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The Echellete Spedrograph and Imager (ES), currently being developed for use & the casegrain focus
of the Ked Il telescope employs an all sphericd, 300 mmfocd length F/1 Epps camera. The canera
consistsof 10eementsin5 groups; one oil filled doublet, one oil fill ed triplet, one greased triplet and
one singlet and afield flattener mounted in the dewar. Typicd mounting tolerances are of order +/- 25
microns. In this paper we discussthe assembly and testing of this camera, along with error budgeting and
tolerance analysis.
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1. Introduction:

The Echellette Spedrograph and Imager (ES) , isamulti purpose spedrograph currently being
developed for the cassegrain focus of Kedk Il telescope by the Instrument Development Lab at Lick
Observatory. The instrument is <heduled to seefirst light in August 29, 1999 ESI isa medium
resolution spedrograph, utilizing afixed 1756 I/mm edhellette grating from Milton Roy (Rochester NY
14629, two large (25 kg prisms for crossdispersion from Hoya glass(Japan) , polished by Zygo (CT)
and coated with a multi-layer dieledric AR at Coherent Inc (Auburn CA). It has threescientific modes. a
medium resolution Echellete mode, alow resolution prismatic mode, and a straight imaging mode .

The spedrograph and camera ae designed for a wavelength coverage of 0.39to 1.1 microns. The
spedrum is colleded by a single 2K x 4k thinned, badk-ill uminated, MIT-Lincoln Labs CCD chip. The
entire spedrum isrecorded in asingle exposure for both the edtellette and low dispersion prism (LD)
modes. The edellette mode uses up to a 20 arcseaond long dlit and has aresolution A/AA  of
approximately 29000/pixel. The LD mode takes pedrafrom upto 50 objedsor along asingle 8
arcminute long dlit at aresolution of 1000/pixel. The imaging mode cvers a2 by 8 arcminute field of
view at 0.15 arcseaonds per pixel.

The operating temperature range for both the spedrograph and camera ae—4°Cto +6°C. The
survivability range is—20°C to +30°C.
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The canera optica design, shown in figure 1, was performed by one of the authors (H.E.) and consists of
four lens groups with ten elements. The dfedive focd length is 308 mm, has an entrance gerture of 287
mmand afinal plate scde of 97.7 microns/arc second on the sky. In the spedrograph the canera
operates at about F/2.

The design is all-spherica and includes two large CaF; lenses. Group #1is adoublet, groups #3 and #4
aretriplets. The dementsin groups #1 and #3are opticdly coupled via afluid (Carguill e laser liquid
56105000 to minimizeinterna refledions. The dementsin group #4are greased together with Dow
Corning Q2-3067. The last element, afield flattener is mounted in the evacuated CCD dewar and serves
as the vaauum window for that dewar.

2. Error Budget:

A detailed computer-based sensitivity analysis was performed by one of the authors (B.S.). Individua
elements were perturbed axially, radialy, or intilt. The perturbations were 25 microns for axial (Z) and
radial (Y) movement, and the tilt (R) was arctangent ( 25 microns/ maximum width of the dement )
about the center of the dement . The perturbed camera model was ray-traced complete with the
spedrograph model in edhellette mode & 50 dfferent wavelengths, covering all orders, with 1000rays
for ead spot. The perturbed system was then compared to the unperturbed system, and the worst
centroid change and worst RM S spotsize increase were noted. For the first set of data, no re-focus or
adive centroiding was done. This cdculation corresponds to the worst-case scenario. For the second set
of data, the median x-shift and y-shift were subtraded, and afocus corredion was estimated and applied.
This case @rrespondsto an adive ollimator scenario, although the dfed of changing spedrograph
angle is not included.

In addition, a smilar analysis was performed for the lens groups. Sensitivities were determined by moving
entire groups as a solid body and measuring their effed on image size and position.

The following table summearizes this analyss:

(Note: The maximum increase in spot size can be misleading. If a partular image in very good focus, in
may be only 0.5 pixelsaaossinitially. A defocus of thisimage would be immeasurable.)

The olumns are:

1) element number, starting at the first element

2) perurbation size (always 25 microns)

3 maximum nmovement of a spot centroid, in microns.

4) maximum increase in RM S diameter spot size, in microns.

ESI Camera Sensitivities Brian Sutin 11/96
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no active corrections active corrections

element # Degree of Distance Image Spot size Image Spot size
Freedom motion increase motion increase
(%) (%) (%) (%) (%)

1Y displacement 25 7.699 0.192 0.185 0.196
1 Z displacement 25 0.219 0.435 0.241 0.035
1 Tip/Tilt 25 10.33 0.509 0.37 0.542
2 Y displacement 25 4.683 0.443 0.185 0.517
2 Z displacement 25 0.087 0.315 0.065 0.01
2 Tip/Tilt 25 12.179 0.132 0.287 0.139
3 Y displacement 25 13.182 1.047 0.722 1
3 Z displacement 25 1.837 3.389 1.721 0.93
3 Tip/Tilt 25 3.678 0.095 0.072 0.052
4'Y displacement 25 13.363 0.277 0.398 0.257
4 Z displacement 25 3.762 4.021 3.672 0.4
4 Tip/Tilt 25 8.747 0.103 0.292 0.117
5 Y displacement 25 1.769 0.221 0.246 0.222
5 Z displacement 25 0.754 0.822 0.736 0.142
5 Tip/Tilt 25 11.166 0.29 0.315 0.299
6 Y displacement 25 4871 0.267 0.22 0.3
6 Z displacement 25 0.768 0.057 0.773 0.019
6 Tip/Tilt 25 10.12 0.325 0.298 0.268
7 Y displacement 25 4,918 0.02 0.631 0
7 Z displacement 25 0.957 0.326 0.965 0.333
7 Tip/Tilt 25 5.37 0.27 0.56 0.219
8 Y displacement 25 2411 0.028 0.175 0.014
8 Z displacement 25 2.104 1.276 2.054 0.293
8 Tip/Tilt 25 16.842 0.389 0.246 0.375
9 Y displacement 25 3.298 0.387 0.323 0.407
9 Z displacement 25 3.348 0.979 3.372 0.179
9 Tip/Tilt 25 4.076 0.187 0.742 0.116
10 Y displacement 25 1.016 0.303 0.215 0.291
10 Z displacement 25 2.668 0.963 2.645 0.369
10 Tip/Tilt 25 1.351 0.335 0.461 0.321
1D Y displacement 25 3.22 0.247 0.128 0.219
1D Z displacement 25 0.275 0.119 0.276 0.025
1D Tip/Tilt 25 1.713 0.671 0.219 0.745
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1T Y displacement 25 6.953 0.768 0.164 0.792
iT Z displacement 25 2.266 3.177 2.158 0.163
iT Tip/Tilt 25 10.714 0.43 0.285 0.406
2T Y displacement 25 3.981 0.312 0.403 0.262
2T Z displacement 25 0.459 2.26 0.558 0.311
2T Tip/Tilt 25 11.988 0.273 0.051 0.276

These sengitivities were used to creae aset of manufaduring tolerances on the medanicd components
such that product of the manufaduring and assembly tolerances with the sensitivities produced spot size
increases that were small compared with the design spot size. One result of this error analysis was that we
deaded we couldn’t adhieve the desired lateral location for cdl #2 passvely given the arrent design
concept. As aresult, we dedded to make that degreeof freedom adjustable.

In addition, the sensitivity data dso allowed usto set alens motion tolerancein terms of the final image
motion allowable for different gravity orientations.

3. Camera Optomechanical Design

The optomedhanicd design was performed by J.A. Schier (JA Schier Co. La Crescenta, CA 9121). The
camera medhanicd assmbly is siown in figure 2 and consists of four cedls supported within asingle
large barrel. The massof the etire camnera assembly is approximately 100 kg The individual cel
assmblies have amassranging from 5 to 30 kg The cdls locate radialy against lands in the barrel inner
wall and axially against athermalizing spaces. Each cdl consists of an aluminum cdl, radial athermalizing
spaceas a compressve preload spring. The two oil coupled cdls also contain an oil seding reservoir
system. We now describe the five major feaures of the optomedanicd design:

Axia Athermalization:

As part of the sengitivity analysis Brian Sutin cdculated alinea relationship between the three
intergroup spadngs, such that the opticd impad of small perturbations of one aia distance
compensated the perturbations of another axial distance

Therefor the dfedive wefficients of thermal expansion (CTE) between the individual groups has
been chosen to provide aspedfic spadng change with temperature to allow the canerato be
opticdly compensated over it’s operating temperature range. These CTE' s were adieved by
using astack of 3 materials, (aluminum, delrin 1l and polyurethane ) between cdl’s 2 and 3and
between cdls 3 and 4in order to compensate for a single material (aluminum) between cdls one
and two.

Actual material CTE’s had to be measured in the lab and in some cases differed substantially from
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the vendor’s catalog quote. In addition, smple material compresson had to be mnsidered in the
material choice & the weight of the cdl + compresson spring contributed to a possble
compressve force of upto 130Kg on the spaces.

Radial Athermalizaion:;

The purpose of the radial Athermalization isto maintain zero internal stressin al the optica
elements over the enitire survivability temperature range while maintaining an axial centration
below that prescribed by the eror budget over the antire operating temperature range.

To adhieve this goal, a set of delrin pads were used to match the CTE's of the glasslenses vsthe
aluminum cdls. The pad thicknessis varied depending on the CTE of the different glasses. With
adiameter cleaance of 0.05 mm between the glassand delrin pad all cdls have zeo thermal
induced stresses down to —97° C. Thereisno upper bound as the deaanceincreases with
increasing temperature..

An additional fador of grea concernisthe dfed of transient temperature changes. If the anbient
temperature wolstoo rapidly athermally induced interference can occur withinthe cdls. Thisis
becaise the duminum cdls have athermal time @nstant ~15 min while the glasshas a thermal
time constant ~120 minutes. At atemperature difference of 14 °C an interference occursin cell
#2, the other cdls experiencethis at a greaer temperature difference. With thisin mind, we have
set 5 °C per hour as the maximum transient temperature rate to be experienced by the camera.

Cell #2 transverse Adjustment:

As previoudly noted, cdl #2 has the highest sengitivity to trandation. One requirement that came
out of the aror budget processwas to have cdl #2 adjustable in trandation after assembly. The
was desired for two reasons. 1) We felt we @uldn’t achieve the desired lateral locaion for cdl #2
passvely, given the aurrent design concept, 2) It was noted that trandational adjustment of cel #2
could compensate for other fabrication and assembly errorsin the other cdls, to some extent.

Figure 3 shows the cdl #2 assembly. A 0.5 mm passage has been cut completely through the cédl
except for threetransverse flexures. This cut effedively creaes an inner and outer cdl. A preload
spring is mounted in the outer cel along with two adjuster screw assemblies. This allows the inner
cdl to be aljusted transversely relative to the outer cdl. In this way transverse aljustment of cell
#2isadieved.

Opticd coupling fluid control:

Cells#1 and #3contain an optica coupling fluid to minimizeinternal refledions between elements
withinthe cdl. Ano-ring sed isprovided at the glassaluminum interface The o-ring is
compressed at the minimum nominal dynamic sed spedficaion (8% ??73. The o-ring is
compressed such that the optic locates diredly against the duminum land and the o-ring carried
much of the load while providing a sed.
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A hea seded polyurethane bladder is used to accoommodate volumetric changes of the coupling
fluid within the cdl. We have tested readivity of the opticd coupling fluid against polyurethane
and other substances (Hilyard et al, this conference).

4.Assembly and Alignment Procedure

The canera assembly procedure was developed interadively with the ad of a set of “dumny optics’
fabricated from aluminum. First the cdls are assembled on a predsion rotary table. Both the optics and
cdlsare digned to therotary table by minimizing their horizontal and verticd runout. Next the optics
are held rigidly in placewhile the cdls are jadked into position. Optics retainers with preload springs are
then installed onto eat assembly. The rest of the medhanicds are then installed onto the cdl, including
the oil handling system.

The oil is added to the cdlsvia agravity feed system. The oil has been previously “pumped on’ to remove
any disolved gass. Initially we had planned to placethe filled cdls in an evaauated chamber to remove
any remaining gas. Thiswas subsequently determined to be unnecessary.

For cdls#1, #2, and #3ahand operated hoist is used to lower the cdlsinto the barrel one & atime. Cell
#4isjadked into placefrom below. Measurements are made of the “stad height” asthe cdisare
installed to confirm that the cdls are seaed properly on the spaces.

With the exception of the trandational locaion of cdl #2 the canera opticd alignment is achieved by
close tolerancefabricaion of the canera medhanica assembly.

Asmentioned previously, lands within the barrel determine the lateral location of the cdls. The barrel
lands have been final machined in a single lathe operation such that they are concentric to 0.025mm
They have then been honed individually to match the as-measured isothermal cel diameters, such that the
cleaanceis~.025mm Shims are alded radially in the final assembly to take up this gap.

The radial locaing surfacewithin the cdls, i.e. the inner diameter on the delrin athermalizing spaces has
been final madhined to match the a-measured isothermal optic diameters plus a .05 mm assembly
cleaance Thiswas done dter the spacas were aseembled into the cdl to increase the centration
acaracy of the hole relative to the outer diameter.

Axially, cdl #1 locates against the front of the barrel via an internal land. All other cdlslocae against the
badk of the barrel through the other cdls and asociated spaces. Thus cdls 2, 3 and 4 along with their
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spaceas make up a stack whose is axial thermal compensation is described above.

After the cdlsare as=mbled, the final opticd-vertex to cdl-land was measured. Only then were the final

lengths of the axial spaces cut. Thiswas done to remove & much axial assmbly error stak up as
possble.

5. Camera Bench Testing and Performance analysis

After final aseembly of the camera several optica performancetests were caried out. The results of the
tests were then compared to the predictions of the lens design and analysis. We now describe the two
fundamental tests.

Interferometric test:

A double passinterferogram was taken of the canera by sending an f/0.7 converging .633 micron
beam from a Zygo Mark IV interferometer into the image plane, through the canera and returned
off areferenceflat. The results of thistest were compared to araytraceon Zemax. These ae
shown in figure #4.

The results of the interferometric tests compare very consistently with the prediction of the opticd
design.

Spot size/BFL measurement:

The polychromatic star image was projeded through the camera via aprojeding telescope. Its
size and distance from the last element both on and off axis were inspeded via microscope
mounted on a five-axis trandation stage. This information was digitized via aCohu video camera
and Matrox frame grabber board. The digital information was compared to the design spot sizes
vialDL.
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On axis we measured the FWHM of the polychromatic spot, through a broad band opticd filter,
to be 10.6 microns (.7 pixels). Thisis comparable to the design. The BFL measure was exadly
that predicted by the design on the first assembly prior to ail fill. However, the BFL measure was
long by 0.2 mm at the final assembly measurement. The most likely candidate for this error has
been determined to be the reduction of intra-cdl distancesin cdl #4 die to the legage of some of
the woupling greasein that cdl. Thisissie will be addressed at Kedk in August by regreasing the
last group before reassembly.

7. Conclusion:

In conclusion, we have described the optomedanicd design, assembly and testing of a 10 element, all
sphericd f/1 Epps camera. The canerais part of the ESI spedrograph, dated to seefirst light in August
of thisyea. The results of the in-house camera performance testing are encouraging. The proof of the
camera performancewill be seenin August in Hawaii.

8. Acknowledgments

The authors wish to thank Carol Osborne and Mary Potede for their help with the design drafting and
many of the Figures for this paper. Also, we would like to thank Jerry Nelson, Terry Mast, Matt Radovan
and Jack Osborne for their many helpful comments;

9. Appendix A: Lens Design performance

9. Bibliography:
(more to be aded!!!!)
1) H.EppsandJ.Miller, “Echellette Spedrograph and Imager for Ked Observatory”, SRE procealings Kona
1998

2) Hilyard, D. Chemicd Readivity Testing d Opticd Fluids and Materialsin the DEIMOS $edrographic Camerafor the Kedk
Il Telescope

3) Ahmed Aness, “ Handbook d Opto-mechanicd Engineeing’, 1997CRCpressNY

4) Vukobratovich, Daniel, “Introduction to Optomechanicd Design’, course nates



WPHeader for SAE use

5) Paul R. Y oder, “ Opto-Medhanicd Systems Design’,1993Marcd Dekker inc, NY NY



