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Revision 1, 12 January 2005, Clarified figures and recalculated attenuation factors for two-labyrinth case.

1. Introduction

A method by which user-accessible mechanical interfaces are sealed against unwanted stray light leaks is desired.  A preferred method of mating mechanical elements is via bolted and pinned joints, with mating surfaces of ICD-specified flatness.  A bright light source, directed between the mating surfaces may illuminate the inner optical cavity.  Illumination through the gap is allowed by non-planarity of the mounting surface.  

Critical interfaces identified on the SNAP telescope include the lower baffle closeouts, edges of the optics cavity (bay), radiation shield to optics cavity interface, radiation shield to focal plane interface.  The importance of these interfaces stems primarily from their possibility of transmitting solar radiation to the focal plane.  A typical method employed to prevent light leaks through such critical interfaces is installation of an o-ring.  This technique has drawbacks for any of the aforementioned interfaces.  Compressing the o-ring to the ~10% level necessary to prevent stray light leaks introduces unwanted strain into the focal plane.  The focal-plane inter-detector flatness specification is less than 25μm.  In order to minimize stress, a non-contact stray light trap is preferred.
Stray light baffle panels which prevent sunlight from entering the optical cavity must be installed and removed repeatedly, while the telescope is oriented vertically and horizontally.  During these mate/demate operations, dovetail grooves are preferred in order to retain the oring, but are expensive to machine.  In addition, orings both distort the support structure and transmit transient shear loads, depending on the current solar angle.  While this may prove to be acceptable through design, a non-contact option is desired.
An oft-employed, yet ill-quantified (caveat: the fact that the author has not found references does not preclude their existence!) interface stray light trap method is known as the labyrinth trap.  This interface places a circuitous path between external sources, and the critical interior surfaces.  Interior walls of the labyrinth trap are typically painted black, and transmission of stray light through the interfaces requires a number of highly-attenuated scatters off the walls interior to the trap.  (See figure 1.)
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Figure 1: Incident light must pass through the circuitous path of the labyrinth in order to pass through the mechanical interface.  A three-vane, non-contact labyrinth light trap is shown.
2. Requirements
The SNAP mission is zodiacal light limited, which means solar radiation scattered off solar-system dust, in the telescope field of view, defines the noise floor of the system.  The overall stray light requirement is much less than zodi.  As a target, one could strive to keep stray light transmitted through the mechanical interfaces a factor of 1000 (or better) lower than zodiacal radiation, or ~1 photon per pixel every 1000s.

3. Assumptions

Sunlight is the brightest light source visible to the telescope assembly (though not in the field of view).  It passes through labyrinth traps on the external baffle closeouts (see Figure 2), then into the optics cavity through either the edges of the bay, the interface between the radiation shield and the bay, or the interface between the focal plane and the radiation shield.  The amount of light which arrives at a pixel may be approximated as follows:

fp=IsAgLnlab/npix (λ/hc)
In which fp is the flux at a pixel (photons/s), Is is the solar irradiance, 1300W/m2, Ag is the area of the entrance gap on the interface (m2) , L is the labyrinth attenuation factor, nlab is the number of labyrinth seals, npix is the theoretical maximum number of pixels on the focal plane (3x109), λ is the incident light wavelength, hc is the product of Plank’s constant and the speed of light, 2x10-25.  For a fp of 0.001photons/s, and a 1mmx1m gap one solves for Lnlab=10-12.  For example, three labyrinths with an attenuation factor <10-4 would yield a net attenuation of 10-12, and meet requirements.  If only two labyrinths are present, they must have an L of 10-6.
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Figure 2: Locations of labyrinth seals in lower telescope.
4. Calculations
A Breault ASAP model (See Appendix A) of a generalized labyrinth stray light baffle was generated.  The user may select the length to gap ratio (see Figure 1), the number of vanes, and the vane surface treatment.  BRDF curves for the black coatings come from the APART library, included with ASAP.  Rays were stopped when their flux reached a level of 10-12 their original brightness. Length to gap ratios (L/G or L/D) studied were 5, 10, 15 and 20.  Configurations with 2, 3, 4 and 5 vanes were examined.  For all geometric configurations, anodized aluminum, white paper (Lambertian), Aeroglaze Z302 (a specular black paint), Z306 (a diffuse black paint) and Martin Black (a high-performance, yet fragile coating) were analyzed.
Figure 3 shows a two-vane light trap.  Light is introduced via a rectangular emitter, angled 45° to the entrance.  Light is collected at the other far end by an angled detector.  Top, bottom and vane surfaces are modeled with the selected surface treatment.  In all runs, the trap is 50cm wide, and the gap 1mm.  Mirrored ends simulate an infinitely long trap.  
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Figure 3: 2-vane light trap.  Emitter and detectors are the 45° rectangles near the bottom and top of the figure, respectively.  Top, bottom and vane walls are coated, and trap ends are reflective (mirrored) to model an infinite length trap.
Figures 4-8 show attenuation factors for various vane configurations, and the five coating materials.  Attenuation factors are non-dimensional, and do not depend on the overall size of the vane structure.
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Figure 4: Anodized aluminum vanes.  A two-labyrinth system requires 10-6 attenuation factors.  A three-vaned labyrinth with a L/D≥15 or a four-vaned labyrinth with a L/D≥5 meet such a requirement.  Anodized aluminum is the most durable coating option, but requires bakeout.
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Figure 5: White paper (lambertian, 100% total integrated scatter) are included for reference.  One would not construct a light trap with lambertian surfaces; these results are included as an upper limit of stray light transmission.
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Figure 6: Aeroglaze Z302 coated baffles.  An attenuation factor of <10-6 is obtained for two-vane labyrinths with L/D>10, and any three-vane labyrinth.  Z302 and Z306 require a specialized coating and bakeout procedure, but are durable.
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Figure 7: Aeroglaze Z306.  Configurations with three vanes and a L/D>5, and four-vane labyrinths with any L/D have an attenuation vactor <10-6.
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Figure 8: Martin Black—any configuration with three or more vanes is acceptable.  This coating suffers degradation when handled, and is not a good choice for a mechanical interface.

5. Conclusions and recommendations

Results of the analyses suggest a Z302 coating on a two-vaned labyrinth with an L/D >10, or a three-vane labyrinth with a L/D of five or greater.  An anodized aluminum coating on a three-vaned labyrinth with a L/D>10, or a four-vaned labyrinth with a L/D of 5 or more meets requirements, but not with as much margin as the Z302 coated labyrinth.  Manufacturing, handling and durability considerations should dictate which of these labyrinths are selected.
6. Future analysis and considerations

Two labyrinths are between the sun and the dust on the tertiary and fold mirrors.  Stray light levels resulting from two labyrinths and the cleanliness level chosen for these mirrors must be considered.  In addition, the detailed design for the closeouts, including labyrinths should be re-analyzed, and tested with a PMT to ensure their final design meets requirements.  
!! BREAULT ASAP SIMULATION OF LABYRINTH LIGHT TRAP

!! MICHAEL SHOLL

!! JANUARY 2005

SYSTEM NEW 

RESET 

UNITS MILLIMETERS 

WAVELENGTHS 550 NANOMETERS              

PI=ACOS(-1)

COATINGS PROPERTIES; 0 0 'ABSORB'                       

COATINGS PROPERTIES; 0.00000001 0 'SCATTERING'          

COATINGS PROPERTIES; 1 0 'REFLECT'                      

MODEL (MODEL_A_AL=1);     HARVEY 2.2 -2.7 0.1 0 0 633     !! ANODIZED ALUMINUM, FROM BREAULT,       MODEL 1 

MODEL (MODEL_LAMBERTIAN=2); LAMBERTIAN 1                  !! LAMBERTIAN SCATTERING

MODEL (MODEL_TIS_90=3);   HARVEY .9/ACOS(-1) 0 0 0 633    !!  MODEL 3 90% TIS  

$READ "COATINGS_V0"             !! COATINGS 4 THROUGH 27

!! NOTE: MODEL 12=Z302 13=Z306 25=MBLACK      

WAVELENGTHS 550 NANOMETERS

MEDIA

  1.00   'AIR'

  1.51   'GLASS'

GAP=0.001     !! GAP, IN METERS

LD=5          !! RATIO OF OVERALL HEIGHT OF THE (VERTICAL VANES+1 GAP) TO THE GAP SIZE

WIDTH=.05     !! WIDTH IN METERS OF LIGHT TRAP

VNS=2         !! NUMBER OF VERTICAL VANES IN LIGHT TRAP                     

LEV=100       !! NUMBER OF SCATTERS PER RAY

HALT 1.E-12

!! 1 an 2 lam 12 z302 13 z306 25 mblack

SCATTER_MODEL=2

NUMRAYS=1000              

SCATTERS=1   !! NUMBER OF SCATTERED RAYS GENERATED EACH SCATTER

SURFACE

  PLANE X 0 RECTANGLE (WIDTH)/2 (VNS+1)*GAP/2

  OBJECT 'BASE'

  FACETS 50 5

  SHIFT Z (VNS+1)*GAP/2 

  REDEFINE COLOR 13

  SCATTER MODEL (SCATTER_MODEL)

  TOWARDS SPEC (SCATTERS) (PI)/2 0 0

SURFACE

  PLANE X (LD)*GAP RECTANGLE (WIDTH/2) (VNS+1)*GAP/2 

  OBJECT 'CAP'

  FACETS 50 5

  SHIFT Z (VNS+1)*GAP/2

  REDEFINE COLOR 12  

  SCATTER MODEL (SCATTER_MODEL)

  TOWARDS SPEC (SCATTERS) (PI)/2 0 0

SURFACE !! SIDE WALL

  PLANE Y -(WIDTH)/2 RECTANGLE (VNS+1)*GAP/2 (LD)*GAP/2

  OBJECT 'WALL.1'

  FACETS 5 10

  SHIFT Z (VNS+1)*GAP/2

  SHIFT X (LD)*GAP/2

  REDEFINE COLOR 14

  INTERFACE REFLECT 

SURFACE !! SIDE WALL

  PLANE Y +(WIDTH)/2 RECTANGLE (VNS+1)*GAP/2 (LD)*GAP/2

  OBJECT 'WALL.2'

  FACETS 5 10

  SHIFT Z (VNS+1)*GAP/2

  SHIFT X (LD)*GAP/2

  REDEFINE COLOR 14

  INTERFACE REFLECT 

  $DO 1 (VNS)  

    {

    $IF ?\2 EQ 1 THEN

       SURFACE 

         PLANE Z ?*GAP RECTANGLE ((LD-1)*GAP/2) (WIDTH)/2 

         OBJECT 'VANE.?'

         FACETS 5 50

         SHIFT X ((LD-1)*GAP/2)+(GAP)

         REDEFINE COLOR 12

         SCATTER MODEL (SCATTER_MODEL)

         TOWARDS SPEC (SCATTERS) (PI)/2 0 0 

    $ELSE

       SURFACE

         PLANE Z ?*GAP RECTANGLE ((LD-1)*GAP/2) (WIDTH)/2

         OBJECT 'VANE.?'

         FACETS 5 50

         SHIFT X ((LD-1)*GAP/2)

         REDEFINE COLOR 13

         SCATTER MODEL (SCATTER_MODEL)

         TOWARDS SPEC (SCATTERS) (PI)/2 0 0

    $ENDIF

    }

SURFACE

  PLANE Z 0 RECTANGLE SQRT(2)*GAP/2 (WIDTH)/2   

  OBJECT 'EMITTER'

  FACETS 1 50

  ROTATE Y -45

  SHIFT (GAP/2) 0 (GAP/2)

  REDEFINE COLOR 15

  SCATTER MODEL (MODEL_LAMBERTIAN) 

  TOWARDS SPEC (SCATTERS) (PI)/2 0 0

SURFACE

  PLANE Z 0 RECTANGLE SQRT(2)*GAP/2 (WIDTH)/2   

  OBJECT 'DETECTOR'

  FACETS 1 50

  $IF (VNS)\2 EQ 0 THEN

     ROTATE Y -45

     SHIFT (LD)*GAP-(GAP/2) 0 (VNS*GAP)+(GAP/2) 

  $ELSE

     ROTATE Y 45 

     SHIFT (GAP/2) 0 (VNS*GAP)+(GAP/2)

  $ENDIF

  REDEFINE COLOR 15

EMITTING OBJECT -EMITTER (NUMRAYS) -.0001 ISO; FLUX 0 1

PLOT FACETS 5 5 OVERLAY 

LEVEL (LEV)   

!! SAVE 111     

TRACE PLOT 

FLUX TOTAL 1

STATS     

!! $VIEW
