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1.  Focal Plane Basics 
 
1.1 Plate Scale 
 
Assuming an f4.2 beam at prime focus, this implies a focal length of 46.20 m for an 11 m 
pupil.   The resulting plate scale is approximately 1 arcsec = 224 �m or 4.5 arcsec/mm.  (At 
the ccd, the beam is reimaged to f2.2 so that 1 arcsec =117 �m.  Assume 15 micron pixels 
which results in 0.128 arcsec/pix) 
 
Typical science slits will be 0.45 � 3.0 arcsec for the 0.9 arcsec mean seeing at the site.  
Thus, the physical slit sizes will 0.112 mm � 0.35 mm wide and up to 107 mm (480 arcsec = 
8 arcmin) long.  The focal plane will be ~110 mm in diameter.  This sets the minimum mask 
size.  Some additional material will be needed for mounting and identification purposes.  At 
present we are adopting a square slitmask with 125 mm sides. 
 
1.2 Slit Tolerances and Error Budget 
 
In order to achieve the best possible spectral resolution and ensure the best possible 
background subtraction, edge imperfections not larger than 2% of the slit width = 0.01 
arcsec = 2.2 microns RMS will be required.  Furthermore, to ensure the repeatability of the 
wavelength calibration and flatfield calibrations, the absolute position of the mask position 
in the focal plane must be repeatable to within 0.5 pixels on the ccd = 0.065 arcsec on the 
focal plane equals 12 �m in the focal plane in the dispersion direction. The error in the 
cross-dispersion (i.e., spatial) direction may be as large as 170 microns=0.75 arcsec.   
 
The relative slit positions on the mask must be accurate to 0.2 arcsec on the sky = 45 
microns in the focal plane in the dispersion direction.  When mounted at the focal plane, the 
flexure of the mask perpendicular to the mask surface should not exceed that same 45 
microns times the f-ratio f4.2 ( = 170 microns) to avoid defocus of the slit.  The mask 
thickness should not exceed 190 microns for the same reason.   
 
The sum total of positional error budget must not exceed 12 microns in the focal plane in 
the dispersion direction and 150 microns in the cross-dispersion direction.  Factors 
contributing to this error budget include: 
 
 
1) imperfections in the position of slit holes during fabrication of the masks 
2) thermal expansion and contraction of the mask 
3) Mechanical deformation of the mask during cutting, mounting, movement of the 

spectrograph 
4) positional errors during insertion of the mask from the mask juke box into the focal 

plane location 
 
 



2.  Mask Fabrication Requirements 
 
2.1  Number of Slits Required per Mask 
 
To estimate the number of slits required per mask we consider the case for extragalactic 
science where the sky target density of galaxies is 40,000 objects per sq degree at  R<24 
(I=23) (AAO newsletter).  In an 8'x8' field we expect ~700 objects. Or, considering fainter 
targets, there are 70 objects /arcmin2 from Fernandez-Soto et al. (1999) in the HDF-N 
brighter than AB(8140)=26 or I=25.4 so 4000 objects/field.  Thus, there are plenty of 
targets.  The maximum number of practical targets per mask can be estimated assuming a 
minimum slit size of 5�.  This allows 96 slits per mask.  The typical mask will probably 
contain 10-20 slits. 
 
2.2 Size   
 
The size of the mask must be at least 120 mm diameter, and not exceed 0.2 mm in 
thickness. 
 
2.3 Physical Material 
 
The masks must have a low coefficient of expansion, at least in the direction of spectral 
dispersion to ensure accurate mask position.  The mask must not expand/contract by more 
than 0.012 mm over the 120 mm surface, implying a coefficient of expansion less than 
3.3E-6 /degree C (3.3 parts/million /degree C) given the expected 30 C thermal variation the 
mask may undergo from fabrication to operation. 
 
The material must be non reflective. 
 
The material must be opaque from 0.32 �m to 1.8 �m.  
 
2.4 Accuracy 
 
The mask fabrication mechanism must be able to cut masks to the accuracy and tolerances 
described above.  The fabrication process must be able to produce masks with up to ~100 
rectangular slits at arbitrary positions and position angles, allowing possibly for curved slits. 
 
2.5 Speed 
 
The mask fabrication process must be highly automated to avoid 
excessive and costly human intervention.  Since 4-8 masks may be used in a given night, 
and up to 50 masks may be used during a given week between servicing of the prime focus 
instrument package, the fabrication process must be able to produce ~50 masks during a 
typical work week.  This implies a rate of ~1 mask per hour. 
 
2.6 Cost 
 



The cost of materials, labor, and fabrication of each mask,  including startup costs 
associated with purchase of the fabrication device, should not tax the operations budget of 
the  
facility.  
 
3.  Possible Fabrication Methods 
 
This section benefited greatly from the article by Kei Szeto et al. on �Fabrication of Narrow 
Slit Masks for the Gemini Multi-Slit Spectrograph� in SPIE, K. Szeto, et al. (1997, SPIE, 
2871, 1262).  The mask requirements for the Gemini GMOS are very similar to ours, except 
that the beam is slower, f16, and the focal plane is larger, but their minimum slit size is 
smaller (in arcsec) so that the physical slit size requirements match ours closely. 
 
Also, see the excellent article by G. Conti et al. (2001; astro-ph 0101326) on �The VLT-
VIRMOS Mask Manufacturing Unit� which describes the design criteria and fabrication 
process at the VLT. 
 
3.1 Material 
 
Of the materials examined by Szeto et al., (aluminum, stainless steel, niobium, zirconium, 
molybdenum, invar, and carbon fiber) only Invar and carbon fibre meet the thermal 
properties required here.  Invar has CTE=1.0 ppm/C while carbon fibre has 0.1 along fibres, 
and ~15 ppm/C degree across fibres. 
 
Szeto et al. estimate the cost of a 200 mm x 200 mm Invar or carbon fibre sheet to be $4.  
For our 120 mm x 120 mm sheets, we estimate $1.50/mask. 
 
3.2 Process 
 
Szeto et al. investigated 5 processes for mask cutting. Conti et al. review only 2 of these, 
milling and laser cutting.  
 
1) Photochemical Etching:  Deemed infeasible because of the long timescales to produce a 

mask and large manpower required.  Difficult to automate.  Risks with hazardous 
chemicals. 

2) Water Jet Cutting: Vendors were sent sample masks to cut in 100 �m thick steel sheet, 
but only 1 sample was returned. Cutting to the necessary precision was both slow and 
involved many passes of the 120 �m cutting nozzle.  Much smaller nozzles would be 
required to cut slits of the order 100 �m.  Deemed infeasible. 

3) Electric Discharge Machining: Lacked the flexibility and speed to cut complicated slit 
patterns on timescales of less than 10 hours. 

4) Computer Numerical Control Machining: The most promising candidate given that Lick 
observatory successfully uses a CNC mill to cut DEIMOS slitmasks which have 
slitwidths of >700 �m.  However, for slitwidths of 125 �m, DAO was unable to cut 
120 um-thick Invar sheets without breaking the cutter.  Lick observatory was able to cut 



some on Invar and carbon fibre, but the carbon fibre left unacceptable burrs.  Milled 
Invar masks were deemed an acceptable solution if nothing else could be found. 

5) Laser Cutters:  Samples of Invar and carbon fibre sent to CFHT for cutting on their 
Nd:YAG laser showed acceptable edges and cutting rates: 1 mask/hour for a 200 slit 
mask.  

 
3.3 Summary of other Multi-Object Spectrograph Approaches 
 
Laser systems are used by CFHT, Gemini, and the VLT MOS because they could easily 
produce the necessary slit widths and edge smoothness. Both Gemini and VLT found that 
milling was time intensive and prone to broken cutting implements.   The VLT uses 0.2 mm 
Invar masks, while Gemini has opted to go with 0.2 mm-thick carbon fibre.  CFHT uses 
0.075 mm thick anodized aluminum.  Only the Lick DEIMOS spectrograph uses milled 
slitmasks on 0.25 mm thick aluminum, perhaps because of the expertise already developed 
at Lick, and because of the larger plate scale at the focal plane (larger f-ratio). 
 
3.4 Recommended Mask Configurations 
 
The instrument should have a number of permanently available slitmasks (or reflective 
slitplates for single slit work) for standard uses and calibrations.  A recommended collection 
of ``standard'' masks based on the Keck LRIS/DEIMOS experience, includes: 
 
Recommended Standard Reflective Slit plates (tilted at 12 deg for 
Slit guider camera optics) 
 
1) 0.45� x 7.5' reflective longslit 
2) 0.6� x 7.5' reflective longslit 
3) 0.9� x 7.5' reflective longslit 
4) 1.1� x 7.5� reflective longslit 
5) 1.3� x 7.5� reflective longslit 
6) 3.0� x 7.5� longslit for spectrophotometric calibration and semi-slitless spectroscopy 
7) 1.1� (adjustable) x 4' longslit for spectropolarimetric modes 
8) 1.1� x 4� coronographic center reflective plate 
 
Recommended standard carbon fibre masks 
 
1) One mask with a square grid of 1.0" holes spaced every 10" for direct image focusing 

and distortion testing  
2) One mask with a column of holes or small slits for focus and and sensitivity and 

illumination testing in spectroscopic mode 
 
3.5 Slitmask Organization 
 
Slitmasks should have some kind of bar code to identify the mask and owner and target 
field which are stored in a database accessible to the telescope partners on the web.  The bar 
code must also contain information about which frame the mask is paired with.  For 



maximal slit precision, masks should be milled while mounted in the frame they will be 
used with. 
 
3.6 Multi-Slit Alignment on other Multi-Object Spectrographs 
 
Multi-object spectroscopy using slitmasks is now routinely performed on the 
Keck/LRIS+DEIMOS, VLT/VIRMOS, Gemini/GMOS, and CFHT.   We do not know of 
any telescope instrument combinations where slit viewing capability is enabled in multi-
object mode. Target acquisition and peak-up is thus, accomplished using a multi-stage 
process that makes use of 2 or more �alignment� stars in the field of the science 
observation.  Most masks have square holes termed �alignment boxes� measuring 3-4� on a 
side corresponding to the positions of the alignment stars. Below is a common operational 
sequence for mask alignment. 
 
A. During afternoon flats, an image is obtained through the slitmask (no dispersive element 

in beam) to locate the x,y pixel positions of the alignment boxes on the detector when 
the mask is inserted. 

B. At the start of a science observation, a short (few sec) direct image is acquired of the 
science field through a clear or standard broadband filter.   

C. From this image, telescope offsets are measured which are required to move the 
alignment stars to the correct x,y, pixel location on the ccd where the alignment boxes 
will fall. Telescope is moved accordingly. 

D. The slitmask is inserted into the beam, and another image is taken (no dispersive 
element in the beam) to verify that alignment stars appear in the center of the alignment 
boxes.   

E. Telescope is moved, and instrument is rotated, if necessary, to center alignment stars in 
boxes. 

F. Dispersive element is inserted into beam, and science observations begin. 
 
This acquisition process requires a minimum of 8 minutes at Keck, and may take as long as 
15 depending on observer efficiency.  The VLT and DEIMOS manuals suggest, 
optimistically, that step 2 could be eliminated if the telescope pointing and offsets between 
guider camera and CCD are known accurately. 
 
3.7 Alignment of PFIS on Science Fields} 
 
For PFIS, an entirely new procedure must be developed for alignment since we cannot 
quickly switch between imaging and spectroscopic modes.  Several alternatives are 
possible.   
 
1.  If it is possible to design PFIS with a dichroic which passes the red light but sends the 
UV to the acquisition ccd, then it will be possible to follow a procedure much like the 
above, provided that a close mapping between acquisition ccd pixels and science ccd pixels 
is known.  Images from the alignment ccd can be used to center alignment stars on the 
alignment holes in the mask, and thus at the proper locations on the science ccd. 
 



2.  If, instead, no acquisition image can be acquired, then it will be imperative to achieve 
initial alignment on the science field by blind offsets from a nearby reference star using the 
ring guide cameras.  This will require  excellent calibration to map the x,y pixel positions of 
stars in the  ring guide cameras onto specific x,y, pixel locations on the science ccd.   This 
should 
serve to place the alignment stars within the 4-6� alignment boxes  
on the mask.  With the dispersive element in the beam, peak-up is performed by 
maximizing the signal of the alignment stars.   The telescope is stepped in a regular 5x5 
dither pattern while the science ccd is read out (rapidly, perhaps binned in the spectral 
dimension to reduce read time) at each position.  An automated software program performs 
fits on these images to select the optimal telescope position to maximize the S/N of the 
alignment stars, and by implication, the science targets.  A simple graphical display must be 
developed which allows the users to see the goodness of the fits and quickly offset the 
telescope to the position of optimal alignment. Since IMPLALAS will have rapid readout 
CCDS (1 s) acquisition time may be even faster than Keck/VLT multi-slit acquisition times 
since those systems are limited by the readout time of the detectors. 
 
 
4.  Items to be Acquired 
 
4.1 Laser cutting system. 
 
Recommendations TBD.   
 
VLT uses a StencilLaser 6.0 from LPKF, a German company. Gemini uses a custom built 
system from ART (Advanced Recording Technologies, a company with lots of laser 
experience. (Contact Don Roberts, extension 203, engineering manager at Advanced 
Recording Technologies, Inc. and Magnetic Arts, 1310 Industrial Ave. Escondido, CA 
92029 800-211-3886 Phone  760-746-8526 Fax ). 
 
It is a class I laser (safe as a CD player).  It runs up to 100 W, but typical use is 5 W, pulsed, 
at IR wavelengths but is frequency doubled to the cutting wavelength which is green.   
 
For the Gemini system: 
 Weight: 400 lbs 
 Power: 3 phase, 20 amp, 220 V 
 
ART provides the laser, frame, xy stage, and computer which reads an autocad format input.  
The controlling software is Acrocut, an commercial industrial program for cutting tasks.  
ART has software which takes an autocad file and translates it to gcode which controls the 
stage.  It gives a graphical display before the cut.  It's a complete turnkey system which 
Gemini bought for $120k, but conversations with ART representatives suggest they could 
replicate that system for less.   Gemini added an axis viewer for easy focus of the laser, but 
you can also focus by ear John Hamilton (Gemini staff) says, because the pitch is highest 
when the laser is best focused. They have a service contract.  It runs in an isolated room to 
vent fumes created by the melting epoxy.  Laser will cut slits as small as 13 um.  Laser is 



water cooled, but will be putting it on a recycling glycol cooling system.  Masks with 100 
slits can be made in 10 minutes.  Edge smoothness can be as good as 4 microns RMS. 
 
4.2  Bar code readers and writer for mask identification.   
 
These are commercially available.   Gemini uses a SkanData barcode reader used to print 
bar codes and read them as the cassette is inserted into the instrument.  Each insertion of a 
new cassette triggers a reading of all the masks so that the observing software always knows 
what programs are possible to perform.  
 
4.3 Supply of carbon fibre sheets 
 
1000 masks = 15 m2 = $4000 based on prices from KCI used by Gemini.  Gemini uses 3-
layer carbon fibre masks, 8 mil (0.2 mm) thick from by KCI (Kinetic Composites Inc in 
Oceanside, CA).  The 3 layers, with fibres angled 0-45-0, makes for best slit edges and a 
stiffer mask not prone to bowing and breaking.  Original unidirectional materials were not 
strong enough.  They tried  
0-90-0 layers but this created furring at slit edges.  Gemini masks are 12" square, and the 
company cuts them to precise spec before delivery.  Slits are smooth to a few microns after 
cut.  The epoxy that bonds the layers melts a bit under the laser near the slit edges, but this 
does not appear to damage or warp anything. 
 
4.4   Software to create the mask files.  With the ART device, we would need to either use 
IRAF software written for Gemini, or write our own software to design the masks and 
output a file which Autocad can read. 
 
4.5 Supply of frames for masks.  At least twice as many frames should be available as slots 
in the slitmask magazine.  One set of frames can be used to prepare new masks while the 
other set of frames is resident in the slitmask magazine. 
 
5. Cutting Procedure (based on Gemini experience) 
 
Mask is placed in a holder, 2 registration holes are cut in the mask, then mask is put into 
mask holder which has pins to register in the mask holes.  Then the mask+holder are put 
into cutter.  Frame is aluminum.  Each mask is bar coded with the program ID and frame 
ID, since each mask is mated to a particular frame in which is was cut.  If the mask is 
reused, it must be reused with this frame. 
 
 


