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Optical Design 
 

•  Instrument concept 

•  Foreoptics and slit viewer 

•  Spectrograph 

•  Alignment plan 
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iSHELL Design Summary 	

Resolving Power 70,000 (0.375ʺ″ slit, 3 pixel sampling) 

Slit width 0.375ʺ″, 0.75ʺ″, 1.5ʺ″, 4.0ʺ″ 

Slit length 5ʺ″, 10ʺ″,15ʺ″, 25ʺ″ 

Silicon immersion gratings 13.2 lines/mm, R3 (71.6°) for LLʹ′M 
22.2 lines/mm, R3 (71.6°) for JHK  

XD gratings 11 first-order tilt-table gratings (JHKLLʹ′M bands)  

Collimated beam 22 mm diameter 

Spectrograph coll. focal length 838 mm (diamond-turned OAP) 

Spectrograph cam. focal length 212 mm (BaF2-ZnS-LiF) 

Spectrograph detector Teledyne H2RG, 2Kx2K, 18 μm pixel, 0.8-5.3 μm 

Slit viewer detector Aladdin 2 InSb, 512x 512, 27 μm pixel, 0.8-5.5 μm  

Slit viewer field of view 42ʺ″ diameter, 0.10ʺ″/pixel 

Optics temperature 76 K 

Cold mechanisms (9) K mirror, slit wheel, slit dekker, order sorter wheel, XD 
mechanism (2), slit viewer filter wheel, grating selection 
mirror, spectrograph focus 

Calibration unit Illumination optics, integrating sphere, arc lamps, flat-
field lamps, 13CH4 gas cell 
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List of cross dispersers and spectral formats  
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List of cross dispersers and spectral formats  
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Example spectral formats  

K2 – 15” slit  L6 – 25” slit  
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Foreoptics and Slit Viewer  
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Foreoptics and slit viewer 
optical design requirements  



3/29/13 

Image quality analysis  

•  Low-frequency spatial errors affecting the core of the image profile 
     are analyzed using Zemax encircled energy diameter (EED) 
 
•  Mid-frequency and high-frequency (roughness) spatial errors  
     affecting the wider wings of the image profile are analyzed using 
     a wavefront error method (surface irregularity)   
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Cold stop  

•  Essential/optimal requirement is for 2%/1% photometry (SR_16) 
•  Pupil 10.1 mm diameter formed by tilted (5 degree) spherical mirror 
•  Cold stop mask is undersized to mask telescope for 0.95 throughput  
    (9.9 mm diameter)   

Image quality at cold stop 

•  Tolerancing adds a few percent to the EED 
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Cold stop: flexure analysis  

•  Monte Carlo analysis includes instrument and telescope secondary  
    (entrance pupil) 
•  Tolerances based on semi-precision fabrication and flexure requirements 
•   Align stop at zenith using pupil viewer and then move  

•  Further analysis is needed to establish accuracy of photometry once 
    pupil is recentered and over typical movements between object and  
    standard stars 

•  Predicted decentration is 0.42 mm 
     and throughput change of 2% (1 σ) 
•  Analysis implies that for good 

photometry stop should be recentered 
following repointing of telescope 

•  Plan is to use hexapod and lookup table 
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Pupil viewer  

•  Used to align cryostat on MIM by imaging secondary (conjugated  
     with cold stop) at about 3.6 μm (thermal) 
•  Diameter of re-imaged pupil is 325 pixels with a spatial resolution  
     3.6 pixels (1% of pupil) 
•  Resolution is diffraction limited by diameter of foreoptics 
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Image quality  
at slit  

Geometric EED 

Alignment and fabrication  
tolerances add about  
5-10 μm to EED  
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Image quality  
at slit  

Diffraction EED 

Geometric aberrations do  
not add significantly to EED 
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Image quality  
at slit viewer 

Geometric EED 

Alignment and fabrication  
tolerances add about  
5-10 μm to EED  
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Image quality  
at slit viewer  

Diffraction EED 

Geometric aberrations do  
not add significantly to EED 
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Surface irregularity (Ftaclas)  

lens mirror 

From Power Spectral Density (PSD) for typical materials    

The total WFE due to irregularity, σT, is given by  

!!! = !!
!"!
!!

!
! !!
!!

!− ! !

!!

!
+ !"!

!"!
!!

!
! !!
!!

!!

!
 

Where σ  is the RMS WFE in waves over diameter D and FP is 
the size of the beam footprint; λt and λu are the test and used  
wavelengths respectively  

WFE∝ scale( )−1/2



3/29/13 

Surface irregularity  
Total WFE for foreoptics 

Total WFE for slit viewer 

Requirements TR_12 and TR_14: diffraction-limited optics Stehl ≥ 0.8 
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Stray light effects and mitigation  

1.   Off-axis stray light from telescope and sky 
     - cold stop and baffle tubes  
 
2.  Ghost reflections from lenses and filters 
      - tilt filters, BBAR coat lenses, ‘optimize’ lens radii 
       (non-sequential analysis in Zemax) 
  
3.  General surface scatter 
      - minimize mid-scale errors and roughness  
       (WFE analysis) 
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Stray light effects and mitigation  

Foreoptics baffle tubes 
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Stray light effects and mitigation  

Ghosts at slit plane – max ghost intensity 10-4 
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Stray light effects and mitigation  

Ghosts at slit viewer array – max ghost intensity 10-5 
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Throughput of the foreoptics and slit viewer   
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Example optical specification:  
foreoptics camera lens  
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Spectrograph  
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Spectrograph optical design requirements  
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•  White pupil layout, disperser at first pupil, cross 

     cross disperser at second pupil 

•  Pseudo-Littrow orientation (γ=1.028 degrees) 
•  tilts slit image for better sampling along slit 
•  avoids potential ‘picket fence’ narcissus ghost 

•  Use silicon immersion gratings (SIGs) to minimize  

      collimated beam diameter (22 mm) and iSHELL size 

•  Use two SIGs for more efficient use of array format 
•  long λ SIG – FSR matched to array span at 4.15 μm (optimum 

for Science Case) 

•  short λ SIG – FSR matched to array span at 2.50 μm 

•  but overfills the array at 5 μm  

•  Use slow (f/38.3) OAPs with small off-axis angles (3 

degrees) to minimize aberrations in the spectrograph 

Spectrograph design features 



Optimization of OAPs 
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Two options for OAP design 
 
1.  Use two OAPs – optimization decenters optical axes by  

       26.4 mm to minimize astigmatism 

2.  Use single asphere to simplify mount but requires more  

specialized testing since more than one wave departure 

from a parabola (computer generated hologram) 
 

Corning NetOptix recommends option 1 (cheaper)   
 



Diamond-machined Al OAPs 
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Three options for OAP fabrication 
 
1.  Corning NetOptix about $200k using LEC technique to 

minimize diamond turning ‘grooves’  

2.  Use standard diamond-turning procedure on RSP 

aluminum material to minimize grooves. Risky? 

3.  Use standard diamond-turning procedure on standard 

material and since grooves have minimal effect on 

scattered light (e.g. Durham Precision Optics about $30k) 
 

OAPs to be co-aligned and co-mounted by vendor  
 



Diamond-machined Al OAPs 
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30 

•  Typical PSD from diamond-machined mirror from Corning  
     standard and LEC process 
•  Amount of scatter is proportional to area under curve 
•  Scatter due to periodicity is therefore small 

Power 
Spectral 
Density 
(PSD) 



LM grating successfully fabricated  
 

•  Fabricated by contact lithography process at UT  
•  Meets spec., surface 0.061 waves RMS at 2.1 μm  
•  Grating will serve as backup since UT ‘can do better’ 
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Immersion Grating Update 
 

Schedule has slipped in an effort to better understand the 

sources of the dominant errors: 

•  Using new light meter to improve UV beam uniformity (contact 

lithography) 

•  Purchased own Zygo 

•  Plasma etch specialist now employed (Cindy Brooks) 

•  Plan to pattern LM grating (contact lithography) and JHK grating (e-

beam lithography) by mid-2013 
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Next step: cut substrate to shape  
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Spectrograph Camera 
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Two options for camera design 
 
1.  Three-mirror anastigmat preliminary design from SSG ($500k) 

•  high transmission and achromatic 

•  no ghosting and minimal scatter 

•  some distortion 

2.  Optimized BaF2-ZnS-LiF lens  meets requirements ($80k OSI) 

•  all spherical surfaces 

•  BBAR coats to minimize ghosting 

•  slightly chromatic requiring focus stage (about 2 mm) 

Choose option 2 (cheaper)   
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Optimize lens design for x-EED (dispersion direction) making use of 
slight astigmatism in collimator  
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Toleranced lens design meets the image quality requirement (TR_10) 
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Surface irregularity  
Total WFE for spectrograph 

A Strehl of 0.5 results in a stray light background at the array of at most 
about 0.2% of the spectral continuum (order of magnitude less than lens  
ghosts)  
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Stray light effects and mitigation  

1.   Diffraction from apertures in spectrograph 
•  slit aperture – form cold stop in foreoptics 
•  SIG entrance/exit aperture – maximize aperture 

2.  Grating ghosts – optimize fabrication 
•  periodic grating errors 
•  general scatter 

 
3.  Ghost reflections 

•  Slit substrate – backside slit 
•  SIG – wedge entrance/exit aperture 
•  Lens surfaces – BBAR coat, ‘optimize’ lens radii 

4.  General surface scatter 
•  surface irregularity – minimize mid-scale errors and roughness 
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Image of slit and  
point-source in slit at 4.8 μm   

No diffraction  
(large aperture)  

Diffraction from 
SIG aperture  
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Reduction of contrast due to aperture of SIG   

4.80 μm 

1.65 μm 
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Ghosts from CaF2 slit substrate   



Ghosts from immersion grating  
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Ghosts from immersion grating  
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Ghosts from camera triplet lens  
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Point source 
average ghost 10-7 

Flux along slit 
average ghost 10-6 

Scaling for XD spectrum spread across array, estimated ghost is ~1%. 
Marginally meets scattered light requirement TR_18 
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Throughput of spectrograph   

System throughput (telescope x foreoptics x spectrograph)=0.95 x 0.71 x 0.25=0.17 
(at blaze peak and not including seeing losses at slit) 
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Example optical specification:  
spectrograph camera lens  
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Example optical specification: OAPs 
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Optical Alignment Plan 
 

General strategy: 
 

•  Alignment tolerances derived from Zemax tolerance analysis  

•  Fabrication of optical bench and mounting fixtures to basic 

precision machine shop tolerances 

•  Use CMM for accurate positioning of fiducials on optical mounts 
•  Setup laser to define optical axis  

•  Sequentially enter optical elements on laser beam  

•  Measure centrations using CCD mounted in a mounting blank 

referenced to the optical mount, shim to align 

•  Individual alignment of rotator, OAP unit, gratings, and lens barrels 
before assembly onto bench 

•  Use pupil viewer to align cold stop to secondary on telescope 
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Optical Alignment Plan 
 

1.  Mount laser to top of optical bench 

2.  Center beam on optical axis using fiducial masks at entrance and 

exit ports of optical bench 

3.  Align foreoptics mirrors 

4.  Mount and align rotator and camera lens 

5.  Align spectrograph mirrors 

6.  Mount and align gratings and camera lens 

7.  Mount optical bench into cryostat 

8.  Align cryostat on telescope using pupil viewer 

For details see alignment documentation 
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Summary of high-level thermal 
design requirements 

1.   Optical enclosure temperature < 78 K, stability < 1 K 

2.   Detector array cooling/warming rate < 0.5 K/min 
3.   Lens element cooling/warming rate < 0.5 K/min (see thermal FEA 

       for spectrograph triplet lens) 

4.  Spectrograph array temperature 38 K, stability < 0.1 K 

5.   Guider array temperature 30 K, stability < 0.1 K 

6.   Immersion grating temperature 80 K, stability < 0.05 K for 0.3 pixels 
7.   If used, liquid nitrogen hold-time must be longer than two days 

8.   Cooling/warming times must be no longer than three days with  

        goal of two days 
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5.4 μm cutoff, no baffle 
5.4 μm cutoff, with baffle 
5.5 μm cutoff, with baffle 

Cutoff λ defined as 50 % QE 
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Teledyne spec.  
λCO = 5.3 μm 

Typical range 5.1-5.5 μm 
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