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Abstract

We shav how to detectand correct for nonlinear phase
shifts in a mainly one-sidednterferogramof an emission-
line source We simultaneouslyletectandcorrectfor anout-
of-phaseemissionbackgroundrom the spectrometer The
methodrequiregwo auxiliary spectrapneof a strongcontin-
uumsourceandoneof anemission-linesourcewith little or
no continuum.
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1. Introduction

Phasedeterminatiorfor an ideal interferometeramountsto
finding the position of zero path difference(ZPD) for each
spectralelementin a recordedinterferogram. In this case,
the interferogram,E{x), of a single unresoled spectral
line centeredat wavelengthAg = 1/ag is given by FE{x') =
acos2mog(X —X), wherexis thepositionof ZPDandx isthe
retardationof the retroreflectorin the long arm of the inter
ferometer The instantaneousptical pathdifference(OPD)
is givenby X — x. In theidealcasein whichaninterferogram
samplepointfalls preciselyon the peakof theinterferogram,
we have x = 0, but in generak # 0. Thetransformof aone-
sidedinterferograngives

F(o) = %/OL E{x') exp(i2rox’) dX
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whereL is thelengthof the scan,a = 2m(c — op)L, andwe
have droppedtermscontaining(o + gp). The transformof

a mostly one-sidednterferogram(in which theintegral lim-

its are—L; to +Lp, L1 <« Lo, anda taperingfunctionis ap-
plied between—L; and+L; to avoid doublecountingof the
two-sidedpart of £ is similar, but it differsin detailsthat
arenot importanthere. In eithercase,oncewe have deter

minedx, we recover the spectrumby taking the real part of

F (o) exp(—i2mogx). Thetransformof a two-sidedinterfero-
gram(in which the mirror scansrom —L to L) for the same
unresohedline is simply aexp(i2mopx) sina / 2a.

The phaseof transformF (o) in Eq. (1) is given by a
slowly varying term (2mooX), plus a rapidly varying term,
tarr[(1 — cost)/sina], which is only significant near a
spectraline. We have foundthat, for our interferometerthe

slowly varyingtermis not well modeledby linear function
2rox. In Sections3—5we present methodfor detectingand
correctingfor a small nonlinearphaseshift. We simultane-
ously detectand correctfor an out-of-phaseemissionback-
groundfrom the spectrometer

Equation (1) illustratesa crucial elementof our phase-
recovery method,line symmetrizing,which is discussedn
Sectiond. Phasdactor2mopx in EqQ. (1) is notknown apriori
but mustbe estimated.If the estimatedohaseequals2mopx,
thenthereal partof Eq. (1) givesa symmetricline, from the
sina/a term. If the estimatedphaseis 2moox + /2, then
therealpartof Eq. (1) givesanantisymmetridine, from the
(1—cosn)/a term. In practicejt is straightforwardfor usto
selectheoptimumphasdactorthatsymmetrizesherealpart
of a comple spectralline by multiplying the region around
theline by a seriesof equispacephasdactorsandby testing
therealpartof eachresultfor symmetry

2. Instrument description

The farinfrared spectromete(FIRS-2) was designedand
built at the SmithsonianAstrophysicalObsenratory for the
purposeof measuringstratosphericemissionspectrafrom
balloon and aircraft platforms. The spectrometeproduces
mostly one-sidednterferogramswhich mustbetransformed
and accuratelyphasecorrectedbefore the spectracan be
usedto retrieve constituentprofiles. The FIRS-2 and data-
reductionprocedurearedescribedn detail elsavherel2 our
phase-receerymethods summarizealsevhere butis fully
discussedhere. A brief descriptionof the instrumentascon-
figuredfor balloonflights follows.

The flight instrumentconsistsof a limb-scanningtele-
scope, the interferometer detectors,and associatedcon-
trol electronics. The telescopes a small off-axis reflector
that is pointedin elevation relative to a single-axisstabi-
lized platform3# Theinterferometeuseshollow cornercube
retroreflectoranda 114m uncoatedylar beamsplitter, and
it scanverOPD'sfrom —L; to +Lo, whereL; = 1.2cmand
L, = 120cm. We usetwo liquid-helium-cooleddetectorsa
gallium-dopedyermaniunphotoconductofor thebandfrom
75 to 220 cm~! and a copperdopedgermaniumphotocon-
ductorfor the bandfrom 330to 700cm~1. Thefield of view
is definedby field stopsnearthe detectors.

During a balloonflight we recordinterferogramdgor a se-
quenceof elevation angles repeatinghe sequencehrough-
outtheflight. Wefirst obsene anambient-temperatutdack-
bodysourceatanelevationangleof 90°, followedby aspace



view at 30°, andthenwe obsene the limb at elevation an-
glesof 0.0°, —2.3°, —3.0°, —3.6°, —4.2°, and —4.6°. A
completesequencdakes approximately2700s. We showv
small segmentsof sampleflight spectrafor 90°, 30°, and
—4.17 in Fig. 1, recordedata balloonaltitudeof 36 km. The
spectrahave beenphasecorrectedby usingthe methodout-
lined below, but they have not beencalibratedin intensityor
wave number Notethepresencef asubstantiabut-of-phase
(negative) instrumentabackgroundn the 30° spectrumThe
phase-receery methoddiscussedhereis not affectedby this
backgroundwhichis laterdetectedandcorrectedor.

3. Model description

We assumehat the measuredlackbodyspectrumMgo(G),
canbemodeledas

Mgo(0) = {B(0) + E(0) explip(0)] }
x exp{i[2moxgo+ £(0)]}, (2)

whereB(0) is the productof theinstrumentatesponséunc-
tion anda blackbodyspectrumE (o) exp[ig(o)] is the com-
plex backgroundspectrun® xgo is the position of ZPD in
theblackbodyinterferogramande(o) is the nonlinearphase
shift.

Similarly, we modelthe measuredpaceandlimb spectra
as

Mao(0) = {Sso(0) + E(0) explig(0)]}

x exp{i[2mox0+ £(0)]}, 3)
Me(0) = {Ss(0) + E(0) explip(0)]}
x exp{i[2no%e + £(0)]}, (4)

where S3p and § are the phase-correctedpaceand limb
spectraand xzp and Xg are the positionsof ZPD in the re-
spectve interferograms.

In this notation, the Mgg306(0) functions are complex
spectrathat we obtain by applying a fast Fourier trans-
form to an obsened and windowed interferogram,where
the window function is typically a weight running lin-
early from 0 to 1 between—L; and +L; and a constant
weight of 1 between+L; and +L,. Also in this nota-
tion, the functionson the right-handsidesof Egs. (2)—(4)

[B(0). Ss0p(0), E(0), ®(0), £(0), and xgo306] are all to
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Fig.1. FIRS-2spectraecordechta balloonaltitudeof 36 km.

Vertical scale(arbitraryunits) is the samefor eachgraph. Theele-
vation anglesareindicated;at 90° the telescopeviews a reference
blackbody

beextractedfrom the M (o) dataandthereforeincludearan-
dom noisecomponent. The recoreredspectra,B and Szg,
arephasecorrectecbut mustbe calibratedby wave numbe?
andintensity>® (seealsoSection5).



Fromtypical balloonaltitudes spacespectruntsg consists
of afew narrov emissionlineswith no continuumemission,
limb spectraS containmary linessuperposedn a substan-
tial continuum,and blackbodyspectrumB consistsof con-
tinuum alone. We assumethat the backgroundspectrum,
E(o) exp[ig(0)], is constantfor the durationof an obsera-
tion sequenceandthate(o) is constanfor ary givenballoon
flight. As we shav in Section4, € doesindeedseemto be
constantvith respecto time.

4. Estimate of nonlinear phase

As we mentionedin Section2, eachinterferogramconsists
of a low-resolutiontwo-sidedpart (maximumOPD rangeof
+L; = +£1.2 cm) anda high-resolutiorone-sidedart (max-
imum OPD of L, = +120 cm). Both the low- and high-
resolutioninterferogramsireusedn thestepshatfollow; we
usem to representhe transformof the low-resolutiontwo-
sidedinterferogramandM to representhe high-resolution
transform.Thebasicprocedures for usto estimatexsg by us-
ing high-resolutiorspectrumMVizp, estimatexgg by usinglow-
resolutionspectrummg, andthenestimateg(o) by calculat-
ing thephaseof thedifferencemgg — myg atlow resolution.In
the following step-by-steprocedureve have omittedsome
details(taperingfunctionsusedfor low- andhigh-resolution
transformszeropadding,andthe like) for brevity andclar
ity; further detailsregardingour routine implementationof
thefastFouriertransformarepresentedn Ref. 2.

Ourmethoddiffersfrom onepreviouslydescribedn Ref.6
in that it requirestwo auxiliary spectrabut works for al-
mosttotally one-sidednterferograms.The radiometriccal-
ibration methoddescribedin Ref. 5 calibratesand phase-
correctsspectrain a single step, but it requiressaving the
comple transformsof hotandcold calibrationspectra.Nei-
ther methodis capableof determiningphasefactor 2mogx
whenthe two-sidedtransformis dominatedby the complex
backgroundg(o).

Stepl. To begin, we examinethe nominal (theoreticalor
experimental)spectrao be analyzedandselecta large num-
ber (40-60)of spectralinesthatwe anticipateshouldbein-
trinsically symmetricwith respectto reflectionabouttheir
centralwave numbersFor eachline in this group,estimatea
value of x3g by symmetrizingthe line in the full-resolution
30° spectrum. As we can seeby examining Eq. (1), we
can determinethe phase(modulo ) for a spectralline at
o; by finding phaseB; for which Mzpexp(—ifi) is symmet-
ric nearthe line center We calculatexsg by fitting function
B(0) = 2mox3o to thederivedsetof (a;, 3i) values.Theresid-
ualsfrom thefit area combinationof the errorin estimating
Bi andthenonlinearphasgerme(o;). In practice theuncer
tainty in 3; is too large to geta goodestimateof €(o;) from
theresiduals.

Step2. Calculatent,, the low-resolutionspacespectrum
with thelinearphaseemorved:

Mgo(0) exp(—i21oXx30) = [Sz0+ E exp(ig)] exp(ie),
(5)
= Mg (6)

Step3. Estimatexgg by calculatingthe phasefrom the
transformof the shorttwo-sidedpart of the blackbodyin-
terferogram.We calculatephasef; at eachpoint in regions
whereB(0) > E(0), andagainwe fit alinearfunctionto the
setof (g, Bi) to derive xgo. Theresidualsrom this fit would
give a good estimateof €(0), but only in regionswherethe
backgrounds small.

Step4. Calculatermy,, the blackbodyspectrumwith the
linearphaseremoved:

Mao(0) exp(—i2Moxgo) = [B+ Eexp(i@)] exp(i€),
(7
= M. (8)

Step5. Calculatethenonlineamphaseg(o):

Mo — Mo = [B+ Eexp(i@)] exp(ie) —
[Ss0+ Eexp(i@)] exp(ie), 9)

= (B — S0) exp(ie), (10)
g(0) =tan? [%] : (11)

Step6. Repeatheprocesgor anumberof pairsof Mgg and
Mao, averagetheresults,andsmooththe averageto produce
thefinal estimatechonlinearphaseerm,e(o).

In Fig. 2 we shaw £(0) for two setsof measurementsiade
severalyearsapartthat usedifferentbeamsplitters. The es-
timatedphaseis unreliablenearminimain the beam-splitter
efficiengy functionbecausén theseegionsB « E anddiffer-
encemy, — My, is dominatedy noise.Outsidetheseregions
thetwo phaseestimatesrein excellentagreementndicating
thate(o) is constanin time andindependenof beam-splitter
thickness A discussiorof the possiblephysicalorigin of the
nonlinearterm,g(a), is foundin Ref. 5.

5. Background estimate and normalization

Step7. Estimatethe background,E exp(i@), by clipping
lines from the high-resolution phase-correctegpectrum,
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Fig.2. Nonlinearphasderme estimatedor two differentMy-

lar beamsplitters. The datafrom 75 to 220 cm™1 are from the
farinfrareddetector anddatafrom 330to 700 cm1 arefrom the
midinfrareddetector

50exp(—ig), andsmoothingtheresult,asfollows. Firstre-

move nonlinearphaseg(a) from the high-resolutionspace
spectrumM:

M3oexp(—ig) = {[Sso+ E exp(i@)] exp(ie) }

x exp(—ig),
= S50+ Eexp(io).

(12)
(13)

Then effectively subtractSsp by clipping the sharpspectral
linesfrom theresult:

(14)
(15)

M3zoexp(—i€) — Sz0 = Eexp(i@),
= Mgo

Clipping lines is equivalentto subtractingSsp becausehe
continuumemissionin thespaceview is negligible. Theclip-
ping is accomplishedhumericallywheneachapparensharp
spectraline (above apresemnoisethreshold)s replacedwith
a straight-linesggmentthat bridgesthe adjacentspectralre-
gions.

Step8. Calculatethe estimatedimb spectrum S(o), for
the remainingelevation anglesby estimatingxg as for Xso,
phasecorrectingandsubtractinghe backgroundasfollows:

Me exp(—i€) exp(—i2roxe) — Mz
=[S+ Eexp(ig)] exp[i(2moxg + €)]

x exp(—i€) exp(—i2moXg) — Eexp(ig),
= 5(0).

(16)
(17)

Step. CalculateheobseredresponseB(o), to theblack-
bodysource:

Mgoexp(—ig) — Mzo = B(0). (18)

Step10. Calculatethe intensity-calibratedimb spectra,
$?(0), from thederived S(0) andB(0):

aly oy 0(9)P(Tbb,0)
$70) = g oPRT7K.0)’ (19)
whereP(T, o) isthePlanckfunction,Typ isthemeasuretem-
peratureof the referenceblackbodysource,and277K is a
standardeferencaemperaturegshoserfor corventionin our
data—analysisrocedureResuItingspectra%a'(o) aredimen-
sionlessandindependentf theinstrumenspectraresponse,
which is corvenientfor plotting and visualization. We can
easilyrecover spectrain physicalunits (erg cm=2 s71 st1)
by multiplying by P(277K, o).

6. Results

We judgethe succesor failure of the phasedetermination
by comparingneasure@dndcalculatecemission-linespectra
andlooking for systematidifferences.As we mentionedn
Section4, the scatterin estimatedohasef; is too large for
usto be ableto judgethe effect of the nonlinearphaseterm
onsinglespectraln coaddedspectrahowever, theimprove-
mentis considerablén regionswhereg(o) is large, particu-
larly in the region 560—-610cm~1, wherethe nonlinearterm
is aslarge as 15°. This region is usedfor fitting CO, and
N2Oin FIRS-2spectraandcorrectingfor thenonlineamphase
termeliminatesasystematidifferencebetweerobseredand
calculatedine shapesn this region. Spectrahathave been
phasecorrectedoy the useof the methodoutlinedin this pa-
perhave emission-linegprofilesthatarevisibly moresymmet-
ric thanresultsfrom the assumptiorof a linear phasefunc-
tion, asshavn in Fig. 3, andthey area muchbettermatchto
calculatedspectra.Failing to correctfor the nonlinearphase
term not only resultsin a shift in the line position but also
produceshighly asymmetridine wings.

7. Conclusion

We describea method for phase-correctingand calibrat-
ing emission spectra from mostly one-sided interfero-
grams. The method, developed for the FIRS-2, is ef-
fective in the presenceof an out-of-phasebackground.
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