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laser parameters

peak power

intensity

pulse duration 

average power

GW to PW

1012  to 1023 W/cm2

10-14 to 10-12 seconds 

1 W- 1 kW

comparison of electric field strengths

Elaser[V/cm] = 27.5 I1/2 [W/cm2] • laser electric field: Elaser ~ 108 to 1013 V/cm

• atomic electric field (over the barrier ionization): Eatom  ~ q/4pe0a2 ~ 5x109 V/cm

• Schwinger field (potential difference of a rest mass across a Compton wavelength):

What is an ultrashort laser pulse?

Esch =me
2c3 / q! ≈1016  V/cm
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• positron and gamma ray sources 

• laser wakefield acceleration of electrons 

• radiation pressure acceleration of ions 

• generation of ultrabroadband radiation 

a laser pulse propagating through plasma ponderomotively
drives an electrostatic wave that can accelerate electrons
to MeV-GeV energies

W. Lu et al., PRSTAB, 10 (2007). 

a laser pulse incident on an overdense target acts as a
light sail/piston, ponderomotively accelerating ions

S. V. Bulanov et al., 
Phys. Plasmas, 17 (2010). 

a laser pulse propagating through a nonlinear medium
undergoes octave-spanning spectral broadening and
generation of far out-of-band radiation

a laser pulse incident on a counterpropagating multi-
GeV electron beam yields gamma rays that pair-
produce

extreme light 
Infrastructure website 

S. Varma, thesis defense (2011). 

Fundamentally different interactions than long pulses
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Motivation for this talk

55/13/19

• Much of our understanding of optical propagation through atmospheric turbulence 
is based on the medium’s linear response to the optical field.

• Relatively few studies of turbulence and nonlinear filamentation and nonlinear 
self-focusing*. The majority of these studies investigated cases where the peak 
laser power is larger than the self-focusing power of air (filamentation regime). 

- Kandidov et al.: modeling of nonlinear self-focusing (NLSF) in turbulence using phase 
screens. [Quantum Electron. 29, 911 (1999)]

- Chin et al.: characterized filament wander in turbulence [Appl. Phys. B 74, 67–76 (2002)]

- Salame et al.: laboratory experiments over regions of extended turbulence [Appl. Phys. 
Lett. 91, 171106 (2007)]

- Houard et al.: characterized the competition between self-focusing and modulational 
instability, investigate filament stability in turbulence [Phys. Rev. A 78, 033804 (2008)]

- Penano et al.: calculation of filamentation onset/suppression in turbulence [JOSA B 31, 
963 (2014)]

• In this study, we present a way to propagate long ranges through strong 
atmospheric turbulence that avoids the “filamentation” regime.
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• turbulence: random fluctuations of air currents in the form of eddies driven 
by large scale thermal gradients     

• Eddy scale distribution is described by the 
modified von Karman spectrum:
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0L : outer scale (1 – 100 m)

0! : inner scale (~1-10 mm)
2
nC : refractive index structure constant (meteorological strength)

Characterization of Atmospheric Turbulence

6Andrews and Phillips, Laser Beam Propagation through Random Media

• Rytov variance parameterizes the optical effect: �2
R = 1.23C2

nk
7/6L11/6

�2
R << 1 �2

R > 1(optically weak) (optically strong);

• Transverse coherence length of a plane wave: ⇢0 = (1.46k2C2
nL)

�3/5
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Turbulence and its effect on laser propagation

�2
R = 3.2

5 km path

Simulated laser intensity 
(linear propagation) Turbulence refractive index

• Median turbulence over near-surface, horizontal path*: 

Diffraction-limited spot

*C.I. Moore, et al., Proc. of SPIE Vol. 5892(SPIE, Bellingham, WA, 2005): 

C2
n = 3⇥ 10�15m�2/3
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• Strong turbulence regime can be realized within several kilometers:

(~1 um wavelength)
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Self-channeling through turbulence

D ≤ ℓ0
P ≈ PNL Beam spot

8

• Self-channeling concept

- Use small spot size (smaller than the coherence length or inner scale) to 
avoid spreading by turbulence

J. Peñano, J.P. Palastro, B. Hazi, M.H. Helle, and G.P. DiComo, Phys. Rev. A, 96(1):013829, 2017.

- Propagate near the critical power to cancel diffractive spreading

Channeling can persist for many Rayleigh lengths

spreading is due to small scale turbulence 
wander is due to large scale turbulence

keddy R > 1
keddyR <1

R is the beam spot size

• Turbulence effects:
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z = 0 

z = 15 ZR 

propagation direction 

Simulations Indicate Effectiveness at Long Range (z >> ZR)

100+ independent realizations of turbulence 
for a given Cn

2

9

• Simulations solve NLSE in 
(x,y,z,t) including GVD, 
extinction, and turbulence 
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• Characterize channeling by how much 
energy remains within the initial beam 
radius, W0.
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J. Peñano, J.P. Palastro, B. Hazi, M.H. Helle, and G.P. DiComo. Self-channeling of high-power laser pulses through 
strong atmospheric turbulence. Phys. Rev. A, 96(1):013829, 2017.



10

Channeling is dependent on relationship between spot 
size (W0), inner scale (l0), and coherence length (r0)

10

(1) 

(2) 

(3) 

no turbulence 
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(i) W0 < (`0, ⇢0)
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long-range channeling (> 10 ZR0)
rms spot increases, central hot-spot remains intact
nonlinear self-focusing is not effectiveW0 >> (`0, ⇢0)
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`0 < W0 < ⇢0
<latexit sha1_base64="i6snyICvyYXZvnykghNiW1ROet4=">AAAB/nicbVDLSgMxFM3UV62vUXHlJlgEVyUjgi5cFN24rGAf0BmGTJppQzPJkGSEMhT8FTcuFHHrd7jzb0yns9DWA/dyOOdecnOilDNtEPp2Kiura+sb1c3a1vbO7p67f9DRMlOEtonkUvUirClngrYNM5z2UkVxEnHajca3M7/7SJVmUjyYSUqDBA8FixnBxkqhe+RTzkMEr2G36L4ayRCFbh01UAG4TLyS1EGJVuh++QNJsoQKQzjWuu+h1AQ5VoYRTqc1P9M0xWSMh7RvqcAJ1UFenD+Fp1YZwFgqW8LAQv29keNE60kS2ckEm5Fe9Gbif14/M/FVkDORZoYKMn8ozjg0Es6ygAOmKDF8YgkmitlbIRlhhYmxidVsCN7il5dJ57zhoYZ3f1Fv3pRxVMExOAFnwAOXoAnuQAu0AQE5eAav4M15cl6cd+djPlpxyp1D8AfO5w87zpO3</latexit><latexit sha1_base64="i6snyICvyYXZvnykghNiW1ROet4=">AAAB/nicbVDLSgMxFM3UV62vUXHlJlgEVyUjgi5cFN24rGAf0BmGTJppQzPJkGSEMhT8FTcuFHHrd7jzb0yns9DWA/dyOOdecnOilDNtEPp2Kiura+sb1c3a1vbO7p67f9DRMlOEtonkUvUirClngrYNM5z2UkVxEnHajca3M7/7SJVmUjyYSUqDBA8FixnBxkqhe+RTzkMEr2G36L4ayRCFbh01UAG4TLyS1EGJVuh++QNJsoQKQzjWuu+h1AQ5VoYRTqc1P9M0xWSMh7RvqcAJ1UFenD+Fp1YZwFgqW8LAQv29keNE60kS2ckEm5Fe9Gbif14/M/FVkDORZoYKMn8ozjg0Es6ygAOmKDF8YgkmitlbIRlhhYmxidVsCN7il5dJ57zhoYZ3f1Fv3pRxVMExOAFnwAOXoAnuQAu0AQE5eAav4M15cl6cd+djPlpxyp1D8AfO5w87zpO3</latexit><latexit sha1_base64="i6snyICvyYXZvnykghNiW1ROet4=">AAAB/nicbVDLSgMxFM3UV62vUXHlJlgEVyUjgi5cFN24rGAf0BmGTJppQzPJkGSEMhT8FTcuFHHrd7jzb0yns9DWA/dyOOdecnOilDNtEPp2Kiura+sb1c3a1vbO7p67f9DRMlOEtonkUvUirClngrYNM5z2UkVxEnHajca3M7/7SJVmUjyYSUqDBA8FixnBxkqhe+RTzkMEr2G36L4ayRCFbh01UAG4TLyS1EGJVuh++QNJsoQKQzjWuu+h1AQ5VoYRTqc1P9M0xWSMh7RvqcAJ1UFenD+Fp1YZwFgqW8LAQv29keNE60kS2ckEm5Fe9Gbif14/M/FVkDORZoYKMn8ozjg0Es6ygAOmKDF8YgkmitlbIRlhhYmxidVsCN7il5dJ57zhoYZ3f1Fv3pRxVMExOAFnwAOXoAnuQAu0AQE5eAav4M15cl6cd+djPlpxyp1D8AfO5w87zpO3</latexit><latexit sha1_base64="i6snyICvyYXZvnykghNiW1ROet4=">AAAB/nicbVDLSgMxFM3UV62vUXHlJlgEVyUjgi5cFN24rGAf0BmGTJppQzPJkGSEMhT8FTcuFHHrd7jzb0yns9DWA/dyOOdecnOilDNtEPp2Kiura+sb1c3a1vbO7p67f9DRMlOEtonkUvUirClngrYNM5z2UkVxEnHajca3M7/7SJVmUjyYSUqDBA8FixnBxkqhe+RTzkMEr2G36L4ayRCFbh01UAG4TLyS1EGJVuh++QNJsoQKQzjWuu+h1AQ5VoYRTqc1P9M0xWSMh7RvqcAJ1UFenD+Fp1YZwFgqW8LAQv29keNE60kS2ckEm5Fe9Gbif14/M/FVkDORZoYKMn8ozjg0Es6ygAOmKDF8YgkmitlbIRlhhYmxidVsCN7il5dJ57zhoYZ3f1Fv3pRxVMExOAFnwAOXoAnuQAu0AQE5eAav4M15cl6cd+djPlpxyp1D8AfO5w87zpO3</latexit>

(ii) 

(iii) 

W
0 /

0̀ =
1

<latexit sha1_base64="tKFJOkIwJXN1eNXu11VH9EP3Nnc=">AAAB9XicbVDLSgNBEOz1GeMr6tHLYBA8xVkR9CIEvXiMYB6QrMvspJMMmX0wM6uEJf/hxYMiXv0Xb/6Nk2QPmljQUFR1090VJFJoQ+m3s7S8srq2Xtgobm5t7+yW9vYbOk4VxzqPZaxaAdMoRYR1I4zEVqKQhYHEZjC8mfjNR1RaxNG9GSXohawfiZ7gzFjpoenT0w5K6VNyRVy/VKYVOgVZJG5OypCj5pe+Ot2YpyFGhkumddulifEypozgEsfFTqoxYXzI+ti2NGIhai+bXj0mx1bpkl6sbEWGTNXfExkLtR6Fge0MmRnoeW8i/ue1U9O79DIRJanBiM8W9VJJTEwmEZCuUMiNHFnCuBL2VsIHTDFubFBFG4I7//IiaZxVXFpx787L1es8jgIcwhGcgAsXUIVbqEEdOCh4hld4c56cF+fd+Zi1Ljn5zAH8gfP5Ax1nkPE=</latexit><latexit sha1_base64="tKFJOkIwJXN1eNXu11VH9EP3Nnc=">AAAB9XicbVDLSgNBEOz1GeMr6tHLYBA8xVkR9CIEvXiMYB6QrMvspJMMmX0wM6uEJf/hxYMiXv0Xb/6Nk2QPmljQUFR1090VJFJoQ+m3s7S8srq2Xtgobm5t7+yW9vYbOk4VxzqPZaxaAdMoRYR1I4zEVqKQhYHEZjC8mfjNR1RaxNG9GSXohawfiZ7gzFjpoenT0w5K6VNyRVy/VKYVOgVZJG5OypCj5pe+Ot2YpyFGhkumddulifEypozgEsfFTqoxYXzI+ti2NGIhai+bXj0mx1bpkl6sbEWGTNXfExkLtR6Fge0MmRnoeW8i/ue1U9O79DIRJanBiM8W9VJJTEwmEZCuUMiNHFnCuBL2VsIHTDFubFBFG4I7//IiaZxVXFpx787L1es8jgIcwhGcgAsXUIVbqEEdOCh4hld4c56cF+fd+Zi1Ljn5zAH8gfP5Ax1nkPE=</latexit><latexit sha1_base64="tKFJOkIwJXN1eNXu11VH9EP3Nnc=">AAAB9XicbVDLSgNBEOz1GeMr6tHLYBA8xVkR9CIEvXiMYB6QrMvspJMMmX0wM6uEJf/hxYMiXv0Xb/6Nk2QPmljQUFR1090VJFJoQ+m3s7S8srq2Xtgobm5t7+yW9vYbOk4VxzqPZaxaAdMoRYR1I4zEVqKQhYHEZjC8mfjNR1RaxNG9GSXohawfiZ7gzFjpoenT0w5K6VNyRVy/VKYVOgVZJG5OypCj5pe+Ot2YpyFGhkumddulifEypozgEsfFTqoxYXzI+ti2NGIhai+bXj0mx1bpkl6sbEWGTNXfExkLtR6Fge0MmRnoeW8i/ue1U9O79DIRJanBiM8W9VJJTEwmEZCuUMiNHFnCuBL2VsIHTDFubFBFG4I7//IiaZxVXFpx787L1es8jgIcwhGcgAsXUIVbqEEdOCh4hld4c56cF+fd+Zi1Ljn5zAH8gfP5Ax1nkPE=</latexit><latexit sha1_base64="tKFJOkIwJXN1eNXu11VH9EP3Nnc=">AAAB9XicbVDLSgNBEOz1GeMr6tHLYBA8xVkR9CIEvXiMYB6QrMvspJMMmX0wM6uEJf/hxYMiXv0Xb/6Nk2QPmljQUFR1090VJFJoQ+m3s7S8srq2Xtgobm5t7+yW9vYbOk4VxzqPZaxaAdMoRYR1I4zEVqKQhYHEZjC8mfjNR1RaxNG9GSXohawfiZ7gzFjpoenT0w5K6VNyRVy/VKYVOgVZJG5OypCj5pe+Ot2YpyFGhkumddulifEypozgEsfFTqoxYXzI+ti2NGIhai+bXj0mx1bpkl6sbEWGTNXfExkLtR6Fge0MmRnoeW8i/ue1U9O79DIRJanBiM8W9VJJTEwmEZCuUMiNHFnCuBL2VsIHTDFubFBFG4I7//IiaZxVXFpx787L1es8jgIcwhGcgAsXUIVbqEEdOCh4hld4c56cF+fd+Zi1Ljn5zAH8gfP5Ax1nkPE=</latexit>

W
0 /`

0 =
10

<latexit sha1_base64="f0zKBGFEf0hkAJEzNWe6jkYhYzs=">AAAB+HicbVBNS8NAEJ34WetHox69LBbBU92IoBeh6MVjBfsBbQib7aZdutmE3Y1QQ3+JFw+KePWnePPfuG1z0NYHA4/3ZpiZF6aCa4Pxt7Oyura+sVnaKm/v7O5V3P2Dlk4yRVmTJiJRnZBoJrhkTcONYJ1UMRKHgrXD0e3Ubz8ypXkiH8w4ZX5MBpJHnBJjpcCttAN81mNCBBhdIw8HbhXX8AxomXgFqUKBRuB+9foJzWImDRVE666HU+PnRBlOBZuUe5lmKaEjMmBdSyWJmfbz2eETdGKVPooSZUsaNFN/T+Qk1noch7YzJmaoF72p+J/XzUx05edcpplhks4XRZlAJkHTFFCfK0aNGFtCqOL2VkSHRBFqbFZlG4K3+PIyaZ3XPFzz7i+q9ZsijhIcwTGcggeXUIc7aEATKGTwDK/w5jw5L8678zFvXXGKmUP4A+fzBwbUkVw=</latexit><latexit sha1_base64="f0zKBGFEf0hkAJEzNWe6jkYhYzs=">AAAB+HicbVBNS8NAEJ34WetHox69LBbBU92IoBeh6MVjBfsBbQib7aZdutmE3Y1QQ3+JFw+KePWnePPfuG1z0NYHA4/3ZpiZF6aCa4Pxt7Oyura+sVnaKm/v7O5V3P2Dlk4yRVmTJiJRnZBoJrhkTcONYJ1UMRKHgrXD0e3Ubz8ypXkiH8w4ZX5MBpJHnBJjpcCttAN81mNCBBhdIw8HbhXX8AxomXgFqUKBRuB+9foJzWImDRVE666HU+PnRBlOBZuUe5lmKaEjMmBdSyWJmfbz2eETdGKVPooSZUsaNFN/T+Qk1noch7YzJmaoF72p+J/XzUx05edcpplhks4XRZlAJkHTFFCfK0aNGFtCqOL2VkSHRBFqbFZlG4K3+PIyaZ3XPFzz7i+q9ZsijhIcwTGcggeXUIc7aEATKGTwDK/w5jw5L8678zFvXXGKmUP4A+fzBwbUkVw=</latexit><latexit sha1_base64="f0zKBGFEf0hkAJEzNWe6jkYhYzs=">AAAB+HicbVBNS8NAEJ34WetHox69LBbBU92IoBeh6MVjBfsBbQib7aZdutmE3Y1QQ3+JFw+KePWnePPfuG1z0NYHA4/3ZpiZF6aCa4Pxt7Oyura+sVnaKm/v7O5V3P2Dlk4yRVmTJiJRnZBoJrhkTcONYJ1UMRKHgrXD0e3Ubz8ypXkiH8w4ZX5MBpJHnBJjpcCttAN81mNCBBhdIw8HbhXX8AxomXgFqUKBRuB+9foJzWImDRVE666HU+PnRBlOBZuUe5lmKaEjMmBdSyWJmfbz2eETdGKVPooSZUsaNFN/T+Qk1noch7YzJmaoF72p+J/XzUx05edcpplhks4XRZlAJkHTFFCfK0aNGFtCqOL2VkSHRBFqbFZlG4K3+PIyaZ3XPFzz7i+q9ZsijhIcwTGcggeXUIc7aEATKGTwDK/w5jw5L8678zFvXXGKmUP4A+fzBwbUkVw=</latexit><latexit sha1_base64="f0zKBGFEf0hkAJEzNWe6jkYhYzs=">AAAB+HicbVBNS8NAEJ34WetHox69LBbBU92IoBeh6MVjBfsBbQib7aZdutmE3Y1QQ3+JFw+KePWnePPfuG1z0NYHA4/3ZpiZF6aCa4Pxt7Oyura+sVnaKm/v7O5V3P2Dlk4yRVmTJiJRnZBoJrhkTcONYJ1UMRKHgrXD0e3Ubz8ypXkiH8w4ZX5MBpJHnBJjpcCttAN81mNCBBhdIw8HbhXX8AxomXgFqUKBRuB+9foJzWImDRVE666HU+PnRBlOBZuUe5lmKaEjMmBdSyWJmfbz2eETdGKVPooSZUsaNFN/T+Qk1noch7YzJmaoF72p+J/XzUx05edcpplhks4XRZlAJkHTFFCfK0aNGFtCqOL2VkSHRBFqbFZlG4K3+PIyaZ3XPFzz7i+q9ZsijhIcwTGcggeXUIc7aEATKGTwDK/w5jw5L8678zFvXXGKmUP4A+fzBwbUkVw=</latexit>

W0/`0 = 0.1
<latexit sha1_base64="pi4ttEuQWXpKL77JxSx49oMceeg=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU92IoBeh6MVjBfsBbQib7aRdutmE3U2hhP4TLx4U8eo/8ea/cdvmoK0PBh7vzTAzL0wF14aQb6e0tr6xuVXeruzs7u0fuIdHLZ1kikGTJSJRnZBqEFxC03AjoJMqoHEooB2O7md+ewxK80Q+mUkKfkwHkkecUWOlwHXbAbnogRABwbeY1LzArZIamQOvEq8gVVSgEbhfvX7CshikYYJq3fVIavycKsOZgGmll2lIKRvRAXQtlTQG7efzy6f4zCp9HCXKljR4rv6eyGms9SQObWdMzVAvezPxP6+bmejGz7lMMwOSLRZFmcAmwbMYcJ8rYEZMLKFMcXsrZkOqKDM2rIoNwVt+eZW0LmueTezxqlq/K+IooxN0is6Rh65RHT2gBmoihsboGb2iNyd3Xpx352PRWnKKmWP0B87nD3XCkZQ=</latexit><latexit sha1_base64="pi4ttEuQWXpKL77JxSx49oMceeg=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU92IoBeh6MVjBfsBbQib7aRdutmE3U2hhP4TLx4U8eo/8ea/cdvmoK0PBh7vzTAzL0wF14aQb6e0tr6xuVXeruzs7u0fuIdHLZ1kikGTJSJRnZBqEFxC03AjoJMqoHEooB2O7md+ewxK80Q+mUkKfkwHkkecUWOlwHXbAbnogRABwbeY1LzArZIamQOvEq8gVVSgEbhfvX7CshikYYJq3fVIavycKsOZgGmll2lIKRvRAXQtlTQG7efzy6f4zCp9HCXKljR4rv6eyGms9SQObWdMzVAvezPxP6+bmejGz7lMMwOSLRZFmcAmwbMYcJ8rYEZMLKFMcXsrZkOqKDM2rIoNwVt+eZW0LmueTezxqlq/K+IooxN0is6Rh65RHT2gBmoihsboGb2iNyd3Xpx352PRWnKKmWP0B87nD3XCkZQ=</latexit><latexit sha1_base64="pi4ttEuQWXpKL77JxSx49oMceeg=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU92IoBeh6MVjBfsBbQib7aRdutmE3U2hhP4TLx4U8eo/8ea/cdvmoK0PBh7vzTAzL0wF14aQb6e0tr6xuVXeruzs7u0fuIdHLZ1kikGTJSJRnZBqEFxC03AjoJMqoHEooB2O7md+ewxK80Q+mUkKfkwHkkecUWOlwHXbAbnogRABwbeY1LzArZIamQOvEq8gVVSgEbhfvX7CshikYYJq3fVIavycKsOZgGmll2lIKRvRAXQtlTQG7efzy6f4zCp9HCXKljR4rv6eyGms9SQObWdMzVAvezPxP6+bmejGz7lMMwOSLRZFmcAmwbMYcJ8rYEZMLKFMcXsrZkOqKDM2rIoNwVt+eZW0LmueTezxqlq/K+IooxN0is6Rh65RHT2gBmoihsboGb2iNyd3Xpx352PRWnKKmWP0B87nD3XCkZQ=</latexit><latexit sha1_base64="pi4ttEuQWXpKL77JxSx49oMceeg=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU92IoBeh6MVjBfsBbQib7aRdutmE3U2hhP4TLx4U8eo/8ea/cdvmoK0PBh7vzTAzL0wF14aQb6e0tr6xuVXeruzs7u0fuIdHLZ1kikGTJSJRnZBqEFxC03AjoJMqoHEooB2O7md+ewxK80Q+mUkKfkwHkkecUWOlwHXbAbnogRABwbeY1LzArZIamQOvEq8gVVSgEbhfvX7CshikYYJq3fVIavycKsOZgGmll2lIKRvRAXQtlTQG7efzy6f4zCp9HCXKljR4rv6eyGms9SQObWdMzVAvezPxP6+bmejGz7lMMwOSLRZFmcAmwbMYcJ8rYEZMLKFMcXsrZkOqKDM2rIoNwVt+eZW0LmueTezxqlq/K+IooxN0is6Rh65RHT2gBmoihsboGb2iNyd3Xpx352PRWnKKmWP0B87nD3XCkZQ=</latexit>

W0/`0 = 0.1
<latexit sha1_base64="pi4ttEuQWXpKL77JxSx49oMceeg=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU92IoBeh6MVjBfsBbQib7aRdutmE3U2hhP4TLx4U8eo/8ea/cdvmoK0PBh7vzTAzL0wF14aQb6e0tr6xuVXeruzs7u0fuIdHLZ1kikGTJSJRnZBqEFxC03AjoJMqoHEooB2O7md+ewxK80Q+mUkKfkwHkkecUWOlwHXbAbnogRABwbeY1LzArZIamQOvEq8gVVSgEbhfvX7CshikYYJq3fVIavycKsOZgGmll2lIKRvRAXQtlTQG7efzy6f4zCp9HCXKljR4rv6eyGms9SQObWdMzVAvezPxP6+bmejGz7lMMwOSLRZFmcAmwbMYcJ8rYEZMLKFMcXsrZkOqKDM2rIoNwVt+eZW0LmueTezxqlq/K+IooxN0is6Rh65RHT2gBmoihsboGb2iNyd3Xpx352PRWnKKmWP0B87nD3XCkZQ=</latexit><latexit sha1_base64="pi4ttEuQWXpKL77JxSx49oMceeg=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU92IoBeh6MVjBfsBbQib7aRdutmE3U2hhP4TLx4U8eo/8ea/cdvmoK0PBh7vzTAzL0wF14aQb6e0tr6xuVXeruzs7u0fuIdHLZ1kikGTJSJRnZBqEFxC03AjoJMqoHEooB2O7md+ewxK80Q+mUkKfkwHkkecUWOlwHXbAbnogRABwbeY1LzArZIamQOvEq8gVVSgEbhfvX7CshikYYJq3fVIavycKsOZgGmll2lIKRvRAXQtlTQG7efzy6f4zCp9HCXKljR4rv6eyGms9SQObWdMzVAvezPxP6+bmejGz7lMMwOSLRZFmcAmwbMYcJ8rYEZMLKFMcXsrZkOqKDM2rIoNwVt+eZW0LmueTezxqlq/K+IooxN0is6Rh65RHT2gBmoihsboGb2iNyd3Xpx352PRWnKKmWP0B87nD3XCkZQ=</latexit><latexit sha1_base64="pi4ttEuQWXpKL77JxSx49oMceeg=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU92IoBeh6MVjBfsBbQib7aRdutmE3U2hhP4TLx4U8eo/8ea/cdvmoK0PBh7vzTAzL0wF14aQb6e0tr6xuVXeruzs7u0fuIdHLZ1kikGTJSJRnZBqEFxC03AjoJMqoHEooB2O7md+ewxK80Q+mUkKfkwHkkecUWOlwHXbAbnogRABwbeY1LzArZIamQOvEq8gVVSgEbhfvX7CshikYYJq3fVIavycKsOZgGmll2lIKRvRAXQtlTQG7efzy6f4zCp9HCXKljR4rv6eyGms9SQObWdMzVAvezPxP6+bmejGz7lMMwOSLRZFmcAmwbMYcJ8rYEZMLKFMcXsrZkOqKDM2rIoNwVt+eZW0LmueTezxqlq/K+IooxN0is6Rh65RHT2gBmoihsboGb2iNyd3Xpx352PRWnKKmWP0B87nD3XCkZQ=</latexit><latexit sha1_base64="pi4ttEuQWXpKL77JxSx49oMceeg=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU92IoBeh6MVjBfsBbQib7aRdutmE3U2hhP4TLx4U8eo/8ea/cdvmoK0PBh7vzTAzL0wF14aQb6e0tr6xuVXeruzs7u0fuIdHLZ1kikGTJSJRnZBqEFxC03AjoJMqoHEooB2O7md+ewxK80Q+mUkKfkwHkkecUWOlwHXbAbnogRABwbeY1LzArZIamQOvEq8gVVSgEbhfvX7CshikYYJq3fVIavycKsOZgGmll2lIKRvRAXQtlTQG7efzy6f4zCp9HCXKljR4rv6eyGms9SQObWdMzVAvezPxP6+bmejGz7lMMwOSLRZFmcAmwbMYcJ8rYEZMLKFMcXsrZkOqKDM2rIoNwVt+eZW0LmueTezxqlq/K+IooxN0is6Rh65RHT2gBmoihsboGb2iNyd3Xpx352PRWnKKmWP0B87nD3XCkZQ=</latexit>

W0/`0 = 10
<latexit sha1_base64="f0zKBGFEf0hkAJEzNWe6jkYhYzs=">AAAB+HicbVBNS8NAEJ34WetHox69LBbBU92IoBeh6MVjBfsBbQib7aZdutmE3Y1QQ3+JFw+KePWnePPfuG1z0NYHA4/3ZpiZF6aCa4Pxt7Oyura+sVnaKm/v7O5V3P2Dlk4yRVmTJiJRnZBoJrhkTcONYJ1UMRKHgrXD0e3Ubz8ypXkiH8w4ZX5MBpJHnBJjpcCttAN81mNCBBhdIw8HbhXX8AxomXgFqUKBRuB+9foJzWImDRVE666HU+PnRBlOBZuUe5lmKaEjMmBdSyWJmfbz2eETdGKVPooSZUsaNFN/T+Qk1noch7YzJmaoF72p+J/XzUx05edcpplhks4XRZlAJkHTFFCfK0aNGFtCqOL2VkSHRBFqbFZlG4K3+PIyaZ3XPFzz7i+q9ZsijhIcwTGcggeXUIc7aEATKGTwDK/w5jw5L8678zFvXXGKmUP4A+fzBwbUkVw=</latexit><latexit sha1_base64="f0zKBGFEf0hkAJEzNWe6jkYhYzs=">AAAB+HicbVBNS8NAEJ34WetHox69LBbBU92IoBeh6MVjBfsBbQib7aZdutmE3Y1QQ3+JFw+KePWnePPfuG1z0NYHA4/3ZpiZF6aCa4Pxt7Oyura+sVnaKm/v7O5V3P2Dlk4yRVmTJiJRnZBoJrhkTcONYJ1UMRKHgrXD0e3Ubz8ypXkiH8w4ZX5MBpJHnBJjpcCttAN81mNCBBhdIw8HbhXX8AxomXgFqUKBRuB+9foJzWImDRVE666HU+PnRBlOBZuUe5lmKaEjMmBdSyWJmfbz2eETdGKVPooSZUsaNFN/T+Qk1noch7YzJmaoF72p+J/XzUx05edcpplhks4XRZlAJkHTFFCfK0aNGFtCqOL2VkSHRBFqbFZlG4K3+PIyaZ3XPFzz7i+q9ZsijhIcwTGcggeXUIc7aEATKGTwDK/w5jw5L8678zFvXXGKmUP4A+fzBwbUkVw=</latexit><latexit sha1_base64="f0zKBGFEf0hkAJEzNWe6jkYhYzs=">AAAB+HicbVBNS8NAEJ34WetHox69LBbBU92IoBeh6MVjBfsBbQib7aZdutmE3Y1QQ3+JFw+KePWnePPfuG1z0NYHA4/3ZpiZF6aCa4Pxt7Oyura+sVnaKm/v7O5V3P2Dlk4yRVmTJiJRnZBoJrhkTcONYJ1UMRKHgrXD0e3Ubz8ypXkiH8w4ZX5MBpJHnBJjpcCttAN81mNCBBhdIw8HbhXX8AxomXgFqUKBRuB+9foJzWImDRVE666HU+PnRBlOBZuUe5lmKaEjMmBdSyWJmfbz2eETdGKVPooSZUsaNFN/T+Qk1noch7YzJmaoF72p+J/XzUx05edcpplhks4XRZlAJkHTFFCfK0aNGFtCqOL2VkSHRBFqbFZlG4K3+PIyaZ3XPFzz7i+q9ZsijhIcwTGcggeXUIc7aEATKGTwDK/w5jw5L8678zFvXXGKmUP4A+fzBwbUkVw=</latexit><latexit sha1_base64="f0zKBGFEf0hkAJEzNWe6jkYhYzs=">AAAB+HicbVBNS8NAEJ34WetHox69LBbBU92IoBeh6MVjBfsBbQib7aZdutmE3Y1QQ3+JFw+KePWnePPfuG1z0NYHA4/3ZpiZF6aCa4Pxt7Oyura+sVnaKm/v7O5V3P2Dlk4yRVmTJiJRnZBoJrhkTcONYJ1UMRKHgrXD0e3Ubz8ypXkiH8w4ZX5MBpJHnBJjpcCttAN81mNCBBhdIw8HbhXX8AxomXgFqUKBRuB+9foJzWImDRVE666HU+PnRBlOBZuUe5lmKaEjMmBdSyWJmfbz2eETdGKVPooSZUsaNFN/T+Qk1noch7YzJmaoF72p+J/XzUx05edcpplhks4XRZlAJkHTFFCfK0aNGFtCqOL2VkSHRBFqbFZlG4K3+PIyaZ3XPFzz7i+q9ZsijhIcwTGcggeXUIc7aEATKGTwDK/w5jw5L8678zFvXXGKmUP4A+fzBwbUkVw=</latexit>

�2
R = 3

<latexit sha1_base64="hgNVqbw132CWDjeYSEsQiqjP9+E=">AAAB9XicbVBNSwMxEJ2tX7V+VT16CRbBU9mtgl6EohePVewHtNuSTbNtaJJdkqxSlv4PLx4U8ep/8ea/MW33oK0PBh7vzTAzL4g508Z1v53cyura+kZ+s7C1vbO7V9w/aOgoUYTWScQj1QqwppxJWjfMcNqKFcUi4LQZjG6mfvORKs0i+WDGMfUFHkgWMoKNlbodzQYC9+67FXSFznrFklt2Z0DLxMtICTLUesWvTj8iiaDSEI61bntubPwUK8MIp5NCJ9E0xmSEB7RtqcSCaj+dXT1BJ1bpozBStqRBM/X3RIqF1mMR2E6BzVAvelPxP6+dmPDST5mME0MlmS8KE45MhKYRoD5TlBg+tgQTxeytiAyxwsTYoAo2BG/x5WXSqJQ9t+zdnZeq11kceTiCYzgFDy6gCrdQgzoQUPAMr/DmPDkvzrvzMW/NOdnMIfyB8/kD0QyRZA==</latexit><latexit sha1_base64="hgNVqbw132CWDjeYSEsQiqjP9+E=">AAAB9XicbVBNSwMxEJ2tX7V+VT16CRbBU9mtgl6EohePVewHtNuSTbNtaJJdkqxSlv4PLx4U8ep/8ea/MW33oK0PBh7vzTAzL4g508Z1v53cyura+kZ+s7C1vbO7V9w/aOgoUYTWScQj1QqwppxJWjfMcNqKFcUi4LQZjG6mfvORKs0i+WDGMfUFHkgWMoKNlbodzQYC9+67FXSFznrFklt2Z0DLxMtICTLUesWvTj8iiaDSEI61bntubPwUK8MIp5NCJ9E0xmSEB7RtqcSCaj+dXT1BJ1bpozBStqRBM/X3RIqF1mMR2E6BzVAvelPxP6+dmPDST5mME0MlmS8KE45MhKYRoD5TlBg+tgQTxeytiAyxwsTYoAo2BG/x5WXSqJQ9t+zdnZeq11kceTiCYzgFDy6gCrdQgzoQUPAMr/DmPDkvzrvzMW/NOdnMIfyB8/kD0QyRZA==</latexit><latexit sha1_base64="hgNVqbw132CWDjeYSEsQiqjP9+E=">AAAB9XicbVBNSwMxEJ2tX7V+VT16CRbBU9mtgl6EohePVewHtNuSTbNtaJJdkqxSlv4PLx4U8ep/8ea/MW33oK0PBh7vzTAzL4g508Z1v53cyura+kZ+s7C1vbO7V9w/aOgoUYTWScQj1QqwppxJWjfMcNqKFcUi4LQZjG6mfvORKs0i+WDGMfUFHkgWMoKNlbodzQYC9+67FXSFznrFklt2Z0DLxMtICTLUesWvTj8iiaDSEI61bntubPwUK8MIp5NCJ9E0xmSEB7RtqcSCaj+dXT1BJ1bpozBStqRBM/X3RIqF1mMR2E6BzVAvelPxP6+dmPDST5mME0MlmS8KE45MhKYRoD5TlBg+tgQTxeytiAyxwsTYoAo2BG/x5WXSqJQ9t+zdnZeq11kceTiCYzgFDy6gCrdQgzoQUPAMr/DmPDkvzrvzMW/NOdnMIfyB8/kD0QyRZA==</latexit><latexit sha1_base64="hgNVqbw132CWDjeYSEsQiqjP9+E=">AAAB9XicbVBNSwMxEJ2tX7V+VT16CRbBU9mtgl6EohePVewHtNuSTbNtaJJdkqxSlv4PLx4U8ep/8ea/MW33oK0PBh7vzTAzL4g508Z1v53cyura+kZ+s7C1vbO7V9w/aOgoUYTWScQj1QqwppxJWjfMcNqKFcUi4LQZjG6mfvORKs0i+WDGMfUFHkgWMoKNlbodzQYC9+67FXSFznrFklt2Z0DLxMtICTLUesWvTj8iiaDSEI61bntubPwUK8MIp5NCJ9E0xmSEB7RtqcSCaj+dXT1BJ1bpozBStqRBM/X3RIqF1mMR2E6BzVAvelPxP6+dmPDST5mME0MlmS8KE45MhKYRoD5TlBg+tgQTxeytiAyxwsTYoAo2BG/x5WXSqJQ9t+zdnZeq11kceTiCYzgFDy6gCrdQgzoQUPAMr/DmPDkvzrvzMW/NOdnMIfyB8/kD0QyRZA==</latexit>

�2
R = 3

<latexit sha1_base64="hgNVqbw132CWDjeYSEsQiqjP9+E=">AAAB9XicbVBNSwMxEJ2tX7V+VT16CRbBU9mtgl6EohePVewHtNuSTbNtaJJdkqxSlv4PLx4U8ep/8ea/MW33oK0PBh7vzTAzL4g508Z1v53cyura+kZ+s7C1vbO7V9w/aOgoUYTWScQj1QqwppxJWjfMcNqKFcUi4LQZjG6mfvORKs0i+WDGMfUFHkgWMoKNlbodzQYC9+67FXSFznrFklt2Z0DLxMtICTLUesWvTj8iiaDSEI61bntubPwUK8MIp5NCJ9E0xmSEB7RtqcSCaj+dXT1BJ1bpozBStqRBM/X3RIqF1mMR2E6BzVAvelPxP6+dmPDST5mME0MlmS8KE45MhKYRoD5TlBg+tgQTxeytiAyxwsTYoAo2BG/x5WXSqJQ9t+zdnZeq11kceTiCYzgFDy6gCrdQgzoQUPAMr/DmPDkvzrvzMW/NOdnMIfyB8/kD0QyRZA==</latexit><latexit sha1_base64="hgNVqbw132CWDjeYSEsQiqjP9+E=">AAAB9XicbVBNSwMxEJ2tX7V+VT16CRbBU9mtgl6EohePVewHtNuSTbNtaJJdkqxSlv4PLx4U8ep/8ea/MW33oK0PBh7vzTAzL4g508Z1v53cyura+kZ+s7C1vbO7V9w/aOgoUYTWScQj1QqwppxJWjfMcNqKFcUi4LQZjG6mfvORKs0i+WDGMfUFHkgWMoKNlbodzQYC9+67FXSFznrFklt2Z0DLxMtICTLUesWvTj8iiaDSEI61bntubPwUK8MIp5NCJ9E0xmSEB7RtqcSCaj+dXT1BJ1bpozBStqRBM/X3RIqF1mMR2E6BzVAvelPxP6+dmPDST5mME0MlmS8KE45MhKYRoD5TlBg+tgQTxeytiAyxwsTYoAo2BG/x5WXSqJQ9t+zdnZeq11kceTiCYzgFDy6gCrdQgzoQUPAMr/DmPDkvzrvzMW/NOdnMIfyB8/kD0QyRZA==</latexit><latexit sha1_base64="hgNVqbw132CWDjeYSEsQiqjP9+E=">AAAB9XicbVBNSwMxEJ2tX7V+VT16CRbBU9mtgl6EohePVewHtNuSTbNtaJJdkqxSlv4PLx4U8ep/8ea/MW33oK0PBh7vzTAzL4g508Z1v53cyura+kZ+s7C1vbO7V9w/aOgoUYTWScQj1QqwppxJWjfMcNqKFcUi4LQZjG6mfvORKs0i+WDGMfUFHkgWMoKNlbodzQYC9+67FXSFznrFklt2Z0DLxMtICTLUesWvTj8iiaDSEI61bntubPwUK8MIp5NCJ9E0xmSEB7RtqcSCaj+dXT1BJ1bpozBStqRBM/X3RIqF1mMR2E6BzVAvelPxP6+dmPDST5mME0MlmS8KE45MhKYRoD5TlBg+tgQTxeytiAyxwsTYoAo2BG/x5WXSqJQ9t+zdnZeq11kceTiCYzgFDy6gCrdQgzoQUPAMr/DmPDkvzrvzMW/NOdnMIfyB8/kD0QyRZA==</latexit><latexit sha1_base64="hgNVqbw132CWDjeYSEsQiqjP9+E=">AAAB9XicbVBNSwMxEJ2tX7V+VT16CRbBU9mtgl6EohePVewHtNuSTbNtaJJdkqxSlv4PLx4U8ep/8ea/MW33oK0PBh7vzTAzL4g508Z1v53cyura+kZ+s7C1vbO7V9w/aOgoUYTWScQj1QqwppxJWjfMcNqKFcUi4LQZjG6mfvORKs0i+WDGMfUFHkgWMoKNlbodzQYC9+67FXSFznrFklt2Z0DLxMtICTLUesWvTj8iiaDSEI61bntubPwUK8MIp5NCJ9E0xmSEB7RtqcSCaj+dXT1BJ1bpozBStqRBM/X3RIqF1mMR2E6BzVAvelPxP6+dmPDST5mME0MlmS8KE45MhKYRoD5TlBg+tgQTxeytiAyxwsTYoAo2BG/x5WXSqJQ9t+zdnZeq11kceTiCYzgFDy6gCrdQgzoQUPAMr/DmPDkvzrvzMW/NOdnMIfyB8/kD0QyRZA==</latexit>

J. Peñano, J.P. Palastro, B. Hazi, M.H. Helle, and G.P. DiComo. Self-channeling of high-power laser pulses through 
strong atmospheric turbulence. Phys. Rev. A, 96(1):013829, 2017.

2D (x,y) beams



11

Channeling is degraded by field incoherence
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�2
R = 3

<latexit sha1_base64="hgNVqbw132CWDjeYSEsQiqjP9+E=">AAAB9XicbVBNSwMxEJ2tX7V+VT16CRbBU9mtgl6EohePVewHtNuSTbNtaJJdkqxSlv4PLx4U8ep/8ea/MW33oK0PBh7vzTAzL4g508Z1v53cyura+kZ+s7C1vbO7V9w/aOgoUYTWScQj1QqwppxJWjfMcNqKFcUi4LQZjG6mfvORKs0i+WDGMfUFHkgWMoKNlbodzQYC9+67FXSFznrFklt2Z0DLxMtICTLUesWvTj8iiaDSEI61bntubPwUK8MIp5NCJ9E0xmSEB7RtqcSCaj+dXT1BJ1bpozBStqRBM/X3RIqF1mMR2E6BzVAvelPxP6+dmPDST5mME0MlmS8KE45MhKYRoD5TlBg+tgQTxeytiAyxwsTYoAo2BG/x5WXSqJQ9t+zdnZeq11kceTiCYzgFDy6gCrdQgzoQUPAMr/DmPDkvzrvzMW/NOdnMIfyB8/kD0QyRZA==</latexit><latexit sha1_base64="hgNVqbw132CWDjeYSEsQiqjP9+E=">AAAB9XicbVBNSwMxEJ2tX7V+VT16CRbBU9mtgl6EohePVewHtNuSTbNtaJJdkqxSlv4PLx4U8ep/8ea/MW33oK0PBh7vzTAzL4g508Z1v53cyura+kZ+s7C1vbO7V9w/aOgoUYTWScQj1QqwppxJWjfMcNqKFcUi4LQZjG6mfvORKs0i+WDGMfUFHkgWMoKNlbodzQYC9+67FXSFznrFklt2Z0DLxMtICTLUesWvTj8iiaDSEI61bntubPwUK8MIp5NCJ9E0xmSEB7RtqcSCaj+dXT1BJ1bpozBStqRBM/X3RIqF1mMR2E6BzVAvelPxP6+dmPDST5mME0MlmS8KE45MhKYRoD5TlBg+tgQTxeytiAyxwsTYoAo2BG/x5WXSqJQ9t+zdnZeq11kceTiCYzgFDy6gCrdQgzoQUPAMr/DmPDkvzrvzMW/NOdnMIfyB8/kD0QyRZA==</latexit><latexit sha1_base64="hgNVqbw132CWDjeYSEsQiqjP9+E=">AAAB9XicbVBNSwMxEJ2tX7V+VT16CRbBU9mtgl6EohePVewHtNuSTbNtaJJdkqxSlv4PLx4U8ep/8ea/MW33oK0PBh7vzTAzL4g508Z1v53cyura+kZ+s7C1vbO7V9w/aOgoUYTWScQj1QqwppxJWjfMcNqKFcUi4LQZjG6mfvORKs0i+WDGMfUFHkgWMoKNlbodzQYC9+67FXSFznrFklt2Z0DLxMtICTLUesWvTj8iiaDSEI61bntubPwUK8MIp5NCJ9E0xmSEB7RtqcSCaj+dXT1BJ1bpozBStqRBM/X3RIqF1mMR2E6BzVAvelPxP6+dmPDST5mME0MlmS8KE45MhKYRoD5TlBg+tgQTxeytiAyxwsTYoAo2BG/x5WXSqJQ9t+zdnZeq11kceTiCYzgFDy6gCrdQgzoQUPAMr/DmPDkvzrvzMW/NOdnMIfyB8/kD0QyRZA==</latexit><latexit sha1_base64="hgNVqbw132CWDjeYSEsQiqjP9+E=">AAAB9XicbVBNSwMxEJ2tX7V+VT16CRbBU9mtgl6EohePVewHtNuSTbNtaJJdkqxSlv4PLx4U8ep/8ea/MW33oK0PBh7vzTAzL4g508Z1v53cyura+kZ+s7C1vbO7V9w/aOgoUYTWScQj1QqwppxJWjfMcNqKFcUi4LQZjG6mfvORKs0i+WDGMfUFHkgWMoKNlbodzQYC9+67FXSFznrFklt2Z0DLxMtICTLUesWvTj8iiaDSEI61bntubPwUK8MIp5NCJ9E0xmSEB7RtqcSCaj+dXT1BJ1bpozBStqRBM/X3RIqF1mMR2E6BzVAvelPxP6+dmPDST5mME0MlmS8KE45MhKYRoD5TlBg+tgQTxeytiAyxwsTYoAo2BG/x5WXSqJQ9t+zdnZeq11kceTiCYzgFDy6gCrdQgzoQUPAMr/DmPDkvzrvzMW/NOdnMIfyB8/kD0QyRZA==</latexit>

W0/`0 = 0.1
<latexit sha1_base64="pi4ttEuQWXpKL77JxSx49oMceeg=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU92IoBeh6MVjBfsBbQib7aRdutmE3U2hhP4TLx4U8eo/8ea/cdvmoK0PBh7vzTAzL0wF14aQb6e0tr6xuVXeruzs7u0fuIdHLZ1kikGTJSJRnZBqEFxC03AjoJMqoHEooB2O7md+ewxK80Q+mUkKfkwHkkecUWOlwHXbAbnogRABwbeY1LzArZIamQOvEq8gVVSgEbhfvX7CshikYYJq3fVIavycKsOZgGmll2lIKRvRAXQtlTQG7efzy6f4zCp9HCXKljR4rv6eyGms9SQObWdMzVAvezPxP6+bmejGz7lMMwOSLRZFmcAmwbMYcJ8rYEZMLKFMcXsrZkOqKDM2rIoNwVt+eZW0LmueTezxqlq/K+IooxN0is6Rh65RHT2gBmoihsboGb2iNyd3Xpx352PRWnKKmWP0B87nD3XCkZQ=</latexit><latexit sha1_base64="pi4ttEuQWXpKL77JxSx49oMceeg=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU92IoBeh6MVjBfsBbQib7aRdutmE3U2hhP4TLx4U8eo/8ea/cdvmoK0PBh7vzTAzL0wF14aQb6e0tr6xuVXeruzs7u0fuIdHLZ1kikGTJSJRnZBqEFxC03AjoJMqoHEooB2O7md+ewxK80Q+mUkKfkwHkkecUWOlwHXbAbnogRABwbeY1LzArZIamQOvEq8gVVSgEbhfvX7CshikYYJq3fVIavycKsOZgGmll2lIKRvRAXQtlTQG7efzy6f4zCp9HCXKljR4rv6eyGms9SQObWdMzVAvezPxP6+bmejGz7lMMwOSLRZFmcAmwbMYcJ8rYEZMLKFMcXsrZkOqKDM2rIoNwVt+eZW0LmueTezxqlq/K+IooxN0is6Rh65RHT2gBmoihsboGb2iNyd3Xpx352PRWnKKmWP0B87nD3XCkZQ=</latexit><latexit sha1_base64="pi4ttEuQWXpKL77JxSx49oMceeg=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU92IoBeh6MVjBfsBbQib7aRdutmE3U2hhP4TLx4U8eo/8ea/cdvmoK0PBh7vzTAzL0wF14aQb6e0tr6xuVXeruzs7u0fuIdHLZ1kikGTJSJRnZBqEFxC03AjoJMqoHEooB2O7md+ewxK80Q+mUkKfkwHkkecUWOlwHXbAbnogRABwbeY1LzArZIamQOvEq8gVVSgEbhfvX7CshikYYJq3fVIavycKsOZgGmll2lIKRvRAXQtlTQG7efzy6f4zCp9HCXKljR4rv6eyGms9SQObWdMzVAvezPxP6+bmejGz7lMMwOSLRZFmcAmwbMYcJ8rYEZMLKFMcXsrZkOqKDM2rIoNwVt+eZW0LmueTezxqlq/K+IooxN0is6Rh65RHT2gBmoihsboGb2iNyd3Xpx352PRWnKKmWP0B87nD3XCkZQ=</latexit><latexit sha1_base64="pi4ttEuQWXpKL77JxSx49oMceeg=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU92IoBeh6MVjBfsBbQib7aRdutmE3U2hhP4TLx4U8eo/8ea/cdvmoK0PBh7vzTAzL0wF14aQb6e0tr6xuVXeruzs7u0fuIdHLZ1kikGTJSJRnZBqEFxC03AjoJMqoHEooB2O7md+ewxK80Q+mUkKfkwHkkecUWOlwHXbAbnogRABwbeY1LzArZIamQOvEq8gVVSgEbhfvX7CshikYYJq3fVIavycKsOZgGmll2lIKRvRAXQtlTQG7efzy6f4zCp9HCXKljR4rv6eyGms9SQObWdMzVAvezPxP6+bmejGz7lMMwOSLRZFmcAmwbMYcJ8rYEZMLKFMcXsrZkOqKDM2rIoNwVt+eZW0LmueTezxqlq/K+IooxN0is6Rh65RHT2gBmoihsboGb2iNyd3Xpx352PRWnKKmWP0B87nD3XCkZQ=</latexit>

W0/`0 = 10
<latexit sha1_base64="f0zKBGFEf0hkAJEzNWe6jkYhYzs=">AAAB+HicbVBNS8NAEJ34WetHox69LBbBU92IoBeh6MVjBfsBbQib7aZdutmE3Y1QQ3+JFw+KePWnePPfuG1z0NYHA4/3ZpiZF6aCa4Pxt7Oyura+sVnaKm/v7O5V3P2Dlk4yRVmTJiJRnZBoJrhkTcONYJ1UMRKHgrXD0e3Ubz8ypXkiH8w4ZX5MBpJHnBJjpcCttAN81mNCBBhdIw8HbhXX8AxomXgFqUKBRuB+9foJzWImDRVE666HU+PnRBlOBZuUe5lmKaEjMmBdSyWJmfbz2eETdGKVPooSZUsaNFN/T+Qk1noch7YzJmaoF72p+J/XzUx05edcpplhks4XRZlAJkHTFFCfK0aNGFtCqOL2VkSHRBFqbFZlG4K3+PIyaZ3XPFzz7i+q9ZsijhIcwTGcggeXUIc7aEATKGTwDK/w5jw5L8678zFvXXGKmUP4A+fzBwbUkVw=</latexit><latexit sha1_base64="f0zKBGFEf0hkAJEzNWe6jkYhYzs=">AAAB+HicbVBNS8NAEJ34WetHox69LBbBU92IoBeh6MVjBfsBbQib7aZdutmE3Y1QQ3+JFw+KePWnePPfuG1z0NYHA4/3ZpiZF6aCa4Pxt7Oyura+sVnaKm/v7O5V3P2Dlk4yRVmTJiJRnZBoJrhkTcONYJ1UMRKHgrXD0e3Ubz8ypXkiH8w4ZX5MBpJHnBJjpcCttAN81mNCBBhdIw8HbhXX8AxomXgFqUKBRuB+9foJzWImDRVE666HU+PnRBlOBZuUe5lmKaEjMmBdSyWJmfbz2eETdGKVPooSZUsaNFN/T+Qk1noch7YzJmaoF72p+J/XzUx05edcpplhks4XRZlAJkHTFFCfK0aNGFtCqOL2VkSHRBFqbFZlG4K3+PIyaZ3XPFzz7i+q9ZsijhIcwTGcggeXUIc7aEATKGTwDK/w5jw5L8678zFvXXGKmUP4A+fzBwbUkVw=</latexit><latexit sha1_base64="f0zKBGFEf0hkAJEzNWe6jkYhYzs=">AAAB+HicbVBNS8NAEJ34WetHox69LBbBU92IoBeh6MVjBfsBbQib7aZdutmE3Y1QQ3+JFw+KePWnePPfuG1z0NYHA4/3ZpiZF6aCa4Pxt7Oyura+sVnaKm/v7O5V3P2Dlk4yRVmTJiJRnZBoJrhkTcONYJ1UMRKHgrXD0e3Ubz8ypXkiH8w4ZX5MBpJHnBJjpcCttAN81mNCBBhdIw8HbhXX8AxomXgFqUKBRuB+9foJzWImDRVE666HU+PnRBlOBZuUe5lmKaEjMmBdSyWJmfbz2eETdGKVPooSZUsaNFN/T+Qk1noch7YzJmaoF72p+J/XzUx05edcpplhks4XRZlAJkHTFFCfK0aNGFtCqOL2VkSHRBFqbFZlG4K3+PIyaZ3XPFzz7i+q9ZsijhIcwTGcggeXUIc7aEATKGTwDK/w5jw5L8678zFvXXGKmUP4A+fzBwbUkVw=</latexit><latexit sha1_base64="f0zKBGFEf0hkAJEzNWe6jkYhYzs=">AAAB+HicbVBNS8NAEJ34WetHox69LBbBU92IoBeh6MVjBfsBbQib7aZdutmE3Y1QQ3+JFw+KePWnePPfuG1z0NYHA4/3ZpiZF6aCa4Pxt7Oyura+sVnaKm/v7O5V3P2Dlk4yRVmTJiJRnZBoJrhkTcONYJ1UMRKHgrXD0e3Ubz8ypXkiH8w4ZX5MBpJHnBJjpcCttAN81mNCBBhdIw8HbhXX8AxomXgFqUKBRuB+9foJzWImDRVE666HU+PnRBlOBZuUe5lmKaEjMmBdSyWJmfbz2eETdGKVPooSZUsaNFN/T+Qk1noch7YzJmaoF72p+J/XzUx05edcpplhks4XRZlAJkHTFFCfK0aNGFtCqOL2VkSHRBFqbFZlG4K3+PIyaZ3XPFzz7i+q9ZsijhIcwTGcggeXUIc7aEATKGTwDK/w5jw5L8678zFvXXGKmUP4A+fzBwbUkVw=</latexit>

Solid curves: theoretical plane wave 
coherence radius for W0/`0 = 0.1

<latexit sha1_base64="pi4ttEuQWXpKL77JxSx49oMceeg=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU92IoBeh6MVjBfsBbQib7aRdutmE3U2hhP4TLx4U8eo/8ea/cdvmoK0PBh7vzTAzL0wF14aQb6e0tr6xuVXeruzs7u0fuIdHLZ1kikGTJSJRnZBqEFxC03AjoJMqoHEooB2O7md+ewxK80Q+mUkKfkwHkkecUWOlwHXbAbnogRABwbeY1LzArZIamQOvEq8gVVSgEbhfvX7CshikYYJq3fVIavycKsOZgGmll2lIKRvRAXQtlTQG7efzy6f4zCp9HCXKljR4rv6eyGms9SQObWdMzVAvezPxP6+bmejGz7lMMwOSLRZFmcAmwbMYcJ8rYEZMLKFMcXsrZkOqKDM2rIoNwVt+eZW0LmueTezxqlq/K+IooxN0is6Rh65RHT2gBmoihsboGb2iNyd3Xpx352PRWnKKmWP0B87nD3XCkZQ=</latexit><latexit sha1_base64="pi4ttEuQWXpKL77JxSx49oMceeg=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU92IoBeh6MVjBfsBbQib7aRdutmE3U2hhP4TLx4U8eo/8ea/cdvmoK0PBh7vzTAzL0wF14aQb6e0tr6xuVXeruzs7u0fuIdHLZ1kikGTJSJRnZBqEFxC03AjoJMqoHEooB2O7md+ewxK80Q+mUkKfkwHkkecUWOlwHXbAbnogRABwbeY1LzArZIamQOvEq8gVVSgEbhfvX7CshikYYJq3fVIavycKsOZgGmll2lIKRvRAXQtlTQG7efzy6f4zCp9HCXKljR4rv6eyGms9SQObWdMzVAvezPxP6+bmejGz7lMMwOSLRZFmcAmwbMYcJ8rYEZMLKFMcXsrZkOqKDM2rIoNwVt+eZW0LmueTezxqlq/K+IooxN0is6Rh65RHT2gBmoihsboGb2iNyd3Xpx352PRWnKKmWP0B87nD3XCkZQ=</latexit><latexit sha1_base64="pi4ttEuQWXpKL77JxSx49oMceeg=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU92IoBeh6MVjBfsBbQib7aRdutmE3U2hhP4TLx4U8eo/8ea/cdvmoK0PBh7vzTAzL0wF14aQb6e0tr6xuVXeruzs7u0fuIdHLZ1kikGTJSJRnZBqEFxC03AjoJMqoHEooB2O7md+ewxK80Q+mUkKfkwHkkecUWOlwHXbAbnogRABwbeY1LzArZIamQOvEq8gVVSgEbhfvX7CshikYYJq3fVIavycKsOZgGmll2lIKRvRAXQtlTQG7efzy6f4zCp9HCXKljR4rv6eyGms9SQObWdMzVAvezPxP6+bmejGz7lMMwOSLRZFmcAmwbMYcJ8rYEZMLKFMcXsrZkOqKDM2rIoNwVt+eZW0LmueTezxqlq/K+IooxN0is6Rh65RHT2gBmoihsboGb2iNyd3Xpx352PRWnKKmWP0B87nD3XCkZQ=</latexit><latexit sha1_base64="pi4ttEuQWXpKL77JxSx49oMceeg=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU92IoBeh6MVjBfsBbQib7aRdutmE3U2hhP4TLx4U8eo/8ea/cdvmoK0PBh7vzTAzL0wF14aQb6e0tr6xuVXeruzs7u0fuIdHLZ1kikGTJSJRnZBqEFxC03AjoJMqoHEooB2O7md+ewxK80Q+mUkKfkwHkkecUWOlwHXbAbnogRABwbeY1LzArZIamQOvEq8gVVSgEbhfvX7CshikYYJq3fVIavycKsOZgGmll2lIKRvRAXQtlTQG7efzy6f4zCp9HCXKljR4rv6eyGms9SQObWdMzVAvezPxP6+bmejGz7lMMwOSLRZFmcAmwbMYcJ8rYEZMLKFMcXsrZkOqKDM2rIoNwVt+eZW0LmueTezxqlq/K+IooxN0is6Rh65RHT2gBmoihsboGb2iNyd3Xpx352PRWnKKmWP0B87nD3XCkZQ=</latexit>

W0/`0 = 10
<latexit sha1_base64="f0zKBGFEf0hkAJEzNWe6jkYhYzs=">AAAB+HicbVBNS8NAEJ34WetHox69LBbBU92IoBeh6MVjBfsBbQib7aZdutmE3Y1QQ3+JFw+KePWnePPfuG1z0NYHA4/3ZpiZF6aCa4Pxt7Oyura+sVnaKm/v7O5V3P2Dlk4yRVmTJiJRnZBoJrhkTcONYJ1UMRKHgrXD0e3Ubz8ypXkiH8w4ZX5MBpJHnBJjpcCttAN81mNCBBhdIw8HbhXX8AxomXgFqUKBRuB+9foJzWImDRVE666HU+PnRBlOBZuUe5lmKaEjMmBdSyWJmfbz2eETdGKVPooSZUsaNFN/T+Qk1noch7YzJmaoF72p+J/XzUx05edcpplhks4XRZlAJkHTFFCfK0aNGFtCqOL2VkSHRBFqbFZlG4K3+PIyaZ3XPFzz7i+q9ZsijhIcwTGcggeXUIc7aEATKGTwDK/w5jw5L8678zFvXXGKmUP4A+fzBwbUkVw=</latexit><latexit sha1_base64="f0zKBGFEf0hkAJEzNWe6jkYhYzs=">AAAB+HicbVBNS8NAEJ34WetHox69LBbBU92IoBeh6MVjBfsBbQib7aZdutmE3Y1QQ3+JFw+KePWnePPfuG1z0NYHA4/3ZpiZF6aCa4Pxt7Oyura+sVnaKm/v7O5V3P2Dlk4yRVmTJiJRnZBoJrhkTcONYJ1UMRKHgrXD0e3Ubz8ypXkiH8w4ZX5MBpJHnBJjpcCttAN81mNCBBhdIw8HbhXX8AxomXgFqUKBRuB+9foJzWImDRVE666HU+PnRBlOBZuUe5lmKaEjMmBdSyWJmfbz2eETdGKVPooSZUsaNFN/T+Qk1noch7YzJmaoF72p+J/XzUx05edcpplhks4XRZlAJkHTFFCfK0aNGFtCqOL2VkSHRBFqbFZlG4K3+PIyaZ3XPFzz7i+q9ZsijhIcwTGcggeXUIc7aEATKGTwDK/w5jw5L8678zFvXXGKmUP4A+fzBwbUkVw=</latexit><latexit sha1_base64="f0zKBGFEf0hkAJEzNWe6jkYhYzs=">AAAB+HicbVBNS8NAEJ34WetHox69LBbBU92IoBeh6MVjBfsBbQib7aZdutmE3Y1QQ3+JFw+KePWnePPfuG1z0NYHA4/3ZpiZF6aCa4Pxt7Oyura+sVnaKm/v7O5V3P2Dlk4yRVmTJiJRnZBoJrhkTcONYJ1UMRKHgrXD0e3Ubz8ypXkiH8w4ZX5MBpJHnBJjpcCttAN81mNCBBhdIw8HbhXX8AxomXgFqUKBRuB+9foJzWImDRVE666HU+PnRBlOBZuUe5lmKaEjMmBdSyWJmfbz2eETdGKVPooSZUsaNFN/T+Qk1noch7YzJmaoF72p+J/XzUx05edcpplhks4XRZlAJkHTFFCfK0aNGFtCqOL2VkSHRBFqbFZlG4K3+PIyaZ3XPFzz7i+q9ZsijhIcwTGcggeXUIc7aEATKGTwDK/w5jw5L8678zFvXXGKmUP4A+fzBwbUkVw=</latexit><latexit sha1_base64="f0zKBGFEf0hkAJEzNWe6jkYhYzs=">AAAB+HicbVBNS8NAEJ34WetHox69LBbBU92IoBeh6MVjBfsBbQib7aZdutmE3Y1QQ3+JFw+KePWnePPfuG1z0NYHA4/3ZpiZF6aCa4Pxt7Oyura+sVnaKm/v7O5V3P2Dlk4yRVmTJiJRnZBoJrhkTcONYJ1UMRKHgrXD0e3Ubz8ypXkiH8w4ZX5MBpJHnBJjpcCttAN81mNCBBhdIw8HbhXX8AxomXgFqUKBRuB+9foJzWImDRVE666HU+PnRBlOBZuUe5lmKaEjMmBdSyWJmfbz2eETdGKVPooSZUsaNFN/T+Qk1noch7YzJmaoF72p+J/XzUx05edcpplhks4XRZlAJkHTFFCfK0aNGFtCqOL2VkSHRBFqbFZlG4K3+PIyaZ3XPFzz7i+q9ZsijhIcwTGcggeXUIc7aEATKGTwDK/w5jw5L8678zFvXXGKmUP4A+fzBwbUkVw=</latexit>

• Channeling of the central hot spot 
is lost when the coherence length 
of the field becomes smaller than 
the beam rms radius. (beam and 
“reservoir” become incoherent)

• Coherence length of the 
channeling Gaussian beam is 
characteristic of that of a plane 
wave.

J. Peñano, J.P. Palastro, B. Hazi, M.H. Helle, and G.P. DiComo. Self-channeling of high-power laser pulses through 
strong atmospheric turbulence. Phys. Rev. A, 96(1):013829, 2017.
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Longitudinal Compression of Laser Pulses in Air
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• Pulse duration after distance z:

2
2 2/ boT TZ =

time

• Arranging spectral content of the pulse so frequency decreases from front to 
back (negative chirp) results in longitudinal compression (for wavelengths ~ 1µm 
where b2(w)>0)

vg(ω)

front back

β2 (ω)> 0

β0 =
T0
2β2

∂T
∂z z=0

Compression of a chirped pulse

12

• Air is a dispersive medium at optical 
frequencies, i.e., frequencies have different 
group velocities 

• Ultrashort pulses have sufficient bandwidth 
such that atmospheric dispersion can 
compress or stretch the pulse significantly 
over hundreds of meters of propagation 
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In the presence of extinction, the pulse must be chirped to preserve 
peak power and maintain channeling

T (z) = T0

h
(1 + �0z/ZT )

2 + (z/ZT )
2
i1/2

<latexit sha1_base64="5yqZYkhyJG3l0Dz0PBLXrKOTOFc="></latexit><latexit sha1_base64="5yqZYkhyJG3l0Dz0PBLXrKOTOFc="></latexit><latexit sha1_base64="5yqZYkhyJG3l0Dz0PBLXrKOTOFc="></latexit><latexit sha1_base64="5yqZYkhyJG3l0Dz0PBLXrKOTOFc="></latexit>

• Pulse duration vs. z:

• Optimal chirp: �0 ⇡ ↵T0E0/(�2PNL)
<latexit sha1_base64="T5UM77cbGbH9P2Y6FksOZLjBAoc=">AAACGHicbVDLSgMxFM34rPU16tJNsAh1084UQZdFEVyIVOgLOmW4k6ZtaGYmJBmxDP0MN/6KGxeKuO3OvzF9LLT1wOUezrmX5J5AcKa043xbK6tr6xubma3s9s7u3r59cFhXcSIJrZGYx7IZgKKcRbSmmea0KSSFMOC0EQyuJ37jkUrF4qiqh4K2Q+hFrMsIaCP5dtELqAbfwR4IIeMn07noA64a6cZ3ivmZX8IVP72/G535ds4pOFPgZeLOSQ7NUfHtsdeJSRLSSBMOSrVcR+h2ClIzwuko6yWKCiAD6NGWoRGEVLXT6WEjfGqUDu7G0lSk8VT9vZFCqNQwDMxkCLqvFr2J+J/XSnT3sp2ySCSaRmT2UDfhWMd4khLuMEmJ5kNDgEhm/opJHyQQbbLMmhDcxZOXSb1UcJ2C+3CeK1/N48igY3SC8shFF6iMblEF1RBBz+gVvaMP68V6sz6tr9noijXfOUJ/YI1/AEXRngE=</latexit><latexit sha1_base64="T5UM77cbGbH9P2Y6FksOZLjBAoc=">AAACGHicbVDLSgMxFM34rPU16tJNsAh1084UQZdFEVyIVOgLOmW4k6ZtaGYmJBmxDP0MN/6KGxeKuO3OvzF9LLT1wOUezrmX5J5AcKa043xbK6tr6xubma3s9s7u3r59cFhXcSIJrZGYx7IZgKKcRbSmmea0KSSFMOC0EQyuJ37jkUrF4qiqh4K2Q+hFrMsIaCP5dtELqAbfwR4IIeMn07noA64a6cZ3ivmZX8IVP72/G535ds4pOFPgZeLOSQ7NUfHtsdeJSRLSSBMOSrVcR+h2ClIzwuko6yWKCiAD6NGWoRGEVLXT6WEjfGqUDu7G0lSk8VT9vZFCqNQwDMxkCLqvFr2J+J/XSnT3sp2ySCSaRmT2UDfhWMd4khLuMEmJ5kNDgEhm/opJHyQQbbLMmhDcxZOXSb1UcJ2C+3CeK1/N48igY3SC8shFF6iMblEF1RBBz+gVvaMP68V6sz6tr9noijXfOUJ/YI1/AEXRngE=</latexit><latexit sha1_base64="T5UM77cbGbH9P2Y6FksOZLjBAoc=">AAACGHicbVDLSgMxFM34rPU16tJNsAh1084UQZdFEVyIVOgLOmW4k6ZtaGYmJBmxDP0MN/6KGxeKuO3OvzF9LLT1wOUezrmX5J5AcKa043xbK6tr6xubma3s9s7u3r59cFhXcSIJrZGYx7IZgKKcRbSmmea0KSSFMOC0EQyuJ37jkUrF4qiqh4K2Q+hFrMsIaCP5dtELqAbfwR4IIeMn07noA64a6cZ3ivmZX8IVP72/G535ds4pOFPgZeLOSQ7NUfHtsdeJSRLSSBMOSrVcR+h2ClIzwuko6yWKCiAD6NGWoRGEVLXT6WEjfGqUDu7G0lSk8VT9vZFCqNQwDMxkCLqvFr2J+J/XSnT3sp2ySCSaRmT2UDfhWMd4khLuMEmJ5kNDgEhm/opJHyQQbbLMmhDcxZOXSb1UcJ2C+3CeK1/N48igY3SC8shFF6iMblEF1RBBz+gVvaMP68V6sz6tr9noijXfOUJ/YI1/AEXRngE=</latexit><latexit sha1_base64="T5UM77cbGbH9P2Y6FksOZLjBAoc=">AAACGHicbVDLSgMxFM34rPU16tJNsAh1084UQZdFEVyIVOgLOmW4k6ZtaGYmJBmxDP0MN/6KGxeKuO3OvzF9LLT1wOUezrmX5J5AcKa043xbK6tr6xubma3s9s7u3r59cFhXcSIJrZGYx7IZgKKcRbSmmea0KSSFMOC0EQyuJ37jkUrF4qiqh4K2Q+hFrMsIaCP5dtELqAbfwR4IIeMn07noA64a6cZ3ivmZX8IVP72/G535ds4pOFPgZeLOSQ7NUfHtsdeJSRLSSBMOSrVcR+h2ClIzwuko6yWKCiAD6NGWoRGEVLXT6WEjfGqUDu7G0lSk8VT9vZFCqNQwDMxkCLqvFr2J+J/XSnT3sp2ySCSaRmT2UDfhWMd4khLuMEmJ5kNDgEhm/opJHyQQbbLMmhDcxZOXSb1UcJ2C+3CeK1/N48igY3SC8shFF6iMblEF1RBBz+gVvaMP68V6sz6tr9noijXfOUJ/YI1/AEXRngE=</latexit>

T 0(z) = E0(z)/P�1
NL

<latexit sha1_base64="1enBWjq0VPfTMPBkGtoF7vXtrRw=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1jEurAmIuhGKIrgQqRCX9DGMJlO2qGTBzMToYbgxl9x40IRt36FO//GSZuFth643MM59zJzjxMyKqRhfGu5mdm5+YX8YmFpeWV1TV/faIgg4pjUccAC3nKQIIz6pC6pZKQVcoI8h5GmM7hI/eY94YIGfk0OQ2J5qOdTl2IklWTrW7W90sM+PIOXaT+s2vHNdXIXH5iJrReNsjECnCZmRoogQ9XWvzrdAEce8SVmSIi2aYTSihGXFDOSFDqRICHCA9QjbUV95BFhxaMTErirlC50A67Kl3Ck/t6IkSfE0HPUpIdkX0x6qfif146ke2rF1A8jSXw8fsiNGJQBTPOAXcoJlmyoCMKcqr9C3EccYalSK6gQzMmTp0njqGwaZfP2uFg5z+LIg22wA0rABCegAq5AFdQBBo/gGbyCN+1Je9HetY/xaE7LdjbBH2ifPzcAlMM=</latexit><latexit sha1_base64="1enBWjq0VPfTMPBkGtoF7vXtrRw=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1jEurAmIuhGKIrgQqRCX9DGMJlO2qGTBzMToYbgxl9x40IRt36FO//GSZuFth643MM59zJzjxMyKqRhfGu5mdm5+YX8YmFpeWV1TV/faIgg4pjUccAC3nKQIIz6pC6pZKQVcoI8h5GmM7hI/eY94YIGfk0OQ2J5qOdTl2IklWTrW7W90sM+PIOXaT+s2vHNdXIXH5iJrReNsjECnCZmRoogQ9XWvzrdAEce8SVmSIi2aYTSihGXFDOSFDqRICHCA9QjbUV95BFhxaMTErirlC50A67Kl3Ck/t6IkSfE0HPUpIdkX0x6qfif146ke2rF1A8jSXw8fsiNGJQBTPOAXcoJlmyoCMKcqr9C3EccYalSK6gQzMmTp0njqGwaZfP2uFg5z+LIg22wA0rABCegAq5AFdQBBo/gGbyCN+1Je9HetY/xaE7LdjbBH2ifPzcAlMM=</latexit><latexit sha1_base64="1enBWjq0VPfTMPBkGtoF7vXtrRw=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1jEurAmIuhGKIrgQqRCX9DGMJlO2qGTBzMToYbgxl9x40IRt36FO//GSZuFth643MM59zJzjxMyKqRhfGu5mdm5+YX8YmFpeWV1TV/faIgg4pjUccAC3nKQIIz6pC6pZKQVcoI8h5GmM7hI/eY94YIGfk0OQ2J5qOdTl2IklWTrW7W90sM+PIOXaT+s2vHNdXIXH5iJrReNsjECnCZmRoogQ9XWvzrdAEce8SVmSIi2aYTSihGXFDOSFDqRICHCA9QjbUV95BFhxaMTErirlC50A67Kl3Ck/t6IkSfE0HPUpIdkX0x6qfif146ke2rF1A8jSXw8fsiNGJQBTPOAXcoJlmyoCMKcqr9C3EccYalSK6gQzMmTp0njqGwaZfP2uFg5z+LIg22wA0rABCegAq5AFdQBBo/gGbyCN+1Je9HetY/xaE7LdjbBH2ifPzcAlMM=</latexit><latexit sha1_base64="1enBWjq0VPfTMPBkGtoF7vXtrRw=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1jEurAmIuhGKIrgQqRCX9DGMJlO2qGTBzMToYbgxl9x40IRt36FO//GSZuFth643MM59zJzjxMyKqRhfGu5mdm5+YX8YmFpeWV1TV/faIgg4pjUccAC3nKQIIz6pC6pZKQVcoI8h5GmM7hI/eY94YIGfk0OQ2J5qOdTl2IklWTrW7W90sM+PIOXaT+s2vHNdXIXH5iJrReNsjECnCZmRoogQ9XWvzrdAEce8SVmSIi2aYTSihGXFDOSFDqRICHCA9QjbUV95BFhxaMTErirlC50A67Kl3Ck/t6IkSfE0HPUpIdkX0x6qfif146ke2rF1A8jSXw8fsiNGJQBTPOAXcoJlmyoCMKcqr9C3EccYalSK6gQzMmTp0njqGwaZfP2uFg5z+LIg22wA0rABCegAq5AFdQBBo/gGbyCN+1Je9HetY/xaE7LdjbBH2ifPzcAlMM=</latexit>

(compression rate equal to energy loss rate)

J. Peñano, J.P. Palastro, B. Hazi, M.H. Helle, and G.P. DiComo. Self-channeling of high-power laser pulses through 
strong atmospheric turbulence. Phys. Rev. A, 96(1):013829, 2017.
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;



Validation Experiments at Increasing Distances 

Lab environment at NRL
kTFL laser (5 mJ, 35 fsec, 1 kHz, 800 nm)
Nonlinear channeling in turbulence

AFRL Facility
Pheenix laser (40 TW, 35 fsec, 10 Hz, 800nm)
Nonlinear channeling in deep turbulence (Rytov > 5)

Carderock Facility
Astrella laser (7 mJ, 35 fsec, 1 kHz, 800 nm)
Nonlinear propagation through turbulence
Pulse compression
Control of nonlinear focal range

2015-16

2016

2017
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Laboratory Turbulence Generator for high-power laser 
propagation experiments*

turnbuckles
TOP 

VIEW

• 5 orders of magnitude range of turbulence
• Kolmogorov spectrum over the inertial sub-range
• Ideal for high-power experiments (no phase plates to damage)
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*G. DiComo et al. "Implementation of a long range, distributed-volume, continuously variable turbulence generator," Applied Optics 55, 5192 (2016).
S. Pond, R. W. Stewart, and R. W. Burling, Journal of Atmospheric Sciences, vol. 20, pp. 319-324 (1963).
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Experimental Facility for Validation at ~850m

• Continuous indoor path with low ambient 
turbulence

• Distributed turbulence with tunable Rytov
from 10-3 to >10

• Two weeks to build

1 km

16

• Laser operation 
during graveyard 
shift over 2 months

• Laser intensity 
profile and pulse 
length fully 
characterized



• Integrated Vitara seed laser, revolution pump laser, STAR 
regenerative amplifier and sealed, compact 
stretcher/compressor

• HASS* verified (ruggedized for portability)
• All major sub-systems thermally-stabilized for reliable 

long-term performance 
• Water-only cooled Ti:Sapphire rod assembly for improved 

beam quality and thermal management (M2 < 1.25, 
stability <0.5% rms)

• Sealed stretcher/compressor (pulse width <35 fs to 3ps)

Portable USPL for propagation experiments

Laser housing open for setup

*Highly Accelerated Stress Screening

Coherent ASTRELLA
• Wavelength: 800nm
• Rep Rate: 1 kHz
• Energy: 7 mJ
• Pulse length: 35fs
• Beam Quality: M2 < 1.25

17



USPL
(Saturated)

HeNe
Diagnostic

Weak Turbulence (!R ~ 0.05) Strong Turbulence (!R ~ 5)
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Self-Channeling Observed in Strong Turbulence 

5 cm 5 cm

15 cm 15 cm

High-power beam remains small (<< diffraction limit) in 
strong turbulence



Experimental measurement of temporal profile
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• Built SHG FROG to measure complex 
field (Can measure low intensities)

• Pulse was characterized at laser and 
received end of range

• Nonlinear effects such as self-phase 
modulation and self-steepening can 
be observed for the high power pulse

initial compressed 
(exp)

compressed 
(sim)

initial compressed 
(exp)

compressed 
(sim)
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Simulated Beam Profile
(contrast enhanced)

1x zoom

Scintillation Index

Hot Spot Beam Size

Experiments validate nonlinear self-focusing models in 
strong turbulence

RMS spot size

FWHM spot size

Initial rms spot

Initial rms spot

Experimental Beam Profile
(contrast enhanced)

1x zoom

Simulated Beam Profile
(contrast enhanced)

1x zoom

5 cm

sim
ulation

ex
pe

rim
en

t
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Beam wander is consistent with linear physics
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Self-focusing of non-Gaussian beams

• For a given rms spot size, Gaussian beams have the longest diffraction 
length compared with any other beam shape

• Experimentally generated laser beams are never purely Gaussian, nor 
perfectly coherent

• What are the nonlinear self-focusing properties of non-Gaussian, partially 
coherent beams? Do they afford any propagation advantages?
- Bessel beams
- Partially coherent beams
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The Critical Power of an Arbitrary Beam Shape

• Define the critical power as the condition M2 = 0
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• The ensemble averaged beam spot size, w(z), along the propagation axis z is

w2(z) =
2

P

Z
r2hI(r, z)id2r � 2hR2

c(z)i
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• The spot size satisfies the following mathematical identity  
@2w
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where the ensemble beam quality (spreading angle 
normalized to the the Gaussian spreading angle) is:

• In the absence of turbulence, it can be shown that M4 is a conserved quantity. If M4

can be evaluated at z=0 then we will know how the ensemble of beams will 
propagate.  
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• Only the 2nd term is important in evaluating M4 (the first term represents a “lens” 
contribution which does not affect M4):
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The Critical Power of an Arbitrary Beam Shape (cont.)

• The physics of the laser propagation is introduced through the nonlinear Schodinger
equation (NLSE) 
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diffraction self-focusing

• Using a Gaussian beam as the initial condition in this formalism recovers 
the usual expression for the self-focusing power:

PG = �2/(2⇡n0n2)
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Propagation of an initially Gaussian beam near the critical power
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FIG. 1: (a) Normalized rms spot size (W/W0) and (b) peak intensity (I/I0) versus normalized

propagation distance (z/ZR0) for initially collimated Gaussian beams with P/PG = 0.8, 0.95, 1,

and 1.1. Curves are results of simulations that solve Eq. (5).

far beyond the center of the beam and must be properly resolved to correctly calculate W .

The oscillatory behavior seen at the edge of the plots is a numerical artifact due to the

periodic boundary conditions of the simulation and a small amount of laser energy reaching

the edges of the simulation domain.
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FIG. 1: (a) Normalized rms spot size (W/W0) and (b) peak intensity (I/I0) versus normalized

propagation distance (z/ZR0) for initially collimated Gaussian beams with P/PG = 0.8, 0.95, 1,

and 1.1. Curves are results of simulations that solve Eq. (5).

far beyond the center of the beam and must be properly resolved to correctly calculate W .

The oscillatory behavior seen at the edge of the plots is a numerical artifact due to the

periodic boundary conditions of the simulation and a small amount of laser energy reaching

the edges of the simulation domain.
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Partially-Coherent Beams

• The Gaussian-Schell model is a way to generate a partially-coherent field

ha?(~k)a(~k0)i = ⇢2c
⇡
e�k2⇢2

c�(~k0 � ~k)
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A(~r) =

✓
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~krd3k

◆
e�r2/R2
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where a(k), the angular correlation function of the field, and the intensity are 

I(~r) =
cn0

8⇡
hA?(~r)A(~r)i
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• By applying the formalism described in the previous slides, we obtain for the 
normalized spreading angle  

M4(0) = n2
0

✓
1 +

R2
0

2⇢2c
� P

Pcrit

◆
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focusing
defocusing

• The defocusing term due to incoherence is identical in form for propagation in 
turbulence with the coherence length replaced by the Fried parameter (the 
atmospheric coherence length)

Pcrit =
�2
0

2⇡n0n2
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Bessel beams with OAM in finite apertures

Power of a Bessel beam: Pmn = ⇡R2
0I0J

2
m�1(jmn)

• For apertured Gaussian with intensity IG to have equivalent power:

IG
IB

=
2R2

0

W 2
0

J2
m�1(jmn)

1� exp(�2R2
0/W

2
0 )

Figures show intensity profiles of Bessel beams (solid curves) 
and apertured Gaussian beams (dashed curves) with equivalent 
RMS spot size and power.
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• For both beams to have equivalent RMS radius: W 2
0

2
� R2

0 exp(�2R2
0/W

2
0 )

1� exp(�2R2
0/W

2
0 )

=
⌦
r2
↵
mn

Field envelope: A =

✓
8⇡I0
n0c

◆ 1
2

Jm(rjmn/R0) exp(im✓)(1�H(r �R0))
jmn is the nth root of Jm;
aperture radius: R0

Comparison with apertured Gaussian beam:
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P
B
/P

G

Radial mode number, n

m = 0
3
5
10

Self-focusing power (PB) of a Bessel beam transmitted through an aperture of radius R0

PG = �2/(2⇡n0n2) is the self-focusing power of a Gaussian beam

PB =
PG

2
j2mnJ

2
m�1(jmn)

R jmn

0 dx
h
x
4 (Jm�1(x)� Jm+1(x))

2 + m2

x J2
m(x)

i

R jmn

0 dxxJ4
m(x)

Self-focusing power of Bessel beams with OAM in finite apertures
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It is seen that self-focusing occurs mainly within the central lobe, with the intensity profiles

of the outer rings remaining relatively undisturbed. Figure 8(b) shows that there is excellent

agreement between the self-focusing distance of the central lobe of various n modes obtained

from simulations and from Eq. (26).

n

simulations
theory

(a)

(b)

100

10-1

10-2

10-3

10-4

FIG. 8: (a) Normalized intensity vs. transverse coordinate at z = 0 (dashed curve), and at z = LB1,

i.e., the self-focusing length, for the m = 0, n = 7 mode with power P = PB. (b) LB1, normalized

to the Rayleigh length of the aperture, vs. n, for m = 0, and P = PB, obtained from simulations

(points), and Eq. (26) (dashed curve).

V. CONCLUSIONS
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Bessel beams are very unstable to filamentation 

• For Bessel beams at the “critical 
power”, filamentation is 
governed by smaller-scale 
filamentation.

• For example, the m=0 mode has 
a filamentation distance given 
by:

P
B

/P
G

n

m = 0
3
5
10

FIG. 6: Self-focusing power versus radial mode number n for various for various angular momentum

states m.

standpoint, for a laser with a given maximum power, P , Fig. 6 indicates the optical mode

that the laser should produce to maximize its propagation e�ciency, i.e., having P ⇡ PB.

Figure 7 shows the results of simulations for the propagation of various apertured Bessel

beams in the linear regime (P << PG). The evolution of the beam spot size shown in

Fig. 7(a) agrees well with the theoretical prediction of Eq. (14). The slight discrepancies

at larger z, and the result from a small amount of power reflecting from the edges of the

simulation box. Plotting the peak intensities of the various beams in Fig. 7(b) shows that

the lower m-modes retain a higher peak intensity for longer distance.

When the beam power is equal to PB for a m = 0 mode, the power contained in the

central lobe is

PB1 =
PG

2
j
2
01J

2
�1(j01) 0n, (25)

and the beam spot size remains constant as it propagates. However, since PB1 can be

significantly larger than PG, the central lobe can undergo strong self-focusing. When PB1 >

PG, the self-focusing distance of the central lobe is

 LB1 ⇡ 0.257(⇡r21/�)/
p

PB1/PG � 1, (26)

where r1 = j01R0/j0n. Apart from the numerical constant, Eq. (26) is the self-focusing

length of a collimated Gaussian beam with spot size r1 and power PB1, derived under the

assumption that the intensity profile evolves self-similarly.
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which can be much shorter than 
the Rayleigh length of the whole 
beam.

Self-focusing of an apertured, high-order 
Bessel beam at the “critical power”

PB ⇡ 40PG
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Using a gas lens to create a Bessel beam

• A gas or plasma can be used to create a radial refractive index variation that can 
act as a lens with very high damage threshold for high-intensity laser pulses. 

• NRL recently created a vortex flow gas lens that acts as a negative axicon, and 
can be used in conjunction with a focusing lens to create Bessel beams.

Lens schematic

3D printed lens

Formation of annular beam 
(focuses to a Bessel beam)
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NRL’s newly-renovated ultrashort pulse laser facility

• 350 sq. ft. ISO 4 cleanroom
• 40TW 5Hz high energy laser
• 0.5TW 1kHz repetition rate laser 
• Tunable OPA 

– Currently: 1.1-2.6um 
– 200nm-15um July 2018

• Laser-driven electron and ion 
accelerators

• Ultrafast laser-matter interactions and propagation
• Novel radiation sources

A unique facility that enables high-precision, pump-
probe experiments involving any combination of 
photons at almost arbitrary wavelengths (THz thru X-
ray) and high energy particles (electrons and ions)
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Summary Remarks

• Nonlinear self-channeling is achieved when the laser pulse power is 

close to the self-focusing power and the transverse dimensions are 

smaller than the turbulence coherence scale.

• Experiments demonstrate

– Self-channeling over many Rayleigh lengths achieved

– Self-channeling in deep turbulence

– Self-channeling maintained over distances where temporal spreading 

(GVD) becomes important

– quantitative validation of simulations

• Future work to include propagation of partially coherent, intense 

beams in atmospheric turbulence
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