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The Aggregate Behavior of Branch Points - A Proposal for an 
Atmospheric Turbulence Layer Sensor 

Darryl J. Sancbezo, Denis \V. Oeschb, Carolyn M. Tewksburyo and Patrick R. KellyO 
II Starfire Optical Range, AFRL/RDS. Kirtland AFB, Albuquerque, NM. 87117, USA 

6 Science Applications International Corporation, Albuquerque, New Mexico, USA 

ABSTRACT 
We propose a sensor that measures the number. strength, altitude and velocity of atmospheric turbulence layers. 
Reeent research has shown that pupil plane branch points contain four independent and measureable parameters 
and that these four parameters can be used to estimate four independent turbulence layer parameters-number, 
strength, altitude and velocity-for each atmospheric turbulence layer. Here, we summarized previous results 
and then demonstrate how these results allow for construction of a turbulence layer sensor. 

Keywords: adaptive optics, branch points, atmospheric turbulence 

1. INTRODUCTION 
Much of astronomy relies on images collected through atmospheric turbulence. Turbulence Imprints a ran­
dom spatially varying phase on the propagating wave, and this random phase is an error that degrades image 
performance. Adaptive optics is a long established means of compensating for this error. 

Traditional adaptive optics compensates for the errors by assuming a phase only disturbance in the pupil of 
the telescope, i.e. a singe turbulence layer at the pupil. A deformable mirror is placed optically coqjugate to the 
pupU, and when the wave is reflected by the deformable mirror, the figure of the mirror is added to the phase of 
the optical wave, thus inverting the atmospheric phase disturbance. The deformable mirror's figure is calculated 
by subdividing the telescope's pupil into a regular array of subaperlures and measuring tbe wave within each 
suhaperture using a wavefront sensor. The corrupted phase is reconstructed from these measurements and fed 
into a proportional-integral controller that calculates deformable mirror commands. This long standing paradigm 
has been recently improved by both increasing the number of deformable mirrors, multi-coqjugate adaptive optics 
(MeAO) and an enhanced controUer (Predictive Fourier Controll ). MeAO inlProves compensation by assuming a 
"best-fit" two layered structure to the atmospheric turbu1ence2 even when the atmosphere is broadly distributed. 
This common assumption is borne out experimentally.3 Predictive Fourier Controll modifies the control law to 
account for a layered atmosphere with each layer having a dominant velocity for Do few tens of seconds. Hence, 
measurement of the three dimensional atmospheric turbulence is of interest because a priori knowledge of the 
turbulence layers can be used to improve adaptive optic compensation. 

Of particular interest to. us is a peculiar interference effect; after the wave encounters turbulence, as it 
propagates further, it self-interferes. Periodically, this self-interference creates zeros in amplitude. These zeros 
are known as branch points. 

Here, we propose a sensor that uses branch points to measure the atmospheric turbulence layers. Branch 
points, in any classic adaptive optics sytstem, in particular one that uses a least mean square reconstructor 
only lead to degradation in adaptive optic system performance4 and are regarded strictly as noise. In our pre­
vious work, we have shown that branch points contain a great deal of infonnation about the turbulence that 
created them. In particular. we demonstrated t hat the ensemble of pupil-plane branch points carry four indepen. 
dent parameters. H These rOUT independent parameten can be used to estimate rOUT independent atmospheric 
turbulence layer parameters-number. strength. altitude and velocity.s 

In this work, we describe a sensor that estimates those four parameters, describing how it can be built 
and implemented at an observatory. Specifically, we present the combined package of hardware and software 
necessary to build the sensor. We begin by first formulating the problem in Section 2 and and enumerating the 
parameters of importance for adaptive optics in Section 3. In Section 4, we address a seemiogJy major stumbling 
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block to successful implementation of this sensor. Then, in Section 5, we present our previous results; this is the 
foundation upon which this type of seanor can be built. Section 6 presents the turbulence layer sensor, folowing 
which Section 7 discusses bow this device was implemented in our laboratory. Finally, Section 8 summarizes tbe 
work. In these presentations. we demonstrate that branch points, which heretofore bas been regarded strictly as 
noise in adaptive optics systems. can be used to estimate useful infonnation on the turbulence layers. 

2. THE ZEROS OF AN ANALYTIC FIELD 
Assume that there is a monochromatic point source beyond tbe atmosphere and that a wave from this source 
propagates through the atmospbere. Atmospheric turbulence adds random optical path length to the propagating 
wave, and these path length difFerences appear as random pbase ftuctuatioDS. As the wave propagates, the 
phase ftuctuatioDS cause the wave to self-interfere as it propagates. This self interference leads to amplitude 
ftuctuatiODS. Under the rigbt conditions, this self-interference is strong enough to produce zeros in amplitude. 
These zeros in amplitude are known to appear when the log amplitude variance-called the Rytov parameter-of 
tbe propagating WB\'8 exceeds 0.1. Throughout the paper. the two terms 'zeros of the field' and 'branch points' 
will be used inten:hangably. 

The field's zero in amplitude is both accompanied by an equivalent non-localized 2'1' circulation in phase, and 
also each zero is uniquely 8S9OCiated witb either a positive or negative polarity. That is, in the absence of noise, 
when the phase. ~z, If). is integrated about a closed path about a single branch point. the resultant is always 
:1::2'1',"·10 i.e. 

In dl 4>(%,,) = :1::2'1' (1) 

where In . dl is a line integral along tbe closed curve {1 which encircles a single branch point. Note that tbe sign 
oftbe Equation 1 is uniquely associated with either :1::1. For discussional clarity. we call sign (In dl 4>(%.71») the 
polarity of the zero. 

Properties of the zeros of the field arc tbe foundation for creating a turbulence layer sensor. 

Finding the ZerD8 
Finding tbe zeros of tbe field is of utmost importance. In the pristine world of theory, this is trivially done by 
finding tbe minima in tbe magnitUde of tbe field. However, in the real-world. sensors have finite pixel size, and 
with probability one, this precludes using zeros to find branch points. In the real-world, in addition to having 
finite size pixels, they are also intrinsically noisy. In tbis case, it has been found tbat branch points are best 
(ound using Equation 1.10•11 

Creation Pairs 
It has been previously shown' that zeros appear in pairs of opposite polarity and that these pairs separate as 
they propagate. In addition to the density of branch points, lntra-creation-pair separation is key to the design 
of a turbulence layer sensor. 

S. PARAMETERS OF IMPORTANCE FOR ADAPTIVE OPTICS - WHAT A TULS 
MUST MEASURE 

Amospherie 7\.rbulence and i~ Momtn~ 
Atmospheric turbulence causes phase disturbances. It bas been found tbat the phase disturbances are best 
described by a structure function with an ':: power law in its power spectrum; this is known as a Kolmogorov 
spectrum.12 Assuming a Kolmogorov spectrum and using the Rytov approximation, two common approximation 
used in adaptive optics, it has been shown12•13 that four moments o( the atmospheric structure function, for 
tbe most part. determine adaptive optic performance. These are the zeroth altitude moment, the l'b altitude 
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moment, the ltb altitude moment, and the !th velocity mOlnent. The functional forms of these moments for a 

plane wave are 

D'~ = O.291~/6 foL C~ (h(z»z5/O d:: (R)'toY parameter) (2) 

( 
L )-3/8 

TO = o.423~ fo C!(h(z»dz (fried'" pa .... mcter) (3) 

90 = 2.91~ foL C~(h(.:»z8/3 dz (the i..oplanatic patch) (4) 

( 
L )3/5 

Ie = o.254k!/li L C!(h(.:»vli/3(.:)d:: (Creenwood rrcqlmlC)') (5) 

with ko the wave number, L either the distance to the guide star or the top of the atmosphere . .: the distance 
from the pupU to that point. he::) the altitude at distance .:, and assuming a singl~pole servo filter. 

In the approximation of MCAO. turbulence is layered. Hence. the structure function is layered. Making 
the same assumption here. we assume that there are Nturb turbulence layers and these layers are at altitudes 
h. < h2 < ... < hN. The structure function is then given by 

(6) 

The Parumelera oJlntere.t in Adaptive Optica - ro. a~. 80 and Ie 
A turbulence layer sensor must estimate the four parameters upon which TO. D'~. 80 and Ie depend. These are 
the number of turbulence layers, and for each layer, its velocity, strength. and altitude. 

4. CREATING BRANCH POINTS ON-DEMAND 
One potential problem to practical implementation of a 1UL Sensor is that for most observatories, no branch 
points exist in the optical field. For an observatory at an altitude of 3Km or greater, observing near zenith at 
wavelength of Ipm, and using the Huff'nagel-Valley atmospheric model. D'~ «0.1. This section demoDStrates 
that this is not a problem because branch points can be produced on demand. 

4.1 Branch Points, On-demand 
In principle, all that is required to create branch points is to increase the propagation distance. To wit, suppose 
the actual Rytov parmater is near qro, but the required Rytov parameter is ~ > O. Since D'~ is monotonically 
increasing with z, then there exists A% such that 

~ = O.291k!/6 LL C~(z)(: + !::J.z)li/6 d.: 

In the layered case. the h; are fixed yielding 

R = 0.291~/8 (C!(h)6(h - h.)(h + !:u)$/8 + C~(h)6(h - h2)(h + dz)li/6 ••• 

+C!(h)6(h - hN)(h + Az)8'8) (7) 

the desired result. 
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4.2 Optically Increasing Propagation Distance 

Ullfortlllllltl'lv. ~: l11a\' be kilometers. so direct illll,lemematioll 011 all opticlIllwnch is problematic. However. as 
is well knowl;. propn~tillg waves of t be same Fresnel Ilumber nrc diffract iwly the MUle. The Frcslll'lnllmber of 
an optical wlwe is gi\'en by 

(D/2)2 
:F=-­

,\: 

with D the pupil dillllwter and ,\ the wlwclellgth of til(' \\'avc. 

(8) 

For two beams of different sizes. Douipul :fi Djlll'ul' two belUus lire I'qllivlIlelll as IOllg liS :OUII'UI and :iu,1U1 nrc 
adjusted such that 

:F = (DO"IIIII';!!):! = (DUll'''';?):! 

>':1)"'1'''' '\:;lIp"l 
(9) 

This fact is used by the optical cOlllmll11ity in every IIduptivc-optk optic-al design. For instant'e. ('oll!iider a 
telescope: as tllll wave pusses throu~h II telcsmpc. it is mll~nified hy the! teko:>copc. Let Do"tp"t be the diameter 
of the iUput aperature and DIII,"'t = .\1 Do"tP"t be tlU' dialJU!ter of till' he'lIlII in the COIIClt! room. If ~:opt is 
required to obtain :F lind ~:'"'I"t is the mmdmlllll di:;tlllu'e I\milnhle in the ('Qudc room. thell choose .\[ such 
thnt 

(10) 

Since .\/ is :;electable \'ia I he Opl knl desigll. ~:outP"t of tells of kilometers clln hl' equimll'nt to ~:jll"ul of melers. 

Note. since Ihe altitude of turbulence layers is arbitra~·. this tedmi'lul' vnries thl' propagation distance, and 
hence the R~'to\' pnrameler lit will. alld this lI110ws liS to ('rente hrand. pointli lit will. 

5. PREVIOUS RESULTS - MEASURING THE PARAMETERS OF INTEREST 

In pre\'ious work. we ha\'e shown t hat the bmnch points of t Ill' field ('olltain a rich amount of information. In 
the foundational work of this research thrcnd,9 it wus shown t lUlt hrlllll'h Jloints IIrc created in pairs of opposite 
polarity infinitl'simally close together. Based on causality, it WIL" speeulllfcc1 that branch points drift apart as 
they propagate, that the sepnrntion within creation pnirs yields the disIIUlC'C tu the t urbulcllce layer that crented 
this creation pair, and thnt the creation pairs JUl\'C till! \'elocity of the turhulencl' layer tbnt created them. This 
is shown gmphiclIlly in Figure 1. Later work expunded on this iniliul result grl'ntJ~': this section reviews tbnt 
work. 

Experimental 
Data 

a o 

"The ereahon and Evolunon 01 Branch POints· 

Implications of C0..!ill1.1in! 

• 8r anch poinu drift apan as they propagate 

• 8ranch pOint sepatanon IS propomonal to 
the dislance to the turbulence layer that 
created them 

• Cteation pairs have the velocity of the 
CEBP results turbulence Iilyer that created them 

Figure l. .·l gmpllical lliclt' 0/ tl/l' r'l:.~ltlt.~ o/tlw /olllldlltiolial wo,.k· fill' tlris Il:smrclr tlm:afl. 

Tht: Polarity Se,uor 
In our previous work. 1I thou~ht (!xpcrimcllt s(!nsor \VIIS assllIlwd I hnl Illt~llsures an optical wa\'t! at time tk lind 



returns a sellSOr frame (array) of data that contains :i:l nt. the brallch poillt locutions and zeros elsewhere. Call 
this the polarity urray alld denote it p(x. u. t}. All the illformatloll nccded for a turbulence layer se~Isor ca." ~e 
extracted from p(x, U, t}. This section ellumerates the fonr independent l)arameters that are contamed wlthm 

p(x. y. t). 

5.1 The Velocity Distribution 
The velocity distribution is created from the set of all possible velocities in pel:. y, tk)· The set of all possible 
velocities is the set of all calculated velocities for all permutations of branch point velocities going forward in 
time for brandl points of similar polarity.~ Then create a function. D(t')' that tnkes the elements of the set of all 
possible velocities as inpllt alld returns the number ohimes each velocity occurs; D(v) is the velocity distribution 
for this particular vclocity set. 

From D(v). two parameters can be extract.ed. the number of velocity c\nsses and the mean velocity of each 
class. 

5.2 The Velocities Classes in p(x, y, t) 
Branch points caused by the sume atmospheric turbulence layer create self-correlating peaks iu D(v).:> In the 
ideal case. these self-correlating peaks appear as delta functions in D(v). Specifically, say there is a single 
turbulence layer with l\TBP branch points. D(t·) will contain N BP delta {,ulctions. Further. assume that cadI 
branch point is nleasured Bp times; in this case. the delta functions will have a coefficient with amplitude r(Bp). 
The ... elocit)· distribution then contains this teml: 

s. 
Er(Bj)6(1I- Vj). (ll) 
j=\ 

where Vj is the location that the IIClf-correlating peak occurs. 

Each of these delta functions is II velocity clnss of the zeros of the field. III real-world data (sec Section 7), 
due to noise and cross-terms in the distribution, these delta functions appear llS large amplitude, sharply spiked 
peaks. 

5.3 The Number of Velocities Classes and the Velocity of each Class 

The Velocity 
The velocities of the zeroes of tIle field are the locations of the delta functions in D( v). In theoretical formulations, 
the \'clocities are the I1j found in the delta functions Bnd call be read off directly from Ej"';.\ r(B)6(v - Vj)' In 
real-world data, the velocities hRve to be estimated from the mellSured velocity distribution. This is dOlle using 

{l';} ;: {loc(maxlnc (Dmell·(v .. »)} I{O} (12) 

where the {V;} are the velocities of ellch velocity class, IIWXloc(') returns local maxillla,loc(max(.» is the velocity 
at which those maxima occur, and / (OJ eliminates the zero due to the fixed pattern noise. 

The Number 
III theoretical formulations. t he number of velocity classes is obtained by counting the number of delta functions 
in D(v). In real-word datR, the lUunber of velocity classes is given by 

X".c. = dim ({Vi}) (13) 

wbere N tl.t:. is the IUnnbcr of velocit), c1ns.o;cs Rnd dim(·) is the lIumbl?r of delta functions in the velocity distribution 
(the dimensioll of the sct (V.}). . 

The Importance 0/ \/e/oeity Classes 

Finding the velocity clos.~es is of fundamental importance to creation of the turbulence layer sensor. Velocity 



classes not only give liS the two l'armllctt!rs aho\'e, h1ll just as importamly. ther nllow lL" to 80~1 branch poi~)ts 
into \·clocit\· classes. Sorting hrandl points iutu a \·clQ(·it~· doss nllows liS to 1Il(,IISIlrc' both dmlS\!\ and creation 

pair scparation for thot duss. 
A cllrtoon showing \\'h)' separutiou into velocity c1llsSCS is possihlc is prcS('uwcI in Figure 2. Lal.oratory data. 

in this CIISC for velocity filtering. is showlI in Figurt· 3. 

(8) (b) 

(cl) (e) (f) 
Figure 2. Cartoon oJ the step" in the id/:",ijicutioll of 1,,:rsiMent pupil pl/JIIC Imlllch lloi"t plIirs. Red and ,/reen dots indicate 
tlu: positivc /md negatilJe circllilltiofiS l'r:spcctiveJlI. (II) Tllc emlily IlOlanly /limy. (b) Th,: Iiolority 1I1T1"/ with :£:1 's at the 
10cotiO/l,~ of positit·c alld /lcgatil'/! cirelli/I/iollll Il:lIllCctil·cly. (cJ Diagram sholl'ing tilt! ",~til/latfd ,'cluei'l' 'Irom tl,e positive 
bnJ/lcll point locatiolls. (d) Bille /illes illdiclltc tile initial pairings fol/owillfl Inllllt! 1111 fmllle ",~e uj a I/'alkillg algorithm. 
(/!) Pairing,~ lollowing the liSt: 01 pi,doll shiltillg 1l'c!/II;qu/', (6) Ol'erlay of IIwOIlun'd I'docily 10 ;ncorp'. 'Ilte 3rr1 dllnension 
0/ WFS data. 

5.4 Creation Pair Separation (~) 
Ench branclt point is plnccd in its \"Clo(·it~· dns:;. Then. for ench \'eludl~' da-;s. It'( ~I be tho mean separation 
betwccn creation pairs. It hus lll'Cn )lho\\,n8 • 1.1 thllt the inlc!r-pllir I'eplltlltioll de(~rellscs in 11 WI'II defined wily with 
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(a) (b) 
Figure 3 .• -l polarity anuy ~//Uu'" ill S-D (le/t) alld a bioll'l/l' 0/ tlu: Oll'll11t of the ,mirill9 algoritlml (rigl" I. This type of 
processing allou'.~ II.~ to place b,ullrh poillts jlltll r'e/ocity rlIUS':'~' ollllllllamelltal irrrportrJllce for filldillg ~ and 6 •. 

turbulcncc strcn~th nnd pro(lllgntion distlll\('c. For the! Ihe turbulence lnycn; in our lnborntory 

_, (c:! )-11/10.- 11 / 12 
~. X rI.' .... . 

with :. the propagation distlllll'l' 10 turbull'\l('(' layer i and C~ •• tlw turbulcnce stwngth of layer I 

5.5 Intra-creation Pair Separation (15) 

(14) 

For cach vclocit), class. Ict .5. he the menn separation Iwtwccn the positivc nnd ncgative branch I oints witbin a 
crcarion pair. It hIlS been shown8 that the intra-pair s('IJaration incrcnses in a wl'lI defined way wit It propagation 
c1istnncc. For the turbulem·(·llIyers ill 0111' lllborntory, we have shown 

(15) 

where :. the proJlugation dislllncc to turbulencc lll~'er i. The Jlrop()rtionnlit~· to v=; Illlltche:o a much earlier 
obscn"tion by 'lilllln;kiil~ and gi\'cs us gre'nt confidcnl'(' itl the \'erncit~' of thl'sc results. Our ('xp,·rimcntal work 
is on·going, hnt /I fiuer estillllltc lit thc e~urrent tilllc "PI)(>nrs to he! 

OJ :.; (:. - ':O,j)l/:! (16) 

with :, as hcforc and ':0., thl' cJistllnce to the onsel o( hrnnch points for turhulence layer i. 

6. THE TURBULENCE LAYER SENSOR 
COUc(!ptually. this scnsor is simple. It tnkes as input 1111 optical wm·c in tIl(' pupil plnne of II telescopc and 
retUnlS as output the IlIUllhl!r. vc1ocit~'. altitudc and strcngth of th(~ ntmosplwric turbulence In~·,'rs. Sincc four 
indcpcndent turbulence Inyer parameters nrc desired to he found. fOil I' illdcJ>('ndent purnlllctcr:-. related to the 
OUI))\\I parameters, must be (ound. (Notc thllt IIII' fUllr pnmmctc!rs contaill. in renlit.y. ·IN, .. ". !- 1 \1lrinbles.) 
Specificnll~', 

1'llrbll/clrce Pammdf'r.~ 
# of turbulellc(' Illyers 
velocity of t hI' I urbulellce IlIyt'r" 
1111 it ude or till' turhulent'(· Iny,·/"!< 
"I r<'ngl h or till' t urhulell(,(' lay,'rs 

} { 

Pllpil-ptalll: Pammetas 
X'~rb S,·,c. # of vclocity cJassc,; 
\~ ~ I'. mean of (,lIch velocity chI:-" 
I" ~,brandl point density 
C ... , cS, intra'llllir separation 

Whence the fOllr pupil plnnl'e puramclers \\'US dcscrilwcl in Section 5. The purpose of thili sectioll is to describe 
the dcvice thllt measures the fOllr pllpil 1,lunt.'C pUfllml'lers. nncl how thnt device converts th,,:iC parameters 
into llseful informntion. Tlab includes II dl'Scription of how the scn!'Or would he operationnlly 11..00. tbc optics 
n('("('sSIU)', the nlgorithul.'i thllt con\'crt the' fIIW wa\'cfront sensor dlltll into the polnrity arrny. thl' ;oIgoritbms that 
trnll.'ilnte the Ilolnrity iuto mcaningful outpllt data. lIud TuLS at YOllr observatory. 
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6.1 Cartoon and Description of The Sensor's Components 
The t urbulencc lllyer sellsor enn be broken into t bree mnjor componenl s. IIII' opt it's. the polaril. sensor, and 
tbe proct.'Ssing uigoritilln."i. These nrc shown pictorinll~' in Figure -I. Tht· optil.,; t'apture the inl·lll light. add 
propngntion distuncc as required. unel relay it to tbe polarity sensor. The polarity Sl'nsor is t· •. lIlpriscd of a 
wuwfront sensor with Ildditional processing; its Otllput is the polnrity IIrrllY at t.·lIeh propngntion distance. The 
polnrity arrays are pIL.;,.;ed to the proces.'.ing system where the turbulen(~e layer pllrlllll(!ters are caknlated. 

TuLSensor 

optIcal wave 

Figurl' ... A four block diagram of the ThL sensor (.dIOUOII ill !Jmy). 

The sensor tllkes time rt!solved measurements of the field at different propnglltioll dislIlllces. The purpose of 
the menSllrt'ments is to tllke enough dutn to sort branch points into velocity dIL'iSI!S IIl1d lUenSllrt· ~i and 6i for 
each velocity cllL.;,'i. To do this. firstly, the sensor crentes hrnllch points. At tht! ellrtoon level. Fi~ure 5 shows 
pictorially how this is dOlle. A point source is show11 nho\'e the ntlllosphere. proPlIglltilig through it to tbe pupil 
of t he telescope. The TuLS is shown in gruy. It takes the input wa\'e and iIlCrt'IL"it'S the prnpagntioll .Iistance until 
branch points fonn; the hrntwh points nrc shown as blue and green circles. TIlt' prnpagmion eli-t ance is then 
repeatedly illcreILo;('C1 (shown lIS the :.) with til1l~rcsoh'ed measurements of t lit' field Inkl'll nt end: propagation 
distance. 

-I 
'. o. r. 

o .... 

T<4_ 

Figure 5. ,1 pictmialllif!UI oJ IIoUl the turbulence layer sellsor lIaliell its parnrllf:tt:r '~/I/J(:I:: it ll:pl:lltet1 iIlCrcl,."·S propagation 
distance, takillg time-rcsolll:IJ IIIrtmmmlent.~ of the field at each distance. 'I'he 1ilLS i.\ .~//(}I/III fI.~ tIll! gray '.flX beneatl. the 
tdr-scope 's pupil. 

6.2 The Optics 

Other tban simple relnys. the optks must IIccomplish t\\'o tasks. first. it lUust t'(lukie-t'UI the pup.! to a proper 
dimcllsion (Sloe hdow) lind St'Colld. it must crealt! additillnlllrolUlglltiolllL"i rt"luirc'cI h~' till' IIluritllll'-, To do tbis. 
the optics first cnptuft! the input beam passed by the primary optical beilIU Imin. For simplicity. \,.' will assume 
thnt u pupil is rdnyed to the TuLS input nperture. (This is not really rcquifl~t1 for tilt! TuLS to work; however, if 
this is 1101 I Ill! CIL"iC. II(lditiollul optics arc required. trivinllo implement hut 1I0t IIddrt.'Sst!c1 here.) ,\ piece of the 
input aperture is selected to ht~ imerrogllted. This piece of the pupil is relll~'t!d til 1111 opticlll trombo'It! which adds 
ndditionnl proplIgnlion ILO; required by the algorilhms. It is then rei nYI'd 10 II \\'11\'1.'(1'0111 sensor wl.icll measures 
the field nlld outputs tht· sllmpled \\'u\'cfrout at kllown time illtervllls suflidmltly slUlIlI in order I.· time resoh'e 
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the field. This is shown pictorially in Figur(! n. The reuminch!r of I he' :;)'slt!m is prm'cssing 10 h,' discussed in 
Section 6..1. 

Layer Paramelers 

Figure 6 .. -\ cartooll 0/ lilLS "'WU'III!1 mlJilill/w/,/l'Iail 011 Ih,' 11I1'f' 0/ apI/etc ntlllm'd, 

D~cu$5ion Concerning The Pupil 
The TuLS takes as input a pupil. that L ... a telcsmpl' Impil is rdllYl'd to Ill(! input Upt·rt urI' of t he TIllS. For large 
telescopes. only a piece of the pupil is 1I1.,(·CSSlI~·. For iustallre. in ollr lllhorato~'. we mock lip a 1."111 pupil. So, 
for large telescopes. the first thillg TuLS do('s is limil Ihc IIpcrlure 10 IIpproXillllll!·ly LOlli. 

The size of the aperture neres...ary is d(!lt'rmitlt'cl hy llat' wiud sp(~·cl. '1'111' slllwt'r I III! willd Sill"'.!, the slIudler 
the interrogated piece of the aperture must he, This is hI'CIIIL"C thc wind spt'(·d IIlId "Pt!rturl' silw .!I·termine the 
number of times each branch point pair is ml!lIsurl.'(l prior to exiting III(' pupil. III 

DisclJ.ision 0/ The Trombone 
The trombolle is the opticlil component 111111 IIclds IIddit i01l1l1 prop"glIl iOIl distllll('C. Thl' distllllt" to be added 
depends on the altitude and sirength of the turhulence lnyers. Sinc(! the strllt:lure funclion i~ ,I function of 
altitude. given by lin atmospheric modd. for inslllll('t' the HulfulIgd·VlIlley modd. the streugth d"jlendence can 
be obtained onl.'C the altitude is kIlOWII. III 0111 Pllt Sl)/l('t', for our Illhornto~·. /Ill /ldditiolllli pr, 'l'nglltion WllS 

less than 20/\m and for most runs. it WllS les.o; then 121\/11. Gi\'t'n thel'Ol' dislllllt"t·S, Olll'C lUI inllll1 belllll size is 
optically 6.xed, the length of the trombone is dl!It'rmiawd hy Equlliiou 9. For our Ilt'lIdllop imph'III1'lltlltion, the 
trombone mo\'cs less than 1·1Qelll. 

The presicion to which the on·bendl Irombone musl he moved iii II funclion of EqllnticlIls !) 1111,1 10. For our 
benchtop implementation. t romhone 1ll00'elllC'nt of 1111 /II is sufficient. 

Discussion 0/ The Polarity Sensor 
The polarity sensor is composed II \\'a\'efront I>Cnsor wil h nddit ionlll Jlrt)('(~sillg I hnt m)(:IIIIlIt·~ I he Jlolarity 
arrny. The wlI\'efront scnsor cun be lin)' stundllrd deliiAIl, (or insln\lC~C!, II Sluwk·lll1rlmllllll or ~, If·referencing 
interferometer. It clln operntc in IIny blind (rom the \'isible 10 I he nenr JR. hili 0pI'rllt iOIl in ILl! visible \\ill 
decrease the trombone length. The number of wllwfront sensor lillhnperlur('s depends on the pllpil size; for ollr 
Illborato~' data, a scnsor with 200x200 pixels WIIS ulied on 1111 0111 PilI "J1erlllre! siz(! of l.r"". The fmllie mle of the 
cmuem is determinl.'11 by the wind \'t!lodt~ .. : IlIke! I'uollgh Slllllp),'!> p('r tltl' wind'!> ('ord)lItioll timt· III resolve the 
motion. Note, wavefront liensors (:lIrrelltl:.' inlllll))(!d lit ustrOlllllllil'lIl ohS('f\'utoril'lI will hnvc diflkllity detecting 
the branch points since the supnpcrture si ... .(! is so )nrg(!. 

6.3 The Parameter Sets Required to Estimate the Turbulence Parameters 
The TuLS rCiluirell time relio)\,cd OP(!Il loop slImplt'lI of I hl! fid(1. '1'111' numher of smnples dt!pends 1111 the depends 
on the \\ind speed, the size of the pupil mapped to I he WFS, liS wdl liS, nnis(!. For ullr Illhorll'"r), dlltll, 200 
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uncorrelated measurements lit cal'll propn~lIt ion dislllllce \\'IL" sufficient. Data lIIellSlIre<1 at t(>11 propagation 
distances after the onset of hrlllll'h points is suffici('nl 10 ~I'I good ,·slimlltt'S. 

6.4 Processing 
There lire six indpl'lIdent algorilhms thlll 11111..;t hl~ run 10 l'lIlculnte Ihe four pupil plnne pamllletl'lS, Tbese will 
be discussed in turn. 

Assume that tbe wa\'efront !'ellsor III~ IIIl'IISUfl'd II sullidl!lll numher of fnuncs of data at carl. propagation 
distance. Then. for ench propllglltion distllll('C!. thl! following IIlgoritllllls lire run ill the order givell. References to 
the pre\ious paper thllt dl'SCrihl'S till! rt'Suits nfl' IIII110Ullt·d. 'I'll£! first algorithm fillds the locatiOl, and polarity 
of the branch points. loads Ihe Jloillrily IIrray. IIlId cllkullllt'S the o\'crnll hrnnch poim density (~ ... $.6.10). The 
second algorit hm calculall'S I he wlodlY disl rihnt iOIl (Sl .. /·). TIll' third algorit hill est ahlishes an illitial branch 
point pairing using in-frlllne brallch ellIs (:;1'('':'), TIll' forth algorithm identifies Ihe cremion pairs u:ooiag tbe results 
of the third algorithm and wlodty filtl'rillg (SI·t;'). The fifth algorilhm finds Ihe \'elocit~· classes .. : the polarity 
array (seeI6 ). The sixt h nlgorit 11111 equalf'S n \'('Iot'il~' wit h each unique suhsel of p(.r. y. t) and tbe creation 
pairs are assigned to n unique subset (SI'C':""). Om'e I h('S(! six IIlgorit hms III1\'e (·olllpleted. we haw in-band tbe 
polarit~· arra~·. and the wlocit~· dislribution for Ihis Jlolnrity nrray. As desl'rilll'd in SectiOIl 5. fn.m tbese. four 
independem pupil plaut' paflllllC'll!rs cnn 1)(' ralculllu'Il. TIlt'S(· 11ft· 

1. the number of ,'clodty dll .... .;('S ('olllllinl'C1 in till! \,,'lodIY di:;trilllltion. 

2. the mean \'c1ocity of endl velocity <"la .... .;. 

3. the creation pair separnlion for C'lldl \'t'lodl~' <"lIlSS. lIud 

-t. the imm-pnir sepaflltion for ('a('h \'dodly dllss. 

As is stated in," these four p"rllluelers 11ft· 1111 thnt is ft'lluift'lilo ('nkulllll! four turbulence layer p:.rameters. 

Turbulellct: Loyer Estimatiull Number 
The numbcr of turbulent'(! layl!rs. N' .. rb is L'IIUnl III th,' IIIlluhC'r of \·(·Iocity cilL ... "es. N , .. c .• 

(17) 

Thrbulellce Layer Estimatiull -- "e!ocity 
The "elocity of each turbulcnce 11I)"l'r. \'~. is I I \I! s(·lIlt .. 1 wlndlY of I!aeh Vl'lol'iIY etllss iu p(.r.. y. t). 

\'~ = C,. II, (18) 

where i denotes the i lh Illyer. ", is III!! llIeasufl'Cl :;pl'('d iu pixels/frlllne. ,~ i:; t he I urhulence wlocity in me­
ters/second lIlul C I • is 11 COIISII\1I1 purlieulllr to (!II!'h I!:'cperiU1t'nllll S(!tup. For our 1('Stbl'(l. CI • = lOOn, J.i~) = 6.25. 

Turbulence Loyer Estimatiun - - .-llti/wl,! 01111 Sln'II!Jtli 
The strcngth lind altilude of cadi tllrhull'url! layer b fOlllld hy illverting the ~ and {, cllrves for ,'ach velocity 
class. 

For datil IlIkclI in our Illiloflllory." Iht· lurhult'\I('t! slrell~lh i:; gi\'l!u as 

C.2 =. rill:! ,,2 
II,. 1.0, '-Jo, 

where c is a con:;tllllt. lind t hI' lilt it ucl" IIf I hI' Iny,· .. is 

'. ( .) ).;/:. :, = 1 + (/ :0., J~ C~'I 

(19) 

(20) 

where d is a constant lIud ::0 Ihl' di:;IIU\I't' to tilt' OUSl't of brllllch point formlltiou. \Ve make no .-taim. as yet, 
that these rcsults Ilre ddiuilh·I!. lII(!fI!l~' thlll Ilwy nft· su~gl'SIi\'I! Ihlll \\'I'Il-dl·fined cur\'C's exists ill naturc. and 
I he~ Clln'Cs CIIII be ill\'erled. 
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6.5 TuLS at your Observatory 
\Vhile the pn,\,ious sections outlined theoretical considerations for Ihe TIII.S. Ihis :i(·ctioll ('O\'l'rs 11I·,etical issues. 

Wnere it! the .fy~tem u'ould It (could it) go'? 
The TuLS rt.'Clllircs open loop datn. Hence. a logical place would be prior to the sll'Crill~ miw.:· (we assume 
t hilt standllrd IIdllpth'c opt ics system: I he beam encounters a stccring mirror follow('d by till! defOIlimble mirror 
followed by the wl\\,cfronl SI!llWr), Also, this de\'ice would best bl.' permulwntly insllIlled Oil thc IIplkul system: 
this is not Il f(·lluirClIll!Ill. hut would n'(hl('e down time due to rellligmncni lit (,lIch dU11I ('()Ih·ctioll. 

HoU'does it gt.t Iigllt (pick off collsidcrrJticllIS)? 
A slid~bll.o;(!11 pickoff mirrof ('ouM he plllc('d in the Ol)t ical system und insert ('11 for TuLS dill II ('ol1('('t i'lni U dichroic 
pickoff wo1l1d also be IIs('lIble hefe. Ho\\'C\'ef. it could also be placeclaftcr the d(!forlllllhh' mirror. ;, ... long as. the 
system is running open loop while TuLS i;; collect.ing dnt a, 

lsolatiol! re1111irl!IIICIlIs 

A lilLS sensor wOllld Itll"I! the slime reCJuirements os a wavefronl senSOf, i.c, II \'ihrntion slllbili~,·d I)nrt of the 
beam trnin, TI!IIIJll'futttfl! fluctuations would not be a consideration outsidc of this. t 11111 is. dlllngl" to trombone 
lengt h would not IlffCl:t sU('ccssful opern t ion, 

Hou' big is it? 
A design cottld ('usily fit TuLS within II 2m.r2m pnrt of the opticlIl bench, This ('ould he fl!duced il hench space 
is nt n pr<'illliulII. 

Irh~TI to u,w it I 
The dC"icc would be IIsed oftcn enough to determine bulk wind \'elocity, This would hc Il few I izlles per night 
in the gc\wrnl "idnity of the science object. Also, the data collection would take 110 lIIor(' tllllll .. few minutes, 
At present. the processinR tllkes n fcw hours using off-the-shelf PCs: ill\'cstmcnt in dc!dklllt·" pr< .. ·cssors could 
shortcll t his to minutes, 

The Sellsor ill Opcrn/ioll Hou· do YOI/ I/.~t· it? 
To be USClJ. first a bright unfcsoh'cd stur must be found in thc gcneral \'icinity of the s("jenl'c ohj.·"" lusen the 
flip mirror, rt'Clirecting thl' liRht to TuLS, Do U cluick scan for turbulence producing laYl'rs. findill'~ the general 
ultitudes of the strong la~'ers, Set TuLS at the Altitude (~:inp",) of the 10\\'t'S1 t urhulellcl' layer, 11,('n take data 
in increosing 500", incrl!lncnts from thut point, Finnlly. run the nnulysis st'fip's, Th(! totnl tim(' I" do this wiu 
be determined by the hrightncss of the source and the speed of the turhuhm(·c·. bllt it should he II,· more than a 
few minutes, 

7. IMPLEMENTATION OF TULS IN ASALT AND RESULTS FOR THAT 
IMPLEMENTATION 

A \'ersion of t he 'filL sellsor wus implemented ill the ASALT InborlltoQ', This sect ion prc!sent show 1 his "'lIS done 
along with flosUlts from t hnt implemcntntioll, 

7.1 The Optics and Optical Hardware 

In •• t"llmtllltatinn 

The dlltll Jlft·:-t·lIlt!d hl'ft' b 'lIkt·u Oil II lt'St hed equipped wit h a wclll'alihratt'd at 1II0spherie t urhulell< .' gellcrntorl7 

(:onsisting of two fi-illch disks. each etched with a KolmogorO\' stfll(~tllrc fUllctiun. To this stuudard ·.inlllintor, we 
added 11 mrillble length optklll trombone, These nre showll in FiRure i. Thew we sec', ill Ihe low. r leCt corner, 
the turbulencc simulator. follo\\"ClI by the trombone's pickoff mirror. Collowed itlllllediutely b~' the 1I"l11bone, The 
next. the stnndnrd COIllI)OIWIIIS of lUI IIdapth'e optics s~'telll nre s('(m, the slI't'ring mirror. the de(ollunble mirror 
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and the \\"a\'cfrom scnsor. Due to our limited budget. the adapth'e optic's wavefront sensor \\'ILO; 1I,.·d iulieu of a 
dedicated \\"a\'cfront sell.o;or: this is possible bl'{'/IIIS(' our standard wawfronl sensor is eight timl'S •. · .. ersnmpled. 

:\ typical parameler set for a velocity llIelLO;lIrellll'nt is sbown in Tabl" 1. For pllrposes lll'n·. onl~ r wo items are 
of note. First. in mlllnlll two Ihe llumher of frallll's is 200. thnt is. only two hundred indepl'ndc·UI Illeusurements 
arc f(.'quired for ILo; to obtain estimate the turbulence. in real-world dalu. Ihis would be tens of S(·(·"nds since tbe 
branch poims lUust cross \\'u\'Cfront SClL'iOr suhnpertures in order to he obsen·ed. Second. Ih(,:,(' I"sts ha\'C two 
turbulence layers. Also (oln'iously), for Cull turbulence layer estimution, \"rilltion in propngntion di,;tnncc would 
nlso have to be done. 

II.hu ,·nt',· t. ondillon6 A', s on IItUr.,' .un 
NUlnl.... I\ub. Su~ngth ·lIuh. \"'Indly l\Jrb. AIIIIII<1.. In PUI'''. Po.ltion \. :-In(,~I''''I\·--l 

Table of: C~ (lnw. hiKh) (low. high) ro O'~ (low. hhi;h) (I... hlRh) 
ConfiR. Fran",. I (m: /3

) ("./ •• ) (kin) (em) (em) ('''·I·/friUlle) 
I 200 2.013· 10-1~ (3.3. -39.6) (1.8.4.8) (i.91 0.19 (OO.O.~~.!\) t I. -3) 

2 200 I.:\'."!). IO-I~ (·1.6.-0.3) (0.0.:11.0) S.I:! II.:!!! (IO:!.~."T.II) :.-3) 
3 21M) :1.·11·1· 10-u (3.3.-0.3) (1.8.21.0) li.:lr. 0.·17 (00.0.4T.6) ,1..3) 

Table 1. Turbu/ellce pallllllctcrs used to demo/Mtmtc botll tliat our metllod ;'1 irllltu'iant wit" respect to tll"I,,,~/e;'::n:':"c-e-st.,.Jrength 
and also tJlat tlie a.~sllmplioll 01 blllncJI point 1/f:r.1i.~tt:ncc has ezperimcntllllKllli.,. 80ld print ;'1 used to it/notilY tile brunch 
poillt producing layt:rs. 

7.2 Experimental Results 
For the parameters in l'nble 1. datn wus l.'Olll'et(>(1 and the polnrity nrrny l'Illculnted. Proje·ction ..... j the polarity 
arrays onto the .r - t plnne nrc plotted in Figs. 8 plots (0). (c). and (c): branch point trnjectori.·, through tbe 
nrray are rendily aJlJlllrenl. The velocity distributions. D(vz ) are shown in Figs. 8 plots (h). (d). and (f). The 
penks. characteristic of t urhulcllcC layers. lire rt'llclily apparent. 

Number and "e/ocity 0/ 'furbllience LAyers 
Focusing 011 the deltn functions in the velodty distributioJls. we sre I hilI tlw number of lurhulenl't Inyers is one, 
one and two. for Configurations 1. 2. and :t rt':'pfflh·e!y. just as WiL''i set in 'li,hle 1. Turning our attention to 
the location of the dl'!tn fUJlction. for Configuwtion 1. the single strong penk is centered at n.!'. J.ircl/ frame. 
for Configuration 2. Ihe~ single strong penk is "entered nt -1.5 pi.rd/ frall/t. (or COnfib'llrlltion a. I he two strong 
peaks nre centered III 0.5. -1.5 pixel/ f,·uJlw. jusl liS wus set in Tnhle 1. 

Strerlgth and Di.danc,: 0/ tile Tllrbu/ence LaYI:r:c 
MIlII)' other datnsets hm'e been taken: 'l'nhle 2 tnhulnrizes the p"rmncter sets Cor Olle such datil I'llll. In these 
rnns the t urbu!en{'e \\'IL'I scI Ilt eleven st rcngt hs. Ilnd at each of t lll'sC st rt!l1gt hs the propngll t illil of t he layer 
to the mcusllrenumt dc\'ke W/Lo; increus{'<l. Results for this represenlative datn set sbowillA 1110' mriation in 
propllgatioll-ne('essnry to estimnte ~ ulld d-lIrc shown in Figure n. Eneh filled circle repreSl'nl~ a data point. 

Figure i. l'he turbu/erlce IUYI!r .11!nSOr imp/errwlltl·d nn ollr testbed. tlle "/lto-mechallical C.olD drou'''''; 0/ tJle optical 
IIurdwore a.. it appear& 011 our bench. 
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For these datasets and using the technique:> already mentioned. the curves were inverted to yield Equation 19 
for turbulence strength and Equ8tion20 for t urbulcncc altitude. 

A ,~ l,;on ll;ural on 'I urbu enee Condilion:. 
Num""r Trombone t'W t'o"llIon I'W ~Iep l'ropagM Ion 'nUb. "'-elncUy , 

Ensemble of Len. Po.ilion (I ...... high) (10 .... high) Range (10 .... high) ro I 
.. 2 
~ 

Set # Reallzalion. S"I (em) (em) (eounIS) (kml (m/s) (em) : 
I 200 7 t~:S:~! (106.3. PU~? ~~.~~ 0.0-8"1 ~11.75.~! 16.6 O.()O-O.I:! 
2 200 -; {0:5:50} (105.5. pllck) (3.0) 1.:1-9.8 (10.22.0) 1·1.·1 0.0<1- 0.22 
3 200 -; {0:!l:50} (10-1.5. puck) (3.0) 2.8-11.1 (8.79.0) 12.·1 0.10- 0.32 
·1 200 7 (O:S:50, (10-l.0.,.uck) (3.0) 3.3-11.7 (8.22.0) 11.6 0.13- 0.37 
5 200 7 {O::!:50} (103.5. Imck) (3.0) 3.8-12.1 (7.71.0) 10.9 0.16-0.42 
6 200 7 {O:S:50} (103.0.1111('):) (3,0) ".2-12.6 (7.27.0) 10.:1 0.19- 0.48 
7 200 7 (0:5:50, (102.5. puck) (3,0) ".6-12.9 (6.117.0) 9.7 0.23-0.lI4 
8 200 7 {O:S:50} (101.5.puck) (3,0) 5.2-13.5 (6.20.0) 8.8 0.30 - 0.67 
9 200 7 {0:5:50} (101.0. puck) (3.0) 5.·1-13.8 (5.91.0) 8.3 0.3-1 - 0.73 
10 200 7 {O::;:~l (99.5. puck) (3.0) 6.1-1·1.·1 (:>.18.0) 7.3 : 0.46 - 0.9:! 
II 200 7 {O:S,so (98.0. puck) (3.0) 6.G-11I.0 (.1.61.0) 6.5 i 0.60 - 1.19 

able 2. Turbulence parameter" Ulied Jor mell$urement oj branch point separation. For cach ER8cmble "ct. 200 frames 0 ~ if 
data WII$ collected Jor each oj 11 positions oj the optical trombone, ranging in 5 cm increments Jrom 0 t .. 50 cm. This 
corresponds to rallges oj propagation distallces and RytolJ parameteT,~ for each Ensemble. The term 'purl:' refer" to the 
clear center portion 0/ the phase screen. To be placed at 'puck' means the light U'o" pa.,sing through the cellt.,. oj the screen 
and not contributing to the turbulence simulated by the It TS. 
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Figure 8. Initial demorutmtiorl data Jor 'lable 1. Left column: z·1 projections of fl(X, y, t). Right CO/IlIlIll: matdling 
velocity distriblltions, D(vz). Top row: 'Jable Configumtion 1: rO = G.91, IT~ = 0.19 • .\Iilltlle roll': Table (',"'figllmtio/l !!: 
rO = 8.12, O'.~ = 0.29. Bottom rol": 'lilble Cunfigumtio'l 3: rO = 6.25, O'~ = O.·li. /11 ellcl, case boll, 111100,e wlleels 
were spinni,lg, Vb.nell = (1, -3). /11 COl/fig. 1 ti,e brollCI, l/oillts an: associated lI'itl, tile 10Ul altitllCle I1hllse W/II:ei alld 
the spike is at O.5pi:rels/ frame. In Config. !! tl,ey an: associated witll the higil altitll/ie pllase wheel alld the spikes is at 
-1.5pi:relsIJrame. III Configurotion .'1, bmllch pOints tonn from ootll layers and two IIOII·:eros spikes 01· .wm at -1.5 
and O.5pi:rels/ frame re.spectit·ely • 
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Figure 9. Density is shown in plot (a). and separotioll ill plot (b). Botll an: seatcli alld 1I0mlaii:cd I"opcrty. 
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8. DISCUSSION AND SUMMARY 

Here. we propoSt!d a St!llsor that mell:mres the numher. st f(!IIgt h, altitude alld \'c1ocity of :,' lIIospllt'I ic turbulence 
layers. This is 1)/I..;cd 011 our prI!\'iolls work linked the zeros of the field to the turbulence layer thlll "rt'llted them. 
Our other rerclII rescllrch has shown thllt the zeros of the optical Wl\\'e contain four illdepcndl!llt p .. ameters that 
can be mensllred. Thc:;e four independent parllllleters call be used to estimllte four independent till hulence layer 
parameters-number. strcll~'1h. lIhitude ancl \'elocity--for eacb atmospheric turbulence layer. Tl.ough branch 
points are not I'Ommonly pr('scnl illlht! obsen'ing geometry Iypically used inllstronomy. it is trh'i:d 10 show that 
by artificially increasing Iht· JlroplI~lItion distunce using an optical trombone. hrunch poinls ran h.! crented on 
demand. 

Here wc prt'Scnled the rntionllic for II sensor thnt crcntes branch points, IIWlIsures four ill!\cpmu).·111 pupil plane 
paralllclers and <'Slilllates four atlllospheric t IIrbulence layer parameters. \\'e lliso prescnted an illiplemcntlltion 
of this sensor in the ASALT IlIlmrntory. Within thc nssumptions of 11 layered lItmosphere lIIul T:ldor flow. the 
proposal to for I his sensor is \\'1,11 foundl'd; howe\'er. morc work is neressnry IIlId on-going. Fin;1. I hesc results 
must be extcnded 10 study Ihe t'fret~1 of brondbnnd Iighl on the measurements. Secondly. the \'I'r,lcity of these 
results in the presence of a dislrihlllt!d atmosphere mlL.,t be t'Onfinlloo. Finally. these results 11I1\'e I .. be validated 
in field experiments; II plan 10 do so hilS been conceived. but a field de\'icc has 1101 yet bt'en built. J'his research 
is on-going and rcsult.s will he prc:;tmled lIS t.hey become nmilnble; in pnrt.icuillr. we ill\iw YOII to • -Ilr upcoming 
prcselltnt.ioll nt IEEE in Dig Sky. MOllt1l1l1l where we will present wave opt ic: simuilltion of t hili sallW effect and 
our relatl'Cl work in ('ollt.roling II lIIod(>.) c1evice 
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