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In this article, we review and discuss the research programs at the Naval Research Laboratory (NRL) on high-
power lasers for directed-energy (DE) applications in the atmosphere. Physical processes affecting propagation
include absorption/scattering, turbulence, and thermal blooming. The power levels needed for DE applications
require combining a number of lasers. In atmospheric turbulence, there is a maximum intensity that can be placed
on a target that is independent of the initial beam spot size and laser beam quality. By combining a number of
kW-class fiber lasers, scientists at the NRL have successfully demonstrated high-power laser propagation in a
turbulent atmosphere and wireless recharging. In the NRL experiments, four incoherently combined fiber lasers
having a total power of 5 kW were propagated to a target 3.2 km away. These successful high-power experiments
in a realistic atmosphere formed the basis of the Navy’s Laser Weapon System. We compare the propagation
characteristics of coherently and incoherently combined beams without adaptive optics. There is little difference
in the energy on target between coherently and incoherently combined laser beams for multi-km propagation
ranges and moderate to high levels of turbulence. Unlike incoherent combining, coherent combining places severe
constraints on the individual lasers. These include the requirement of narrow power spectral linewidths in order
to have long coherence times as well as polarization alignment of all the lasers. These requirements are extremely
difficult for high-power lasers. © 2015 Optical Society of America

OCIS codes: (010.1300) Atmospheric propagation; (010.1330) Atmospheric turbulence; (140.6810) Thermal effects; (140.3295)
Laser beam characterization; (140.3298) Laser beam combining.
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1. INTRODUCTION

Advances in solid-state lasers, i.e., slab and fiber lasers, have
made them candidates for directed-energy applications
[1-3]. To achieve the power levels needed for these applica-
tions, it is necessary to combine a large number of lasers
and propagate the beam many kilometers through a turbulent
atmosphere.

In 2005, scientists at the Naval Research Laboratory (NRL)
proposed, analyzed, and simulated the use of incoherently com-
bined, high-power fiber lasers for directed-energy (DE) appli-
cations [4-8]. The patented NRL laser beam-combining
architecture [9] is considered a promising approach for devel-
oping tactical laser weapons and forms the basis for the Navy’s
Laser Weapon System (LaWS) [10]. Shortly after the initial
analysis and simulation of the concept, NRL scientists and
team members from the Naval Surface Warfare Center carried
out the first long-range field experiments. These laser beam
combining and propagation experiments provided critical basic
information addressing the issues associated with incoherently
combined, high-power, single-mode fiber lasers.
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In this NRL review article, we discuss the physical processes
associated with the propagation of high-power lasers.
Specifically, we discuss the effects of absorption/scattering,
turbulence, and thermal blooming. We compare the energy
delivered to a target for the case of coherently combined
and incoherently combined laser beams. It is pointed out that
for multi-km ranges and moderate to high levels of turbulence
there is little difference in the energy delivered to the target.
Coherent combining places severe constraints on the individual
lasers. These include the requirement of narrow power spectral
linewidths in order to have long coherence times, as well as
polarization alignment of all the lasers. These requirements
are extremely difficult for high-power lasers. Incoherently com-
bined architecture, one the other hand, is far simpler to imple-
ment. Individually controlled steering mirrors with adaptive
optics capabilities form the beam director and direct each beam
to the target, as indicated schematically in Fig. 1. This beam-
combining architecture has the capability of employing adap-
tive optics to extend the range. To limit diffractive spreading of
the laser beams over the range, the individual spot sizes (radius)
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Fig. 1. Schematic diagram of incoherently combined fiber lasers
individually directed to the target.

of the beams must be large enough at the source and have good
optical quality.

Two experimental demonstrations of DE performed by
NRL are reviewed and discussed: laser propagation in a turbu-
lent atmosphere and wireless recharging.

2. ATMOSPHERIC PROPAGATION OF LASER
BEAMS

A. Absorption/Scattering

Atmospheric propagation of laser beams is affected by the pres-
ence of molecules, atoms, and aerosols which scatter, as well as
absorb, the laser energy [11,12]. Aerosols consist of soot, dust,
and pollutants and in a maritime environment brine (salt water)
can be the principal constituent. An approximate method for
incorporating scattering and absorption of radiation is to intro-
duce an extinction coefficient y that takes into account the
change in the intensity along the path z due to both absorption,
a, and scattering, f, i.e., y = a + f. The laser intensity de-
creases exponentially according to /(z) = [ exp(-yz), where
1y is the initial laser intensity. The absorption (and scattering)
of a laser beam can be small, e.g., ayy & 2 x 1071 em™, By ~
108 cm™! at a wavelength of 1.045 pm. Here, the subscript
“M” indicates that the coefficient is due to the molecules.
At the same wavelength, the aerosol absorption and scattering
coefficients (subscript A) are much larger: ay ~ 10® cm™,
Pa ~ 107° cm™!. The effect of aerosols on laser beam propaga-
tion is significant because they scatter (and absorb) radiation
collectively.

While both scattering and absorption reduce the on-axis in-
tensity of the laser beam, at high powers absorption has the
added effect of heating the medium along the path and causing
thermal blooming. To minimize thermal blooming, it is nec-
essary to reduce both the molecular absorption of the medium
and the absorption due to aerosols. For thermal blooming to be
manageable it is necessary to ensure that the aerosol absorption
is small, which can be achieved by clearing the path by vapor-
izing the acrosols. In view of the strong dependence of @y and
Pa on the radius, vaporization can significantly reduce both the
absorption and scattering.
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B. Beam Spreading and Wander due to Turbulence
The refractive index is 7 = 1 + Snyyy (%, 3, 2, £), where the
fluctuations Snryy, satisfy (Snryp) =0 and (6n3,,) # 0
[13-16]. The total angular spread of a laser beam can be writ-
Lo ®Spread = (8%)1(( + ®é + ®”21‘urb + ®]2i(ter + ®”2FB)1/2’
where the spreading angles are with respect to the propagation
direction, Opyg is due to diffraction, ¢, is due to the finite
beam quality, Oy, is due to turbulence, Oy, results from
mechanical jitter, and ©1p is due to thermal blooming. For
beams less than 100 kW, the contribution from thermal
blooming can be generally neglected. The optical quality of
a laser beam is measured in terms of the parameter M2
which is referred to as “times diffraction limited.” The angle
Opir = 4/ (nR,) (Gaussian profile) is the angular spread of
a diffraction-limited beam and @ = (M? - 1)@pq is the an-
gular spread due to higher-order modes. For single-mode lasers
(®q ~0) and long ranges, turbulence dominates diffractive
beam spreading. For multimode lasers, on the other hand, tur-
bulence contributes significantly less to beam spreading than
does beam quality, i.e., ©@q > Oy, > Opyg.

Turbulence leads to spreading of the laser beam spot size R;
and wandering of the laser beam centroid R,,. Figure 2 shows
the laser beam spot (dotted circles) at several instants in time.
Over a time scale that is long compared with that associated
with wander, one obtains the broadened spot shown by the
large circle in Fig. 2.

Strong (deep) turbulence is characterized by a Rytov number
(log-amplitude variance) of o7 > 0.25. The Rytov variance
(log-intensity) is given by 6% = exp(407;) - 1, which is approx-
imately equal to 40} for o < 0.5. Expressed in terms of the
refractive index structure constant C%, wavelength 4, and range
L, the Rytov variance is o ~ 40, = 10.5C2 A7/ 11/,
The structure parameter C? typically is in the range of
1075 - 1078 m%/3 [13-16].

The time average laser intensity at range L, assuming a
Gaussian profile, is

7 =0)=1 R 2/R* (L
(V,Z - ) - oRz—(L)eXp(_zr / ( )))
where the time-averaged laser spot size R(L) is given by

R*(L) = (AL/xR,)*(M* + 2.9(R,/7,)*)
+ ®]2itterL2 + R%(l - L/LF)Z: (1)

Fig. 2. Schematic showing the effects of turbulence. Ry, is the
centroid displacement (wander), and Ry is the increase in spot size
(spreading), where R ~ (R3, + R%)l/ 2,
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where R ~ (R2 + R?)'/2, R, is the initial spot size, Ly is the
focal length, and r, = 0.184(A?/C2L)*/> is the transverse co-
herence length associated with turbulence. The beam centroid
wander is given by R%, = 1.7(AL/zR,)*(R,/r,)*/>.

Adaptive optics can compensate for turbulence but not dif-
fraction or poor beam quality. Therefore, while adaptive-optics
techniques can enhance propagation efficiency for single-mode
lasers, it would have little effect on multimode lasers. Some
high-power lasers use a deformable mirror, camera, and feed
loop to improve the beam quality of the transmitted beam.
Tip—tilt correction is a type of adaptive optics that can be ap-
plied to the individual steering mirrors to minimize the overall
combined laser spot size on target. Tip—tilt correction redirects
the centroids of the individual laser beams to reduce the effects
of wander due to turbulence. This is accomplished by moni-
toring the laser intensity on target and redirecting the individ-
ual steering mirrors. Laser beam centroid wander depends on
the size of the turbulence eddies. Eddies that are large compared
to the beam diameter cause the beam centroid to be deflected
and wander in time due to lateral air flow. Small eddies, on the
other hand, cause the beam’s short-term spot size to spread
about the centroid. The observed long-time averaged spot size
is a combination of these two effects.

By appropriately modifying the wavefront of the transmitted
beam, the laser power can be more effectively focused on target
[14]. A beacon beam can be used to record the phase aberra-
tions used to modify the amplitude and phase of the transmit-
ted high-power beam. The information needed for modifying
the amplitude and phase is obtained by phase-conjugating the
beacon beam, i.e., exp(ik - r) = exp(-ik - r). Phase conjuga-
tion can be achieved by using deformable mirrors or by a
nonlinear optical mixing mechanism, e.g., four-wave Brillouin
mixing [17-19]. Strong (deep) turbulence can have a signifi-
cant, deleterious effect on the propagation of the HEL beam
and conventional adaptive optics is ineffective.

C. Intensity Limit
The peak laser intensity on axis, at the target, is

I(r=0,z=1)

6.28P R,\? (r0)
_ ) exp(-yL),
M4 + 2.9(Ro/70)2 + (ﬂR,,ajme,//Dz AL i

2

where P7 is the total transmitted laser power. When turbulence
is sufficiently strong, ie., 7, < 1.7R,/M?, the intensity on
target reaches a maximum and Eq. (2) reduces to

Inax = 2.17P7(r,/AL)? exp(-yL), (3)

where mechanical jitter has been neglected. It is important to
note that this maximum intensity is independent of the initial
spot size and beam quality. Increasing the aperture size or im-
proving beam quality will not increase the intensity on target.
For typical parameters, this maximum intensity is obtained for
modest initial laser spot sizes of R, > 10 cm.

In Fig. 3, the laser intensity contours are shown for three
levels of turbulence [20]. In limited or extremely weak turbu-
lence [C%2 = 0,6% = 0, Fig. 3(a)], the laser intensity is well
defined with a relatively small spot size. In moderate turbulence
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[C2 =10 m™2/3, 6% ~ 0.1, Fig. 3(b)], the laser profile is
distorted and the spot size is larger. In strong turbulence
[C2=10" m2/3, 6% ~ 1, Fig. 3(c)], the laser profile is
highly distorted. For sufficiently strong turbulence, a single
discernible, high-intensity region in the cross-section may
not be obtained.

D. Thermal Blooming
Thermal blooming becomes an issue for multi-km ranges and
multi-hundreds of kW power levels. Propagation of a high-
energy laser beam results in a small fraction of the laser energy
being absorbed by both the molecular and aerosol constituents
of air. The absorbed energy locally heats the air and leads to a
decrease in the air density which modifies the refractive index,
given by dnrg = (19 - 1)8p/po, where py and dp are the am-
bient and perturbed airmass densities, respectively. The refrac-
tive index variation leads to a defocusing or spreading of the
laser beam known as thermal blooming [19,21-25]. The effect
of thermal blooming can be estimated by the magnitude of the
phase advance/delay caused by a change in refractive index, i.e.,
2ndnrgL/A. For |6nrg| < A/L, distortion due to thermal
blooming is small.

For an isobaric process, dp = -(p,/T,)0T, the perturbed
refractive index due to thermal blooming air evolves
according to

d
<_ + VW -V - £ V2>5nTB = _aTotal(”o - 1)]/(Cp Topo))
ot oPo

where k is the thermal conductivity, ¢, is the specific heat at
constant pressure, and Vyy is the wind or slew velocity. The
isobaric regime is valid for times greater than the hydrodynamic
time R/ C, where R is the laser spot size and C, is the acoustic
speed. The rate of change of laser energy density absorbed in air
determines the degree of thermal blooming and is given by the
total absorption coefficient @ty . The acrosol contribution to
the overall absorption coefficient can be much larger than that
of molecular water vapor. For example, in the “water window”
at wavelength 1.045 pm, ayy = 3 x 107 km™!, while the
effective aerosol contribution can be up to two orders of
magnitude larger.

3. HIGH-POWER LASERS

Solid state lasers, in particular fiber lasers, are one of the main
candidates for efficient and compact directed-energy systems.

A. Fiber Lasers

A number of companies manufacture high-power fiber lasers.
In particular, IPG Photonics currently can provide the highest
average powers, producing over 10 kW per fiber of high-quality
optical radiation [1-3]. Multi-kW, single-mode fiber lasers typ-
ically have a beam quality parameter of M? =~ 1, which implies
that they have near-minimum diffraction spreading.

To operate in a single mode, the core of the fiber must be
sufficiently small. For example, the IPG single-mode 1 kW fi-
ber lasers have a mode field diameter of ~15 pm. On the other
hand, multimode IPG fibers operating at >30 kW per fiber
have a core radius of ~200 pm and a beam quality of M? ~ 13.
These higher-power fiber lasers with larger values of M have a
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Fig. 3. Comparison of the intensity contours in the x-y plane at a range of 0.5 km for three levels of turbulence, (a) C2 =0,
(b) C2 =10 m2/3, and (c) C2 = 10713 m2/3, using the NRL propagation code HELCAP [20].

more limited range (i.e., larger diffraction spreading angle).
Multi-kW, single-mode fiber lasers have random polarization
and large linewidth.

As an example, a 1 kW, single-mode IPG fiber laser module
operating at 1.07 pm has a dimension of ~60 c¢m x 33 c¢m x
5 cm (excluding power supply), weighs ~20 Ibs, and has an
operating lifetime in excess of 10,000 h. Because of their high
operating wall-plug efficiency (~30%) these lasers require only
moderate cooling (i.e., ~2 gallons of water/minute/kW).

B. Beam Combining

To obtain the power levels necessary for DE applications, a
large number of lasers must be combined. There are a number
of approaches for combining the power from many lasers;
they include spectral, coherent, and incoherent combining
[8,26,27]. The following is a brief discussion and comparison
of coherent and incoherent beam combining.

Coherent beam combining [27] relies on phase-matching
the wavefronts of many lasers to produce high intensities on
target [Fig. 4(a)]. The peak intensity on target is N2/, where
1, is the peak intensity of a single beam at the target and /V is
the number of combined beams. The diffraction length of the
combined laser array is ~/N times longer than that of the indi-
vidual beams. However, as Eq. (3) indicates, even for relatively
moderate turbulence, the peak intensity is essentially indepen-
dent of aperture size so that the benefit of coherent combining
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Fig. 4. Schematic of (a) coherently and (b) incoherently combined

laser beams.
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is lost. In addition, coherent combining can be difficult to
achieve. It requires phase-locking and polarization-matching
of the lasers, narrow linewidths (54/1 < 107°), and good op-
tical beam quality. The propagation efficiency for coherent
combining can also be limited by the filling factor of the laser
array. A filling factor less than unity results in some of the laser
energy residing in side lobes outside of the central lobe.

For incoherent combining [8], each beam is focused and
directed to the target by individually controlled steering mir-
rors, Fig. 4(b). Incoherent beam combining does not require
phase locking, polarization matching, or narrow linewidths.
It should therefore result in a simpler and more robust system
compared to the coherently combined configuration. The over-
all diffraction length is determined by the diffraction length of
the individual beams. This is of little consequence for long-
range propagation in moderate-to-strong turbulence since
the intensity on target becomes independent of the initial spot
size and beam quality [see Eq. (3)].

When comparing the two laser-combining architectures, we
keep the size of the beam director and total transmitted power
the same (Fig. 4). In order to minimize the number of param-
eters in the comparison, Gaussian beams are used in both
beam-combining configurations. We assume that the laser line-
widths are sufficiently small to be neglected. In both cases V
beams are combined, either coherently or incoherently. A single
Gaussian of initial spot size Rgp is used to model the N coher-
ently combined beams [Fig. 4(a)] while for the incoherently
combined beams [Fig. 4(b)], the initial spot sizes of the NV
beams are ~Rp,/N'/2. Although idealized models are used
in the comparison, the conclusion is independent of whether
the beams have a Gaussian, rectangular, or other profile. We
find that for typical target ranges and levels of turbulence,
the spot size on target is nearly the same for both beam-
combining architectures [28].

To illustrate this point, consider the case where all beams in
both architectures are focused on the target at range L = L.
The spot size on target from Eq. (1) for the coherenty
combined and incoherently combined beams are, respectively,
given by

Ree(L) = (AL/7Rpp)(M* + 2.9(Rpp/r,))'/%,  (4a)

Rc(L) = (AL/7Rpp)(NM* + 2.9(Rpp/7,)*)'/%,  (4b)

where mechanical jitter has been neglected and the beam
quality associated with both configurations are taken to be
the same and equal to M?. In obtaining Eq. (4) from
Eq. (1), the initial spot sizes for the coherently and incoherently
combined beam configurations were taken to be R, = Rpp and
R, ~ Ryzp/N'/?, respectively. The only difference in Eqs. (4a)
and (4b) is in the beam quality terms, i.e., terms proportional to
M?*. The turbulence term dominates when the transverse
coherence length satisfies the inequality

r, < 1.7Rpp/(N'2M?). (5)

This condition is readily satisfied for moderate-to-strong
levels of turbulence. As an example, for a laser wavelength
of 2 =1 pm, moderate level of turbulence (i.e., C2 =
5x 107 m?/3), and range of L =2 km, the transverse
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coherence length is 7, & 1 cm. The spot size on target is essen-
tially the same for both beam-combining architectures [28].

In the absence of turbulence, perfect coherent combining
has distinct advantages which include extended range and
higher intensity on target. However, for long ranges, this ad-
vantage is reduced in typical levels of turbulence. For example,
for typical horizontal propagation (i.e., L~ 5 km range) and
moderate levels of turbulence, the peak intensity and spot size
on target are nearly identical for the two combining configu-
rations. Hence, it is not necessary to have extremely high-
quality beams, i.e., M? < 3 is sufficient. We also find that there
is a maximum intensity on target which is independent of
initial beam size and beam quality for km ranges and moderate
turbulence.

There are a number of important issues to be considered
before a coherent combining architecture can be used for
DE applications. The following is a brief discussion of these
issues.

To phase-lock lasers, the output phase information must be
sent back to the input of the master oscillator which feeds the
individual lasers. To be effective, the time scale required for this
should be less than the laser coherence time 7o = 1/7Af,
where Af is the power spectral frequency linewidth. The co-
herence time is the characteristic time over which the phase and
intensity randomly vary, and is due solely to the finite spectral
linewidth in the gain medium and the statistical nature of the
emission from atoms or molecules.

Low-power experiments coherently combining seven fiber
lasers were performed over a propagation range L = 7 km em-
ploying a target-in-the-loop feedback arrangement [29]. In
these experiments, the total laser power was 12 mW, the transit
time was 77 = 2L/c = 50 ps, and the coherence time was
7¢c = 60 ps (A f = 5 kHz). Coherent combining was effective
in these experiments only because at these low-power levels the
linewidth of the lasers was very narrow, i.e., A1/A ~2 x 107!},
and the level of atmospheric turbulence was low, i.e.,
C2=6x10"1"° m23, r, ~ 8 cm, and 6% ~ 0.7.

High-power lasers, on the other hand, have significantly
broader linewidths due to thermal Brillouin scattering,
Doppler shift, self-phase modulation, and Raman broadening
in the gain medium. For high-power lasers (multi-kW), the
linewidth is typically Af =1 GHz and the coherence time
is 7c = 1/wAf = 0.3 ns [30] (for a Lorentzian spectral line
shape). For these very short coherence times, corrections to the
input phases will be extremely challenging.

In addition, high-power laser beams which have a finite
power spectral linewidth will undergo phase mixing due to
dispersion in air. Depending on the spectral line width, this
effect could place additional limits on the ability to propagate
coherently combined laser beams. A laser beam having a wave-
length power spectral width of A1 will experience a phase
spread given by A6 = (dn/0A)AA(2x/2)L after propagating
a distance L, which should be less than 2z. Here, d1/01 is
the change in the refractive index of air with respect to wave-
length. To maintain phase coherence to the target, the phase
spread should be less than 2z. This condition translates into an
inequality on the fractional power spectral linewidth of the laser

beam, AA/A < (Lon/0A)™'. As an example, for a wavelength
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Fig. 5. NRL field experiments at the Star Fire Optical Range in
New Mexico. In these experiments, four incoherently combined fiber
lasers having a total power of 5 kW were propagated to a target 3.2 km
away.

centered at A = 1 pm, dr/d1 = 3 x 10° um™! for air. For a
propagation distance of L =5 km, the fractional linewidth
should be AA/1 < 7 x 107, This condition on the fractional
power linewidth may be difficult to achieve in high-power,
multi-kW lasers.

In contrast to the low-power, coherent combining experi-
ments in [29], NRL scientists in 2008-2009 performed field
experiments at the Naval Surface Warfare Center in Dahlgren,
Virginia and the Starfire Optical Range (SOR) in New Mexico.
In the SOR experiments, four incoherently combined fiber la-
sers having a total power of 5 kW were propagated to a target
3.2 km away (Fig. 5). In these high-power incoherent combin-
ing experiments, the laser spot size (radius) on target was
~10 cm, the laser linewidth was AA/A ~ 5 x 1073, and the level
of atmospheric turbulence was typically C% = 1074 m2/3,
r,~23 cm, and 0% ~2.8. These successful high-power
experiments in a realistic atmosphere formed the basis of the
Navy’s LaWS.

4. NRL LASER PROPAGATION AND WIRELESS
RECHARGING EXPERIMENTS

A. Propagation in Turbulence

In this section, we discuss NRL scientists’ role in developing the
concepts that form the basis of the Navy’s LaWS. Some of the
objectives of the experiments were to validate the laser propa-
gation models and to demonstrate the incoherent beam com-
bining concept at long range and characterize laser beam
wander and spreading.

The field experiments combined four single-mode fiber la-
sers using a beam director consisting of individually controlled
steering mirrors [8]. Initial experiments took place at the Naval
Surface Warfare Center in Dahlgren, Virginia, over a range of
1.2 km. The beam director consisted of four output couplers
and four individually controlled steering mirrors as shown in
Fig. 6. The laser spot size radius at the exit of the collimator
was 1 cm and after the beam expander it was 2 cm. The radius
of the water-cooled power meter (target) was 10 cm and the
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Fig. 6. NRL beam director used for incoherent combining. Three
of four fiber laser collimators and beam expanders are shown in the
foreground. Four individually controlled steering mirrors are shown
in the background.

laser spot size on the target was 3 cm. These experiments dem-
onstrated 90% propagation efficiency.

At high power, thermal expansion of optical elements
(lenses, mirrors, etc.) becomes an important issue [31,32].
In these initial experiments, the fiber lasers were operated at
nearly half power because of thermal effects in the beam direc-
tor and in the atmosphere just beyond the laser source. These
effects caused an axial shift of the focus with time, as the total
laser power was increased. The change in the focal length was
compensated for by changing the separation between the
lenses in the beam expander. These thermal issues were cor-
rected in the next series of experiments by using improved,
low-absorption optics.

The experimental results were found to be in very good
agreement with theory and simulations. Figure 7 shows simu-
lation modeling of the laser intensity profiles at the beam di-
rector (panel a) and the combined beams at the target in
simulation (panel b) and experiment (panel ¢). The next series
of NRL field experiments was performed in 2008 at SOR at an
increased range, and tip—tilt control of the incoherently com-
bined laser beams was employed. Immediately following these
successful experiments, a Naval Sea Systems Command lethal-
ity/propagation program was initiated at Dahlgren using six fi-
ber lasers, each having a continuous power of 5 kW, in
conjunction with a joint Pennsylvania State University/Naval
Surface Warfare Center Crane Division propagation program
using 10 and 5 kW fiber lasers.

LaWS employs six fiber lasers, incoherently combined into a
single beam focused on the target. The simplicity of this ap-
proach enabled the Navy to advance LaWS rapidly and cheaply
and enabled its deployment in the Persian Gulf for at-sea tests.
Figure 8 shows the Navy’s fiber laser beam director [10].

B. Wireless Recharging

In conjunction with the availability of high-quality, high-power
lasers, advances in photovoltaic (PV) converter technologies
allow high-power wireless recharging (power beaming) of
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Fig. 7. Simulation showing a 2 s time-averaged transverse intensity
profile of laser beams at (a) the source and (b) incoherently combined
on target at a range of 1.2 km for a turbulence strength of
C2=5x 1071 m=2/3, wind speed of 2.5 m/s, aerosol scattering co-
efficient of 0.05 km™', and mechanical jitter of 1-2 pm. The individ-
ual initial spot size is ~2.5 cm and the combined spot size on target is
~3—4 cm. (c) CCD camera image of four beams incoherently com-
bined on target (20 cm diameter power meter) at a range of
1.2 km. The total transmitted power was 3 kW and the propagation
efficiency ~90% in the experiment.

©

Fig. 8. Navy’s LaWSs is an example of a high-power laser suitable for
remote wireless recharging. Shown are the beam director and tracking
mount for combining and directing high-power fiber lasers.
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platforms and sensors at extended ranges. These remote plat-
forms may include airborne, land-based, or submerged vehicles,
satellites, and sensors at hazardous locations. In addition, com-
mercially available PV converters have advanced to a point
where high conversion efficiency from laser energy to electrical
energy is now possible.

In the 1890s, Nikola Tesla performed some of the first ex-
periments demonstrating wireless recharging, using high-fre-
quency electromagnetic radiation. Microwaves have since been
used in short-range wireless recharging experiments because of
their high-power conversion efficiency. However, for long-
range recharging, large transmission and receiving antennas
are required due to the longer wavelengths associated with mi-
crowave radiation. Long-range recharging can only be achieved
using the significantly shorter wavelengths associated with la-
sers beams. The use of laser beams can significantly reduce the
size and weight of the transmitting and receiving platforms.

Research groups at the National Aeronautics and Space
Administration, Kinki University (Japan), LaserMotive Inc.,
and NRL have performed wireless recharging experiments
on a variety of platforms such as rovers, kite planes, helicopters,
and climbers using solid-state laser diodes and PV converters.

Figure 9 depicts a conceptual configuration for remote,
wireless recharging of an unmanned aerial vehicle (UAV) using
a high-power fiber laser and beam director. Turbulence and
aerosols affect the propagation and delivery of the laser power
to the platform.

Most PV cells are designed and developed for the conversion
of the broad spectrum of solar energy into electrical power. The
PV cell delivers the maximum optical-to-electrical conversion
efficiency when illuminated by monochromatic (laser) light at a
wavelength that closely corresponds to the bandgap energy of
the PV material. Efficient PV cells based on Indium Gallium
Arsenide (InGaAs) are now available commercially for laser
wavelengths around 1 pm. An optimized PV converter on a
remote platform, such as a UAV, can efficiently (50%—60%)
convert laser energy to electrical power. A wireless recharging
architecture using fiber lasers and PV cells can provide a
significant weight reduction by removal of batteries, extended
flight duration day and night, and extended range.

Fig. 9. Schematic of high-power laser wireless recharging of a UAV
using a high-power continuous wave (cw) fiber laser.
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Fig. 10. Twin propeller aerial vehicle with a laser converter hanging
in the middle. The PV cells convert laser power to electrical power at
high efficiency and power the two propellers. The laser converter is
cooled by the downdraft created by the propellers.

NRL demonstrated the recharging of a UAV in flight (at a
range of 40 m) using a kilowatt-class fiber laser to transmit
power and a PV cell for collection. Figure 10 shows a panel
of highly efficient InGaAs PV cells on a laser converter panel.
When illuminated with a high-power fiber laser, it converts the
laser power to the electrical power required to power the twin
propellers. The PV cells are connected in a configuration that
matches the current and voltage characteristics required to drive

Fig. 11. Demonstration of laser recharging at a range of 40 m. The
laser beam is shown by the red arrow propagating from the fiber laser
collimator to the target, a twin propeller aerial vehicle with a laser
converter in front. The vehicle under illumination is shown in the
upper right inset where the converter appears violet and white. The
high-power fiber laser can be seen in the lower right.

Review

the propellers. The laser converter has fins on its back to allow
cooling by the downdraft of the propellers.

In 2013, a series of flight tests was successfully conducted
over a 40-meter range at NRLs Laboratory for Autonomous
Systems Research. In these tests, a high-power fiber laser
was used to power a UAV. The experiment arrangement is
shown in Fig. 11. A 2 kW, single-mode fiber laser (1.07 pm)
transmits power to a PV array fabricated using InGaAs laser-
power converter chips from Spectrolab Inc. The individual
chips are 40%—-50% efficient at the fiber laser wavelength,
and the lightweight array provides 160-190 W of electricity
to the vehicle. Off-the-shelf components were used to develop
the optical tracking system, which automatically positioned the
laser beam on the center of the laser converter during flight. In
the experiment, the vehicle, remotely controlled, was able to lift
off from rest on command. The aerial vehicle in flight under
laser wireless recharging is shown in the inset in Fig. 11. The
laser converter lights up in this image because the laser light,
though in the infrared, is visible to the digital camera.

5. CHALLENGES

We have considered high-power laser propagation in turbulent
atmosphere for two applications: DE weapons (LaWs) and
wireless recharging. To fully realize the capabilities of LaWS$
for long-range (>5 km) and high, continuous power levels
(more than 100 kW), issues such as adaptive optics for propa-
gation in deep turbulence, thermal blooming, and thermal
management in the director optics must be addressed.
Similarly, there are a number of challenges to address before
long-range wireless recharging can be deployed. These include
the thermal management of the excess heat generated on the
photovoltaic converter and development of higher-efficiency
PV cells beyond 60% conversion. It is necessary to have a fairly
uniform and controlled laser intensity profile on the photo-
converter. This would require the development of appropriate
adaptive optics techniques applied to the outgoing laser beam.
For extended ranges, application of adaptive optics is necessary
to control spreading and wander of the transmitted laser beam
as it propagates through turbulence. Adaptive optics can be
implemented by employing a beacon laser beam (low power)
on the receiving platform to determine the phase variations
placed on the beam due to turbulence. Introducing the conju-
gated phase variation on the high-power outgoing beam will
minimize the effects of turbulence. Development of efficient,
high-power lasers and PV converters operating in the eye-safe
region (wavelengths of 1.5 pm and longer) may be necessary for
certain applications. However, these challenges are of a techno-
logical nature and can be overcome in the near term.

In addition to UAVs, other unmanned systems also stand to
benefit from wireless recharging. These include land-based ve-
hicles and underwater vehicles. Atmospheric conditions for
land-based vehicles, however, are quite different from those
for UAV recharging. This is due to a high concentration of scat-
tering particles affecting laser propagation. Underwater remote
wireless recharging requires laser wavelengths in the blue—green
regime.

Wireless recharging of low-flying satellites could also be via-
ble to maintain their orbits. The atmospheric turbulence level
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falls off extremely rapidly as a function of altitude. Hundreds of
kilowatts of laser power can be delivered to the satellite at the
perigee point (lowest height position, ~100 km) of the ellip-
tical orbit. The laser intensity on the satellite PV cells can be
several hundreds kW /m?, which is hundreds of times the solar
intensity (1 kW /m?).

Funding. High-Energy Laser-Joint Technology Office;
Naval Research Laboratory; Office of Naval Research (ONR).
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