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§1 INTRODUCTION

This technical report gives design parameters for the DEIMOS collimatinig mirror and
the shape of the slit mask surface. End-to-end performance characteristics with and without

the adopted Epps camera design Run No. 3761 (03/02/95) are included.

Several different effects are compared. The first is the effect of pulling DEIMOS away
from the nominal telescope focus by 3.0 inches. The second is the choice of either a
spherical or cylindrical shape for the slit mask surface. The third is the added aberrations
solely due to the adopted Epps (3761) camera design, as opposed to a perfect 15.0-inch

camera.

§2 ASSUMPTIONS AND CONVENTIONS

The following assumptions and conventions were used for all calculations. Inches are
used in the text throughout; however, the plots often display values in microns, which is an
unavoidable result of the software. Object field positions are given in arcmin, and image

spot sizes are given in arcsec.

The Keck telescope primary was assumed to be a circular monolithic mirror. The input
aperture was set to be at the pﬁmary, with an inner diameter of 104.0 inches, corresponding
to the blockage of the secondary mirror shroud, and an outer diameter of 402.0 inches, which
is a reasonable approximation to the serrated outer edge of the segmented f)ﬁmary. Using
these inner and outer diameters, the rms spot sizes for a few cases were checked against a
model of the true aperture, and were found to be in reasonable agreement. Except for the
vignetting which takes place at the camera mouth of the Epps (3761) camera design, no other

vignetting occurs anywhere in the design or modeling.

The secondary mirror surface was assumed to have the as-built Keck I parameters, with

a radius of curvature of —186.53685Iinchcs and a conic constant of -1.64361. The secondary




mirror was allowed to piston for focus.

The collimator has an input design value for the radius of curvature of -173.0 inches, or
a focal length of 86.5 inches, set by the beam size and final image scale. All optimizations
in which the distance from the collimator to the focal surface of the telescope was allowed to
vary gave a value within 0.1 inches of the collimator focal length, 86.5 inches, so the
collimator distance was set to this value. Allowing this distance to vary results in
defocussing the images near the telescope axis while slightly improving the outer images; the
trade off is extremely poor. The final beam was then imaged by either a perfect, 15.0-inch
paraxial camera, or the Epps (3761) camera to give the final spot diagrams and rms spot
diameters. A perfect paraxial camera is a camera with an entrance pupil of infinite diameter
and no aberrations. All spot diagrams in this report are imaged with the perfect camera

unless explicitly noted as imaged by the Epps (3761) camera.

The free parameters remaining in the system are the conic constant of the collimator
mirror, the position of the secondary focus, and the shape and position of the slit mask
surface for spectroscopy. Collimator surface shape terms of higher order than the A, = —¢?
conic constant were found to have a negligible effect on the system. Since the DEIMOS
spectrograph is likely to be pulled away from the nominal focal surface of the telescope by

about 3.0 inches in order to accommodate the slit mask handling mechanism, the cases with

and without pullback are compared.

For the design of the collimator and slit mask surface, 9 points were chosen in the field
of the telescope to represent the overall quality of the DEIMOS field of view. Figure 2.1
shows these field positions. The outer circle corresponds to the 10.0-arcmin maximum field
of view. The lower, upper, and outer boundaries corresponding to approximately 8 arcmin
are the outer edges of the chip. The inner edges correspond to the area vignetted by the tent
mirrors. The area to the right of point 9 in the diagram is also vignetted by the camera
body, but this vignetting is not shown. In most cases, point 2 corresponds to the end of a

typical slit, while point 3 corresponds to the worst case for imaging. Table 2.1 shows the X

)




telescope and the camera.

and Y field positions and angular radii of each point from the center of the field of both the

Table 2.1
Spot Telescope Camera

Number X Y Radius X Y Radius
arcmin arcmin arcmin arcmin arcmin arcmin

i 3.00 8.00 8.54 -2.00 8.00 8.25

2 5.00 -8.00 9.43 0.00 8.00 8.00

3 7.00 7.14 10.00 2.00 7.14 7.41

4 3.00 4.00 5.00 -2.00 4.00 4,47

5 5.00 4.00 6.40 0.00 4.00 4.00

6 7.00 4.00 8.06 2.00 4.00 4.47

7 3.00 0.00 3.00 -2.00 0.00 2.00

8 5.00 0.00 5.00 0.00 0.00 0.00

9 7.00 0.00 7.00 2.00 0.00 2.00

§3 COLLIMATOR

Figure 3.1 shows the spots at the nominal focal surface of the telescope, before being
imaged by the collimator and camera. The field curvature radius used is -84.7 inches. The
spot size is due to astigmatism, and the slight darkening of the inner edge of the spot is from
to the small amount of coma introduced by the imperfectly matched conic constant of the
Keck I secondary mirror. Since the collimator displays negative coma, this coma effect

probably improves rather than degrades the final imaging quality.

Figures 3.2, 3.3, and 3.4 show the images made by a perfect camera resulting from a
collimator with a conic constant of -0.80, -0.75, and -070, respectively. The morphology of
these spots are interesting as a sequence. For a value of -0.80, the astigmatism of the
telescope dominates, but the negative coma is beginning to fold the spot over itself. For a
value of -0.75, the negative coma has folded the spot in half, such that the rms spot diameter
is approximately the same as for the telescope alone. For a value of -0.70, the negative
coma is dominant, and the rms spot size grows again. The actval minimum rms spot
diameter at the edge of the field takes place at -0.7511, which gives the same rms spot

diameter as -0.75 to within 4 decimal places. This value also is very near the minimum




geometric spot size, and clearly gives the most compact morphology. A collimator conic

constant of -0.75 is therefore adopted for all remaining calculations. Table 3.1 shows a

comparison of the rms spot size with respect to the conic parameter.

Table 3.1
Spot Telescope Collimator Reimaged
Number Focus Ay = ~0.80 Ay = ~0.75 Ay = —0.70
Figure 3.1 Figure 3.2 Figure 3.3 Figure 3.4
arcsec arcsec arcsec arcsec

1 0.25 0.29 0.28 0.29

2 0.31 0.34 0.32 0.34

3 0.34 0.37 0.36 0.37

4 0.09 0.14 0.14 0.14

5 0.14 0.19 0.19 0.19

6 0.22 0.27 0.26 0.26

7 0.03 0.08 0.08 0.07

8 0.09 0.14 0.14 0.14

9 0.17 0.22 0.21 0.21

If the DEIMOS spectrograph is now pulled away from the focus of the telescope by 3.0
inches, and the telescope is refocussed by exactly 3.0 inches to compensate, then the
collimator conic constant which gives the minimum rms spot size at the edge of the field has
the same -0.75 value as with no pullback. Figure 3.5 shows the images in the new, pulled-
back focal surface, and Figure 3.6 shows the these spots imaged by a perfect camera through

the collimator. Table 3.4 compares the nominal and 3.0-inch pullback cases,

Table 3.2
Spot Telescope Focal Surface Collimator Reimaged
Number Nominal 3" Pullback Nominal 3" Pullback
Figure 3.1 Figure 3.3 Figure 3.5 Figure 3.6
arcsec arcsec arcsec arcsec
1 0.25 (.25 (.28 0.29
2 0.31 0.31 0.32 0.34
3 0.34 0.35 0.36 0.37
4 0.09 0.09 0.14 0.15
5 0.14 0.15 0.19 0.20
6 0.22 0.23 0.26 0.27
7 0.03 0.05 0.08 0.09
8 0.09 0.09 0.14 0.15
9 0.17 0.17 0,21 0.22




Figure 3.7 shows the through-focus spots for the 3.0-inch pullback case, If the comatic
tails on the spots are objectionable, then Figure 3.7 demonstrates that the camera may be

slightly defocussed to eliminate these tails.

The next 3 Figures show the image degradation caused by introducing the ‘real’ Epps
(3761) camera in direct imaging mode. While all the previous Figures have been drawn with
0.5-arcsec boxes, these 3 Figures are drawn with 1.0-arcsec boxes, due to the larger spread in
the geometric spot sizes. Figure 3.8 has the spots which result from a perfect paraxial
camera, while Figure 3.9 has the Epps (3761) camera operating in photometric “V’ band, and
Figure 3.10 has the Epps (3761) camera operating in photometric ‘B’ band. Here ‘V’ band
consists of equally weighted wavelengths of (0.505, 0.520, 0.530, 0.540, 0.550, 0.560, 0.580,
0.605, and 0.640) microns, and ‘B’ band consists of equally weighted wavelengths of (0.390,
0.400, 0.410, 0.420, 0.430, 0.440, 0.460, 0.480, and 0.500) microns. Table 3.3 compares the

rms spot sizes.

Table 3.3
Spot Perfect Camera Epps (3761) Camera
Number Monochromatic ‘V’ Band ' ‘B’ Band
Figure 3.8 Figure 3.9 Figure 3.10
arcsec arcsec arcsec

1 0.29 0.30 0.38

2 0.34 0.34 041

3 0.37 0.38 0.42

4 0.15 0.20 0.21

5 0.20 0.24 0.25

6 0.27 .31 0.31

7 0.09 0.15 0.12

8 0.15 0.21 0.17

9 0.22 0.27 0.25

In summation, the major contribution to the rms spot diameters when using DEIMOS in
direct imaging mode is from the telescope. For the worst case, at the edge of the field in the
‘B’ band, the telescope has an rms spot diameter of (.34 arcsec and the complete system
with the Epps (3761) camera has a 0.42 arcsec spotsize. If the aberrations add in quadrature
(which they may not), then DEIMOS contributes only 0.24 rms to the rms image diameter,

compared to 0.34 rms from the telescope.




§4 SLIT MASK SURFACE

In order to calculate the best slit mask surface shape, each slit was assumed to be a
perfect point source which is illuminated directly by the entrance pupil of the telescope. The
physical assumption is that all the aberrations of the telescope are lost after passage through
a slit. Two criteria are important for evaluating the effect of the collimator on the quality of
DEIMOS as a spectrograph: how well the slits are illuminated by the telescope and the final
images of the point-slits. If the slit mask is assumed to correspond to a spherical surface
with the nominal focal surface curvature, then the slit mask illumination patterns at the
nominal focus and with a 3.0-inch pullback have already been displayed in Figures 3.1 and
3.3. Since the effect at the focal surface due to the 3.0-inch pullback, shown in Table 3.2,
has a negligible effect on the slit illumination, the 3.0-inch pullback is assumed from this
point onwards. The pullback has no effect on the spectrograph after the light passes through

the slit,

When the collimator is imaging the point-slits, the best focal surface curvature does not
coincide with the telescope focal surface curvature and the best curvature depends on the
collimator conic constant. If the value of A, = —0.75 is chosen for imaging, then the focal
surface curvature giving the best rms spotsize at the edge of the telescope field is -81.93
inches. The resulting slit illumination by the telescope is shown in Figure 4.1, and the
resulting slit images made by a perfect camera are shown in Figure 4.2, All spot diagrams in

this Section have (0.5-arcsec boxes.

Because of the difficulty in making slit masks which are spherical, a slit mask surface
which is cylindrical and roughly tangent to the focal surface is much easier to engineer,
allowing flat slit masks which are wrapped into a cylinder. By equally weighting the 9
points chosen over the field andloptimizing for best rms spot size, the best cylinder has a
curvature of -81.57 inches in the y direction. The cylinder is tilted at -6.0 degrees from the

collimator axis, and intersects the optical axis (.4 inches closer to the collimator than the




nominal distance of 86.5 inches. The slit mask surface could be moved closer to the
collimator (or refocus), which would improve the images along a slit at the center of the
camera field at the expense of the outboard slitlets. Figure 4.3 shows the telescope
illumination pattern for the cylindrical surface, and Figure 4.4 shows the resulting slit images.

Table 4.1 compares a spherical surface to a cylindrical surface.

Table 4.1
Spot Nlumination Spot image
Number Spherical Cylindrical Spherical Cylindrical
Figure 4.1 Figure 4.3 Figure 4.2 Figure 4.4
arcsec arcsec arcsec arcsec

1 0.26 0.26 0.22 0.23

2 0.32 0.35 0.25 0.26

3 0.36 0.35 0.27 - 0.27

4 0.10 0.09 0.12 0.13

5 0.15 0.19 0.16 0.18

6 0.23 0.23 0.21 0.21

7 0.05 0.06 0.07 0.08

8 0.10 0.14 0.12 0.15

9 0.18 0.17 0.18 0.18

§5 SPECTROSCOPY

This section shows the performance of DEIMOS in spectrograph mode. Because an
exhaustive exploration of the large number of possible gratings and tilts would be
unreasonable, only the worst case is explored. the 1200-line/mm grating centered at 0.8000
microns was chosen as the most demanding case for which the camera was specifically
designed. Since the camera aberrations cause a larger halo of stray light in this extreme
mode of operation, the box sizes on the Figures are 2.0-arcsec across. One slit across the
entire field was chosen, centered at 5.0 minutes off the axis of the telescope, corresponding
to the center of the camera at 0.8000 microns, and spanning the entire width of the CCD
chip mosaic. Four field positions were studied, corresponding to 0%, 80%, 90%, and 100%
of the maximum slit length. The slit length from center to end is 8.15 arcmin, Three

wavelengths were studied, 0.6960, 0.8000, and 0.882 microns, which were chosen to put the




light from the end of the slit at the center and the very edges of the camera’s designed field

of view.

Figure 5.1 shows the images of point sources at the focal surface of the collimnator,
imaged by a perfect camera., The images show are for 0.8000 microns, but the spot shapes
do not depend of wavelength with a perfect camera. Figures 5.2, 5.3, and 5.4 show the spots
from point sources for 0.6960, 0.8000, and 0.8820 microns, when imaged by a real camera.
The camera causes wings to emerge from the spots, mainly in the dispersion direction, which

rotate with wavelength. Table 5.1 compares the rms spot diameters for the different

wavelengths.
Table 5.1
Sht Perfect Epps (3761) Camera
Position Camera 0.6960p 0.8000p 0.8820u
Figure 5.1 Figure 5.2 Figure 5.3 Figure 5.4
arcsec arcsec arcsec arcsec

0% 0.09 0.17 0.17 0.19
80% 0.18 0.20 0.23 0.26
90% 0.19 0.22 0.27 0.31
100% 0.21 0.25 0.34 0.37

The remaining Figures were all generated by replacing the previous point light source
on the slit mask surface with a uniformly illuminated disk of light 0.5 arcsec in diameter.
" All of these Figures are of the light from the 100% point, at the very end of the slit. Figure
5.5 shows the spot images by a perfect camera. The light is almost completely contained
within an ellipse with a width in the dispersion direction of 4 pixels, and a width in the slit
direction of 8 pixels. Figures 5.6, 5.7, and 5.8 show the equivalent spots for the Epps (3761)
camera at the 3 previously mentioned wavelengths, In Figures 5.9, 5.10, 5.11, and 5.12, a
disk with a width in the dispersion direction of 4 pixels and a width in the slit direction of 6
pixels was placed over the center of the spot, leaving mostly the tails. Table 5.2 compares

the amount of light in the tails for various wavelengths.



1)

2)

3)

Table 5.2
Wavelength Light in Tail
microns Percent
Pertect Camera 3.3
0.6960 1.5
0.8000 14.1
0.8820 15.2

§6 CONCLUSIONS

The following conclusions may be drawn from this report:

Pulling the DEIMOS spectrograph away from the nominal focus of the Keck telescope
by 3.0 inches causes only a small degradation in performance, on the order of 5% or

less in the rms spot diameter when imaging.

Using a cylindrical rather than spherical shape for the slit mask surface also causes only
a small degradation in performance of about the same magnitude as the 3.0-inch

pullback.

The end-to-end system performance of DEIMOS with the Epps (3761) camera, for both

imaging and spectroscopy, gives at worst an 0.4 arcsec rms diameter instrument.
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