arxiv:2505.00613v1i 0 00O

RESEARCH ARTICLE

(VSR LI S A V) 2113 S N w2 b e (VY LA
M. W. Hyde IV®, M. F. Spencer®®, and M. Kalensky

aEpsilon C51, Beavercreek, OH, 45431, USA

PDepartment of Engineering Physics, Air Force Institute of Technology, Dayton, OH, 45433,
USA

¢Joint Directed Energy Transition Office, Office of the Under Secretary of Defense for
Research and Engineering, Washington, DC, USA

dIntegrated Engagement Systems Department, Naval Surface Warfare Center Dahlgren
Division, Dahlgren, Virginia, USA

ARTICLE HISTORY
Compiled 2025 4£ 5 A 4 H

LS

FRATHL 7 i Pl o A e R 2 KRB Bt D B A BRI D5 i . 3K
AT RS EROBUR R BRI 451 bR K0 S5 LS5 SR AT EUBOR S T T 1) T AR
KPR — 2 BATHIARCLER G BT TARFAE 3R B BR R HAL 1 AU d Y e 075
B R AR

KEYWORDS
FIERN G KA AE 0

1. fvr#f

PRI HERf 0 7 )T T OB TR IR OR — E R I 30 AFRIBFTE R, [1-
9o FEIX— I LAY A B, % H AR A A B — KT Y P S T B A A R 1
EHERR -

P, TR RS B K B K B ROLY: (AO) ARG8T A T 2%# (10,
1] o AERP A AO , RURAE— MR T BB ANIAE S — MR NI IR . fER
Jese, RRFEMMEE, HFHEL0E TILHAE [12-21] o SR, 5RSCRMARE K,
ATFICRBGIHI R A0 RGEEFHAEHANAE T TAE (BRI, MUK . JLTK-FrIE
12 [22]) . JEESECT NI, A4 T R SORBIAEA EELEYE (23,24] o SXLEBIGON
A AO PERERY I I R e AL [10] .

CONTACT M. W. Hyde IV. Email: mhyde@epsilonsystems.com


https://arxiv.org/pdf/arxiv:2505.00613v1

XY SR AT DA SRR 25 7 T BB AO RGEEATHITE , FF e AL SRR I
HA GBS RN . WS MK B sE 2.
F5L F, Ishimaru [25] ¥ 5EffES AR RAA NI T 228 %L Bs h

Bs (p, ki, k2) = (¢ (py, k1) ¢ (P2, k2)) // D (K, ki, ko) exp (jk - p) I’k

By (K, ki, ke) = Tk ko2 ®,, (1 ){smc { (lﬁ - k12> } + sinc [z </<:11 + kt) n“’] }

Hp = p; — py, @y RITHRIRGE, 2 BAEIEIE, sinc (z) =sin () /z. 2k =k =k
I HARES A sine (z) BMEGET— (BJUaEAE0) itk TR (1) 280 FRAT
ARSI BRI IR SRTT, 3 O i 2 B KA B A (1) iy se s k= 0k
BT PR TF B BB K 0 Tl A T SR (57 9 A

B IRIEAES % S0k [26] g RIRE TRXAREEAR . FEBL, Al A T il 6 AR 0%
(SS) FriE A OB KAOLBE [7,8]0 FRATFEAR ST H 1 i s ) (11 5 e 4 7 A e L
s R B SRR (2,5,9]

FHREE, RSN RATAE L SS W2 W, Charnotskii 7£ [9,26] SCHk
P TH FIHCHERAEN] SS R PR . FRATH AR TEE M AEAR R SR S . M,
FAT H 2R B 1 BRI A I B B E R AR K. DUT, AT A ERA
LW KA SEEA AL B AR ENS . R RIGIE.

(1)

2. Blig

FATMAEG R E M2 0, T AR k= 2/ [2,5,9] BRAAHALBE:

Oli.5, k] = Re {Z (r" [myn, k] + o' [m, n, ki) \/Qs [m, n, ky, k] iﬁ iﬂ

m,n

X exp (j27r%i) exp (j27r%j>} ,

FHoh Re () /=2 ¢ By M, N #57K A B A 5 10 1) s 8Ga, W T 2,y RS m, n
X Y25 (AR oy £y E’J%‘??I WA, 1E07FE (2) W, L, = MAx,L, = NAy,Az, Ay Jg
JKFFITE B AR TEIEE, 77,0t & N x M AN ARHEIE SRR, &5, ®s 21
2 (1) "PRYRIOZEh A3 (27,28]. JiAE (2) S T— A B Ao U284 PRk, mTAREH
PR A (FFT) Boka s, dE, 1 (2) MR Eg T LS5
sz, I HAAAE S Gt Rt . o — s R A PARRIE AL 6

M AR ITRE (2) TE ko, ks, -+, kg A2 A I8 24 Hp Ty 22 A HC AT (67 5 4«

(2)



sz, JAMEHTTAE (2) I (D i, J1, ko] @ [i2, J2, Kp)) , EITISTFE)

. 21 21
<¢[217]17k] 7’27]27 Z Z L L \/(I)S' mlvnlvkpvk \/(I)S m27n27kq7k]

miy,ny1 mz,n2

(r* [my, iy, k) 7" [ma, ng, k) cos [27r (le + %j )] cos [27r (mﬁlz i N . )}
1

)] o (25 25)

N N
) n
— (r" [my,nq, kp] r! [mQ,ng, >COS [27r (—21 + Nl,jl)] sin [ (—12 + — N )}
N N

o o (e 28)] ).
3)

{

+ {r' [my,nq, k] r' [ma, na, k) ) sin [ (—zl Lo
(
(

— (' [my,n1, k) 7" Mg, na, Ky >sm [27r (—11 + — Ry

@ (riry) = (riry) Fl (riry) = (rir}) WLIER (3) K

.. .. 277 27
<¢ [Zla.]lakp](yﬁ[z%]%kqb — \/(DS m17n17 akp]\/q)S [m2>n2akq7kq]
T T . m . n . 4
X {(r [my,nq, k| r [mg,ng,k ])cos [27r (ﬁh + — N MQZQ — ﬁjg)] (4)

— {r*[my,nq, ky) 7' [ma, na, k) ) sin [27r (le + le + Mh 4 D2 N )] } .

N T FERERA YIRS, R (4) AT R (1) 1Y Bso X (riry) =0

@S [ml, ni, k,'p, kq] ) [ml — mg] 1) [’fll - ng]
\/‘bs [mlanl’ k;m kp]\/q)s [mz,nzy kqa kq] ’

Mo 6 (o] R N TR B, TR (5) FRATTRR (4), FERE ma, no FEFTRIAIR
L, AR (1) REAER,

AT, AT A PR SR RN BCAE R (2) R AT 4 B MU Iy 95 A
IR iy 1 yo SXEHF M Cholesky B TARZ S M. BHHE (5), BT o, Al
v (SHRHE G TS ) (b 2R % T

<7Ar [m17 niy, kp] ,,,.r [m27 na, kq]> =

()

1 R
g = - > <6>
R,, 1
Hr Ry, 2
i) k,, k
qu S[manv P q] ) (7)
Vs [m,n, kp, kyl\/®@s [m,n, kg, k]
R Z R FE (6) ) BMER BRI BEL, (15
[ 1 Ry Ry ... RIQ-
R 1 Ry ... Reo
Y= |Riz Ry 1 ... Rsol. (8)
|Rig Rag Rsg ... 1]




—— Theory
8 7| === Simulation it

== Geometrical Optics =T

0 T T T T T T T T
0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00

Di(p, Ap, A1) [pm?]

Pl 1. BIARK I OPL Z5HIBR L Dy (p, Ap, A1) ZERAELMERIBS B E22 1 -

SRR (8) #4T Cholesky 4M#—Hl, ¥ = LL", H L E2— A TF=MEK— [29,30]
q—1 1/2
Loq = (qu - ZL§k>
k=1

1 (i
Lpg =7~ <2pq -y kaqu> p>q.
qq k=1

ESTHENLEC o AP o B AR (2) DABARIGLRRAE by, Ko, -+ g, ENTARSE

9)

_Ti,Til_ L11 0 0 0 T1,TQ+1

TE,T‘iQ L21 L22 0 e 0 T2, TQ+2

r5,r5 | = | Lsy  Lsy Lz ... 0 T3,TQ+3 (10)
76. 7o) Lot Loz Loz -+ Leql [T@)m2q ]

M 2Q N x M FEFERMSIARE RSB M, FHEE IR (9) BIHTTEE Lygo

SN, BN FET AL PR 2R AR AN T -



(1) AWM Q PRt EASREPLIEL .

(2) FEHJTR (9) 15 Cholesky il L.

(3) Amtry . o Ml o MHEE (10).

(4) K51 o Mmoo AR (2).

(5) H Q 4 FFT,

FATEZ BN FRAT I EART DU T B A YOk I b AE (2,5,9]:
A P Q i IE S BELEL

7 (9) T4 Cholesky #i[%: L,

Ay o R o BT (10).

Kl o Flr o RASHE G 9] R (10) s
THIA B R AR 4

KAV 54T -

1
2
3
4
5

(
(
(
(
(
(6

N — ~— — " —

4. Bk

Bl LR TeEis e K (OPL) S5MR%L D, iy EAEE S5 R . #s =/ D,
25 kS S0k [26] AR (18), FATAEE Rt T, K @, FTBHEMN
R [31], C2 =371 x 107 m™ %3, 2 =750m, lp =5 mm fl Ly = 20 m, F&
LTS T IL s (GO)Dy, FATIA Ref. [32] 55 6 Fih#E (60) &5 H 0 AH (o7 4544 pR £k
Dg = kpk,D; 3545 . FRATM 1000 NGETHSLA ¢ THERHUR Dy, HA e B Mg K
FEIFE A3 9 m Fil lo/3. A ¢ H—A FFT e E=A0OF b d s, RI1E2
SR [33] TS T — TS AR AALFER Python A

FATREL B HE AU Dy FEE TP AR —20. X551 F R Ik 7 IRATH
ZWARAFRIAHC B v R, SRS RETE p = 0 0RETE, 5HEKM D,
Ao X —FHEAES % SCHR [26] HdfAT THiR . Ak, g Dy () E/N e
FREE (IEIE) KT GODy, i@l TATEHE Y, ST EE T (2) MR
B

5. &5k

FEX I SCH, AN T A FET A2 i K RSHN R . X T AE
PR T EESLA T BBRAR G R A B A TR FEREER T RGI) SS 7k, T
RO AANIBE (26] o XM OGN R BE BT 46, I AR 22 45
FASER, DA SEIFRATHYSEAR o SR8 1R TR AR A EEY 1,000 ASHAAZ GRS 2
AR OPL 4544 s 805 B I T BRI AT 7 ik . SR AER W& . BATAE N2
BB T IR FFAERT TS SR TmrAL O B 1 e ARG S M LAY b A HEAE 1



B

VRS RN G A 1) RE R R 2 =5 0 B T 50
M.W.H. : R FEAWWSEBTEERN, HAFE Epsilon C5I 5 Epsilon Systems
MR ET I -

YEE T, AEEA TR IS AN AE AT eI A AL A 2o 2 AT AT Rl B0 55 R &R
K EBUF B SN > K ENAHTBUFHIY, Joi 2 S AERARID . 7
Ao HEATTRAG: S BOICRE . A IEE55 At ES S NSWCDD-PN-25-00102.

IS Z

BEIFTERPAFAT AT HE B o

5430k

[1] Roddier NA. Atmospheric wavefront simulation using Zernike polynomials. Opt Eng.
1990;29(10):1174-1180. Available from: https://doi.org/10.1117/12.55712.

[2] Lane RG, Glindemann A, Dainty JC. Simulation of a Kolmogorov phase screen. Waves
in Random Media. 1992;2(3):209-224. Available from: https://doi.org/10.1088/0959-
7174/2/3/003.

[3] Roggemann MC, Welsh BM. Imaging through turbulence. Boca Raton, Florida: CRC
Press; 1996.

[4] Frehlich R. Simulation of laser propagation in a turbulent atmosphere. Appl Opt. 2000
Jan;39(3):393-397. Available from: http://ao.osa.org/abstract.cfm?URI=a0-39-3-393.

[5] Schmidt JD. Numerical simulation of optical wave propagation with examples in matlab.
Bellingham, Washington: SPIE Press; 2010.

[6] Carbillet M, Riccardi A. Numerical modeling of atmospherically perturbed phase screens:
New solutions for classical fast Fourier transform and Zernike methods. Appl Opt. 2010
Nov;49(31):G47-G52. Available from: https://opg.optica.org/ao/abstract.cfim?URI=ao-
49-31-GA47.

[7] Charnotskii M. Sparse spectrum model for a turbulent phase. J Opt Soc Am A. 2013 Mar;
30(3):479-488. Available from: http://josaa.osa.org/abstract.cfm?URI=josaa-30-3-479.

[8] Charnotskii M. Statistics of the sparse spectrum turbulent phase. J Opt Soc Am A. 2013
Dec;30(12):2455-2465. Available from: http://josaa.osa.org/abstract.cfm?URI=josaa-30-
12-2455.

[9] Charnotskii M. Comparison of four techniques for turbulent phase screens simulation.



22]

[23]

[24]

J Opt Soc Am A. 2020 May;37(5):738-747. Available from: http://josaa.osa.org/ab-
stract.cfm?URI=josaa-37-5-738.

Hyde MW, McCrae JE, Kalensky M, et al. “Hidden phase” in two-wavelength adaptive
optics. Appl Opt. 2024 Jun;63(16):E1-E9. Available from: https://opg.optica.org/ao/ab-
stract.cfm?URI=a0-63-16-E1.

Hyde MW, Kalensky M, Spencer MF. Phase error scaling law in two-wavelength adaptive
optics. IEEE Photonics Technol Lett. 2024 June;36(12):779-782.

Fugate RQ, Fried DL, Ameer GA, et al. Measurement of atmospheric wavefront distortion
using scattered light from a laser guide-star. Nature. 1991;353(6340):144-146.

Fugate RQ, Ellerbroek BL, Higgins CH, et al. Two generations of laser-guide-star
adaptive-optics experiments at the Starfire Optical Range. J Opt Soc Am A. 1994 Jan;
11(1):310-324. Available from: https://opg.optica.org/josaa/abstract.cfm?URI=josaa-11-
1-310.

Ageorges N, Dainty C, editors. Laser guide star adaptive optics for astonomy. Dordrecht,
Netherlands: Kluwer Academic; 2000.

Parenti RR, Sasiela RJ. Laser-guide-star systems for astronomical applications. J Opt
Soc Am A. 1994 Jan;11(1):288-309. Available from: https://opg.optica.org/josaa/ab-
stract.cfm?URI=josaa-11-1-288.

Wang L, Andersen D, Ellerbroek B. Sky coverage modeling for the whole sky for laser
guide star multiconjugate adaptive optics. Appl Opt. 2012 Jun;51(16):3692-3700. Avail-
able from: https://opg.optica.org/ao/abstract.cfm?URI=a0-51-16-3692.

Lukin VP. Efficiency of some correction systems. Opt Lett. 1979 Jan;4(1):15-17. Available
from: https://opg.optica.org/ol/abstract.cfm?URI=0l-4-1-15.

Hogge CB, Butts RR. Effects of using different wavelengths in wave-front sensing and
correction. J Opt Soc Am. 1982 May;72(5):606-609. Available from: https://opg.op-
tica.org/abstract.cfm?URI=josa-72-5-606.

Holmes JF, Gudimetla VSR. Strehl’s ratio for a two-wavelength continuously deformable
optical adaptive transmitter. J Opt Soc Am. 1983 Sep;73(9):1119-1122. Available from:
https://opg.optica.org/abstract.cfm?URI=josa-73-9-1119.

Winocur J. Dual-wavelength adaptive optical systems. Appl Opt. 1983 Dec;
22(23):3711-3715. Available from: https://opg.optica.org/ao/abstract.cfm?URI=a0-22-
23-3711.

Devaney N, Goncharov AV, Dainty JC. Chromatic effects of the atmosphere on astronomi-
cal adaptive optics. Appl Opt. 2008 Mar;47(8):1072-1081. Available from: https://opg.op-
tica.org/ao/abstract.cfm?URI=a0-47-8-1072.

Kalensky M, Getts D, Banet MT, et al. Limitations of beam-control compensation. Opt
Express. 2024 Nov;32(24):42301-42317. Available from: https://opg.optica.org/oe/ab-
stract.cfm?URI=o0e-32-24-42301.

Fried DL, Vaughn JL. Branch cuts in the phase function. Appl Opt. 1992 May;
31(15):2865-2882. Available from: http://ao.osa.org/abstract.cfm?URI=a0-31-15-2865.
Fried DL. Branch point problem in adaptive optics. J Opt Soc Am A. 1998 Oct;



[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

15(10):2759-2768. Available from: http://josaa.osa.org/abstract.cfm?URI=josaa-15-10-
2759.

Ishimaru A. Temporal frequency spectra of multifrequency waves in turbulent atmosphere.
IEEE Trans Antennas Propag. 1972 Jan;20(1):10-19.

Charnotskii M. Phase screens for the two-wave adaptive optics simulations. Optica Open.
2024;Preprint.

Tatarskii VI. Wave propagation in a turbulent medium. New York, New York: McGraw-
Hill; 1961.

Ishimaru A. Wave propagation and scattering in random media. Piscataway, New Jersey:
IEEE Press; 1999.

Strang G. Linear algebra and its applications. 3rd ed. Toronto, Canada: Thomson Learn-
ing; 1988.

Watkins DS. Fundamentals of matrix computations. 2nd ed. New York, New York: Wiley;
2002.

Sasiela RJ. Electromagnetic wave propagation in turbulence. 2nd ed. Bellingham, Wash-
ington: SPIE Press; 2007.

Andrews LC, Phillips RL. Laser beam propagation through random media. 2nd ed.
Bellingham, Washington: SPIE Press; 2005.

Hyde M. Generate_ Multi_ Wvl_Screens.py:  Python  script to  synthe-
size multi-wavelength atmospheric phase screens. 2025 Feb;Available from:
https://doi.org/10.6084/m9.figshare.27981053.v2.



