The Optical Design of a Far Infrared Imaging FTSfor SPICA
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ABSTRACT

This paper describes the optical design of thénfaared imaging spectrometer for the JAXA’s SPI@¥ssion. The
SAFARI instrument, is a cryogenic imaging Fourianisform spectrometer (iFTS), designed to perfoackground-
limited spectroscopic and photometric imaging ia land 34-21Qm. The all-reflective optical system is highly
modular and consists of three main modules; inptite® module, interferometer module (FTS) and canbery optics.
A special study has been dedicated to the speopasperformance of the instrument, in which thectml response
and interference of the instrument have been mddakethe FTS mechanism scans over the total deSiP® range.
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1. INTRODUCTION

SpicA FAR infraredlnstrumentSAFARI, is an imaging spectrometer which is being designemap large areas of the
sky in the far infrared. The SPICA mission, havantarge cold telescope cooled to 6K above absakite, will provide
an optimum environment where instruments are lidn@ely by the cosmic background itself. [2]

The optical design of an instrument working for fAeinfrared and involving interferometry at threnge time, as in our
case for SAFARI, is quite challenging and must gesat and dedicated attention to at least threa ohesign working
areas on top of the base geometrical optical deaigras such as the propagation & diffraction asisjythe interference
modeling of the FTS scanning, and the bafflingtetyp. The first area of consideration is dedicatedhe beam
diffraction effects, which must be unavoidably taketo account, as the working wavelength is cosrgd to be large
compared with the size of the optical components.t@e other hand, the interference modeling of FAi& while
scanning over the total desired OPD range, willegis important information about the spectral raspoof the
instrument as built, even taken into account thaufecturing and alignment tolerances. The thircaakstudy would
be the stray light control, as all the optical comgnts and mechanical parts that are warmer tlfiew &elvin are highly
self-luminous at these wavelengths, and they aeetbre potential spurious signal contributorshie sometimes faint
astronomical sources of interest. We will not cotrer SAFARI baffling strategy in this paper, but e keeping in
mind the future need of providing sufficient roomoand the beam and mounts for stray-light baffled aversized
apertures. The general scope of this paper isesept the conceptual or reference optical desidnitarcurrent status.
CODEV and MatLab have been the main software pakage have used for the design and analysis ofotitisal
system.
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2. SAFARI KEY REQUIREMENTS

The optical design of SAFARI will provide imagingectroscopy for the sky signal coming through tRéC3
telescope and into the SAFARI optics. The main SRFAptical requirements derived from the SciencguRements
are [2]:
a) The instrument shall provide direct imaging, witffrdction limited capability in three spectral lmover 34-
210um and over a 2'x2’ FoV on sky.
b) The three wavelength bands covered by SAFARI are:
SW - Short Wave, 34-60m
MW - Medium Wave, 60-11am
LW - Long Wave, 110-21Qm
c) The instrument shall implement a FTS based spaxipysmode with spectral resolving power up to R£280
100um over the required FoV.
d) The instrument shall have an optical interface whth SPICA Telescope defined as an incoming bea@icof
and 16.2m focal length, 3m entrance pupil apertoe@)g the aperture stop at the secondary telesoaper
(M2). The signal will be picked by a pick-off mirrat a nominal field position of 7’ off-axis.

3. FUNCTIONAL BLOCKSOF SAFARI

The instrument functional blocks layout is showrrigure 1. The figure does not represent the dagout of the
instrument, as it has been spread for better vmatadn of the three modules.

Camera Bay
IOM FTS
sw
Interferometer MW
input port

From telescope

Figure 1. SAFARI Instrument Functional Blocks.

As shown in the figure, radiation coming from tleéescope enters the instrument via the pick-offani(POM) and
into the Input Optics Module (IOM). After focusingt an intermediate image plane, the radiation enthe
interferometer optics, previously split into tworer by the beamsplitter located at the first inport pof the
interferometer. The interferometer generates twipuiyports, each of them going through a dedicéitest wheel, one
for the SW and MW bands and another one for theldaid. After undergoing the desired interferencetiwfee beams
reach the Camera Bay optics, where the radiatiofodased into the LW, MW and SW Focal plane arralise
Calibration source radiation (not shown in Figuyestiters the instrument via the second input piotheinterferometer,
utilizing a dedicated optical system that produzdsat field at the final image plane.
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4. OPTICAL DESIGN DESCRIPTION

The optical design of SAFARI is all reflective, (vithe exception of the beam/splitters and filteasid consists of three
main optical modules (plus the calibration sourpgos):

Input Optics Module, interferometer Optics (or FDftics) and Camera Bay Optics.

The three modules are finite conjugate optical esyst and follow the same optical concept, relaycsptiystems
consisting of two powered off axis mirrors and gipumage in between the mirrors. Each optical medn the
SAFARI optical design consists then of a collimgtmirror, which produces a real pupil image in begw the powered
mirrors and a focusing mirror at the rear of theicgh system to achieve the desired F/#. The timedules can be
aligned and verified separately, as they are ddlyreptics and attend to different optical funcB8owithin the whole
optical design. A block diagram is shown in Fig@relhe three modules shall be designed to opetatéesmperature of
4.5K. Inside the Camera Bay Optics there will tetracturally separated compartment, named Cold Bbich shall be
design to operate at 1.7K. In the diagram onlyptvered mirrors are shown. All powered mirrors@eical.
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Figure 2. Blocks diagram of the Safari optical design

4.1 Paraxial Optical Model

The specification of the SAFARI optical design riegs appropriate control of both the intermediateng images and
the intermediate pupil images in the system. Theeco distribution of the magnification of the @ifent subsystems or
modules within the instrument guarantees a deeparal of the modules individual performance anéithiunction in
the whole instrument. For the sake of simplicitydain order to have a close control of the mainstmmttion
parameters, we have built a “paraxial optical mb@élthe instrument which provides immediate infation of the
modules behavior and their contribution to theIfingage specification. The “paraxial optical modid"an all-centered
optical system simulating all the mirrors, pupitgldntermediate images in SAFARI. The model cosgi$ttwo zoomed
positions, one that accounts for the scene imagadion and the other one that accounts for theél pupge formation.
An initial optimization will give us quick informain of the location and size of the different fieldd pupil images as
information of the different mirrors focal lengthed even provides results out of a quick beam atxan analysis that
accounts for the different apertures of the optbaments in the optical train, including the selepe mirrors apertures
and the spider. In the following sections a desicnipof the design details of each of the functiomadules is being
provided.

4.2 Input OpticsModule

The functions of the Input Optics Module (IOM) d@oeprovide:
a) Optical interface with the SPICA telescope at @l object space, receiving a beam with an apeffet, and a
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telescope focal plane with certain amount of fieldvature. The telescope beam is redirected otGHFARI
instrument via the pick off mirror at an offsettbé FoV of 7 arc minutes.

b) Optical interface with the Interferometer (FTS @pjiat the IOM image plane, feeding the FTS optiitk a beam
F/8.45 .

¢) An accessible pupil image in transmission for appete beam steering.

The I0OM contains 7 mirrors including the POM. Itntains 2 powered mirrors, the rest of the opties fafding
mirrors required to keep the overall volume of itgtrument as compact as possible. The telescogm ks picked up
before the focal plane image which provides inteaecess to the focal plane. The entrance pupihef SAFARI
instrument is the SPICA Telescope secondary m{ivt). The IOM provides an internal and accessihlpipimage of
M2. The IOM is a relay optics system with magnifioa of about 1.57X re-imaging the telescope fqidahe with F/5.4

to an output image in front of the interferometptics with an aperture of F/8.45. In Figure 3 tipdias of the IOM is
shown.

Telescope
Focal Plane M3 to FTS optics

POM

Pupil image

\A
\ \

from Telescope

Figure 3 Input Optics Module Layout

4.3 Interferometer Optics

The functions of the Interferometer optics arervjde:
a) Optical interface with the IOM receiving a beam.BB and a flat intermediate image.
b) Optical interface with the Camera Bay Optics at &S image plane, feeding the Camera Bay Optich wit
beam F/8.45, and producing a flat image plane.
c) Areal pupil image in transmission in between thefttop mirrors.
d) Spectral resolving power at the medium band (bd0of A/AA=2000

The interferometer optics accepts the F/8.45 beam the IOM and is also a relay optics system wwithgnification
1X. The configuration consists of two identical aroorresponding to both arms of the Mach Zehnderferometer.
The optical system consist of a collimating mirtd6 forming a pupil image at the centre of the ropftmirror
configuration of the FTS mechanism. The interferaneptics is required to be symmetric in the pwbithe Fourier
Transform Spectrometer Mechanism (FTSM) for zerdicdpPath Difference (OPD). The FTS optics are enad of 4
conical mirrors (2xM5 and 2xM6) and contain the hesplitter and beam—combiner optical elements. &laee also 4
flat mirrors (roof-top mirrors) that configure theomplete Mach Zehnder configuration. The configoratof the
interferometer provides a folding of a factor oirdthe OPD with respect to the actual movementhef mirrors, this
means that the total range of movement of the msimgll provide a total OPD of 140mm.

In Figure 4 the layout of the interferometer opt&cshown.
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Figure 4.Layout of the Safari interferometer optics.

4.4 CameraBay Optics

The functions of the Camera Bay Optics are to glevi

a) Optical interface with the Interferometer Opticsbath FTS output ports, one output port for the bahd and
another output port for the SW & MW band, receivangeam F/8.45 at the intermediate images, prodootdin
transmission and in reflection right after the Beaambiner.

b) A final image for each of the three bands, LW, MW &W, at the focal plane arrays (FPA) locatiorthviinal

aperture of F/20 for the SW and MW bands, and Fgtéhe LW band.

c) An accessible pupil image in transmission for eaaput port, where the Filters and cold stop wdllbcated.

The final part of the optical train is formed bytbamera bay optics which starts at a field imagéé output of the
interferometer. The interferometer provides twopotitports. The LW band is located in one output,pehereas the
SW and MW bands are located in the other port. Eatput port has its own dedicated filter wheelamiag that one
common filter wheel is available for the combinaf/#W band, and another independent filter wheell@r LW band.
The filter wheels are positioned in the vicinityapupil image which sits at the entrance of thd detector box. This
pupil image is formed by the powered mirror M7 doling the image plane of the interferometer. InuFgg5 the layout
of the Camera bay optics is shown.

Inside the detector box there are mainly foldingrams and for each band one powered mirror M8 mliog the f-
number interface for the FPA’s. There are 14 mitiartotal in the Camera bay optics, 5 powered@falding mirrors.
The needed packaging arrangement of the FPA"sIbadeo the need of that number of folding mirrdnse dichroic in
the SW/MW band, reflects the short wavelength fiaahia and is used at an angle of incidence belovs?22 he final
image pupil is virtual and nearly telecentric, lieihe degree of telecentricity different for eacimd.
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Figure5. Camera Bay Optics.

5. PROPAGATION AND DIFFRACTION ANALYSIS

As mentioned in the introduction, as the workingvelangth of SAFARI is large compared with the sife¢he optical
components, it becomes important to model diffaactéffects that occur all along the optical systamd not only
consider the conventional “exit pupil diffractionodel”. A simulation that can account for the wawaune of light
throughout the optical system or a beam propagdaiiomlation is then mandatory for SAFARI. The meansideration
would be that in our case the diffraction effectswr before the exit pupil, and can be not neglgior some of the
surfaces or mechanical structures in our opticstlesy. Methods that can account for the wave natilight throughout
all the surfaces in an optical system are refetweats beam propagation methods.

The modeling can be done with CODEV BSP tool (Be8ynthesis Propagation) to simulate the SAFARI
spectroscopic and imaging performance. BSP is &dotfon Propagation Tool that uses beamlet-bas#chation
propagation and includes effects of aperture aigpintermediate image structure, and lens or mab@rrations.

As a preliminary and fast run we have used ourparaptical model in which we have included thelGR
telescope, containing a possible configuratiorhefdpider on M2, and the rest of the optical eldm#rat complete the
three SAFARI optical modules, input optics modefeiferometer optics and camera bay optics.

This preliminary run will give us an idea of thdtical elements that most affect the final sigreaid the possible
solutions for it. Resizing of the elements abowartigeometrically calculated clear apertures walthe most expected
solution or mitigation of the diffraction effectsssessment. At this point it becomes importantémate with the stray-
light analysis for which the resizing of the elertsecan be quite critical for the spurious signalstmol and final baffling
strategy. A compromise between these two disciplimd be necessary in a near future.

In Figure 6 the results of the preliminary propé&magnalysis for radiation of 1¢@n and some of the surfaces in the
optical train is shown. The diffraction effects thie spider structure are quite noticeable on th@slof the PSFs for the
intermediate images (see figure 6, b). The grapbs/ghe intensity (in dB) for some of the surfacks.an explanatory
example we should compare the geometrical cleartupeof the telescope focal plane, corresponding OV of
+larcmin, which ist4.71mm, and the extent of the PSF at this surfduehnis, and just for an on axis beam, the one
shown in Figure 6, b). We can observe a large gjprgaof the intensity, so the sizing of the surfgde particular the

Proc. of SPIE Vol. 9143 91434B-6

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 12/19/2016 Terms of Use: http://spiedigitallibrary.or g/ss'ter msofuse.aspx



field stops, are highly critical in the final thrglput of the optical system. Please note the reptagon of the intensity

in the graphs is in decibel (dB) scale.
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Figure 6. Preliminary Propagation Analysis for wavelengtiol®. Field Intensity in dB

6. INTERFERENCE SIMULATION

The spectroscopic performance of SAFARI can bectdteby several factors related with the diffractéffects of the
radiation for the instrument wavelengths; amongéhfactors are the guiding accuracy of the FTS,smaah the pupil
wandering of the system as the FTSM (FTS Mechanssahs over the total desired OPD range.

The interference simulation of the FTS as operatmgr the total OPD scanning can also be modeled thie
CODEV BSP tool. The outline of this simulation sfallows:

For each channel (FTS arm), the Complex Field afirttage plane is computed. Then a subtraction tif bleannels
Complex Field data is performed, simulating theiifgrence between both arms (CODEV does not comgmlterent
propagation directly). Then a computation of themsities for the interference pattern is perforraed this is done for
the whole FTS scan. We can reproduce then the aeahs built optical system scanning and therefdee i
interferometrical or spectroscopic behavior.
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Each run of the simulation is a monochromatic smthe running time is dependent on the numberavielengths or
bandwidth of the simulation
An example of output of this modeling is shown igu¥e 7and Figure 8.

monochromatic

Patterr

FTS scan

Figure 7. Interference modeling for the FTS scanning in SAFARtical system (monochromatic).

2 wavelengths

Figure 8. Interference modeling for the FTS scanning in SAFARtical system and for 2 discrete wavelengths.

With this simulation we have also been able toadpce the interferogram intensity pattern apodirathat results
for an off axis beam radiation as the OPD is scdnheFigure 9 and Figure 10, the interferogranenmsity patterns for
an on-axis and off-axis beam respectively are shaMm can observe some decrease of the signal icathe of an off-
axis beam, as the scan reaches its end. This i®dhe pupil wandering which is produced in theSFaptical module as
the OPD is swept. Other types of apodization onalidoehavior could be studied with the help of tiniterference
model. The retrieval of the modeled wavelengthécutated as the FFT of the interferogram intenggtterns, are
shown on the right of each figure. The model wiloaallow us to assess the effects of manufactuaing) alignment
tolerances on the spectroscopic performance of FAFA
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Figure 9. On axis Interference pattern @200 & @21Qm (left), and its FFT (right)
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Figure 10. Off-axis Interference pattern @200 & @21Qum (left), and its FFT (right)

7. CALIBRATION SOURCE OPTICS

The Calibration Source optical system has beengiioto produce a flat field on the FPA image plafiee optical
system consists of a beam expander and a focusingrnplus some folding mirrors. The Calibratioousce will be an
integrating sphere producing the desired radiaoerasios and for the SAFARI working wavelengths.

The integrating sphere is located at the focalglafithe beam expander 1st mirror, producing argéret infinity of
the output port of the integrating sphere at e¥ecal intermediate image plane, and consequentiynage at infinity at
the final image plane (flat field). The optical ®ms consists of a two mirror beam expander foltbwg two flat
mirrors and a focusing mirror to guide the radiattmwming from the output port of the integratinyege into the second
input port of the interferometer and through thst i@ the optical train up to the final image plaiée study of the
performance of this optical system is pending ofher study with ASAP (Advanced Systems AnalysiegPam). In
Figure 11, a layout of the optical design for tiptics of the Calibration Source is shown.

Calibration Source Optics

two mirrors beam expander

FTS Second input port

Figure 11. Calibration Source Optics
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8. CONCLUSION

Currently we have achieved an Optical Referencagbeshich is to be optimized to comply with thedlnrequired
specification.

The subunits optomechanical interfaces have bedateg and the optical design fits the current atégl volume.

Each module (IOM, FTS & Camera Bay) consists ob®@red mirrors and an accessible pupil image imstrassion
in a collimated space, and no intermediate exteges are included in any the modules.

The SPICA Telescope interface has been updatedhalded in the optical design, and in the perfaroganalysis.

The calibration source optical concept has beemel@fand is to be optimized to comply with the finaquired
specification.

A paraxial optical model of the instrument has bdesigned to provide a quick feedback and prelinyimasessment
of the diffraction properties of the beam as itgessthrough the system, which alerts about progidome oversizing of
the mirrors.

A simulation of the interference at the FTS hasnbdeveloped for the system as built, in order tsess the
spectroscopic performance of the instrument.
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