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A telescope made with cylinders
Constructing a 3 m sub-millimeterwave prototype

B. Ramesh, B. Gurumoorthy, S. Raghu Mench N. Ramakrishna Reddy, P.G. Ananthasubramanign
A. Ghosaf, C.M. Ateequlld & V. Dhamodarah

Abstract— A novel four mirror optics suitable to constructing 1
large telescopes at optical and submillimeter wavelengths has
been proposed recently. To prove this concept, a 3 m prototype
based on this optics is being constructed. Of the four mirrors 08~
in the proposed design, three are parabolic cylinders. We have
explored and demonstrated an economical method of making
parabolic cylindrical panels to an rms accuracy of 20 um,
sufficient to observe up to a frequency of 1000 — 1500 GHz.
The tertiary and quaternary themselves will form a telescope of
0.6 n? area with a fan beam, allowing us to characterise this part
of the optics. In this paper, we present the fabrication details of
the second pair of mirrors and their physical measurements. The
beam measurements await the completion of a radiometer which |
is under construction.
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|. INTRODUCTION Fig. 1. The measured fractional time vs zenith 220 GHz opacity at Hanle
. o averaged over 36 months.
HE sub-millimeter waveband is important for photomet-

ric and spectroscopic studies of the high redshift Universe

and of the deeply embedded star forming regions in our apglly or August) peaks in opacity values. Diurnal variations
nearby galaxies. The upcoming Atacama Large Millimetegre not easily noticeable. These results indicate that Hanle is a
wave Array (ALMA) will have a large collecting area andpromising site for sub-millimeterwaves and infrared astronomy
high spatial resolution, but a small field of view. Its continuurduring most of the year excluding the months of July—August.
bandwidth will be smaller compared to that of bolometers @igure 2 shows a picture of a site at a higher altitude of 5000
photon-detectors. This creates both an opportunity and a negd
for an efective complement to ALMA: a large: @0 m) single  Building a large sub-millimeterwave telescope calls for
dish fitted with a modern photon-detector array can be fasigficonventional approaches. The recently proposed novel four
than ALMA for continuum source detection. Besides beingirror optics (Fig.3; [2]; for an analysis, see [3]) may just
powerful in its own right, such an instrument can provide zeredlow this. We have undertaken to prove this concept by
spacing data for making more complete images with ALMAgonstructing a 3 m prototype telescope and measuring its
It will also be a useful complement to the Giant Meterwavgerformance. Of the four mirrors in the proposed design, three
Radio Telescope. are parabolic cylinders. The fourth mirror is small and can be

Being naturally endowed with many high altitude desefabricated readily with a CNC machine. Therefore, as a first
sites in the Himalayas, India can be in the frontline igtep, we undertook to evolve an easeetive and economical
exploring this new frontier. A 220 GHz tipping radiometeay to make accurate parabolic cylindrical panels. In this
has been monitoring the optical depth at Hanle (Latituggaper, we present the fabrication and measurement details of a
3246'46” N; Longitude 7857'51” E; Altitude 4500 m, above panel for the third mirror and the design of the fourth mirror.
MSL) for the last three years, almost uninterrupted [1]. Figure In the next section we describe our first attempt to demon-
1 shows the results. The fractional time for opacities less thgftate that parabolic cylinders can be made inexpensively. In
0.06 in the three winter periods mentioned are above 30¥e third section we describe the way we have made a trial
and the corresponding fractional time for opacities less th@anel of the tertiary and present measurements showing that
0.1 are above 70%. The opacities show seasonal variati@ié panel is accurate to 20n rms This has helped us to learn
as normally expected and in general one month in summgae issues involved in making a 1m x 0.2 m cylindrical panel

, _ , to the accuracy of 2@m. We hope to make the three tertiary
'lv'gnuscr'pt received Aug 31, 2004, revised Aug 31, 2004. panels and assemble them together achieving better than 15
aman Research Institute, Bangalore 560080 . o
2 |STRAC, ISRO, Bangalore 560058 um rmsoverall. In the fourth section, we present the modified
3 Indian Institute of Science, Bangalore 560012 equation for the quaternary and the CAD file. This part is being



INTERNATIONAL CONFERENCE ON SUBMILLIMETERWAVE SCIENCE AND TECHNOLOGY, OCT 13-15, 2004, INDIA 2

Fig. 5. A photo of the test piece produced using the fixture, reflecting
tree-tops outside the window. A reflecting film has been stuck to help visual
assessment of the quality of the surface.

Here, D is the flexural rigidity of the platey its Young’s
modulus,h its thickness angk its Poisson’s ratio [5].

Therefore, if the bending is arrested at many points in-
manufactured and will be soon available for testing. We hofgtween, one could use such ‘cubic or quartic splines’ to piece-
to complete the assembly of tertiary and quaternary togethiise approximate a parabola (or other similar curves). Figure
by October, 2004. In the final section we summarise the resuftshows a jig where we have attempted to use this principle for

Fig. 3. Artist's view of the telescope

and present the roadmap. accurate bending. It has been made in the following way: four
aluminium wedges, two each of 7 mm and 25 mm height,
Il. BENDING A SHEET To PRECISION were made and fixed at predefined positions, symmetrically

about the midpoint on an 8 mm thick aluminium flat. The

achining and positioning accuracies of the wedges were only
bout 10Qum. A transparency sheet was first laid on a surface
. ) ) p%e. A glasswool mat was then spread on and glued to it
easy and fective way to bend them ensuring the desire sing a commercial glue. Again another transparency sheet

flgurg. T_h's Seems readily possible accordlng to a sIMRs glued over it. This sandwich under semi-cured condition
principle: for an ideal end-loaded beam, the height is a cut%;

MOOTH, flat sheets are commercially available. They c
e readily used to make parabolic cylindrical panels wit
high surface accuracy at great economy provided one has

function of its length [4]. For a cantilevered sheet of lengt as draped onto the jig of wedges and allowed to cure in-

L rigidly fixed at one end (x0) and subjected to a uniformly itu. Once cured, the fiticylindrical skin was covered on all

o : i .7 sides making avesselin which the resin solution was poured
distributed lateral pressure of intensity g/(\), the deflection to make a poly-urethene foam (PUF) back-up. After curing
depends on the fourth power of x. The expression for tq '

lateral deflection w(x) in such a situation is given by ﬁ_e open s_id_e of the PUF was sliced into a plane and a 1 mm
' thick aluminium sheet was bonded. The curvature along the
L4 q . mrx Y length was measured by mounting the surface on a lathe-bed

w(x) = mz Rsm(T) where D = 12(1-12) @ and using an LVDT dial guage mounted on the tool post. The
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ratio, stifness, good impact strength, electromagnetically re-
flecting, good conductor of heat and electricity, high resistance
VT 1 T T T T T to corrosion, low cofiicient of thermal expansion and high
5L ] dimensional stability. In addition to these, the material must
L < also be available in the form of thin sheetctions and must
0 y be easy to machine and fabricate.
5l — y=21.2008- (x265.057)°2(4"6%5.133)| _| The materials used traditionally are mild steel, brass, stain-
1 less steel, aluminium alloys and compogid®P. Steel is
200 not considered because of considerations of weight. Compos-
2-215 I S L B B B B itegFRP is not chosen because errors during manufacturing (of
ok FW‘TI\ M the order of 10Qum) will not allow meeting the requirement
mj w N —— | \@ that therms of the reflecting surface be within 1@m to the
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ig-_i% [ oooLmm RMSaror] nominal shape. The dimensional integrity of compo#iBs
o over time is poor due to warpage caused by temperature

-04+
variations and dferential thermal expansion between coating
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0 20 4 60 8 100 120 140 160 180 200 and the substrate. Moreover the costs of fabrication are high
Fig. 6. Measurements showing @@n rmserror. Profile measured on the when the number of components to be made is small.
surface before sticking the reflecting film. In contrast aluminium is a good candidate for the reflecting

surface as it meets all the requirements listed above. Sheets

. . of various gauges and specifications are readily available.
lathe had a linear motion accurate to better thanuft0and a 5, inium sheets also possess easy formability.

digital read out to easily monitor the independent CO'C)rd'r]"’lteThis allows the fabrication of the tertiary mirror in a simple

along the length of the profile. The output of the scan therefog?]d economical method while allowing for scaleability with re-

was a series of (xy) values that could be then processeds fact to the size of the mirror. The mirror is made by cladding

compare with the nominal geometry. Figure 5 shows the pho&

gf tthe rzjlece mzdet._ Tfhtet to_{) Ean?dl Ofl F'?t' 6 show_s thtehr te parabolic profile of the tertiary mirror. Analysis of such
ata and a quadratic it 1o 1. Residuals atter removing me Jqp,oryre when subject to wind loads expected at the final

from the measured proﬁlle is shown n thg bottom panel. Tgﬁe (the telescope is expected to be operational at wind speeds
rmserror is about'Qsz with large contributions coming from of 30 kmph) using a commercial Finite Element Analysis tool
the Waviness. This, we suspect to be _due o the sag betw ERISYS) indicates that a sheet of 1 mm thickness is adequate
contact points. Nonetheless, this experiment demonstrated aFneet the accuracy required of the reflecting surface. The

@BEan between the laminates was set to be 200 mm in the
analysis.

hin sheet of Aluminium over a set of laminates that capture

cylinders to about 2um rms We note that dfficiently stif
panels as light as 6 kg Th can be made in this manner.

I1l. CONSTRUCTING THE TERTIARY PANELS B. Method of Manufacture

HE above method of making a cylindrical panel, while The fgbrication o_f the tertiary mirror involved thre_:e_ main

satisfactory, brings up some practical issues. EspeciaFf;t/?PS- First the laminates were made by CN_C machining. The
such a manufacturing method needs to be characterised 'fgpinates were then assembled at a spacing of 150 mm to
its long term and weather dependerffeets. This we plan form the supstrate for claddl'ng. A 1 mm thick sheet was then
to do. Meanwhile, we modified the method to use morg/dd over this to form the mirror. . _
traditional materials and manufacturing processes. Firstly, weCAD model of a laminate with the parabolic profile along
decided to use aluminium sheets rather than transpareMé§l the locator holes (for spacing the laminates before
sheets (which eventually we meant to vacuum-coat wif2dding) was generated in SolidWorks. A rendering of the
aluminium thin film). This straightaway increasesffsess CAD model of the laminate is shown in Fig.7. While it is
although contributes to weight as well. Secondly, we decidéyite feasible to obtain the laminate for the entire span of 3
to use profiled laminates, cut using CNC machines, along tAe!n @ single setting on some CNC machines, it was deudgd
curved direction instead of the wedges along the cylindef@ Make the laminates in 3 parts (each 1 m in span). This
axial direction. Thus, one such a laminate is kept at every 1% done for two reasons. As the telescope to be deployed
mm along the cylinder’s axis to support the cladding. A natur#fill have a span of 30 m that can only be made in parts
benefit is that the dfiness of the sheets along the cylindrica@nd assembled. It was therefore decided to make the scaled

direction automatically increase owing to the bending in tH¥ototype also in the same way so that the processes once
orthogonal direction. validated can be repeated to get the additional pieces required

for the larger mirrors. The span of 1 m also provides greater
] options in terms of the machining vendors resulting in a more

A. Material economical process.
Material used for the reflecting surface of a telescope shouldSlots (see Fig.7) were positioned in each of the three parts
have the following properties - high specific strength to weiglof the laminate to enable correct assembly after machining.
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Fig. 7. A photo showing the profile segments, ground keys, slots and sit
plates to ensure alignment. L % ]
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Fig. 9. Top panel shows the measurements (red) laid over nominal profile
(black). The bottom panel shows the residuals across the joints. Some
adjustments seem necessary.

Fig. 8. A photo showing profile being measured across a joint on the
assembled laminate.

The three pieces forming the laminate were machined in a |
vertical CNC machine. The data on the parabolic contour was
generated from the CAD model with a step size chosen to

maintain the interpolation error over the step to be within ';_.%I .10, A photo showing mirror, formed by cladding a 1 mm thick sheet

um. Each piece was machined in a single set-up but with SO he substrate made by assembling the two end laminates in parallel and
modifications in clamping during the machining process. A#iigned using ten spacers, on the test bed.

the locator holes and the slots were machined with respect
the same reference frame in the single set-up.

Highly precise and ground keys were then used to assem %" ]
the three pieces to form a single laminate (see photo in Fig g0l |
8). The profile obtained was then measured using an LVC:
dial guage (range 20 mm, least count 0.001 mm). gmf ]

Two laminates were then assembled to form the substre> 2000 .
for cladding. A total of ten spacers were used to locate tt
two laminates with respect to each other and bolted in plac
The assembled substrate was again scanned to validate
parabolic profile defined by the two laminates in the assembl
position. A 1 mm thick Aluminium sheet (local waviness les:
than 10um) was then cladded over the assembled substra
A quick setting glue was applied over the laminate surfac
The 1 mm thick sheet was then placed over followed by
3 mm thick rubber sheet. A roller was then used to roll ove -sof——7—— b L —L—u—
along the length of the laminates to enure that contact betwe X-offsetin mm
the sheet and the laminate was uniform along the length. Ting 11. Top panel shows raw data and quadratic fits to them along seven
rubber sheet was removed after the glue set and the mirpeifiles, separated by 25 mm. Bottom panel shows the residuals after the fits.
was taken for measurement. Thermsis within 20 um.
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C. Measurements

To maintain the desired final accuracy of A& rmson the
mirror surface, the profile as defined by the laminate and the
substrate and the final mirror were scanned using tiferdint
systems. One was by mounting the profile to be scanned on &
lathe bed and a LVDT dial gauge on the tool post as described
earlier. The profile was sampled with a step size of 10 mm.

The second technique made use of a touch probe analog
scanner from Renishaw. The profile to be scanned was place
on the bed of the scanner and aligned so that one of the scal
axis was along the length of the profile (x-axis). As the output
from the scanner is an analog signal that is then sampled by
the control software and a dense set of points on the surface
is obtained for fitting and comparison. Fig. 12.  Figure shows the errors displayed as a surface. The cones indicate

Top panel of the Fig. 9 shows the nominal and measurl&r}ge deviations. The surface fitting yields ams error of ~30 um.
profile (in the vicinity of the junctions between the pieces 1850
forming the laminate). A span of 100 mm on either side of the
two junctions was measured. The residuaffédence between

18401

the nominal and measured) is shown in the bottom panel. 1830k |
Figure 10 shows the measurement set up on the precision
lathe bed. Top panel of Fig. 11 shows seven sets of measure- '

ments along the parabolic profile of the mirror, taken every o
25 mm apart. The stepping in the orthogonal direction was i
also 25 mm. The residuals (tBrence between the fits and
the measurements) are shown in the bottom panel. Figure 12
shows the surface plot of the measured data and the nominal
surface. The scan was along the parabolic profile and the
stepping in the orthogonal direction was10 mm.

As can be seen that by using readily available machining
facilities and nominal locating devices it is possible to achieve
a surface to within 2um rms

IV. QUATERNARY

HE analysis of the new optics [3] provides the shape

equation for the quaternary. However, for practical rea-
sons the third mirror has been lifted by 300 mm and tilted
by an angle,a = 6° about a line parallel to Y axis and
passing through the point (0,0,300). The final focus Q)
has been shifted t0-344.944,0,0) i.e. x = —344.944 and
Z0=0. These changes modify the quaternary equations as given
below. The third mirror focal lengtti; = 1650mm Let O be @, are given by,
the final focus. Let Q' with coordinates (X,z) be the left

Fig. 13. The fourth mirror seen in projection and it being made on the CNC.

most point on theimaginary focal line of the tertiary. The XX = Xc0Ss2a+(z-Zl+xltana) sin2a  (4)
chief ray reflecting & the tertiary at (0,0,300) will reach this 2z = 73+ (Xx-X) tana (5)
point in the abscence of the quaternary. The values; aind d = \/(x C X2+ Y2 + (2 2P ©)

z; are given by,
In this case, the shape equation becomes,

—f3 sin 2« .
= —_— = — f
X cosa - 2fesine @) K = Jox-x2+y2+(@-22+ - -d  (7)
_ 300 f3 cos2a 3) ‘a cosilo
a = * T Cosa - J(110tan22)2+ 2 + 8)

COSa CO0S2«x
Then, a general ray passing through the point P (X,y,z) on tivdere the constant K is found using the chief ray. The rest of
quaternary will converge (in the abscence of the quaternatie shape is defined accordingly.

onto a point Q (xx,0,zz) on the tertiary focal line. The values The top panel of Fig. 13 shows the surface plot of the
of xx and zz and the distance, d, between these points, P gucternary. Its CAD model was generated with the software
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SolidWorks As can be seen, the shape is like that of a saddl¢4] R. P. Feynman, R. B. Leighton and M. Sand@iie Feynman Lectures on

An aluminium alloy block has been machined to this shape Physics p 1320, Vol. 2, 13th reprint. Narosa Publishing House, New
. . Delhi, 1998.

on a CNC machine as the bottom panel of Fig. 13 showss)  “chandrasekharaTheory of Platesp 57, 1st ed. University Press

Measurements are being made to ensure that the shape is as(india) Ltd., Hydrebad, 2001.

desired and amms of < 10 um is achieved.

V. DiscussioN

o Ramesh Balasubramanyanis currently working as a scientist at the Raman
ROM the data presented so far, '_t is clear t_hat we ha\"(%search Institute. He studied B.E in Electronics and Communication at the
been able to make a 0.2 m x 1 m trial parabolic cylindricalegional Engineering College, Trichirapalli, Tamilnadu, India and obtained

i i i ; is<B.E. degree from Madras University, Tamilnadu, India in 1985. In 1993,
panel using available material and manUfaCtunng proces e obtained his Ph.D. in Physics from the Physics department of the Indian

meeting. the specification .to anms accuracy 0f_~ 30 MM.Institute of Science, Bangalore. His areas of interest include radio astronomy
The tertiary has been fabricated with commercially availabted instrumentation for astronomy.
aluminium sheets using readily available CNC machini ) ) )

9 y ng Gurumoorthy is currently a Professor in the Centre for Product Design

faciIiFies. The envelqpe of the ma.Chine reqUir.e_d has be_gﬁ}j Manufacturing and the Department of Mechanical Engineering at the
restricted to 1 m specifically to exploit the competitive scenariodian Institute of Science in Bangalore, India. He received his B. Tech

ili i ; i in Mechanical Engineering from Indian Institute of Technology, Madras
prevalllng in this class of CNC rna.‘ChmeS: . in_1982. He received his M. E. and Ph. D. in Mechanical Engineering
As the measurement show, it is possible to achieve a Carnegie Mellon University, Pittsburgh, U. S. A. in 1984 and 1987

um rms accuracy over a span of 3 m by machining anckspectively. His current research interests are in the areas of geometric
fabricating the profiles of 1 m span, and assembling them cafedelling, features technology, reverse engineering and rapid prototyping.

fully. This fabrication exercise has been useful in identifying, raghu Menonis an M.Des student at the Centre for Product Design and
the issues regarding the nature and type of locating devidémufacturing, Indian Institute of Science, Bangalore, India. He received his

; @LFG in Mechanical Engineering form M.S. Ramaiah Institute of Technology,
to be used to ensure accurate assembly in order to prod ISveswaraiah Technological University, India in 2003. His research interests

panels to arms accuracy of~ 10 um. We are confident of are in the areas of product design, mechatronics, system design, machine
achieving this and completing the three panels of the tertiappls & automation.
and the fqurth mirror soon. Given the details of this .fabncatl.olq. Ramakrishna Reddyis currently a ScientigEngineer 'SE’, in ISTRAC,
process, it seems scaleable to fabricate both the primary mifi§to, Bangalore, India and is studying ME (ISRO-Sponsered) in the
(3 m x 3 m) and the larger 30 m telescope. Department of Mechanical Engineering at the Indian Institute of Science,
Bangalore. He received his Diploma in Mechanical Engineering from Board
of Technical education Tamilnadu in 1982 and his B.E in Mechanical
V1. SUMMARY AND ScoOPE Engineering from Bangalore University in 1996. During 1982-1984, he
gained tool room experience in the area of inspection and quality control
SING common CNC machines and manufacturing pref inspection guages, jigs, fixtures, moulds and press-tools. He has 20

cessesa02mx1lm parabolic cyIindricaI panel with ¥gars experience in the design, manufacturing, realization, installation,
commisioning and establishing ground stations with large antenna systems

surface smoothness of A0n rmShaS.been made. Improving Itfor ISRO’s satellitdaunch vehicle - TTC network all over the globe. His
to ~ 10 um rmsseems readily possible. We hope to completesearch interests are in the mechanical design and analysis of antenna

the tertiary, the quaternary and their assembly by Octob@juctures and drive system design for large antennas.
2004. Thereafter, the tertiary movement mechanism will B&; - ananthasubramanian is currently working at the Raman Research
fabricated allowing elevation tracking. This mirror pair itselfnstitute. He received his B.Sc in Physics from Madras University in 1981,

forms a 0.6 rﬁtelescope with a fan beam. Once the radiomet8pchelor of Engineering degree in Electronics & Communication from
Institution of Engineers (India) in 1989 and and M.Tech in Electronics

|s.c0mpleted, this t_)eam will be measured. Since all the ot WeSign and Technology from Indian Institute of Science, Bangalore, in 1994.
mirrors are also cylinders, the same procedure used for makighas contributed to the development of millimeter & submillimeter-wave

the tertiary panels will be used to make the primary arjgdio astronomy receivers at RRI and other places. During a 2 year stay at
vendish Lab., Cambridge as a Research Associate, he was involved in the

secondary mirrors. We hope to complete the construction Oﬁ elopment of 350 GHz array receiver for JCMT, Hawaii and a prototype
m the prototype telescope by October 2005. 183 GHz water vapour radiometer for ALMA, Chile. His current insterests
include high altitude site characterisation and observational astronomy.
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