Naval Research Laboratory

Washington, DC 20375-5320

NRL/MR/6790--11-9371

Beam Combining and Atmospheric
Propagation of High Power Lasers

PHILLIP SPRANGLE
JosepH PENANO

Beam Physics Branch
Plasma Physics Division

BAHMAN HAF1z1

Icarus Research, Inc.
Bethesda, Maryland

November 9, 2011

Approved for public release; distribution is unlimited.




REPORT DOCUMENTATION PAGE o ApDroYe

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and
maintaining the data needed, and completing and reviewing this collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information, including
suggestions for reducing this burden to Department of Defense, Washington Headquarters Services, Directorate for Information Operations and Reports (0704-0188), 1215 Jefferson Davis Highway,
Suite 1204, Arlington, VA 22202-4302. Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any penalty for failing to comply with a collection of
information if it does not display a currently valid OMB control number. PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS.

1. REPORT DATE (DD-MM-YYYY) 2. REPORT TYPE 3. DATES COVERED (From - To)
09-11-2011 Interim May 2011 — September 2011
4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER
Beam Combining and Atmospheric Propagation of High Power Lasers 5b. GRANT NUMBER

5c. PROGRAM ELEMENT NUMBER
67-9996-01

6. AUTHOR(S) 5d. PROJECT NUMBER

Phillip Sprangle, Joseph Pefiano, and Bahman Hafizi,* Se. TASK NUMBER

5f. WORK UNIT NUMBER

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION REPORT
NUMBER

Naval Research Laboratory
Washington, DC 20375-5320

9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR / MONITOR’S ACRONYM(S)

Office of Naval Research ONR

i‘7|5. North szngglz%gsltg’st’ Suite 1425 11. SPONSOR / MONITOR’S REPORT
rlington, - NUMBER(S)

12. DISTRIBUTION / AVAILABILITY STATEMENT

Approved for public release; distribution is unlimited.

13. SUPPLEMENTARY NOTES
*|carus Research, Inc., P.O. Box 30780, Bethesda, MD 20814-0780

14. ABSTRACT

Solid state lasers are one of the candidates for efficient and compact directed energy systems. To achieve the necessary power levels many
laser beams must be combined to form a single focused beam. We discuss coherent and incoherent combining of multi-kW, high quality lasers
and the effects of atmospheric turbulence and aerosols on the propagation of the combined beams. We analyze the beam centroid wander and
spreading contributions to the spot size and obtain the power on target for a range of turbulence levels. We find that there is virtually no difference
in the power on target between coherently combined and incoherently combined beams. We also find that for km-range propagation in moderate
turbulence, there is a maximum intensity that can be propagated to the target which is independent of initial beam size and beam quality. In
addition, due to turbulence, it is not necessary to have extremely high quality beams, i.e., M2 < 3 is sufficient. For low levels of turbulence,
tip-tilt corrections can be used to reduce the beam centroid wander contribution to the spot size. The HELCAP laser propagation code is used
to compare the propagation efficiency of coherently and incoherently combined beams for various levels of turbulence and propagation ranges.

15. SUBJECT TERMS

High power lasers Turbulence
Laser combining
16. SECURITY CLASSIFICATION OF: 17. LIMITATION 18. NUMBER 19a. NAME OF RESPONSIBLE PERSON
OF ABSTRACT OF PAGES Phillip Sprangle
a. REPORT b. ABSTRACT c. THIS PAGE uu 15 19b. TELEPHONE NUMBER (include area
. . = code)
Unclassified Unclassified Unclassified (202) 767-3493

Standard Form 298 (Rev. 8-98)
i Prescribed by ANSI Std. 239.18




Beam Combining and Atmospheric Propagation of High Power Lasers

Phillip Sprangle, Joseph Pefiano and Bahman Hafizi'

Plasma Physics Division

Naval Research Laboratory

Abstract

Solid state lasers are one of the candidates for efficient and compact directed energy systems. To
achieve the necessary power levels many laser beams must be combined to form a single focused
beam. We discuss coherent and incoherent combining of multi-kW, high quality lasers and the
effects of atmospheric turbulence and aerosols on the propagation of the combined beams. We
analyze the beam centroid wander and spreading contributions to the spot size and obtain the
power on target for a range of turbulence levels. We find that there is virtually no difference in
the power on target between coherently combined and incoherently combined beams. We also
find that for km-range propagation in moderate turbulence, there is a maximum intensity that can
be propagated to the target which is independent of initial beam size and beam quality. In
addition, due to turbulence, it is not necessary to have extremely high quality beams, i.e., M? < 3
is sufficient. For low levels of turbulence, tip-tilt corrections can be used to reduce the beam
centroid wander contribution to the spot size. The HELCAP laser propagation code is used to
compare the propagation efficiency of coherently and incoherently combined beams for various

levels of turbulence and propagation ranges.
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I. Introduction

Advances in solid state lasers, i.e., slab and fiber lasers, have made them candidates for
directed energy applications [1, 2]. To achieve the necessary power levels needed for these
applications, it is necessary to combine a large number of lasers and propagate the beam many
kilometers in a turbulent atmosphere.

In the following we discuss laser propagation in a maritime environment and compare the
propagation characteristics of coherently and incoherently combined beams, see Fig. 1. Based
on our analysis and simulations we find that for typical levels of turbulence
(C2 > 5x107"" m™"*) and multi-km propagation ranges, there is virtually no difference, on
target, between coherently and incoherently combined laser beams. In strong turbulence, beam
centriod wander and spreading are not distinct, i.e., the beam breaks up into multiple beamlets.
Therefore, employing tip-tilt correction is less effective in strong turbulence than in weak
turbulence. We find that when adaptive optics are not effective there is no advantage in having

excellent quality laser beams; a beam quality of M* < 3 is sufficient. There is a maximum
intensity that can be placed on a target which is independent of the initial beam spot size

(aperture) and laser beam quality M *.

I1. Atmospheric Propagation (Spot Size, Intensity, Extinction)

Propagation through atmospheric turbulence results in spreading of the laser beam radius
and wandering of the laser beam centroid which lead to fluctuations of the intensity on target.
a) Laser Beam Radius

The time averaged laser spot size R(L) at range L is given by

R*(L)=(AL/ZR)*(M* +2.9(R,/1))*) + G5, L' + RE(1— L/L,)?, Q)
where R, is the initial spot size, 4 is the laser wavelength, M? is the intrinsic laser beam
quality, L, is the focal length, r, is the transverse coherence length associated with turbulence

and 6.

iier 1S the mechanical jitter angle of the beam. Equation (1) is valid for the parameters

considered here [3,4]. The strength of the turbulence is characterized by the structure parameter

C’ [4,5]. Typically C? is in the range of 10™"* =10~ m™"* at ground level [4, 5]. For a



constant value of C? the transverse coherence length used here is r, = 0.184(2*/C> L)*".

However, as far as laser beam propagation is concerned the effective strength of turbulence is not

determined by C? alone, but also depends on the range of propagation and the wavelength. The
relevant combination is the Rytov variance, defined by o7 = 10.5C> 277'° L'"'®. For weak
turbulence (o << 1), beam wander and spreading are distinct and tip-tilt compensation can be

used to correct for beam centroid wander. On the other hand, for strong turbulence (o > 1) the

beam breaks up into multiple beams and beam wander and spreading are not distinct, hence, tip-
tilt compensation is less effective. The Rytov variance is a measure of the intensity scintillation

level on axis at the target, i.e., on = <(I —<I>)2>/<I )? for weak turbulence.

The laser spot size due to diffraction and turbulence, R = (RZ + R;)"?, consists of a
contribution due to spreading R and a contribution due to centroid wander R,, as shown in Fig.
2. The beam centroid wander is given by

Ry =1.7(AL/ZR)* (R, /1,)°", 2)
and the spot size spreading is given by R = R* — R, .
b) Laser Intensity

The peak laser intensity on axis, at the target, is

2
6.28P R
I = 1 > | exp(-yL), (3
pek [M“ T 29(R,IT) + (ﬁRoﬁjitter/l)z](/iL] P=rL), ()

where P, is the total transmitted laser power and y = o + f is the atmospheric extinction

(absorption and scattering) coefficient. In a maritime environment, aerosol scattering dominates
molecular extinction. Typical values for aerosol absorption and scattering are a, ~ 1x10~> km™
and B, ~ 0.1km™, respectively, for a laser wavelength of 1um [6]. When turbulence is
sufficiently strong, i.e., r, <1.7R /M?, the intensity on target reaches a maximum and Eq. (3)
reduces to

l e = 2.17P; (r,/AL)? exp(—yL). 4)
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 improving



beam quality will not increase the intensity on target. Note also that for typical parameters this
maximum intensity is obtained for modest initial laser spot sizes of R, >10cm.
c) Propagation Efficiency

The propagation efficiency is defined as the ratio of the power on target to the total

transmitted power and for a Gaussian laser beam is given by
nprop = (1 - eXp(—2 Rirga /Rz)) eXp(—)/ L) ) (5)

where R is the radius of the target.

target

I11. Beam Combining
In this section we give a brief overview of the two laser beam combining configurations.
a) Coherent Combining
Coherent beam combining [7] relies on constructive interference of many lasers to
produce high intensities on target, Fig. 1(a). It achieves this by effectively making the aperture

size larger which, in vacuum, results in the peak intensity on target to be N*I_, where I is the

peak intensity of a single beam at the target and N is the number of combined beams. The
diffraction length of the combined laser array is ~ N times longer than that of the individual
beams. However, as Eq. (4) indicates, even for relatively moderate turbulence, the peak intensity
is essentially independent of aperture size so that the benefit of coherent combining is lost. In
addition, coherent combining can be difficult to achieve. It requires phase locking and

polarization matching of the lasers, narrow linewidths (5 A/ A < 10™) and good optical 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.
b) Incoherent Combining

For incoherent combining [8] each beam is focused and directed to the target by
individually controlled steering mirrors, Fig. 1(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 diffraction
length is determined by the diffraction length of the individual beams. This is of little



consequence in moderate to strong turbulence since the intensity on target becomes independent
of the diffraction length, see Eq. (4).

IVV. Comparison of Coherent and Incoherent Combining

In comparing the two laser combining architectures we keep the size of the beam director
and total transmitted power the same, Fig. 3. We compare the laser spot size, propagation
efficiency and intensity on target for the two configurations in the presence of various levels of
turbulence. In order to minimize the number of parameters in the comparison, Gaussian beams
are used in both beam combining configurations. We assume that the laser linewidths are
sufficiently small to be neglected. In both cases N beams are combined, either coherently or
incoherently. A single Gaussian of initial spot size R, is used to model the N coherently
combined beams [Fig.3(a)] while for the incoherently combined beams [Fig.3(b)] the initial spot
sizes of the N beams is Ry, / NY2 where N = (v/2 (+/N —1)+1)?. 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 essentially the same for both beam combining architectures.

As an example consider the case where all beams in both architectures are focused on the
target at range L. The spot size on target from Eqg. (1), for the coherently combined and
incoherently combined beams are respectively given by

Rec = (ALIZRy)(M* + 2.9(Ry, /1,)5)Y?, (6a)

Re = (AL/7Rg)(NM* + 2.9(Ryp /1,)2)"2, (6b)
where mechanical jitter has been neglected and the beam quality associated with both
configurations are taken be the same and equal to M. In obtaining Eq. (6) from Eq. (1), the
initial spot sizes for the coherently and incoherently combined beam configurations were taken
tobeR, = R, and R, = Ry, /NY2, respectively. The only difference in Egs. (6a) and (6b) is in
the beam quality terms, i.e., terms proportional to M*. The spot size on target is the same for

both combining architectures when the level of turbulence is high enough so that the transverse

coherence satisfies

r, <1.7Ry, /(NY2M?). @)



This condition is easily satisfied for typical ranges and levels of turbulence.
As a specific example, we use the following parameters in the comparison; total transmitted

power P, = 100kW , beam director spot size R,, =25cm, target range L = Skm, turbulence

level C> =5x107° m™"” (r, = 2.7cm, o} = 3.2), targetarea z7R_, ., = 50cm’® (R

target

target 4cm),

total extinction coefficient » = 0, number of combined beams N = 9, initial spot size of

coherently combined beam Ry, = 25cm, initial spot size of incoherently combined beams

Rgp / N = 6.5cm and intrinsic beam quality M > = 1. The result of the comparison is

summarized in Table I. Note that the maximum intensity from Eq. (4) is 1, = 617 W/cm?®,

Coherently Combined | Incoherently Combined
Spot size on target, R[cm] 10.2 10.4
Centroid wander, R, [cm] 54 6.7
Propagation efficiency, 77,,4,[%0] 26 25
Intensity on target, 1., [W/cm?] 614 583

Table 1. Shows the comparison between the two combining architectures.

We now present a more detailed comparison using the atmospheric laser propagation
code HELCAP. HELCAP is a 3-dimensional, fully time-dependent, nonlinear atmospheric
propagation code, the details of which are discussed in Ref. 6. Atmospheric turbulence is
modeled by using phase screens distributed along the propagation path which modify the phase

of the laser beam [6]. The phase perturbations on each screen are characterized by a Kolmogorov

spectrum with a strength parameterC? .

For the comparison the laser wavelength is chosen to be 4 = 1um, the spot size of the
beam director is Ry, = 25cm, the range is L = 5km, the target area is 50cm’ and the total
transmitted power is P, = 100kW . Figure 3 shows the cross-sectional area of the laser beams at

the source. For the coherent combining case the intensity is Gaussian with a 1/e radius of



Rgp /~/2 while for the incoherent combining case N = 9 laser beams are distributed in a square
array pattern, with P, = 11.1kW in each beam.

In Fig. 4 the spot size on target is plotted as a function of the refractive index structure

constant CZ. The curves are obtained from Eq. (6) and the dots are the results of HELCAP

simulations. The coherent combining results are shown in red and the incoherent combining
results are shown in blue. Figure 4 shows that virtually the same spot size is obtained on the
target irrespective of the combining architecture.

Figure 5 is a plot of the on-axis intensity at the target, from Eq. (3), versus the refractive

index structure constant C? . In the simulations, the intensity is averaged over a small 0.5 cm?

area to reduce the variations due to scintillation. The coherent combining results are shown in red
and the incoherent combining results are in blue. The peak intensity on target is essentially the

same for both configurations at moderate levels of turbulence or higher, i.e., C. > 5x10™° m™".

Figure 6 compares the transverse profiles of the laser beams on target. Qualitatively
similar patterns are observed on the target for (a) coherent combining and (b) incoherent
combining cases, with power on target of 28 kW and 25 kW, respectively.

Figure 7 shows the beam profiles on target when tip-tilt correction is applied to remove
beam centroid wander. For the incoherent combining case, tip-tilt correction changes the
orientation of the entire array, and not the relative orientations of the individual beams.
Comparison with Fig. 7 shows that tip-tilt correction reduces the spot size and nearly doubles the
power on target. With tip-tilt correction the power on target is 50 kW for (a) coherent combining

and 44 kW for (b) incoherent combining.

Figure 8 shows the spot size on target as a function of turbulence level C’ for three

values of beam quality, M? =1 (red), M? = 3 (green) and M? =5 (blue). The curves are
obtained from Eg. (6) and the dots are the results of HELCAP simulations. Figure 8 indicates

that the spot size on target is essentially the same, independent of initial beam quality, when the

turbulence level exceeds C? > 5x10™° m™>3,



V. Conclusions

We have presented a comparison of coherent and incoherent laser beam combining
configurations that are potential candidates for efficient and compact directed energy
applications. The power levels required for these applications require that beams from many
lasers be combined. In the absence of turbulence, coherent combining has distinct advantages
which include extended propagation range and higher intensity on target. However, in the

presence of typical levels of atmospheric turbulence these advantages may not be realized. For

example, for typical horizontal propagation, i.e., uniform C?, ~ 5 km range, and moderate levels

of turbulence, the peak intensity and spot size on target are virtually identical for the two
combining configurations. We also find that there is a maximum intensity that can be
propagated to the target which is independent of initial beam size and beam quality for km-

ranges and moderate turbulence. Hence, it is not necessary to have extremely high quality
beams, i.e., M?* < 3 is sufficient. For weak to moderate turbulence levels, tip-tilt corrections

and adaptive optics can reduce beam wander and spreading for both coherently and incoherently
combined beams. The effects of turbulence can also be significantly reduced for vertical or
slanted propagation paths. Simulation results from the propagation code HELCAP support these

findings.
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Figure 1. Schematic of (a) coherently and (b) incoherently combined laser beams.

X

Figure 2: Schematic showing the effects of turbulence on beam propagation, R, is the centroid
displacement (wander), and Ry is the increase in spot size (spreading). The long-term average

spot size is R =R +R:.



(a) Coherent combining (b) Incoherent combining

Figure 3. Cross sectional view of (a) coherent and (b) incoherent combining configurations at
the source. To keep the beam director dimensions the same the spot size of incoherent beams

(square array) is R,c = Ry /(v2(N"? = 1) + 1) for N beams.
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Figure 4: Spot size on target [Eq. (6)] vs.C? for coherently combined (red curve) and

incoherently combined (blue curve) beams. Red and blue dots denote HELCAP simulation
results for coherently and incoherently combined beams, respectively. The beam director
diameter is 50 cm and the range to the target is 5 km for both cases. The total transmitted power
is 100 KW. For the incoherent case, we assume 9 fibers with 11.1 kW per fiber.
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Theory Simulations
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Figure 5: Peak intensity on target [Eq. (3)] vs.CZ, for coherently combined (red) and
incoherently combined (blue) beams for the same parameters as Fig. 4.
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Intensity [kW/cm?]

(a) Coherent combining (b) Incoherent combining
Targetarea = 50 cm? Targetarea = 50 cm?
Power on target = 28 kW Power on target = 25 kW

Figure 6: Transverse profiles of average intensity on target for (a) coherently combined beams
and (b) incoherently combined beams. Aerosol and molecular absorption and scattering have

been neglected. The turbulence level is C2 =5x10™ m %, The total transmitted power is

100 kW. For the incoherent case, we assume 9 fibers with 11.1 kW per fiber. For a target with
an area of 50 cm?, the power on the target is 28 kW and 25 kW for the coherently and
incoherently combined beams, respectively.

Intensity [kW/cm?]

(a) Coherent combining (b) Incoherent combining
w/ tip-tilt correction w/ tip-tilt correction
Target area = 50 cm? Target area = 50 cm?
Power on target = 50 kW Power on target = 44 kW

Figure 7: Transverse profiles of average intensity on target for (a) coherently combined beams
and (b) incoherently combined beams with tip-tilt correction applied, i.e., no wander, for the
same parameters as Fig. 5. For a target with an area of 50 cm?, the power on the target is 50 kW
and 44 kW for the coherently and incoherently combined beams, respectively.

12



Theory Simulations
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Figure 8: Spot size on target vs. C? for initial beam quality factors M * =1 (red), 3 (green), and

5 (blue). Solid curves denote values from Eqg. (6), points denote simulation results. The initial
beam spot size is 6.5 cm and the range to the target is 5 km for both cases. Results show that

spot size on target is relatively independent of beam quality for C? >10"* m™'*,
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