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= (QObjectives, Team, Propagation Path
" |nstrumentation
= Pupil-plane intensity scintillations (0.53 um and 1.06 um)

= Beam footprint and refractivity estimation with 3-wavelength
polychromatic laser beacon

=  Power-in-the-bucket fluctuations & giant spikes observation

= Summary



Propagation Path & Experimental Set

HALEAKALA
* Receiver telescopes with MAPR sensors at A=0.53 um and 1.06 um

+ Polychromatic beacon receiver telescope (A=0.53 um,1.06 um,1.55 um)

« Search lights
+ Scintillometer
«  Weather station

L =149 km, 92.5 miles

MAUNA LOA

« Polychromatic beacon (PCB) transmitter
A=0.53 um, A=1.06 um, A=1.55 um

+ Telescope for PCB alignment

« Search lights (broad band)

* IR LEDs

« Scinfilometer

*  Weather station

« Particle counter
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Haleakala Site




h "MAPR
sensor

S Receiver telescope
=1 with MAPR sensor
= operating at 0.53 um

Optical Systems at Haleakala Site

Polychromatic

receiver telescope
s operating at

0.53 um, 1.06 itm
\ and 1.55 tm

Fiber array
transceiver
operatlng at

Receiver telescope
with MAPR sensor
operating at 1.06 um

‘sm .
1\

Open door

ERCAOS mobile lab ;
at Haleakala side

\-,

Open door

, ﬂ‘%‘
Projected over 149 km lasembiéam {0.53 um)
pattern at mobile lab (traile#) side wall

ERCAOS experimental setting at the Haleakala site: receiver system inside the mobile lab (left),
view of the mobile lab at Haleakala site during experiments (top, right), and a characteristic
image of laser beam seen at the mobile lab side wall (bottom right).




Optical Systems at Haleakala Site: Polychromatic Receiver Syst

Photonics crystal fiber based Polychromatic
sensing

polychromatic laser beacon
modules

Multi-wavelength laser beam propagation

Mauna Loa through deep atmospheric turbulence Haleakala

Long-exposure A= 1550 um
beam footprints die =43 m
| ' A =1.064 um
1 dle =4.6m
= %
o E ™ .
q: (Fp) v
I o
= g D A =0.532 um
< dle =52 m

Predicted beam footprints and centroid shifts for
30 mm beacon after 149-km propagation in
homogeneous atmosphere with C 2=1016 m-%/3

Polychromatic receiver is power-in-the-bucket (PIB)
sensor based on 30.48 cmm Meade telescope and three
optical channels with single-pixel photo detectors



Mauna Loa Site: Polychromatic Beacon

Fiber-coupling system Polychromatic fiber collimator Collimated

output

Apochromat  Beam splitter

Dichroic beam splitters
y Fiber beams

: Mirror A | O positioner .
- N
| = [ ey %é —
- I single-mode
| | photonic crystal
fiber (PCF) Exit-plane widths of
| | transmitted beams
| t t t | Pointing&  532nm
scanning (12.0mm & 12.4 mm)
| | WS | Control 1064 nm |
. . | £e signais (25 mm & 28 mm)
| Fiber positioner 5 .g 1550 nm
controllers for L Be
| 5 5 5 optimization of fiber | § g“& (34 mm & 36 mm) i
S S S coupling efficiency E— =
| s ;S 5 ;8 5 S | 52 % Dual layer (InGaAs/Si) photodiode ]
| 28 o8 <_| 24 E | E*g 3 with transimpedance amplifier
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Polychromatic beacon operational regimes:
Laser Laser Laser
1550 nm 1064 nm 532 nm ) _
) . High resolution 1D beam scan
Beacon scanning area at 149 km (vertical or horizontal) with continuous
«— 745m ———> measurements of received power inside

30.5 cm bucket for each wavelength

2. High resolution 2D beam scan with
continuous measurements of received
power inside 30.5 cm bucket for each
wavelength

3. low-resolution 1D beam scan
(vertical or horizontal) with continuous
measurements of received power inside
30.5 cm bucket for each wavelength




Mauna Loa Site: Polychromatic Beam Propagatio




April 6, 2019

5

Video of Intensity Scintillations at Haleakala Sit
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Video of Intensity Scintillations at Haleakala Site

April 9, 2019
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Video of Intensity Scintillations at Haleakala Site -

April 15, 2019




Samples of Pupil-Plane Short-Exposure Intensity Distributions (Af

A: Integration time 6-10° sec

recording at 20:33:03

frame #5784 at 20:33:30.38

B: Integration time 2.3:10 sec

| recording at 20:59:31.42

frame #6074 at 21:00:00.21

C: Integration time 2.3:10~ sec

" recording at 22:09:01.67
frame #1766 at 22:09:10.04

D: Integration time 2.3-10~ sec

recording at 22:43:18.09

frame #1280 at 22:43:24.15

A=1064 nm; 59 frames/sec

A: Integration time 1:1073 sec
recording at 20:33:37.51
frame #47 at 20:33:38.31

B: Integration time 1103 sec
recording at 21:00:05.92
frame #7 at 21:00:06.04

C: Integration time 1-103 sec
recording at 22:09:36.20
frame #48222:09:44.37

D: Integration time 1-:10°3 sec
recording at 22:43:52.61
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Analysis of Video Sequences: Pupil Plane Scintillations (Apr

Time-averaged variance of intensity non-
homogeneity within receiver aperture
(“spatial” fluctuations variance)

10 100
between 20:44 and 20:47 |between 20:58 and 21:03
@ i PDF
A =1.06um
104
5
A =0.53um 106
108
0O _ ¥
1 2 3 4 5 6 7  Sub-runs 10

Aperture-averaged variance of intensity
fluctuations (“temporal” fluctuations variance)

10 between 20:44 and 20:47 | between 20:58 and 21:03 2%
5 — 5

1 2 3 4 5 6 7 10

Sub-runs

Recording parameters

Number of frames for 4,=0.53 pm
Number of frames for 4,=1.06 pm
Duration of recording at both 4, and 4, 30 sec

0 10

i A1 =0.53 um

N=6050-6240 frames
N=1710-1770 frames

Intensity scintillations probability
density function (PDF) for 30 sec
recording (sub-run #8, 6125 frames)

A =0.53um

log — normal distribution (theory)

experimental data

30

20 l/<I> 50

Comparison of temporal and spatial
variances of intensity fluctuations

between 20:44 and 20:47| between 20:58 and 21:03

e R E N

1 2 3 4 5 6 7 Sub-runs 10

Aperture-averaged
variance of intensit
fluctuations for n-th frame

()= (5) 1),/

averaged intensity

inside nt" frame
Time/frame- averaged
variance of intensity
fluctuations within receiver
aperture (“spatial” variance)

Variance of intensity
fluctuations (1x1 mm

pixel)
(e,
Oﬁ( m) Tz(l’m )

Averaged over aperture area
variance of intensity
fluctuations inside a pixel
(“temporal” variance)

G% :< Oﬁ (rm)>a;nme

Experimental setup characteristic sizes

Aperture diameter
Central obscuration diameter
Pixel size

305 mm
102 mm
Imm x1 mm



Pupil Plane Scintillations (April 5)

A: Integration time 2-10 sec
recording at 19:48:16.01
frame #5 at 19:48:16.05
B: Integration time 2-107 sec

¥ recording at 20:56:56

@ frame #363 at 21:00:00.21
d C:Integration time 210~ sec
= 4 recording at 22:18:23

4 frame #23 at 22:18:23.25
D: Integration time 2:10 sec
recording at 22:28:28
frame #1280 at 22:28:35.77

A: Integration time 1:1073 sec
recording at 19:48:16.01
frame #3 at 19:48:16.05

B: Integration time 1103 sec
recording at 21:00:05.92
frame #132 at 21:00:06.04

C: Integration time 1-103 sec
recording at 22:18:57.45
frame #1321 at 22:19:19.84
D: Integration time 1:10°3 sec
recording at 22:29:03.22
frame #474 at 22:29:11.26
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Pupi m pottom) intensities
A B =

Coherent Laser Beam Mirages (April 5)

=532 nm; 211 frames/sec

MAPR complex-

field sensor .
Low-resolution

lenslet array (4x4)

IF(r)

Focal-plane
photo-array

Pupil-plane
photo-array

Polychromatic Geomelicpath

beacon

Receiver Telescope

Ray tracing (Standard US76 atmosphere):
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Analysis of Video Sequences: Pupil Plane Scintillations (Apr

Time-averaged variance of intensity non-
homogeneity within receiver aperture
10 (“spatial” fluctuations variance)

between between| between 20:56| between
19:48 and 20:00 [20:03 and 21:07 22:02
é and - and
20:04 22:18

| 2=1.06pm

1 2 345 6 7 8 91011 Sub-runs

16 17

Aperture-averaged variance of intensity

fluctuations (“tempora

10

|I)

10°

PDF

10+

10®

108

fluctuations variance)

Intensity scintillations probability
density function (PDF) for 30 sec
recording (sub-run #1, 2921 frames)

21 =0.53um
log — normal distribution (theory)
experimental data
1 1 ! 1
0 10 20 30 l/<I> 50

Comparison of temporal and spatial
variances of intensity fluctuations

“T119:48 and 20:00

Aperture-averaged
variance of intensit
fluctuations for n-th frame

()= (5) 1),/

averaged intensity
inside nt" frame

Time/frame- averaged
variance of intensity
fluctuations within receiver
aperture (“spatial” variance)

Variance of intensity
fluctuations (1x1 mm
pixel)

" [119;48 and 20:00 [20:03 20:03 | 20:56 22:02 I: ( )_ ( )iF
and d G% and and 21:07 and _< In rm Tn rm >N
O - 20:04 ] 20:04 22:18 oﬁ(rm) i ’r i
o )
@ 1 =0.53 um
5 > . Averaged over aperture area
variance of intensity
il | fluctuations inside a pixel
I I | (“temporal” variance)
ol 0 ]JJ= 0% — Oﬁ (r )
1 23456 7 8 91011 Sub-runs 1617 1 23456 7 8 91011 Subruns 1617 < m>a‘m‘e
Recording parameters Experimental setup characteristic sizes
Number of frames for 2,=0.53 pm 2850-2980 Aperture diameter 305 mm
Number of frames for 4,=1.06 um 1170-1760 Central obscuration diameter 102 mm
Duration of recording at both 4; and 4, 30 sec Pixel size 1mm x1 mm



PIB (normalized) PIB (normalized)

PIB (normalized)

Received Power-in-the-bucket (PIB) Fluctuations: Giant Spike

Observation
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1064nm

Time [sec]

Date: April 5t; Local time:
20:40:20
Recording time 20s

Low-resolution vertical scan

Cn2 (MLO): 7.4e-15
Cn2 (HL): 7.1e-15

PIB (normalized) PIB (normalized)

PIB (normalized)

Time [sec]

Date: April 5", Local time:
20:29:20

Recording time 20s
Low-resolution vertical scan
Cn2 (MLO): 1.0e-14

Cn2 (HL): 4.5e-15
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ERCAOS: Pupil Plane Scintillations (April 6)

32 nm; 211 frames/sec

1 G [m*]
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A=532 nm

A: Integration time 1:107 sec
recording at 21:54:55.92
frame #1040 at 21:55:06.22
B: Integration time 1107 sec
recording at 22:22:00.87
frame #1347 at 22:22:14.21
C: Integration time 1:10™ sec
recording at 22:41:29.50
frame #832 at 22:41:37.74
D: Integration time 1-:10 sec
recording at 23:10:09.10
frame #191 at 23:10:10.99

A: Integration time 2:1073 sec
recording at 21:54:55.92
frame #607 at 21:55:06.21

B: Integration time 2:103 sec
recording at 22:22:35.05
frame #196 at 22:22:38.38

C: Integration time 2-:103 sec
recording at 22:42:03.71
frame #1321 at 22:42:15.05
D: Integration time 2:10°3 sec
recording at 23:10:43.34
frame #109 at 23:10:45.19

A=1064 nm



ERCAOS: Pupil Plane Scintillations (April 14)

=532 nm; 211 frames/sec A: Integration time 6:10 sec

recording at 20:52:11.97
frame #78 at 20:52:12.35

B: Integration time 2.3-107 sec
recording at 21:23:59.50
frame #6114 at 21:24:28.47

C: Integration time 2.3:10~ sec
recording at 22:06:11.83
frame #246 at 22:06:12.99

D: Integration time 2.3-10~ sec
recording at 22:53:39.13
frame #557 at 22:53:41.77

A: Integration time 1:1073 sec
recording at 20:53:03.25
frame #84 at 20:53:04.67

| B: Integration time 1103 sec
recording at 21:24:50.72
frame #20 at 21:24:51.06
C: Integration time 1103 sec
recording at 22:07:03.03
frame #37 at 22:07:03.66
D: Integration time 1-:10°3 sec
recording at 22:54:30.18
frame #48 at 22:54:30.99

19:00 20:00 21:00 22:00 A=1064 nm



Summary of Observed Intensity Scintillation Regimes

April 5, 2019
Mauna Loa
C,2=1:101 m2/3
Haleakala
C,2=5:10° m23

April 14, 2019
Mauna Loa
Co2=1:1014 m?3
Haleakala
C,2=5-104 m%3

April 6, 2019
Mauna Loa
C,2=1:104 m%3
Haleakala
C.2=3-10"1° m%3

April 4, 2019
Mauna Loa
C,2= 810 m?/3
Haleakala
Co2=3:1015 m23




Beam Footprint & Refractivity-Induced Centroid Displacement Est

PIB profiles obtained with 1-D polychromatic beam vertical scanning (averaged over 20 scans)

| April 9, 23:01 p.m. | 124 April 15, 22:44 p.m.
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1-D beam proﬂle (m)

Exit-plane widths of

Beam footprint

transmitted beams in vacuum
532 nm 532 nm
(12.0mm / 12.4 mm) 5.8 m
1064 nm 1064 nm
(25 mm / 28 mm) 53m
1550 nm 1550 nm
(34 mm / 36 mm) 5.7m

1-D beam proflle (m)

Date: April 9 Local time: 23:01

Mauna Loa Haleakala
C,2=4-10"1> m?/3 C,2=5.2:10"1> m?/3

Vertical scan results

Beam footprint
centroid shift

Beam footprint
diameter (e drop)

232 nm 21m 532->1064  2.71m
1064 nm 26.2 m ) e AT N :
1550 nm  301m 327 =2

Images of polychromatic
beam 2-D scan (April 15,2019)

49im

1550 nm




Refractivity-Induced Vertical Shift of Beam Centroids: Measureme

Predictions Based on Standard Atmosphere (US1976) Model

Results of direct measurements of beam footprint centroid vertical displacements using

polychromatic beam scanning technique: A=1.55 um relative to A=0.53 um (blue bars) &

A=1.06 um relative to A=0.53 um (red bars) Receiver positionin @
respect to beam ®
footprint with PY
polychromatic .
beam vertical
scanning

—
E
+— 7 n
C
e} o Apnl 14 Uus 76
E |6 - April 4 - = A=1.55 pum
) - ; relative to
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Summary of 149 km Laser Beam Propagation Experiments

Observation of fringe-type pupil-plane laser beam intensity patterns and two well-defined focal

spots at the receiver telescope - coherent laser beam “mirages”

Observation of giant enhancement of turbulence strength and its impact on laser beam

characteristics in the vicinity of clouds

Observation of high variability of atmospheric refractivity and strong coupling of refractivity and
turbulence-induced effects on laser beam propagation characteristics. Both, the observed vertical
elongation of laser beam footprint, its size and centroid displacement magnitude were

continuously changing during experiments within a characteristic time scale of a few minutes

Observation and quantitative measurements of the horizontal and vertical anisotropy of laser
beam widening over long range atmospheric propagation in presence of both turbulence and
refractivity. These measurements were performed via transmitted polychromatic beam scanning

with simultaneous measurements of the PIB signal by the polychromatic receiver

Qualitative measurements of laser beam intensity scintillations and frequency of giant spikes

appearance.

Simultaneous recording of both meteorological and optical turbulence characteristics at both

sides of the propagation path
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THE END




