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Aryabhatta Research Institute of Observational Sciences (ARIES) at Nainital (29° 22
’ 
N, 79° 27

’ 
E, 1950 m 

amsl) is located in the central Himalayan region. Taking benefit of its pristine geographical location 
away from major urban pollution a LIDAR system was planned at this location to study the dynamics of 
atmosphere. Optical design analysis of LIDAR receiver telescope with backend detection optics was 
carried out in ZEMAX - EE simulation package to optimize system parameters. A concave mirror of 840 
mm diameter was used as primary mirror to develop a large aperture LIDAR receiver telescope for 
receiving back-scattered photons from atmosphere. Mirror was housed in a simple three piece mirror 
cell manufactured precisely and economically from cast aluminium alloy 535.0 by Lost - Foam casting 
process. Mirror was kept floating at 18 points on axial supports designed, analyzed and manufactured 
for maintaining the optical quality of telescope. Solid modeling and deflection analysis of the axial 
supports confirmed that deflection due to mirror weight was within 10 µ whose effect on degradation of 
optical parameters was analyzed and found quite negligible.   
 
Key words: Telescope, LIDAR, lost - foam casting (LFC), axial supports. 

 
 
INTRODUCTION  
 
Light detection and ranging (LIDAR) probing is one of the 
most successful active remote sensing techniques for 
atmospheric studies. Two groups at Hughes Aircraft 
Malibu and Culver City pioneered the construction of 
LIDAR system in 1961 for range finding applications. 
LIDAR studies were subsequently carried out by using a 
ruby light amplification by stimulated emission of radiation 
(LASER) as a source (Ligda, 1963; Fiocco and Smullin, 
1963; Fiocco and Grams, 1964). Recent studies have 
taken advantage of high power pulsed Neodymium (Nd) - 
yttrium aluminum garnet (YAG) LASER (Chanin et al., 
1981). Atmospheric LIDAR is generally used to probe 
vertical distribution of aerosols and molecules by sending 
a pulsed LASER beam vertically up in the atmosphere. 
Back-scattered photons from atmosphere are collected 
using a receiver telescope (Weitkamp, 2005). Photons 
are detected  and  measured  using  a  detection  system. 
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Backscattered signal strength is proportional to amount of 
scatterers at a particular altitude. Time delay between the 
transmitted pulse and arrival time of backscattered signal 
gives the altitude information. 

India is among one of the fastest growing economies in 
world and its climate is significantly getting affected by 
rapid industrialization and urbanization. Location of Indian 
subcontinent extending from Kanyakumari, almost at the 
magnetic equator (8° 4

’
 N) to Kashmir in the north (34° 

03
’
 N) provides a unique opportunity to study atmospheric 

sciences in India. Atmospheric studies at India include 
meteorology (Jayaraman et al., 2007), ionosphere 
investigations (Dabas et al., 2008), geomagnetism 
(Waghmare et al., 2008) and solar-terrestrial relations 
(Pillai et al., 2003). ARIES located in the central 
Himalayan region is a mid-latitude and high altitude site 
in the country. ARIES has made unique contribution in 
many areas of astronomical research due to its 
imperative geographical location, particularly those 
involving time critical phenomena (Sagar, 2006). The site 
is reasonably away from major urban  pollution  making  it  



 
 
 
 
suitable to monitor and study aerosol (particles of solid or 
liquid phase dispersed in the atmosphere) loading of the 
atmosphere (Sagar, 2004) and to understand regional 
influence on climate variability. Considering the 
geographical location of ARIES a ground based LIDAR 
system was recently installed at this site. LIDAR system 
designed at ARIES consists of three subsystems namely 
transmitter, receiver and detection system (Liu et al., 
2007). Transmitter is a Q-switched Nd: YAG LASER, 
emitting linearly polarized pulses. Receiver consists of a 
Newtonian telescope and detection system comprising of 
photo multiplier Tube (PMT), discriminator and a PCI 
based multi-channel scaler (MCS). 

Receiver in ground based LIDAR system generally 
consists of Cassegrain or Newtonian telescope (Velotta 
et al., 1998). Newtonian telescopes are usually less 
expensive for any given aperture than comparable quality 
telescopes of other types (Schwab, 2003). Also short 
focal ratio allows compact mounting system, reducing 
cost and increasing portability. The present paper 
highlights the optimized indigenous design, analysis and 
economical manufacture of LIDAR receiver telescope 
using a concave mirror of 840 mm diameter with 1428 
mm (f/1.7) focal length. Instead of conventional heavy 
weight single piece primary mirror cell (Bely, 2003) a light 
weight three piece cell was designed and manufactured 
quite precisely and economically using evaporative LFC 
process. A gimbal mounted elliptical plane mirror of 475 
X 375 mm with five axis motion was used as secondary 
mirror for the telescope. Axial supports were designed, 
analyzed and manufactured for large diameter mirror to 
achieve floating condition for the mirror (Bely, 2003). 
Deflection in mirror supports can result in appreciable 
degradation in image quality (Nelson et. al., 1982). Effect 
of deflection in axial supports was analyzed to calculate 
encircled energy, spot diagrams, variation of RMS 
wavefront error and distortion in image.  
 
 
MATERIALS AND METHODS 
 
Optical design and analysis 
 
The optical design optimization and analysis for receiver telescope 
and back end optics of LIDAR was carried out by using ZEMAX-EE 
simulation package. The optical layout, encircled energy, spot 
diagrams, variation of RMS wavefront error and distortion were 
simulated by taking the optical parameters of system (Boyarchuk et 
al., 2008). The result depicts that rays after reflection from primary 
mirror are intercepted by the secondary mirror before the prime 
focus. Secondary mirror sends the rays outside the side of tube 
which are then focused on to the focal plane of PMT through 
detection optics comprising of collimating lenses and a narrow band 
interference filter at 532 nm (Figure 1). 

Encircled energy, f is defined as: 
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where, I(r) is the fraction of total energy, contained within a circle of 
a specified radius r, centered on the chief ray reference point and it 
varies between 0 and 1. The radial coordinate at which a specified 
fraction can be achieved was computed by variation of encircled 
energy with fields. It was concluded from the plot that 80% of 
encircled energy at 0.00°

 
field lies in 52.36 µ radius (Figure 2). 

Spot diagrams for three fields at 0.00, 0.35
 
and 0.50° were 

analyzed. Root mean square (RMS) radius depends upon every ray 
and gives an idea of spread of the rays. GEO radius is radius of 
circle centered at the reference point enclosing all the rays. RMS 
spot size varied from 7390.49 to 6899.84 µ and GEO radius varied 
from 7689.82 to 7679.39 µ for the variation in field from 0.00

 
to 

0.50°
 
(Figure 3).  

Variation of RMS wavefront error in waves with field was 
determined and found to vary marginally from 0.081 to 0.070 waves 
with variation in field from 0.00 to 0.50°

 
(Figure 4a). Strehl ratio that 

evaluates the optical quality of telescope is determined from RMS 
wavefront error. Strehl ratio changed from 0.768 to 0.827 with 
variation in field from 0.00 to 0.50° (Figure 4b). Distortion that 
measures the deviation between the reference and actual image 
height was determined as 1.31% (Figure 4c). 

 
 
Mechanical design and manufacture  

 
LIDAR receiver telescope is the prime requirement for most of the 
ground based LIDAR systems. By convention any mirror larger than 
380 mm diameter should be provided with mechanical flotation and 
adequate edge support. The mirror must rest on a number of self - 
adjusting supports, geometrically symmetrical with each other and 
each taking an equal share of the weight (Hindle, 1996). The 
concave mirror of 840 mm diameter and 140 mm thickness made it 
imperative to have perfect mirror supports for converting it in to a 
Newtonian telescope. It belongs to the category of monolithic 
mirrors (diameter to thickness ratio of 6:1) that are made thick and 
stiff to avoid flexures. Newtonian telescope was designed and 
manufactured with following main components: 

 
 
Primary mirror cell 

 
Primary mirror cell is the most important and sensitive part of a 
telescope (Meinel, 1977). Primary mirror cells in one meter class 
telescopes are conventionally designed in a single piece and are 
generally one of the heaviest parts in a telescope mechanical 
structure (Bely, 2003). The weight of the primary mirror cell is 
coupled to the primary mirror for supporting it with precision during 
motion. However, design considerations behind primary mirror cell 
for stationary LIDAR receiver telescope were light in weight, 
simplified design, low cost of manufacture, easy to assemble 
/disassemble and durable to withstand the primary mirror weight of 
180 kg. Primary mirror cell is required to precisely position the 
mirror on supports. Primary mirror cell was designed in three 
components and has provision for accommodating axial and radial 
supports for primary mirror. It consists of a cylindrical shell mounted 
on a base plate with a circular ring at the top. Cylindrical shell of 
outer diameter 1000 mm and height 255 mm was designed with 
provision for six radial supports to support the primary mirror at its 
circumference. A base plate of diameter 1000 mm and thickness 35 
mm was fastened to bottom of the shell. It has provision for 
incorporating 18 axial supports to hold primary mirror from back. 
Base plate is designed with feet having adjustable vibration 
dampeners for leveling and dampening of vibrations. A 35 mm thick 
circular ring of outer diameter 990 mm was fastened on shell top to 
protect mirror from coming out if mirror cell is tilted.  

Three components of primary mirror cell were manufactured from 
cast aluminium  alloy  535.0  by  LFC  process,  which  is  a  type  of  
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Figure 1. Optical layout of the system. 

 
 
evaporative pattern casting process utilizing foam as the pattern 
material. The process proved to be quite simple, precise, fast and 
inexpensive for producing mirror cell with excellent surface finish. 
Aluminium alloy 535.0 contains 92.84% Al, 6.80% Mg, 0.18% Mn 
and 0.18% Ti. Its tensile strength is 275 MPa and yield strength is 
140 MPa (Chandler, 2006). This aluminium - magnesium alloy 
possesses a combination of strength and ductility. It is appropriate 
for parts in instruments where dimensional stability is of major 
importance. It has high corrosion resistance and excellent 
machinability. LFC process employed expanded polystyrene foam 
patterns that vaporized during pouring of molten metal (Niemann, 
1998). Patterns for three components of primary mirror cell were 
prepared quite economically using a hot - wire foam  cutter  keeping 

in view the machining allowances. Casted components were further 
finish machined to desired dimensions for achieving final sizes of 
the components.  
 
 
Axial supports for the primary mirror    
 
Primary mirror is supported on two types of supports, that is, axial 
and radial supports. Supports must hold the mirror within few 
microns of its aligned position without exerting any pressure on it. 
Pressure deforms the mirror and results in noticeable optical 
aberrations. Axial supports take weight acting along axis of the 
mirror. Total force provided by axial supports varies as a function  of  
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Figure 2.  Variation of encircled energy with field. 

 
 
 
the cosine of zenith angle. At zenith pointing this force 
equals the full weight of mirror and becomes zero at 
horizon. Ideally, to minimize mirror deformation, the axial 
supports should provide a nearly uniform pressure over the 
entire back surface of the primary mirror. Design criteria 
implemented in axial supports was to divide the mirror  into 

sections of equal weight, each supported at its centroid. 
Hence the groups of three adjacent support points were 
supported by triangles, which in turn were supported at 
their centroids. Eighteen axial supports were arranged in 
two concentric circles to take weight acting along axis of 
the   mirror.    Thus    eighteen    axial    supports    give    a 

geometrically sound arrangement and consist of two 
imaginary portions consisting of inner circle and outer 
circle. So the radius of equilibrium of each was determined 
and twelve supports were spaced in outer circle and six 
under inner circle. Thus one-third weight of the mirror, that 
is,  60 kg  is  taken  by  six   supports  in   inner  circle   and 
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Figure 3. Spot diagrams for the variation in fields. 

 
 
 

 
 
Figure 4a. Variation of RMS wavefront error in waves with field.  
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Figure 4b. Variation of Strehl ratio with field. 

 
 
 

 
 
Figure 4c. Distortion curve. 
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Figure 5. Axial supports arrangement for primary mirror. 

 
 
 
two-third of the mirror weight, that is, 120 kg is taken by twelve 
supports in outer circle. Hence axial support system was ideally 
designed with each support point taking equal weight of mirror. 
Group of three supports, two from outer circle and one from inner 
circle makes a perfect equilateral triangle.  

Design calculations to match positional geometry of supports 
were carried out for the 18 point support system (Hindle, 1996) to 
support 840 mm diameter (D) of primary mirror. 
 
(i) Diameter of equilibrium of outer circle (Doc) = √2D

2
/3 = 685.85 

mm. 
(ii) Distance between outer ring of supports (S) = Doc Sin15° = 
177.51 mm. 

(iii) Radius to center of 3-point triangular support (R) = D/3 = 280.00 
mm. 
(iv) Radius of Primary three point support (L) = R Cos30° = 242.48 
mm.  
 
The twelve supports were arranged in outer circle and six in inner 
circle to form six equilateral triangles (Figure 5). Six numbers of 
three point supports were designed and manufactured from cast 
aluminium alloy 535.0 by LFC process. They were held in mild steel 
support base brackets machined on milling machine. Steel balls of 
25 mm diameter at 18 locations take and distribute weight of the 
mirror acting along its axis over the supports. All supports were 
machined to meet the design requirements.  
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Figure 6.  Primary mirror held with axial and radial supports in cell. 

 
 
 
Radial supports for the primary mirror  
 
Radial supports take weight acting along axis perpendicular to axis 
of the mirror. Total force provided by the radial supports varies as 
the sin of zenith angle. At zenith pointing force is zero and 
increases to equal the full weight of mirror at horizon. As receiver 
telescope will always remain vertical for LIDAR observations so 
radial supports will not be loaded during observations. Six radial 
supports of radius 420 mm from cast nylon were manufactured and 
assembled on circumference of the primary mirror through primary 
mirror cell. Cast nylon 6 of grade: Garflon 1115 of Garware 
synthetics Ltd. was used which has good machinability and impact 
strength. Patterns for radial supports were prepared taking in to 
consideration the shape and dimensional accuracies. Primary 
mirror was assembled and leveled in the primary mirror cell with 18 
axial and 6 radial supports (Figure 6). 

 
 
Secondary mirror mount  

 
An elliptical mirror of 485 × 375 × 18.5 mm was used as secondary 
mirror in receiver telescope. A clear aperture of 475 × 335 mm was 
required after fitting it in its cell. A secondary mirror cell with five-
axis motion using gimbals arrangement was designed to facilitate 
its alignment with primary mirror. It was designed with ± 5 mm 
motion in X and Y axis while it has ± 20 mm movement in   Z axis. 
Angular tilt in X and Y axis were provided up to ± 5°

 
for optical 

alignment. 
Mount was designed with gimbal arrangement having Z 

movement barrel, X-Y lead screw, secondary mirror holding plate, Y 
movement base, X movement base and wedges were all 
assembled in the secondary mirror mounting spiders. Mounting 
spiders were held in the tube of receiver telescope to form 
Newtonian configuration. Elliptical mirror was mounted in its cell 
provided with gimbal arrangement (Figure 7). All components of 
secondary mirror mount were manufactured to meet the design 
requirements using aluminium, mild steel and SS304 grade of 
stainless steel. Components were dull black anodized to avoid 
reflection from surfaces during observations at night. 

Tube and cover 
 
The mirrors in their cells or mounts and the eye piece holder need 
supporting, and this is conventionally done by means of a tube 
(Kitchin, 1995). A tube of 1220 mm length for receiver telescope 
was fabricated from 3 mm thick stainless steel sheet of SS304 
grade, which was TIG (tungsten inert gas) welded (Little, 1985) to 
form a diameter of 996 mm. Tube was fitted on the primary mirror 
cell through the groove provided in it to a depth of 50 mm and 
screwed to it all around. It was provided with two diametrically 
opposite windows of 300 × 200 mm at the bottom for periodic 
cleaning of primary mirror. Secondary mirror assembly resting strip 
for spiders was welded to top end of the tube. Tube was provided 
with a hole of 100 mm diameter opposite to the secondary mirror for 
mounting of detection optics system. 

During day time and when night time observations are not 
possible due to bad weather conditions, telescope is required to be 
covered by a removable cover to protect optics inside it. The cover 
was required to be light in weight and easy to handle by a single 
observer at night. So a cover of 1040 mm diameter with 1.0 mm 
thick aluminium sheet was designed and fabricated to cover the 
telescope. Various sub-assemblies of LIDAR receiver telescope 
were assembled and connected to detection optics and electronics 
for taking night observations from the system (Figure 8).  

 
 
RESULTS 
 
Deflection analysis of axial supports  
 
Axial supports design should be stiff to support the 
primary mirror weight and flexible enough to provide the 
floatation of mirror on its supports. Solid modeling of axial 
supports was carried out in Pro-engineer software (Figure 
9a) before manufacturing. Static analysis was carried out 
in mechanical software of Pro-engineer for calculating 
deflection   on   supports   due   to  weight  of  the  mirror. 
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Figure 7.  Secondary mirror in its cell with gimbal arrangement. 

 
 

 

 
 
Figure 8. Assembled LIDAR receiver telescope with detection optics 
and electronics. 

 
 
 

Results of analysis confirmed that maximum value of 
deflection on support is less than 10 µ (Figure 9b). Low 
deflection values will not appreciably affect the image 
quality   of   telescope   and   thus   verified  axial  support  

system design. From the deflection analysis it was 
concluded that deflection on supports due to weight of 
mirror was mostly within 5 µ and maximum values were 
also below 10 µ. 
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Figure 9a. Solid modeling of axial support. 

 
 
 

 
 
Figure 9b. Deflection analysis for axial support. 

 
 
 

Optical analysis at deflection of 5 and 10 µ 
 
Optical analysis at deflection of 5 and 10 µ was carried 
out to calculate encircled energy, spot diagrams, variation 
of RMS wavefront error and distortion. Variation of 
encircled energy was analyzed at 0.00, 0.35

 
and 0.50°

 

fields. From the analysis it was found that 80% of 
encircled energy at 0.00°

 
field lies in 52.99 and 59.75 µ 

radius for deflection of 5 and 10 µ, respectively (Figures 
10a and b). 

Spot diagrams for three fields at 0.00, 0.35
 
and 0.50° 

were   analyzed.   RMS   spot  size  varied  from  7334.21 

to6842.68 µ and from 7149.27 to 6654.78 µ for deflection 
of 5 and 10 µ, respectively (Figures 11a and b). GEO 
radius varied from 7668.80 to 7659.47 µ and from 
7592.16 to 7582.09 µ for deflection of 5 and 10 µ, 
respectively (Figures 11a and b).Variation of RMS 
wavefront error in waves with variation in field from 0.00 
to 0.50°

 
was computed and found to vary marginally from 

0.102 to 0.090 and from 0.123 to 0.110 waves for 
deflection of 5 and 10 µ, respectively (Figures 12a and 
b).Strehl ratio changed from 0.664 to 0.730 and from 
0.547 to 0.626 for deflection of 5 and 10 µ, respectively 
(Figures 13a and b).    
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Figure 10a. Variation of encircled energy with field at 5 µ.  

 
 
 

 
 
Figure 10b. Variation of encircled energy with field at 10 µ. 
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Figure 11a. Spot diagrams for variation in fields at 5 µ deflection. 

 
 

 

 
 
Figure 11b. Spot diagrams for variation in fields at 10 µ deflection. 
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Figure 12a. Variation of RMS wavefront error in waves with field at 5 µ deflection. 

 
 
 

 
 
Figure 12b. Variation of RMS wavefront error in waves with field at 10 µ deflection. 
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Figure 13a. Variation of Strehl ratio with field at 5 µ deflection. 

 
 
 

 
 
Figure 13b. Variation of Strehl ratio with field at 10 µ deflection. 
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Figure 14a.  Distortion curve at 5 µ deflection. 

 
 
 

Distortion was determined as 1.32 and 1.33% for 
deflection of 5 and 10 µ, respectively (Figures 14a and b). 
 
 
DISCUSSION  
 
Large aperture receiver telescopes are quite beneficial 
for both ground (Kumar et al., 2006) and space 
(Simonetti et al., 2010) based LIDAR applications. They 
permit us to decrease the necessary LASER power which 
is inversely proportional to the aperture size. However 
large aperture receiver telescopes are quite heavy with 
complex designs and expensive to manufacture with 
monolithic mirrors. Another method of reducing cost of 
large aperture telescopes is the use of short focal length 
(Isobe, 1988). Optical simulation and optimization studies 
of LIDAR systems using ray tracing codes 
(Freudenthaler, 2003) and ZEMAX software (Kokkalis et 
al., 2009) have proved to be quite  valuable  in  past.  The 

optical design analysis of Newtonian receiver telescope 
and back end optics in ZEMAX-EE software, utilizing the 
short focal length of primary mirror proved to be quite 
useful in optimizing the system parameters. Encircled 
energy analysis shows that spread of 80% of encircled 
energy increases to 1.2% at 5 µ and 14.1% at 10 µ 
deflection at 0.00° field. A decrease of 0.76% in RMS 
radius at 5 µ and 3.2% at 10 µ is observed at 0.00° field. 
RMS wave front error in waves shows an increasing 
trend at deflection of 5 and 10 µ resulting in decline of 
Strehl ratio from 0.768 to 0.547 at 0.00° field. Value of 
distortion in image varies marginally from 1.31 to 1.33% 
at 0.50°field. Thus it is evident from the optical analysis 
that minor deflection in the designed axial supports will 
not appreciably affect the image quality of the receiver 
telescope.  

For most of the ground based one meter class tele-
scopes the mirror cells are made of steel (Cheng, 2009) 
and  are  quite  heavy  in  construction  requiring  multiple 



Bangia et al.       195 
 
 
 

 
 
Figure 14b.  Distortion Curve at 10 µ deflection. 

 

 
 

machining operations. Light weight mechanical structure 
built for the fast optics of Newtonian telescope is 
considerably compact and cost effective. Manufacturing 
of mirror cell and axial supports from aluminium alloy 
535.0 using LFC process resulted in tighter tolerances, 
weight reduction and as - cast features leading to 
reduction in machining and cleanup time. LFC process 
was invented in 1964 by M.C. Flemmings but was put to 
commercial use in mid 1980s for production of engine 
blocks, cylinder heads and crankshafts etc. by General 
Motors. Casting processes using aluminium alloys for 
manufacturing components of one meter class receiver 
telescope for LIDAR have not been explored much due to 
their inherent problems. However, LFC process provides 
dimensional accuracy with excellent surface finish. Also 
very few casting defects are observed in case of 
aluminium alloy castings of section thickness greater than 
4 mm. This process was adopted for manufacture as 
there   is   no   evidence   that   the   gases  evolved  from 

expanded polystyrene foam degradation produce gas 
defects in aluminium alloy castings. Thus LFC process 
can be well adopted for manufacturing of telescope 
components using aluminium alloys to reduce weight with 
the advantage of precision and economy. Complexity, 
costs, mass and overall criticalities are subsequently 
reduced. Manufactured LIDAR receiver telescope will be 
quite useful in deriving density and temperature profiles 
in the middle atmosphere (Hauchecorne and Chanin, 
1980). Further it has potential for mobile applications 
(Uchino, 1991) due to its ease of assembly and alignment 
accompanied by light weight and rigid structure. 
 
 
Conclusions  
 
Large aperture LIDAR receiver telescope with primary 
mirror of 840 mm diameter has been successfully 
designed,   analyzed   and   economically   manufactured.   
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Optomechanical design features ensured long term 
stability, precision, durability and low manufacturing cost. 
The overall dimensions and technological feasibility were 
matched to optimize the receiver telescope configuration 
to correlate the optical performance with the fulfillment of 
all design requirements. Static analysis of axial supports 
established that maximum deflection on axial supports 
due to primary mirror is within 10 µ, which will not 
significantly affect the image quality of receiver telescope. 
LFC process using aluminium alloy 535.0 provided value 
addition as it reduced finish machining and decreased the 
overall cost. The attractive features of the manufactured 
LIDAR receiver telescope include deployment of efficient 
methods of manufacturing with cautious selection of 
materials employed to reduce cost and achieve precision 
using simplified designs and standard engineering 
practices. Large aperture LIDAR receiver telescope 
developed is first of its kind in the central Himalayan 
region and can contribute significantly in atmospheric 
studies of this highly dynamic region. The indigenously 
developed LIDAR receiver at ARIES, Manora Peak is 
ready to study atmospheric parameters from this Central 
Himalayan site for a better understanding of atmospheric 
dynamics. 
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