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SAM, the SOR Atmospheric l\1onitor 

Dr. Earl Spillar 
Ail' FOl'ce Rnsearch Ln/Jorat;OlY Optics DilrisiOll 

Marjorie Shoemake 
Ail' Forc() Research LabomtOlY Optics Division and tile Boeillg Corpomtioll 

Ann Slavin 
Ail' Force Research Labomt.oIY Optics Division and t.lle Boeillg C01'pomtioll 

ABSTRACT 

We d(>$cribe the Starfire Optical Range Atmospheric }'Ionitol' (SAM). SAM is designed to measure the 
Fried coherence length 1'0, the Greenwood frequency fe, and the isoplanatic angle 00 even in relatively poor 
conditions (1'0 "" 1 cm) with high accuracy'" 10% with a single frame of data. In addition, since SA~I is 
based on a Shack-Hartmanll wave frout sensor, more sophistieated statistics about the wave front and the 
atmosphere should be able to be recovered from the data with additional processing. 

1. INTRODUCTION 

Many different methods of measuring atmospherk turbulence have been used over the years ([1 J, [2], [3], 
:4]). The Starfire Optical Range Atmospheric 1vlonitor (SAM) was d(~signed to help us understand the 
characteristics of the atmosphere when turbulence conditions are poor, such as during the day, and to also 
gather "higher order" information for wavefront statistics not normally calculated by typical "0 meters. 

In order to called even under severe conditions, SAl\I in<:orporates a Sha<:k-Hartmann wave front sensor 
with small (2 cm) subpertures. This enahles SAJ\I to measure values of "0 sonwwhat smaller than 2 cm. 
Moreover, we should be able to estimate even smaller values when we ('nable the operation of the full 4 x 4 
array of camera pixels associated with each subaperture. 

The collpdion of "higher-order" information is enabled by 0111' Shack-Hartmann wave front sensor (\VFS). 
Because of the large number of sllbapertures, we collect a statistically significant sample of tilts during each 
frame, enabling rapid estimation of 1'0, and hence the ability to detect rapid changes in 1'0' In addition, Ilsing 
a Shack-Hartmann \VFS enables us to measure not just a few separations as are sampled by a differential 
image motion sensor, but lllany separations simultaneollsly. \Ve intend to leverage this infclI'lnation to make 
measurelllents of deviations from the Kolmogorov model, and also to enable the llleasuren)(,llt of difrerent 
atmospheric layers as described below. 

2. THE INSTRUMENT 

The optieal tube assembly (OTA) for SAJ\I illclud('s a stock Hi" Ritdwy-Chrctien telescope fwm RC Optical 
Systems (RCOS) . The ReOS telescoJ>p has a secondary which obscures the inner :n % of the sllbapertures. 
The OTA is mounted on a Paramount l\lE mount. The pointing accmacy for the Paramount ~IE ranges 
from 10 to 30 arcsecollds after performing II mOllnt. Illodel. 

SA~1 is located in a small HI.1i foot donll' 16 meters above the top of the hill that is refern·d to as ";\Jounl 
Fugate". SA M is situated a few meters from the 1.1i III and :3.1i m site tP!('scopes. Fill;. 1 is a picture of SAM. 



Fig. 1. DO llie loci.ll. io n ( Iefl.), SA lVI ( r ig ht). 

3. WAV I, FRONT SENSOR OPTICS 

Ligbt frOlJl the BCDS tf'lf'srope is IWS.-;t'd to a ellstom opties flssf'mbl r IIlolI l)1ed fll 1l1l' Cussegra in back plate 
of ti le tl'lesC'OI)() (a scllellUltie of till' ollt irs is SllOWll ill Fig. 2). First, I I s(l uare fif'Jd stlill ;11 tile fOCll S of th" 
RCOS ('liminates lig llt widell might fall Ollt o adjacent sllhapcrlures (.~("(' Fig. :1). TIl(' fidd SlOp is slig htl.\" 
lludcl"sizl'(1. in that il obscures approxi ll llllely OtiC pixl'l lHUlltld caeh sulmpertl1l"c. TIt(, OIlier ring of pixels 
is used as a "g uard 1mll(I··. a[ld is ig llot'('d ill all cllkulat ions. 'fhis lililit s I he lllag lii t wlc of the I ih IlwI IllC 
inSt nllllCIJ! Cflll aeeunndy measurc. alld 1tf'1l0' the millill1l11ll \'a!tw of,.o Iltflt it call nU'HSllrf'. 

Aft er IlHssillg throllg ll t 1l(' held StOll, Ill(' lig ht is eflll illl a !('d and pass('s through il tiller wheel holdill ).!, s ix 
\-indl round fil ters. finO. (JOO . 650 lind 7()O lllll loug pa.~~ filt(,rs are ;[vltilablf': the It('s! liltf'r is sf']Prl('d based 
Oil the St;II' selection to ma.'(il1liz(' I hi' S)1 1"! Wilholll sallll"lllillg the d l'lt,(,tor. 

~cx t all illlllgC of thc pupil is fOrtiit'd Oil t 1If' 1(,IISlcl array, which fortll s 2() x 20 sllba j)f'l"I lIn'1i across t h" pupil 
of IIII' 1l'il'scOpc. Anot.III'r [f'IIS relays till' ilLlflgCS fOI"lIIl'(1 II,V Ihe 1f'tl ~ J('1 llrl"HY to 111(' CC D: cHeit lells[l't illlHV,(' 
i1i fOrtm'd on 'I x 'I pixI'1 (' I(,ltIeuts Oil Ill(' eCD. T il l" li"ld of vicw fill" Ollt' pixel is :1Il11I·ad. while til!' sizl' of 
endl s uliapl'1"1 me is .0 2111. 

Thc ('CD irself is JtjOllllled 10 the o ptics wcdge. The' ('illll('J"a alld a:;.-;o1"illtl'd elcctroni('S are an oil" til(' ~h f' lf 

configllration froul S("i;\rl';lSlIrc. TIl( ' CC D is an ~() x 80 pixel CCD.:m from 82V with a read IWisp of ~J 
clPCtl"OllS ami a peak IjWlIltlllll dheicllcy of npproxilltutl'l.\· 59%. TIll' j';Jllll'l"lI Syst('U I is l"iljlHbJe oj" doill ).!, full 
frlllllt' j"('ails at a rale (If 2k Hz; ill urcln 10 11 l1l illt aill ;J s liflick'lltiy hig h sip, lwl to llois/' WI' Ivpically 0]>(']"1111' at 
1kHz. capturing \000 fnlllle!; ill 0111' .~('(·() Ild . These frallLCS are sm'cd to IlDF5 files for analysis. T~'pindly,;L 
mean millc of 1'0 is ca lcul ated llsiug 2()O(J frillllCS ('\'1'1'.\ ' ,If I seconds II"Ill'll SAi"ll is bei ll ).!, o]lPI"<lted as a faeililY 
ins t 1"l1111PIll. 
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Fig. 2. Scholliatic of t ile Optics. Lig ht. t.ravels from t. he t.o p to t.he bottom. 

4. ESTIMATING "" 
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Fig. :~. De pid ioll of CeD pi xe ls for t.WO s llbapcrturcs. 

For till' firsl illCflrtlllt i(>!I of Sl\ ~1. we l'stilllHtc ,he 1 ilt usillg the di flen' llfin[ tilt mel hod , btl! insrpad of IISi llg:,' 
pair or a smnllllumher of s lI bapcrtlires. II"" u,,(' mHll,\' pui]"s of slIbll ]lert lin's flcross I he II'holf' ShaC"k- llruT 111111111 

wavc [!'Ol11 sCllsa!". For HUll' we eSlilll!l l e lite \',due "f 1"11 frOIll the IIII'HIi difrercnlial lilt 115 disCllSS~1 ill p'",). 
Hlld WI' 1IIIly calcl ilat.c 111(' \";1 1'10 of 1"0 hased on a dj; I!'('111 .~ llbnpcrtlln's. \ Vl' difl(~j'('llti;J11' bel\\'C(' ll '1 di lf"r!'ll \.. 
estillHlt.CS in this pa p('1". Fi rst, \I'C tnlw adjm:cut ape!'1 li n's ill either 1111' x dirl:'ctioll or tlil'.r d ircctioll. SI'fond, 

We' 1.:1111 tn\(f' III(' d iffcH'WI' ill the gl'l\(Ii('1I1 ('i lhcr pilmltj'! 10, or IwqH'lldinlial' 10, I he \ '('t IOI' sepnrnlillg.l lie 
11\'0 iHlbuIlf'rtlircs ill qlll'Stioll, As II'!, :-::h,dl Sl'(> ill Ill(' r('s lI lls set' lioll. llips('·, f'stitllilles alt agrw with l'HCh 



0111('1'. as tli('.\" OUg"lll dill' to the theory IllCscllted ill [5J. \\"Ilieh aSSlllllC'S I\ ohllog"orov plHls(' sfatistics. \Ve firs1 
cakulat(' rlil' gTadi(,1I1 s froJil thc c llergy illil)n lnllccs 

o \\'as caliLmt.(~1 by illjecling knowll tilts in tilP lab. Givc lI these Hligies. \\·c calc ill ate the di fferential tilts 

where (.) rcpresellis lwerag ing over severa l s ubllpcrtures. f inally these {jUHIlt.iLics are eouv('rtcd iuto l"u . .L 

[liid 1"0. 11 usiug 

O"i = 0.1 1 lD(I / l"o) &/3( ..\ //):? and O"IT = O.O'J84(/ /rn)5;3(.>,/ff, 

the formulae found in [5]. 

The agreement of t hese 'I statist ics (see the next section ) represents u vcry s il llple cOllfll"lllatioll of the 1\01-
lIIog0l"OV theory. In fULlll"e work , we will be us ing other sint.istics to fmtiwr test. t.he Kohllogol"OV hypothesis. 
For exa mple, by looking at suba pertures beyond t he adjacent ones, we call test t.he 5/3 ]>O\\'('r law of the 
stnldlll"e fUll ction , and pc rhaps dc tect the illl1Cr scale i ll sOJile coml i1.iolls . 

5. VALIDATION 

We have validate<1 both the algorithms and basic des ig ll of SAl\] against silllulations. 1111(1 validated the basic 
fllllct iollality of SA~ ] agaiust ,tllOtber 1"0 iUStI"lIl IlCUl, . 
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Fig . '1. Simula tio n of SA lVI m eaS Hre m e nt.s 



III order 10 \',didnl t' III(' opli('HI 1111(1 III ).!,oritilmi(' d('si).!;11 uf SA\I. w(, ("i'('HI('d it \\' 11\'" opli( 's s ill1l!lalioli of 

S.'\.\! in I he ACS \\";I\'C' opl i e~ s imulatiOn systeill. \\'(, propaga l .. d I !trough II \"IlriclY of a l lllo.o;plll'r!'s. coll('d ('d 
si tilulal('(1 d nl a . allli n1ll the dilr" throug h our algori lh1lls . The r('sults MI' s howil ill Fig . . \. Till' blue drde:; 
l'L'lll'es(,lll illtnospl u.! ]"(·s \\' il ll III li z C r('('!lll"uod fl"l 'II'H'llcies . ti l{' n'f l S(I" iIl"I'S 200 Hz Crl'euII"ood f]"('IJ!ll'Ilf"il's. 

\ Vc eondud(' t lmt tlw sofl:\\'i!I '(' Hlill hal'd wal"l' 5.\'51 ( 'I llS, ns (ksig;II( 'd , s ho uld 11l( 'aS III"< ' '-u dowil If) s illall ",Iillt's 

of 1'0 ('\'I'll Whl'll 1(: is qlli l (, IMgt'. 

\\ 'c also ("ompa rcd SA\[ I'u IW'ilsureliwllt " frolll allot l!C'r 1"0 1!ll"11'I" dcploYI"'(l ncarb.\'. rhl' "lliini-S A\j"' il!s lrll­
menl. IIIi1li-S Ai\ 1 t':i lilJla lcs 1"(1 fl'Olll III .. i'l JTF of I Ill' illlage forllll'd durillg a s horl I':o.:pos\ll"e. lIlilli-SAl\ 1 is 

kllown 10 111I\'e bins!,:; fur lar1{I' ndll('s of 1"0. III Fig, :1 we COlll])lIl"e obSC I"\'alions \\'il ll I lie n\'o illSI rllmelll S: w(' 

sec good agn:c llle lli . 

SAM VS, min iSAM ro, 02/03/2009 (500nm, Zenith) 
O. l l.====~-'C.,.--_'-----__ '"'I 
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Fi g . f, . COlilpar iso ll o f SAlvi t.o mini-SAlvI. 

H. ESTIMATIN G 00 

' rliC isoplallatic Hllglr'. ns ddilll,d by Fri4 '(1 In). \\"('i).!;11» II ,C o l'lie 'HI turiJI!I(,IICl' c~ WillI a :::"j:1 lli rirlld(' ,1('I)Cn­
dencf': 

\\'a lt crs Hlld Bradford [7] estimate 00 fWIIl IllcaSnl'e lll l:lIts of I hi' I1ortllHlizl'd variat(("(' of inl( 'lIsity ni"J"OSS an 
aller t. llre: 

B refers 10 ,I sca ling fllllctioll dl'lcrmilll'd hy the " iz(' of the ap('rtlll'c I"l Ii('lIl nted ill W"lt CI'S [7]. a is tll(' s i:-; llal 
nlrillllCC o f lit(' inadillll('f' ;tcross the "]ll'l'lurc. wllil!' S is 111(' n\'('ragf' li ip; llal. On is ('aklilal.('d b.\' sllIlllu ing 
lile sig llal of c<lch fralllc , cakll lnt ing I III' s l fl ndanl d('\' ia r iOI1 across 20l)O fr<tlll('S. HIlt! di\· idillj.\ I he stnllddrd 

dcvinl iOIl by the ll\'( 'ra).(e s iglin I for !ho~(' 2000 fralll!' s. 



SA~Js ]mg\'I" apel"IUn' (, ·lm ) ]( )J]UWS ,1 qWHlmrit: Z'1 d"Pl'lldplH'I', Fig, (;, 'n, IId lic \ '!' 111I' :;;'>/ :1 ,,;('; dillg 1111' SA:<, I 
i1jJertlJH' \l'a.-; \'irllwlly Hpod i ~('(l by ,9, ('('('Hrillg II SlllaJ]C'1' rl(wrlll H', 

SA ~ I On IIIPaf;ll r C' JJI{' lll.-; witll Ihe HJlozidl'd filler Il'Nt' unce aga in uHllpan'd 10 Illilli-SA:<'I. Fig. 7, W(, see 

Mood ngn'l'JlIP l11 1)('111'('1'11 the ill.~1 I' lllllt' 1I1 s. 
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7. F R OZEN FLOW AND T O MOGRAPHY 

Shod; find Spillill' (:11 dCIllO!Lsl nl1l'd t.hut 11H' SI ill istics of illtiividll(l l alllLosp llPric Jay!'!'s ('oldd be 1('ns('d out o f 
wa\'(' frunt sellsor dflla. They 11:-'1'(1 daTa fW11I til{' 1.51!l I ('1('s('o]lc at SOH. nne! f'lllplHlSized the ndidution of 
lIl(' frozen floll" hyporhcsi;;. Siu('p S ... \;\] is abo IJilscd Oil it \nIH' froll! S( ' II;;Or. it should he possiblp to repent 
and ('xtclld this work. 

'!'lIt' ('fIIX of lltal work is tll(' ,,1 )SCrwltio ll tll ;l l if we reganltllc 111('1\1;I II"{ '( ! ]>tlpil 111111;;('''; (or gradi!'ll! ";) as n 
1111'('(' dirnensiouai rllhc of drll 11 o(./'. y. t). Hwl also aSS lIlIll' 1 hat I he froZl'1l HoII' hypo! Ill'sis is va l iel. t 11(,11 

for endl frozen In)"f'r I for a ll l.i ll H's T so lOllg itS T is short I'olilpared to 1111' l ill ie at for wh ich the Jay('l' remains 
frown. Ifwc take the thrf'C dimCIH;iolJal lli llocorreialioll ofl l1e da ta ('111 )(,. liti s rdatioJl impli(,;; that th{']"e is 
a SI mug fmlocorrelat ioll alollg ;I I rajcetory 

(.6.,. , .6.11, .6t ) = (lIr l . "y t. I). 

T hesc traje("(oril's arc visibk' liS "streaks" ill tile UIlIO(·orrelHtioll. As til!' froz(,l1 ('()lllponc nt hl"( 'a ks down. 
Ihe iut(,ll."ity of the pea k d eclIYs at larger I. If 11'(' add !lIore In.l·crs. it is easy to ~l'(' Ihal each C()lItriilur('s 
it s o\\"n Slrcak folloll"iug its 011"11 trajecwr.\'. under th(' aSSlIlll]Hioll Iltal ('nc ll of til(' random pitasl' scre£'llS is 
iudcpcndeut, of the other phflsl' sc reens. Fina II.\'. alt hough we have d is(' lIsscd only t Ill' phase SCI"{'t'llS 1.&(.1'. y. y), 
0 \ h('l" quanti ties wl!ic! ! Co-u!ove wit,h t h(' plliH;e serpellS, illdudi ng g rad il'lll. and iut(' lls ity fhW\,Ilal iOlls. also 
follow I he sa me gCIlf'nll hch fll'ior. 

o milli second Jag 
- 20 - 10 0 10 20 

20 20 

10 10 

o o 
- 10 - 10 -

-20~~~~~~, 
-20 - 10 0 

dispacemcnt (subaps) 

3 milli second lag 
- 20 - 10 0 10 20 

20 

6 millisecond 
- 20 - 10 0 10 

20 

10 

o 
- 10 - 10 

dispaccmenl (subaps) di spaccmcnl (subaps) 

I"ig . 8 . In f.c ll s ity a llt.o concla t io ll o f datu. 

10 

Usiug early SA~ 1 Ihtt(l. lIT' ha\'(' reproduced Ihe i.(lla l y,~ i s lloL wit h gradi(,lLls as ill [HI. hilt II'i tlt tltp mie.usily 
fl'I Cll la !ions, U. I)roduce 11](' dnlll display(',1 ill F ig. 8. \V(' ~!.'e Lllllt t lu' alltocorreln l iOlI 1)('h11l"es ns eX j)!.'c t ed: 

cv id( ' IIt1y tile wind I\'as b lowing ill lilp positil'l' X and IHlsit i\'ey dil"('('r i('II , (The sig llnl is wthcr wea k partin lly 
b('('III IS(' o f thc rudimentary s igill I! processill).!, (,tllpluyeli , W(' belie \"!..' thnt fmtller siglin! processing will least' 
,liP s iglla! OUI. ) 

FUI.III"(' InH!; will at.tempt. 10 IISI' a ("om\)illllli"11 of gl"lu li('nt alltl inl(,ll~ il ,l' dlltn 10 ,'slillli1te di slHIII'I'S to tl)(> 
]aYL'rs. the sp( ,,'ds and d i reN iolis of the Iny('!"s, auLl tilt, n']!!t il'(, i llV'lIsit ii 's f, f the ]ilYI 'rs Oil a sccolld hy second 
bnsis. 



8 . S A IVIPLE DATA 

In Fig. ~ WI' displa,\' SOI II(' sa il!] '!!' data obtaitl{'(] al son lI"it ll SA:'. !. At th(' lop o f I Ill' fi gure 1\'(' di,;play Ih(' 

\'alue of I'u. ';('Hlvd 10 zen ith and !)\J(hllli . for;1 da,'" uSlug hI lt I! .r amI .IJ :-'( 'panL1 iUllS and 1. awl I \'S\ illUll0rs. 

:'\orc the t'xeelll'1l1 agreement lJE'tl\"('('nlllt'sl' lIlCHSlI l"es. 111111(' bUllomlcfr II't' plot the standard dcdnlioll of 
Ihe Illcas lIH.'d \'nilles of 1'0' 'I'll(' ,;ta llda rd d{'\'i rllioll is I'akillal cd as tll(' foot tllt'ill! sq uare of thl' 1'0 \'al\1(.'5 
which occur dllrillg a 2000 frilllll' I 'ilpl ll r c, wi t h a ,;('para!(' 1"0 C'ak nla t iOlI lH'ill~ performed 0 11 ('ach fm II Ie . 
Note thn t t Il!' /'I' l"Ol' in t he C's t.inHlh' ill I"() from (I silly/i· Jm/llc of dUll! hi (1I1 I he order of 10%. Filia lly. in 
the 1011'(>1" ]('[1. WI' displ a.\' , 1m s ig, l1Id \ 0 nuise l'tIlio. :'-Joll' t lwt t he s ig llal In lIoi:-H' rnlio is qu ill' Ilig h. The 
j1lmps in 111(' S:,\ B fOlTcs poud 10 dlllllg!'S ill stars. whih' tlt t, more gradual dmllgp;>;. like thRt aftf 'J' J:'I G\I T . 
('orrespoud to I he SH U risillg. 
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9. C ONCLUSION S 

II! Ihis pnpN \\.(' lw\'(' de!;criiJed tll( ' :; t a rfire Optical il Hllgl' At lllosp hcr ic \]ollitor . SA \ I is (·luTl'ut l.\, I\bk to 
f"'S tillllll e 1"0 accura tely ± 10% \\·ith II ~ il!~ ](, frame of d illn . lI 11d I'Stillllltl' 00 frOIl! Sdlll ill:lt ion \·ahl('s. SA :-'I (,fill 

o p{'mte dllr ilLg bOlh dRY 1l!1d llig llt . aud opera te dllriug 1'('lll l in· jy :"C\'('I"(' (rn::::; t •. -wln ) ('oudilinus. Fill:l]]Y. 
W(' are IK'f.( itmil!g HI lise the Shlll·k- ] lar1IllHIIII W ll W' froul SI'US() I' dn ln III I{'as!' HJlart the' lflyers of 11Irh llh'llce 
ill the atllloSplll'l"f' , n nd cSL illlnt(' Ilig lH'r orL1t'r stnl is! i("s of tlIP wu \ 'Cfro lll . 
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