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ABSTRACT

The IASI instrument (Infrared Atmospheric Soundintgrferometer) is a Fourier-Transform Spectrom@tdrS) providing
spectra of the Earth's atmosphere observed frowesfdde heart of the instrument is a Michelsonrfatemeter (IHOS)
equipped with two hollow cube-corners retro-refbest in place of the classical flat mirrors. The mailignment
requirements of the IASI interferometer are theerflt shift, or shear, of the moving cube-cornereifs¢hrough the
beamsplitter) and the misalignment of its scanramgs : these contributions should not exceedpf® and 250urad
respectively during the five years mission in arfihus the most difficult challenge of the IHOSeigtation on-ground
probably is their measurement accuracy, which stespectively be better than gm and 100prad. The envisaged
characterization method consists in a specific gateessing of the fringe patterns created by mterferometer at four
different points located in the IHOS Field of Vig®oV), corresponding to the IASI instrument pixéfar each acquired
interferogram the Optical Path Differences (OPD3ated by the interferometer are evaluated usingubld Fourier-
transform algorithm, and the results are combiregbther in order to retrieve the apparent trajgctdrthe mobile cube-
corner. This principle was tested on a breadba#eaiferometer already assembled in the CNES labieat The numerical
results presented herein tend to demonstrate fiogeaty of the method, since the achieved accudss not exceed 1.2
um (whatever the cube-corner axial position) and (r2@ respectively. The main error sources also amislsed.
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1. INTRODUCTION

The IASI instrument (Infrared Atmospheric Soundilmgerferometer) is a spaceborne Fourier-Transfopac8ometer
(FTS) which will be launched on the European ®femeteorological platform, in order to provide spaatf the Earth's
atmosphere observed from spsc&he data acquired by the instrument will be gbprocessed in order to derive accurate
measurements of the temperature, humidity, and oeitipn of the atmosphere. ALCATEL has been setebiethe French
National Agency (CNES) as the prime contractortfar realization of the instrument and its Interfeeder and Hot Optics
Sub-assembly (IHO$)

The main function of the IHOS is to create moduait&gerferograms which will be recorded by the dgts unit of the
IASI instrument (Cold Box Subsystem). The IHOS baly is a Michelson interferometer where the fiairrors are
replaced with hollow cube-corner retro-reflectarag of which is displaced along the optical axisnans of a driving
mechanism (CCA), in order to create a variable @ptPath Difference (OPD). The IHOS also includegfarence laser
source (RPD) generating a pulsed electrical triggesignal.

A schematic view of the IHOS optical module, or Uggped optical bench”, is shown in the Figure 1.eQui its most
demanding requirement undoubtedly is the cube-csrabear, or relative lateral misalignment, asudised in the next
paragraph.
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Figure 1 : Block-diagram of the IASI interferomete

2. CUBE-CORNERSALIGNMENT REQUIREMENTS

Due to the choice of cube-corner retro-reflecttrs, IASI interferometer will be affected by a typlienisalignment that is
known as the cube-corner shear, or lateral’shigt represented in the Figure 2.
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Figure 2 : Cube-corner lateral shift (or appareajectory) defect

Let us denotef the OPD created between both interferometer afmsgathe IHOS optical axis (equal to twice the
mechanical displacement x of the mobile cube-co@@)). Let dy€) and dzf) be the apparent lateral shifts of Capex,



seen through the beamsplitter along the Y and 2 esespectively, with respect to the fixed cube-eompex (Cg). Ideally
both CG and CG apexes should stay merged along the full cubeecaneasurement stroke, so thatédy dz¢€) = 0. For a
real world interferometer, however, the cube-comgparent trajectory can be decomposed into twa nypies of lateral
shifts :

dy(é) =y, + ylj +0,(8)

=2, +2 2 +0,()

Max

1)

wherey. is the maximal OPD range (equal to 20 mm for 8l linterferometer), yand g are the constant lateral shifts,
resulting from cube-corner and beamsplitter alignimerrors (including thermo-elastic effects), and z are the linear
lateral shifts, which are equivalent to an angufésalignment of the CCscanning axis with respect to the IHOS optical
axis, and ¢(§) and g(§) represent higher-order defects affecting the axdraeer apparent trajectory. The required alignment
performance expressed in terms of cube-cornerlashift is then summarized in the Table 1.

LATERAL SHIFT | ABSOLUTE VALUE | MEASUREMENT
ACCURACY

/ytz) + ZS <20pm <lpm
T
IYf i Zf <2.5um <lpum

Table 1 : IHOS lateral shifts requirements

Those requirements look stringent, however the rdgftult challenge of the IHOS integration prolhalis the searched
measurement accuracy, which shall be achievedreithambient temperature or under vacuum, and dhasiimuch as
possible make use of a simple and inexpensivestdstip. The envisaged method consists in a spetata processing of
already existing data, i.e. fringe patterns createthe IASI interferometer at different pointsitsf Field of View (FoV), as
explained in the next paragraphs.

3. THEORETICAL ANALYSIS
3.1 Basicprinciples
The basic function of the IHOS consists in recagdime fringes of equal-inclination created by a iMison interferometer
constituted of a beamsplitter and two hollow cubeaers. Let us consider a parallel beam arrivinghenlHOS under an
incidence angl®, and let u and v be the Cartesian field angleth@fchief optical ray, as illustrated on the Fig8rdf we
assume a monochromatic incident beam at the wauvesuoy, the phase difference(§) created between both
interferometer arms by the mobile cube-corner néllin the absence of any realization error :

A&)=2mo, & cos ucos v (2)

which corresponds to circular fringes of equalimation. For the real world interferometer we stedld an error term
A¢(u,v), depending on both the incident field anglad the mechanical displacement of the cube-corner

HA&)=2ma,| € cos u cos w A u,)} 3)

" with respect t&.

T equivalent to a 25@rad angular misalignment with respect to the opticas. Note that this requirement actually inclsidbe exit
optics misalignments, as explained in § 3.3.
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Practically A¢(u,v) is linked to instrumental errors such as iigsaents of the IHOS optical component, cube-corne
deviation with respect to its ideal trajectory, msglitter chromatism, sampling jitters, etc... Far purpose it is more
convenient to develop the phase difference asvislio

#9=210, € + ou.) @
implying that : a;(u,v):f[cos u cos v -]B A ( u) ©)

o:(u,v) are herein called the “in-field OPD variatsrgenerated by the interferometer. The resultimgrisity I§) of the
created interferogram is then :

I(8)=T(o){ 1+ C,) B €) cos 2, £+ 5, ¢ ) )

where T@o) is the spectral transmission of the interferome@o,) is the contrast (or depth of modulation) of the
interferogram, and §¢) is a boxcar function centred on the null Optieath Difference, representing the limited stroke of
the mobile cube-corner :

Bo(§) =1 if (E0<&yax and

Bo(§) =0 elsewhere.
In equation (6) the transmission and contrast fanst T@oy,) and C@o) mainly involve the beamsplitter radiometric
characteristics, while the in-field OPD variatioligu,v) actually are comprising very useful infornoatiabout the cube-
corner trajectory and interferometer misalignmeargmeters. This dependence is explained in thewolh paragraph.

3.2 Instrumental errors affecting the OPD

3.21  Cube-corner lateral shifts
Using the Cartesian angular coordinates definegl3nl, the expression of tm{(u, v) error term will be, in the case of an

interferometer affected with cube-corner lateraftsh
Ay(uv)=2dyé) sinucosv R d#) sinv (7)
Thus the in-field OPD variatior&(u,v) created by the IHOS will be according to tiela (5) :

o:(u,v)=¢ [cos u cosv-)}. 2 df) sinucosv2+ (dg sinv (8)



3.22 Misalignment of the exit optics

The angular misalignments (in both translationsatations) of the optical components located betwthe cube-corners
and the IHOS focal plane (i.e. the beamsplitter #mel M; and M, mirrors), as well as the positioning error of the
interferograms detection unit with respect to tHOS focus, will result in a decentring of the fringattern with respect to
the theoretical optical axis, represented by thevy angular shifts in Figure 4. In that case the eggion (8) of the in-field
OPD variations must be modified as follows :

Fe(uv) =3 (U-, v-1,)

)
=¢ [cos (u-y)cos (v-y -)1 2 d¥f) sin(ugu)cos(v)v 2+ (g sSinVy)
\Y
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Figure 4 : Fringe pattern decentring with respedhe IASI pixels

3.3 Inversion method

3.3.1 Cube-corner apparent trajectory

The basic principle of the inversion method cossistevaluating the in-field OPD variatiod's(u,v) at four different points
located in the IHOS focal planecorresponding to the four pixels of the IASI msbent, and to combine these functions to
obtain a simple analytical expression of the cubb@er lateral shifts dgj and dzf). Since the field angles (u,v) and, i)
remain small, however, we shall firstly performezend-order development of the relation (9). Assignthat :

sing=¢ and Cosgzl_i; whatever the anglg leads to :
F:(UV)= 3 U-y, v-\)= g[l} +V +§+ @] +{[ uy+ Vhd % d&‘)[ u-4} ? (Qf)[ v-O]/ (10)

Then, let us denote fu) the angular coordinates of the first measurerpeirit, named pixel 1 in Figure 4. The four IASI
pixels are disposed at the corners of a rectaregired on the IHOS optical axis, so that the cowaidis of the pixels 2, 3,
and 4, will respectively be (5v,), (-W,-vp), and (y4,-v,) as shown on the Figure 4. The resulting systenstidated of the
four measured in-field OPD variatiodg€) (with 1< i < 4) may be rewritten as follows :

" from their recorded interferograms as explainetheAppendix.



pixel 1 4@ = A, UV, -V = 3E) +2 U, dy(@) +2 v, dz(&)

pixel 2 () = (U, UV, -V,) = §(§) -2 u, dyld) +2 v, dZ(S) (11)
pixel 3 (8 = AU, -UpmV,-Vo) = §(¢)-2u, dy(<) -2 v, dZ(S)
pixel 4 (&) = Uy -UyV,-Vo) = ($) +2 u, dyl4) -2 v, dZ(s)

where, for all pixels and at any sampling pointtef acquired interferograms :
é
a@=-S{u+vi + €+ i} -2 &9 - 2y, d1) (12)

and dy’'€) and dz'g) stand for modified lateral shift functions, noaking into account the misalignments of both thi ex
optics and the interferograms detection unit :

&) = Uod
dy' (&) = dH + 2 13

028 = 1) + %
It can be seen that th®(&) term can easily be eliminated from the equati(i®), on one hand, and that these four
relationships are constituting a linear system wétbpect to the searched functions &ygnd dz'€), which can be solved in

a least-square sense, on the other hand. In thattba pseudo-solution will represent the mostyikstimation of the cube-
corner lateral shifts, at each sampling point efriacorded interferograms :

4(4) ~ (9 — (<) + A,(4)

dy (&) = L
P (14)
-0,(¢) -4,
PR AL RIIGRLTG
p

while the residual errors are estimated as :

4(4) = 3,(4) + 4($) — Ai(4)

o, (= "
P (15)
o (&= a(d) - (2(5)81 3,($) — 4,9

The principle of the calculation is illustrated time Figure 5. Ideally the differences of the fomifield OPD variations
should be equal two by two, i.&} (&) - J,(¢) =J,(¢) = J,(é) » and §,(¢) - J,(é) = 3,(&) — J,(é) - The resulting apparent
trajectory of the mobile cube-corner, projectedtba XY and XZ planes, is shown on the left. Anyslaf symmetry
between the four pixels is evidenced by means eféfations (15), that are a reliable indicatotha global measurement
accuracy of the method.

3.3.2 Cube-corner lateral shifts

Cube-corner lateral shifts may now easily be coebdtom their apparent trajectories d&’'and dz’'§) estimated in the
previous paragraph, by means of a polynomial fibsencoefficients directly are proportional to tearshed y, z, y’'; and
Z', error terms :



é
' fMax (16)

3
dz' - '
Z(f) ZO +Zl Q(Max

ay'(é) =y, +VY

where, according to the relations (1) and (13) : | Uy Eyrax
YiEhtTn a7

1 V EBX
21:ZCL+ OZM

Thus the linear lateral shift actually depends lan misalignment of the cube-corner scanning axispree hand (yand z
terms), and on the alignment errors of the exiicgpand laser detection unit, on the other hagdatu v terms). Both
effects cannot be separated from each other.
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Figure 5 : Retrieval principle of cube-corner amgpaitrajectory

4. TEST SET-UP
4.1 Hardware

To validate the design of the IASI instrument ahdlg its optimization, CNES has developed a lalmyabreadboard that
reproduces the main functions of the instrumertix tollection, collimation, interferometry, fieldf view and pupilar
imaging. It differs however from the instrumentthe following points : the spectral range is redli®[2000 crit - 3000
cm], only one pixel is available at a time, and tharsperiod is longer (1 s vs. 151 ms).

Located at the CNES space center in Toulouse, badboard optical bench is 1.5 m long and 1 m laltgis operated

under vacuum, the InSb detector is cooled to 7% Kduid nitrogen. It includes a hot calibratiorabk body at 23 °C and a
cold one, also cooled by LN2. The experiments ametrolled by a computer that drives the target onjrreads the

housekeeping data and stores the scientific datav&rview of this IHOS breadboard is shown inFigure 6.

Different infrared sources may be injected into tineadboard. A HeNe laser at 3.39 pm spread all tvefield of view
and the pupil, an external black body, or the doeltimg atmosphere flux coming from the sky, throaghoutdoor mirror
at 45 °. In that case, a video camera records vidw®e clouds within the field of view.
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Figure 6 : IHOS functional breadboard developedhgyCNES

4.2 Software

For each measured pixel, the in-field OPD variaidsfu,v) are deduced from the recorded interferogr&susing a

double Fourier-transform algorithm, whose princigeinspired from a classical fringe-pattern anialysethod used by
Takeda et al. in order to process bi-dimensiortariarogramd The adaptation of the method to the case ofAl$ iono-

dimensional interferogram is summarized in the Aule The following steps of the data processinggpam are those
described in § 3.3.

5. NUMERICAL RESULTS

The validation of the cube-corner shift evaluatmethod was performed on the CNES interferometeadiveard (§ 4.1) in
several phases. At each alignment step the foudetemterferograms were successively recordedearHHOS focal plane,
then processed in quasi-real time in order to egérthe current values of the),(%) and (yi1, z';) parameters, respectively
defining the next translation movements to applythe fixed cube-corner and laser detection unit,niBans of their
micrometric tables. The method is illustrated oa Higure 7, which corresponds to the end of theSHf@ometrical pre-
alignment. The upper chart presents the OPD cwwemputed from the four interferograms acquiredhat tASI pixels
locations, while the lower charts show the resglitnbe-corner trajectory, projected on the horiaband vertical planes
according to the relations (14). The estimateddthifts fitted from those trajectories are thiofwing :

Constant shifts (shear) oy -17um and g = +36um.
Linear shifts (scanning axis alignment) 1 ¥ +59um and z = +22pm.



Thus a slight re-alignment of the interferometemponents looks necessary. The OPD curves on Figuatso show
residual oscillations which directly are proport@bio the CCA speed variations coupled with thetedamic delay difference
between the main acquisition chain and the RPDtreleics, thus providing an useful method to optenthese last
parameters.
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Figure 7 : OPD and cube-corners lateral shift$l@$ initial alignment step

Figure 8 corresponds to a more advanced step dhtbderometer alignment procedure. It can be ghahthe four OPD
curves now are almost merged (oscillatory termsharnger visible, due to a better compensatiathefelectronic delays),
while the lateral shift values averaged on the whibe-corner trajectory are the following :

Constant shifts (shear) o¥ +1.6um and g= +8.5um.
Linear shifts yi=-14pm and z =+2pm.

Thus the constant shifts are compliant with theuiregnents, and the cube-corner scanning axis isquasi-parallel to the

IHOS optical axis (better than 2@@ad). The convergence of the alignment was confirtheough the four obtained IHOS
Line-Shape functions (ILS, see their definitiontlie Appendix) showing a remarkable symmetry. Thubal measurement
uncertainty is depicted by the error bars displayedhe Figure 8, which are estimated by meankefelations (15). The

attained accuracy does not exceedplrwhatever the cube-corner axial position, and rpogbably corresponds to a pixel
de-correlation caused by one or several of theviatig error sources :

» Positioning accuracy of the IASI pixels in the IH@8al plane.



« Mechanical stabilityof the breadboard during the four pixel acquisiigperformed successively).
» Angular diameter of the used detector.

» Spectral width of the He-Ne laser.

» Spectral and radiometric stability of the He-Neelas

» Signal-to-Noise ratio of the detection unit.

» Optical delay originating from the beamsplitter thogs and manufacturing errors.

» Misalignment of the reference laser beam coupled eibe-corner constant shifts.
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Figure 8 : OPD and cube-corners lateral shiftsndHDS intermediate alignment step

6. CONCLUSION

In this paper, we have reviewed the basic prinsié an “OPD Measurement Device” (OMD), that may used to

characterize the cube-corners shear and scanniagarallelism errors of the 1ASI interferometeheTOMD basically is

constituted of a monochromatic light source (e.tasar), associated with a detection unit locatethé IHOS focal plane.
The cube-corner apparent trajectory is retrieveunfa specific data processing of four interferograamquired in the
interferometer Field of View, corresponding to tA&I instrument pixels. Then the geometrical migathents of the cube-
corners are accurately estimated using a doubleidfevansform algorithm. The envisaged method egserimented on
the IHOS functional breadboard assembled in the £€Ndboratories, and the test results presentednhshew a good

convergence toward the ideal geometrical adjustroktite interferometer. This method is now consdeas validated and
shall be utilized during the ground alignment dftla¢ future IHOS models.

: including oscillatory shifts resulting from mickdbrations generated by the cube-corner driving macsm or the test set up.
Obviously the measurement accuracy will be impra¥éiae four interferograms acquisitions are perfed simultaneously.
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APPENDIX : OPD RETRIEVAL FROM THE INTERFEROGRAMS

The basic principle of the OPD retrieval consistsaispecific data processing of the fringe pattenesited by the 1ASI
interferometer. Whatever the pixel location in tHOS Field of View, the interferogramst)(expressed in relation (6) may
be rewritten using complex exponential numbers :

(§)=, T(0,)C(0,) By (8 {ez“"’ok ") g2 £ 0 (0 Y) } (A1)

or (bold characters denoting complex items anceirtbomplex conjugates) :
(© =5 {vi. (Eun €77 v, (£ € 2 | "
wherev (&, u,v) will be the self-apodization function of the irftsogram, defined as :

- 2i110,0;(u,V)

V,, (& u.v)= To,) Co, ) B(S) € (A3)

Physically

V(& u,v)‘ is the envelope of the monochromatic interferogfaee Figure 9), varying with the axial position

of the moving cube-corner and FoV incidence anglaad v, while its phase directly is proportioraltie searched in-field
OPD variationgx(u,v). This phase may be deduced from the recomtedferogram If) using a double Fourier-transform
algorithn?, which is divided into three main steps as sumrearin the Figure 9.

1) The first step consists in computing the invelFsairier-transform of the recorded interferograr).(The resulting
spectrums, (o, u,v) shows two symmetrical functions respectively cexteon the 6, and 6, wavenumbers, which

correspond to the time modulation of the recoraerferogram :
S,, (o,u,v)= F'I‘l[l(ﬁ)](a,u,v):{lLS00 c-0,,u,V)4LS, (-0, ,u,\,})/2 (A4)
where ILS,,(g,u,V) is the Line-Shape function of the interferometliS], representing its spectral response to an

incident monochromatic beam at the wavenunaeas a function of the neighboring wavenumb®r$he ILS is obtained
through the inverse Fourier transform of the splidization functionvg0 (&,u,v) defined in the (A3) relationship :



ILS, (0,u,V)= FTl[ v, (f,u,vj (AS)
2) Then, shiftingsCIO (o,u,v) of -0, and multiplying the result by a boxcar functiorvetith oo, herein denotecBOO (o) ,in
order to cancel the symmetrical ILS, leads to the spectral response of the interferometer. Theation corresponds to
the removal of the time carrier frequency in theiferogram domain :

ILS, (o,u,v)=2 B, (0) S, (+0,,u,V) (A6)

3) The direct Fourier-transform of the ILS finaflyovides the complex self-apodization func:ti\qg0 (&,u,v) -

V,, (£.uv)= FT[ILS,, (0, u ] (A7)

Finally the in-field OPD variationg;(u,v) are obtained through a simple inversion efrilation (A3). Here Real[] and Im[]
are respectively denoting the extraction of real mmaginary parts :

8.(uY) =- 27300 Arcta,-,{ ::E[‘[ V\‘/’: D(f; uV)\]li} (A8)

Hence the OPD variatior(u,v) can directly be deduced from the acquireérietograms K) at each sampling point,
provided that the, parameter is known with a sufficient accuracy.
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Figure 9 : OPD retrieval from the acquired intesfams



APPENDIX : LINEAR SHIFT RETRIEVAL FROM ILSCENTROIDS

Any misalignment of the IHOS interferometric axidlwesult in a spectral shiftal of the actual ILS centroid. The basic
principle of the method is then to correlate thigedént centroid shifts which will be measured onrfpixels located at the
corners of a rectangle centred on the IHOS optg& (see the Figure 10). As the ILS centroidsctliyeare determined

from the acquired interferograms, the main differerwith respect to the principal method essentiaipsists in data
processing.

v
ILS 2 A ILS 1
do, dog
o o}
Og Oo
Pixel 2 Pixel 1
Interferometrig
axis
\ > u
Optical axis
ILS 3 ILS 4
dog do,
(o} O
Oq Oo
Pixel & Pixel 4

Figure 10 : ILS centroid shifts in the IHOS figfiview

For each pixel, the theoretical expression of #etroid shift @; is related to the slope of its in-field OPD vanat &(¢),
as illustrated in the Figure 11. We then have :

29(4)

do =g, o€

i 0

(B1)

and the four centroid shiftodcan be obtained from a second-order developmetheatelations (11) and (B1), leading to :

do do, 1 ;
701 = JO" —E{uf, +v}+2u Y, +2v, 2 (pixell)
do. do, 1 ;
702 ~ 700—5{u,23+v§,} —2u, Y, +2V, 2, (pixel2) (B2)
do. do, 1 ;
703 = JO" - E{u';’, +v3}-2u Yy, -2V, 2 (pixel3)
do, do, 1 ;
004 - 700 - E{ui +Vib+20, v, -2V, 7 (pixel4)
where : do, 1, WY, Voz
a, - 2{ 0+V§} 2 & 2 Euox (B3)



Using the same resolution procedure than in § JiBally yields the expression of the interferonetixis coefficients y’
and z}, solved in a least-square sense :

do, -do,-do,+do, N Enax

! a, 8u, (B4)
S = do, +do, -do,-do, N Enrax
' o, 8v,
Optical Path Difference (OPD) Recentred ILSwrt o,
Interferogram 5E(U,V)
envel@e, - FT
- J . ————
|
OPD slope! N /\ o 1
\ cm )
. P & (cm) VoV o (

Figure 11 : Phase-corrected ILS centroid



