance from modeling. The production sensors

have produced system RERs from 0.63 to 0.68, resulting
in average system MTF values from 33% to 35% at the
Nyquist frequency (33.3 lines/mm). Imagery captured
during NRL flight tests show image quality commensu-
rate with system MTF values in this range (Fig. 8).

Processing DB-WAPSS Sensor Data: DB-WAPSS
sensor data were processed using NRLs “Blackjack”
software suite designed for persistent surveillance
applications. This software suite is based on the com-
mon open-architecture, standards-based design that
NRL has used on many ISR data exploitation and
fusion stations.? Blackjack satisfies two key processing
requirements for DB-WAPSS: (a) processing at the full
dynamic range of the raw camera outputs — 14-bits for

FIGURE 8

DB-WAPSS daytime MWIR flight imagery (June 9, 2009). Inset
images show (top) a resolution target, and (bottom) vehicles in
a magnified view of the parking area.

the IRIM and 12-bits for the V59M, and (b) real-time
processing and display for image formation and for
target detection, identification, and tracking — without
sacrificing full-dynamic range processing.

IR data from NRL flight tests have been processed
to demonstrate the sensor’s detection capability and its
ability to detect subtle changes in revisited scenes and
in tracking moving vehicles from an orbiting aircraft.
The sensor’s image stream, motion-video at 4 fps, was
used to obtain the tracking results shown in Fig. 9. The
imagery was of sufficient quality to implement an NRL
motion-tracking algorithm that can reliably initiate
and maintain tracks of moving targets under stressful
conditions. The tracking algorithms executed on the
processing system reliably reject false track initiations
caused by parallax, and provide capability to track
through temporary obscurations and momentary stop-
page of movement. The high-quality MWIR image data
complement the performance of the tracking system.

Summary: An advanced dual-band step-stare sen-
sor using a 16.7-megapixel MWIR and a 59-megapixel
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FIGURE 9
Top: Track initiations, indicated by green markers. Bottom:
Track generation for three vehicles, T:1, T:2, and T:3.

visible array has been developed, and seven copies of
the sensor constructed and tested for the Marine Corps’
Angel Fire program and transitioned to the Air Force’s
Blue Devil program. Test results from these sensors
demonstrated the reproducibility of the mechanical,
data-handling, and high-quality MWIR-imaging per-
formance. Airborne flights demonstrated a TRL-7 level
of maturity. The quality of the MWIR data, together
with NRLs real-time, standards-based processing, en-
ables effective day/night change-detection and tracking
performance.
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