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ABSTRACT 

OASIS (Orbiting Astronomical Satellite for Investigating Stellar Systems) is a space-based 

observatory with a large (14 to 17 m) inflatable primary reflector that will perform high spectral 

resolution observations at terahertz frequencies. An inflatable metallized polymer membrane with 

a large photon collecting area serves as the primary antenna, followed by aberration correction 

mirror pair, and a FOV scanner that enables a large field of regards of 0.1 degrees while achieving 

diffraction limited performance over a wide terahertz wavelength ranging from 80 μm to 660 μm.  

An analytical model is developed to define a solution space based on the profile of primary 

reflector which is a function of pressure. The photon collecting area, size and weight of the 

correction mirror pair, and optical aberrations are governed by a 1st order power arrangement of 

the telescope and is a function of base radius and clear aperture of the primary reflector. The 

parametric design study aids in exploring the solution space and defining a figure of merit for the 

profile of the primary reflector. A baseline design based on scientific requirements and system 

constraints is proposed. 

Nikon APDIS laser radar is put to test to ascertain whether it can solve the issue of measuring the 

surface of such a large aspheric mirror. APDIS is used to measure the surface profile of a 1m 

prototype with an inflated metalized mylar membrane serving as the primary mirror. The 

methodology developed in this body of work is then used to design and evaluate the optical 

architecture for a 14 m A1. 
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INTRODUCTION 

OASIS (Orbiting Astronomical Satellite for Investigating Stellar Systems) space telescope is a 

NASA MIDEX mission concept that employs a 14 m in diameter inflatable metalized polymer 

membrane as a primary mirror. The main objective of OASIS is to follow the water trail from 

galaxies to ocean. The transition lines of interest of water and its isotopologues lie in the terahertz 

(0.4 to 4 THz) frequency range. Cryogenic heterodyne receivers are used to perform high 

resolution observations at these high frequencies.  

 

Figure 1. OASIS concept showing the fully deployed configuration. 
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Chapter 1 goes over the motivation behind proposing OASIS mission concept. In Chapter 2, the 

overall telescope design is discussed. Chapter 3 explores the optical design solution space through 

a parametric design study. Metrology test set up and results are reported in Chapter 4. Optical 

design for a 14 m A1 and its properties are discussed in Chapter 5. 
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CHAPTER 1: SCIENCE GOALS AND OBJECTIVES 

1.1 Following the Water Trail 

Our current understanding of emergence and evolution of life on earth points towards water being 

an essential ingredient. Submarine hydrothermal vents are one of the likely candidates where the 

confluence of right conditions and raw materials led to the initiation of the chemistry of life[1]. In 

order to better understand the conditions that led to the origin of life we need to address how the 

ingredients of life were distributed in the proto-solar nebula and delivered to the planets. In case 

of Earth, the abundance of water cannot be solely explained by alteration of rocks at the surface[2]. 

This leads to the possibility of a cometary origin for Earth’s oceans[3]. By tracing the abundance 

and phase of water in the protoplanetary disks we can determine the flow of water and other 

volatile elements within the disk. Presence of water or ice reservoir also plays an important part in 

the formation of planets. 

OASIS will have ~20x the collecting area and ~6x the angular resolution of Herschel and 

complements the short wavelength capabilities of JWST. With its large collecting area and suite 

of terahertz heterodyne receivers, OASIS will have the sensitivity to explore the role water plays 

in the formation and evolution of planetary systems and directly measure gas mass. Figure 2 shows 

an edge on view of a protostellar system[4]. Figure 3 is a model of the associated far-infrared (IR) 

spectrum[4].  
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Figure 2. Protoplanetary Disk. Ice bearing planetesimals form beyond the snowline[4]. 

 

Figure 3. Far IR spectrum of protoplanetary disk[4]. 

Atop the blackbody emission from dust is a plethora of water lines. In general, water lines at longer 

wavelengths have lower excitation temperatures and probe the cooler, outer parts of the disk, while 

shorter wavelength lines sample warmer gas closer to the protostar. By the judicious choice of 

transitions, it is therefore possible to sample conditions throughout a protostellar system without 

spatially resolving the object. Where exactly the emission originates in the disk can be inferred via 

Kepler’s law from the Doppler shifted frequency at which the transition is observed (Figure 4, 

adapted from [5]). The heterodyne receivers to be used on OASIS have superb velocity resolution 
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(~ 1 km/s) making this a straightforward determination. Most of these lines are nearly opaque to 

ground based telescopes (Figure 5). The receiver band details are listed in Table 1.   

 

Figure 4. Model Protoplanetary Disk H2O Spectra of RNO 90[5]. High resolution spectroscopy combined with 

Kepler’s Law can be used to resolve a disk in velocity space, allowing an accurate determination of disk properties as 

a function of distance from the star. (Orbital velocities of Earth and Pluto are shown for comparison.) 

 

Figure 5. OASIS Bands 1,2,3, and 4 overlaid on the simulated terrestrial atmospheric transmission function at ALMA 

(5040 m alt.) 
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Table 1. OASIS receiver band definition. 

Parameter Band 1 Band 2 Band 3 Band 4 

Frequency 

Range (GHz) 

455 

575 

1100 

2200 

2475 

2875 

3682 

3692 

Wavelength 

Range (μm) 

658.88 

521.38 

272.54 

136.27 

121.13 

104.28 

81.42 

81.2 

Beam Size 

(arc-sec) 
8.5 2.7 1.6 1.2 

Transition Lines 2 10 01o-H 0(1 1 )−  
2 12 01o-H 0(2 1 )−  HD(1-0)  

2 26 17p-H 0(7 7 )−  

 

1.2 Measuring mass with HD 

Deuterated molecules are molecules with all, or part of the hydrogen atoms replaced with 

deuterium. Table 1 also includes transition of deuterated molecules (e.g., HD and HDO) which 

can be used to both accurately measure the gas mass of protostellar systems and trace the transport 

of material from interstellar space to planetary surfaces. Over the past ~20 years the D/H ratio of 

water has been painstakingly measured in interstellar clouds, a handful of comets, meteorites, and 

the Earth’s oceans. From a comparison of these values, it should be possible to deduce how and 

when the Earth’s oceans formed[6].  

Unfortunately, there is not a sufficient number of observations of the D/H ratio in non-terrestrial 

objects to reach a meaningful conclusion. This is due to these transitions falling in the sub-

millimeter and far-IR wavelengths which are opaque to even ALMA (Figure 5). This bolsters the 

case for a space-borne telescope with cryogenic receivers operating in these spectral regions. The 

large aperture of OASIS will provide the sensitivity necessary to yield a statistically significant 

number (100’s) of D/H measurements within our solar system and beyond, allowing greater insight 

into the processes by which oceans are formed. 
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1.3 Science Goals 

The science goals of OASIS are: 

1) Understand the origin of the Earth's oceans. 

2) Understand the source and mechanisms by which water outgasses from solar system 

objects. 

3) Understand the role gas mass has in the evolution of proto-planetary systems. 

4) Understand the role water plays in planet formation. 

5) Understand the transport of water from the outer to inner solar system. 
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CHAPTER 2: TELESCOPE DESIGN 

2.1 Optical Architecture 

OASIS space telescope consists of a deployable primary reflector or antenna A1. A1 is stowed 

away in the spacecraft during launch and is deployed in orbit using three booms as shown in Figure 

6. A1 is then inflated to produce the desired surface. 

 

Figure 7. Stowed (left) and deployed (right) configurations for OASIS [7]. 

Two key areas that drive the initial telescope requirements are scientific goals and physical 

constraints. The observational goal of OASIS is to make high spectral (1 km/s) observations of 

water and deuterated molecules towards large numbers of protostellar and solar system objects. 

To achieve this goal, the OASIS telescope must have a collecting area greater than 10 times that 

of Herschel Space Observatory. Herschel has a primary mirror with physical diameter of 3.5 m 
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and an effective diameter of 3.28 m due to the undersized secondary[8] resulting in a total 

collecting area of 8.45 m2. Therefore, the minimum collecting area of OASIS must be greater than 

84.5 m2. The yet to be launched James Webb Space Telescope has a collecting area of 25 m2[9]. 

Physical constraints such as dimensions and mass of the secondary optics, distance between the 

optical elements which includes the overall length of the boom, and total mass of the inflatant 

required to maintain the curvature of the primary during the lifespan of the telescope are considered 

for the baseline design. 

To summarize, these are the key requirements and constraints driving the optical architecture: 

• Total photon collecting area. 

• Field of view. 

• Diffraction limited spot size. 

• Length of the deployment boom. 

• Dimensions of the secondary optics which will be housed in the space craft bus. 

• Distances between secondary optical elements. 

• Radius of curvature of the primary mirror. Larger the radius of curvature, lesser the mass 

of inflatant. 

The design parameters are listed in Table 2. 

2.2 Primary Reflector A1 

A1 consists of two membranes: front canopy and a back reflector membrane. The front canopy 

can be either 0.5 mil thick black Kapton or transparent Kapton of same thickness. Black Kapton 

has the added advantage of blocking visible to IR wavelengths while still being transparent to the  
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Table 2. OASIS design parameters 

Specification items Design results 

Entrance pupil diameter 14 - 17 m 

Mass/Collecting area 13 kg/m2 

A1 focal length 25 m 

System F/#:  (𝐹/#)𝑆𝑦𝑠𝑡𝑒𝑚 16 

Field of View [degrees] +/- 0.05 degrees 

Wavelength 

658.88 to 521.38 μm 

272.54 to 136.27 μm 

121.1 to 104.28 μm 

81.42 to 81.2 μm 

 

wavelengths of interest. The back reflector canopy is made out of 0.5 mil thick aluminized mylar 

or Kapton membrane. Mylar and Kapton are suitable candidates for space based application due 

to their low outgassing, resistance to radiation weathering, and temperature stability[10]. 

The two membranes are sealed at their periphery, attached to a tensioning ring. The membranes 

can be either a monolithic film or pre-cut pizza slice gores. In case of a monolithic membrane, the 

final inflated shape is neither spherical nor parabolic, but an oblate spheroid expressed by an even 

power series known as Hencky curve [11]. 
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Figure 8. Comparison of Hencky curve with sphere and parabola. 

2.3 Secondary Corrector Optics M2-M3 

If the membrane is made of pre-cut pizza shaped gores, then these gores can be pre-formed to 

produce the desired surface upon inflation [12]. Ideally a perfect parabola is preferred. But due to 

the inflatable nature of A1, even the pre-cut gore membrane configuration will result in a shape 

with substantial deviation from an ideal parabola. To correct for this M2-M3 mirror pairs are 

incorporated in the optical architecture as shown in Figure 9. This secondary mirror pair corrects 

for the deviation of A1 from a parabola and also off-axis aberrations such as coma. 
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Figure 9. Optical layout of OASIS corrector for a) Hencky A1 and b) pre-cut-gore A1 having the same base radius of 

curvature R1 = 50m, plotted is the same scale. 

The driving principle behind the design of secondary corrector optics M2-M3 mirror pair is to 

achieve the smallest possible size and minimize the distance between mirror pairs. To achieve this, 

M2 is placed at the paraxial focus of A1 and corrects for the spherical aberration induced by A1. 

M3 relays back this paraxial focus with 1:1 imaging ratio. From Figure 9, it is clear that the pre-

gore configuration results in much smaller size of secondary optics. Therefore, A1 will be formed 

using pre-cure gores. 

The shortest observable wavelength is 81 μm and hence the surface accuracy of M2-M3 can be 

considerably low compared to those corrector optics in visible or near IR range. Due to this, M2-

M3 can be diamond turned surfaces. M2-M3 needs to be designed once A1 profile is characterized 

and other environmental impacts are taken into consideration. Smaller size optics and diamond 

turned fabrication process will result in quick turnaround. 
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2.4 FOV Scanner Design 

A field of view (FOV) of  +/-0.05 deg or 3 arc-minutes is part of the OASIS design specifications. 

This is achieved by scanning the intermediate image with a tip-tilt mirror. The stop is placed at A1 

in the OASIS design. A field lens made of HRFZ Silicon is placed at the intermediate focal plane 

to minimize the size of scanning mirror and to avoid vignetting during scanning. Absorption loss 

of HRFZ Si is a cause of concern. But since the central thickness of the field lens is 2 mm, the 

maximum absorption loss is around 10 % at Band 4 (Figure 10).  

 

Figure 10. Percentage absorption loss of HRFZ Si as a function of thickness. 

The optical layout of the scanning mechanism is shown in Figure 11. The tip-tilt mirror M4 scans 

the intermediate image and then it is re-imaged by an ellipsoidal mirror M5 to achieve an f/16 

system as per the design specification. 
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Figure 11. OASIS FOV scanner layout with a HRFZ Si field lens. 

If the absorption loss needs to be eliminated, the field lens can be replaced with a pair of mirrors 

as shown in Figure 12. The mirror pair is rigidly connected to M4 and shares the same axis about 

which they are rotated. This configuration can also support a higher FOV of 0.1 deg. 

 

Figure 12. OASIS FOV scanner layout with a mirror pair replacing the field lens. 
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CHAPTER 3: PARAMETRIC DESIGN DTUDY 

In this chapter, the paper titled, “Parametric design study of the Orbiting Astronomical Satellite 

for Investigating Stellar Systems (OASIS) space telescope” accepted for SPIE Optics and 

Photonics, Astronomical Optics: Design, Manufacture, and Test of Space and Ground Systems III 

(2021) will be reproduced in full. 

3.1 Abstract 

OASIS (Orbiting Astronomical Satellite for Investigating Stellar Systems) is a space-based 

observatory with a large inflatable primary reflector that will perform high spectral resolution 

observations at terahertz frequencies. An inflatable metallized polymer membrane serves as the 

primary antenna with large photon collecting area, followed by aberration correction mirror pair 

that enables a large field of regards of 0.1 degrees while achieving diffraction limited performance 

over a wide terahertz wavelength ranging from 80 μm to 660 μm. An analytical model is developed 

to define a solution space based on the profile of primary reflector which is a function of pressure. 

The photon collecting area, size and weight of the correction mirror pair, and optical aberrations 

are governed by a 1st order power arrangement of the telescope and is a function of base radius 

and clear aperture of the primary reflector. Based on the parametric design study, the figure of 

merit for the profile of the primary reflector is discussed and a baseline design satisfying the 

scientific and system requirements is proposed. 

3.2 Introduction 

In this paper the science goals [13] and system architecture [7] requirements that drives the design 

study are briefly discussed followed by iterative analytical model. Two cases for the primary 

reflector A1; Hencky and paraboloid are investigated. A1 figure of merit based off parametric 
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design study is discussed. Solution space considering the A1 profile, clear aperture, and sensitivity 

to system tolerances is produced and the performance of a baseline design satisfying all the 

requirements is presented. 

OASIS aims to have a collecting area 20 times greater than that of Herschel Space Observatory4. 

Since OASIS is a MidEx mission concept with a mass cap of 1700 kg, to achieve the proposed 

collecting area, a system architecture with 13 kg/m2 is required [7]. The requirements driving the 

parametric study are listed in Table 3. The receiver band wavelength definitions required to 

generate solution space plots are listed in Table 4. 

Table 3. OASIS science goals and system architecture requirements. 

Collecting area >120 m2 

Field of view 3 arcmin (radius) 

Mass/Collecting area 13 kg/m2 

Wavelength 660 μm to 80 μm 

        

Table 4. OASIS receiver band wavelength definition. 

Band 1 658.88 μm to 521.38 μm 

Band 2 272.54 μm to 136.27 μm 

Band 3 121.13 μm to 104.28 μm 

Band 4 81.42 μm to 81.2 μm 

 

3.2 Methodology 

OASIS optical design offers a unique challenge since the primary mirror or antenna (A1) is an 

inflatable membrane and its surface profile varies w.r.t pressure. The goal is to determine the best 
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suitable design which meets all the science goals and system architecture requirements listed in 

Table 3. A parametric design study in which the surface profile and the entrance pupil diameter of 

A1 are varied is required to achieve this goal. 

An iterative analytical model is developed to determine the location and size of secondary optics, 

and the geometrical collecting area of the telescope system for different combinations of A1 

surface profiles and apertures 

 

Figure 13. Analytical model showing the ray trace used to determine the position and size of secondary optics (M2 

and M3) 

Step 1: Given the surface profile and the entrance pupil diameter ( 1D ) of A1, and the field of view 

( ), the M2 hole diameter ( 2MH ) is estimated. 

 ( )
( )2 1 2  = 2 tan

#
IF

M

sys

d
H d

f
 − +  (1) 

1
1 2 2

R
d − =  where 1

R  is the base radius of curvature of A1. 



30 

 

 

 

Step 2: The height of the incident ray (shown as Upper Inner Ray in Figure 13) at A1 ( inh ) which 

results in the image height equal to 2 2MH  at the initial intermediate focal plane is calculated. 

1 2outh D=  is the height of the marginal ray at A1 (shown as Lower Marginal Ray in Figure 13). 

Step 3: The intersection of the Upper Inner Ray and the Lower Marginal Ray determines the 

location of M3 and its hole size ( 3M
H ). 

Step 4: Given the distance 2 3d −  between M2 and M3, the location of M2 is updated. 

Step 5: The height of the lower marginal ray at the updated location of M2 determines the diameter 

of M2 ( 2MD  ). 

Step 6: Diameter of M3 ( 3MD ) is calculated by equating the ( )#
sys

f  with ( )
3

#
M

f .  

 ( )
( )1 2

#
2sys

out

R
f

h
=  (2) 

 ( ) 2 3

3
3

# IF

M
M

d d
f

D

− +
=  (3) 

 ( )3 2 3

1

2

2

out
M IF

h
D d d

R
−= +   (4) 

Step 7: Geometrical collecting area ( GeoCA ) of the system is calculated. 

 ( )2 2

Geo out inCA h h = −   (5) 

The above steps are iterated till inh  value converges. 
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The output of iterative analytical model is used to develop ZEMAX models. The RMS wavefront 

error ( ) is employed as a figure of merit to evaluate the performance of the different 

configurations and calculate the effective collecting area.  The system RMS wavefront error ( sys

)  w.r.t to decenter in x, y, and z directions, tilt about x and y axes of individual optical elements 

is given by 

 
2 2 2 2

1 2 3sys M M M Baseline    = + + +  (6) 

Where the RMS wavefront error due to perturbation of individual optical elements is given by 

 2 2 2 2 2

_ _ _ _ _element Dec x Dec y Dec z Tilt x Tilt y     = + + + +  (7) 

Effective collecting area is a function of geometrical collecting area and area averaged Strehl 

intensity ratio. The Strehl intensity ratio (SIR) can be approximated as [14] 

 

2

2

SIR e





 
− 
 =  (8) 

( )

( )

 RMS Wavefront Error μm

 Wavelength μm





=

=
  

Assuming   varies quadratically with normalized field of view ( r ) 

 ( ) ( ) 2

off axis on axis on axisr r   − − −= − +  (9) 
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Area averaged SIR is given by 

 ( )

( )
2

2

21

0

2

off axis on axis on axisr

SIR r re dr

  




− − −
 − +
 −
 
 =   (10) 

Effective collecting area of the system is then calculated as 

 ( )

( )
2

2

21

0

2

sys sysoff axis on axis syson axis
r

EA r Area re dr

  




− − −

 − +
 

− 
 
 =    (11) 

Starting with the profile of A1, entrance pupil diameter, and FOV, the parameters of the secondary 

optical elements are determined. Effective collecting area is then calculated using the geometrical 

collecting area and the area averaged Strehl intensity ratio. These results are used to generate 

solution space contour plots which will aid in the selection of a suitable design which meets all the 

science requirements and is within the defined system constraints. In the following section, the 

performance and feasibility of different A1 profiles are investigated using the methodology laid 

out in this section. 

3.3 Cases 

Hencky Surface 

An inflatable mirror formed by using two thin, circular, monolithic flat polymer membranes will 

result in a surface profile which is neither spherical nor parabolic, but an oblate spheroid expressed 

by an even power series known as Hecky Curve [11]. 

 ( ) ( )2 4

2
0.1111

64

D
z u u u

F
= +  (12) 
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where D  is the diameter of the mirror, F  is the #f  , and u  is the fractional radial distance from 

the center of membrane.  

Iterative analytical model is run using the following parameters: 

1R   = 50 m 

1D  = [12 m 13 m 14 m 15 m 16 m 17 m 18 m 19 m 20 m] 

2 3 2.2 md − =  

200 mmIFd =   

0.05 =   and 111 μm =   

The results of the parametric sweep of 1D  for 1R  = 50 m and its comparison with the optimized 

ZEMAX models are listed in Table 5. 

The analytical model is in close accordance with the optimized ZEMAX model. Table 1 shows 

that the Iterative Analytical Model developed in the previous section can be used to accurately 

predict the optical design parameters without having to go through the entire design process using 

ray tracing software. 

 Hencky surface profile for A1 results in very large M2 and M3 mirror sizes and does not meet the 

minimum photon collecting area as required by the science requirements. This is not a suitable 

surface profile, and no further analysis is required. 
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Table 5. Parametric sweep of D1 for R1 = 50 m and its comparison with the optimized ZEMAX models. 

 

D1 

(m) 

 

d1-2 

(m) 

 

DM2 

(m) 

 

HM2 

(mm) 

 

DM3 

(m) 

 

HM3 

(mm) 

Analytical 

Geometric 

Collecting Area 

(m2) 

ZEMAX 

Geometric 

Collecting Area 

(m2) 

12 25.7705 1.33 141 1.15 134 102.55 100.31 

13 25.5295 1.52 149 1.24 208 116.62 116.3 

14 25.2675 1.74 156 1.34 301 129.62 129.21 

15 24.9872 1.97 164 1.44 410 141.49 140.91 

16 24.6881 2.23 171 1.53 533 152.29 151.72 

17 24.3737 2.51 179 1.63 665 162.61 161.67 

18 24.0431 2.80 186 1.72 810 172.20 171.13 

19 23.6986 3.12 194 1.82 965 181.59 181.20 

 

D1 = Entrance pupil diameter of A1 

d1-2 = Distance between A1 and M2 

DM2 = Diameter of M2 

HM2 = Hole diameter of M2 

DM3 = Diameter of M3 

HM3 = Hole Diameter of M3 

Paraboloid 

Instead of forming the primary mirror from a flat membrane, several pre-formed slices of 

membranes (gores) can be stitched together to create the desired A1 profile upon inflation [12]. 

The goal is to define an A1 profile which minimizes the secondary optical element sizes while 
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maximizing the photon collecting area. Keeping this in mind, a parabolic profile for A1 is 

investigated for the following parameters: 

1R   = 50 m 

1D  = [12 m 13 m 14 m 15 m 16 m 17 m 18 m 19 m 20 m] 

2 3 0.5 md − =  

100 mmIFd =   

0.05 =   and 111 μm =   

From the plots in Figure 14, it is clear that a parabolic A1 profile is best suited to achieve the 

above-mentioned goal. L’Garde Inc were tasked with investigating the feasibility of generating a 

parabolic A1 profile with radius of curvature of 50 m [12]. The data provided by L’Garde; nominal 

pressure, 10% lower, and 10% higher is fit to an 8th order polynomial to define the surface profile 

of A1 (Table 6).  

Although this profile results in smaller M2 and M3 mirror sizes compared to Hencky surface, they 

are still larger than those resulting from a pure analytical parabolic shape (Figure 15). In the next 

section, the figure of merit for evaluating A1 profile is discussed and a baseline design is proposed. 
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Figure 14. Plot of M2 and M3 diameters and geometric collecting area for a parabolic A1 with R1= 50 m as a function 

of D1. 

Table 6. L’Garde Inc data for generating a parabolic A1 profile with R1= 50 m and D1= 20 m fit to 8th order 

polynomial. 

Pressure 

Aspheric Coefficients Base Radius 

(m) A2 A4 A6 A8 

10% 

Low 
9.9711e-6 1.9272e-15 

3.7815e-

23 

7.3647e-

32 
50.14 

Nominal 9.9865e-6 1.8699e-15 
4.1282e-

23 

6.5595e-

32 
50.06 

10% 

High 
1.0009e-5 1.3386e-15 

3.3389e-

23 

4.0683e-

32 
49.95 
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Figure 15. Plot of M2 and M3 diameters and geometric collecting area for nominal pressure A1 profile provided by 

L’Garde Inc for R1= 50 m as a function of entrance pupil diameter D1. 

3.4 A1 Figure of Merit 

The data from L’Garde Inc for a parabolic A1 profile with base radius of curvature of 50 m at 

nominal pressure is further analyzed to define the figure of merit for evaluating A1 profile 

performance. This profile, P1 is decomposed to result in a best fit parabola and the residual W-

curve (Figure 16). The W-curve is fit to an 8th order polynomial and transverse ray analysis is 

carried out to identify the individual contribution of aspheric coefficients to the overall aberration 

induced by A1.  

Total aberration induced by P1 is equal to the combination of defocus ( 020w ) , aberration induced 

by 4th order term of W-curve ( 040w ) , and aberration induced by 6th order term of W-curve ( 060w ). 

8th order term is neglected as its contribution to the overall aberration is small compared to the 

other terms. 
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Figure 16. W- Curve: L’Garde data for parabolic A1 profile id fit to parabola with base radius of 50033.53 mm and 

the residual is plotted as a function of radial distance. 

 
( )2 4 6

020 040 0602 # 2 4 6y f w w w   = −   + +
 (13) 

From transverse ray analysis, 040 060671.3 mm, 10.4 mm, 12.9 mm and # 1.6y w w f = = = = . 

Substituting in Eq (13) 

 020 164.4 mmw =   

Defocus affects the location of mirrors and can be accounted for during the design process. The 

spherical aberration terms 040w  and 060w  affect the size of secondary mirror sizes. Reduction in 

the contribution of these two terms results in smaller secondary mirror sizes. A scaling factor is 

applied to A4 and A6 aspheric terms to demonstrate its effect on M2 and M3 sizes (Table 7). The 

peak to valley error w.r.t the best fit parabola can then be used a figure of merit to evaluate the 

performance of A1. 
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Table 7. Variation of M2 diameter as a function of scaling factor applied to A4 and A6 aspheric coefficients of W-

curve. P-V error w.r.t best fit parabola as a figure of merit for evaluating A1 performance. 

Scaling 

Factor 

A4 A6 M2 

Diameter 

(mm) 

Peak to valley error w.r.t 

best fit parabola (mm) 

1 1.87e-15 4.128e-23 1322 13.53 

0.5 9.349e-16 2.064e-23 592 6.9 

0.1 1.87e-16 4.128e-24 456 1.6 

0.01 1.87e-17 4.128e-25 370 0.4 

 

3.5 Baseline Design 

In order to test the robustness of the definition of A1 figure of merit, L’Garde Inc data for A1 

parabolic profile, P2 for R1 = 50 m, D1 = 20 m at 20% lower than nominal pressure is analyzed. 

The total aberration induced by A1 is now 147.3 mm as compared to 671.3 mm for the nominal 

pressure case. This profile P2 falls right in the middle of Table 7 between 0.5 and 0.1 scaling factor 

condition. A scaling factor of 0.15 corresponds closely with the profile P2. Thus, the definition of 

A1 figure of merit holds under scrutiny and the scaling factor of 0.15 can be used to approximate 

the A1 profiles for conducting the complete parametric design analysis. 

L’Garde Inc data for 40 m, 50 m, and 60 m parabolic profile at nominal pressure are fit to an 8th 

order polynomial and the aspheric terms are scaled by 0.15 to get the desired A1 profiles. The 

following parameters are defined for the baseline design and the sensitivity analysis parameters 

are listed in Table 8. 
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1R
 = [40m 50m 60m] 

1D
= [15m 16m 17m 18m 19m] 

2 3 0.7 md − =
 

100 mmIFd =
  

0.05 =   

Table 8. Sensitivity analysis parameters 

Optical Element Parameter 

 

A1 

Decenter X = 0.5 mm Tilt X = 0.001 deg 

Decenter Y = 0.5 mm Tilt Y = 0.001 deg 

Decenter Z= 0.5 mm Tilt Z = 0 deg 

 

M2 

Decenter X = 0.1 mm Tilt X = 0.001 deg 

Decenter Y = 0.1 mm Tilt Y = 0.001 deg 

Decenter Z= 0.5 mm Tilt Z = 0 deg 

 

M3 

Decenter X = 0.1 mm Tilt X = 0.001 deg 

Decenter Y = 0.1 mm Tilt Y = 0.001 deg 

Decenter Z= 0.5 mm Tilt Z = 0 deg 

 

The steps involved in the parametric design study are shown in Figure 17. The solution space 

contour plots for different wavelength bands are shown from Fig. 18 to Fig. 21. The solution space 

contour plots are a guide for selecting the best suitable combination of A1 profile and entrance 

pupil diameter which satisfies the science requirements and is within the system constraints. One 

of the solutions given by R1 = 50 m and D1 = 17 m is selected and its performance is analyzed 

using ZEMAX. 
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Figure 17. Steps involved in parametric design study 
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Figure 18. Solution space contour plot depicting effective collecting area, M2, and M3 diameter for Band 1. 

 

Figure 19. Solution space contour plot depicting effective collecting area, M2, and M3 diameter for Band 2. 
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Figure 20. Solution space contour plot depicting effective collecting area, M2, and M3 diameter for Band 2. 

 

Figure 21. Solution space contour plot depicting effective collecting area, M2, and M3 diameter for Band 2. 
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Figure 22. ZEMAX ray trace model for R1= 50 m and D1= 17 m. 

 

Figure 23. Spot diagram showing diffraction limited performance across the field of view. 
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Figure 24. Footprint diagram showing percentage of unvignetted rays relative to A1. The geometric collecting area = 

199.56 m2. 

 

Figure 25. Point spread function at on-axis and off-axis positions. 

 

Figure 26. RMS wavefront error as a function of field of view at Band 3. 
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CHAPTER 4: METROLOGY 

When it comes to metrology, there are several challenges that are unique to OASIS: 

1) Large A1 diameter – The primary reflector of OASIS is between 14 to 17 m in diameter. 

2) Irregular shape of A1 – As we have seen in the previous section, A1 is not purely parabolic. 

In the next section the Fichter solution and Finite Element Analyzer for Membranes (FAIM) 

models for an inflated 1 m diameter monolithic membrane are compared. Test set up for examining 

the effectiveness of Nikon APDIS laser radar system in measuring large inflatable membrane, 

measurement results, comparison with analytical models, and other results related to OASIS 

mission concept are discussed in the subsequent sections.  

4.1 Modeling 

 

Figure 27. A 1 m prototype of the proposed OASIS primary reflector A1. 

An inflatable mirror formed by using two thin, circular, monolithic, initially flat polymer 

membrane attached at its perimeter to a tensioning ring and subjected to differential pressure 

(Figure 27) will result in a surface that is neither spherical nor parabolic, but an oblate spheroid 
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called Hencky curve. W.B. Fichter reexamined Hencky’s solution for large deflections of a 

clamped, circular membrane under uniform pressure [16]. This solution will be used to calculate 

the surface profile based on the parameters listed in Table 9. Mylar’s elastic modulus is not 

isotropic (Dupont datasheet). The average of elastic modulus along machine and transverse 

direction is used for the modeling. 

Table 9. Analytical Model Parameters. 

Material Mylar 

Thickness 2 mil 

Poisson’s Ratio 0.38 

Elastic Modulus 0.73 x 106 psi 

Diameter 1 m 

Pressure 480 to 520 Pa 

 

FAIM (Finite Element Analyzer for Membranes) was developed by L'Garde Inc.  It is a geometric 

nonlinear general-purpose finite element code for determining the stresses and deformations of 

inflatable shell membranes due to internal pressure, nodal forces, and temperature loads.  It uses a 

numerically intensive, iterative procedure to solve the nonlinear equilibrium equations to a user-

specified desired degree of accuracy.  The stiffness and mass matrix generated by the code may be 

input to an eigenvalue solver to calculate modes and natural frequencies [12]. Table 10 shows that 

Fichter solution and FAIM are in good agreement with each other. 

Table 10. Comparison between Fichter solution and FAIM. 

Pressure 

(Pa) 

Radius of Curvature (m) Maximum Sag (mm) 
RMS Error (μm) 

Fichter FAIM Fichter FAIM 

480 3.7545 3.7393 30.9658 30.9641 25.2 

490 3.7288 3.7135 31.1794 31.1781 25.6 

500 3.7038 3.6884 31.3901 31.3891 26 

510 3.6794 3.664 31.5979 31.5972 26.4 

520 3.6557 3.6401 31.8031 31.8029 26.8 
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4.2 Test Set Up 

4.2.1 1 m A1 prototype 

A 1 m prototype of A1 (Figure 28) is built to test whether APDIS can overcome the challenges 

listed in the previous section. The prototype consists of 2 mil thick transparent and metalized mylar 

membrane sandwiched between three aluminum rings. The sealed membrane is pressurized with 

nitrogen gas using a pressure control unit developed in house with a resolution of +/-10 Pa. By 

pressurizing the sealed membrane, a convex transparent surface, and a concave metallized surface 

(which would serve as the primary mirror) are created. Light passes through the transparent layer 

and gets reflected off the metalized mylar surface. 

 

Figure 28. Test set up: 1 m A1 prototype, Nikon APDIS, and Deflectometry system. (b) Nikon APDIS MV430 laser 

radar. (Courtesy Nikon Metrology, Inc). 

4.2.2 Nikon APDIS 

The Nikon APDIS (Accurate Precision Distance Scanning) is a unique large volume metrology 

instrument capable of high precision, non-contact surface measurements in a large volume.  It is a 

spherical measurement system which means a point in space is determined by two angles and a 

range.  In Figure 28(b), the vertical (blue arrow) and horizontal (green arrow) angles are measured 

with precision rotary encoders.  The range (red arrow) is measured with a focused infrared laser 
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heterodyne interferometer.  The system is capable of around 10 ppm 3-dimensional accuracy in 

either a 30- or 50-meter radius volume depending on the model that is purchased.  For example, at 

approximately 2 meters, a 28 μm (~0.001 inch) 3-dimensional accuracy can be expected.  It is 

capable of slightly greater profile measuring accuracy if the line-of-sight is oriented such that it 

favors using ranging versus angle measuring. 

 

Figure 29. Typical and maximum possible error of APDIS as a function of measurement distance. (Courtesy Nikon 

Metrology, Inc) 

4.2.3 Deflectometry 

Deflectometry is used to monitor the stability of A1 over the duration of lidar measurements. A 

typical lidar line profile measurement takes about 2 minutes. Three deflectometry measurements 

were made over 2 min. Each measurement is subtracted from the average of the 3 measurements 

to evaluate the rms deviation of surface profile over 2 minutes. Fig. 2 shows the subtracted surface 

maps. The rms deviation of surface profile over 2 minutes is around 160 nm. This is well below 

the sensitivity threshold of APDIS (~24 μm) and the A1 surface can be assumed to be static over 

the duration of lidar measurement. 
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Figure 30. Relative surface maps of deflectometry measurements done over 2 min. The surface profile rms deviation 

is around 160 nm (Courtesy Henry Quach). 

4.3 Test Parameters 

The terminology used for describing the test set-up conditions for various cases is illustrated in 

Figure 31. 

 

Figure 31. a)  APDIS is placed in front of A1: Measurement of the concave surface is done through the transparent 

membrane. B) APDIS is placed behind A1: Direct measurement of the convex reflective surface 

In order to ascertain the feasibility of using APDIS for measuring the surface profile of primary 

antenna of OASIS, the following test cases are considered: 

Case 1: Can APDIS measure the reflective surface through the transparent membrane? 
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Case 2: Can APDIS directly measure the convex reflective surface? 

Case 3: What would be the loss in accuracy at a measurement distance of 10 m as opposed to 

around 2 m under best possible conditions? 

Case 4: Can APDIS make reliable measurements when the return signal power is significantly 

diminished due to extreme angle of incidence? 

Case 5: Is APDIS sensitive enough to detect the change in surface sag induced by 10 Pa change 

in pressure? 

In the following section, the measurement results of each of the above cases are discussed. 

4.3 Results 

4.3.1 Case 1: Can APDIS measure the reflective surface through the transparent membrane? 

APDIS was placed 2.2 m in front of the 1 m A1 (Figure 30a) at an elevation of 1.3 m from ground. 

Four line profile measurements with 240 points each were performed. A1 was inflated to a 

differential pressure of 500 Pa. APDIS was able to get a strong return signal (Figure 32). The data 

is then fit to an 8th order polynomial with an RMS fit error of 3 μm (Figure 33b). This is used to 

analyze the A1 surface by comparing different line profiles (Figure 33c). 

 

Figure 32. Reflected signal measured by APDIS. 
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Figure 33. (a) Different line profile measurements performed using APDIS. (b) The raw data is fit to an 8th order 

polynomial with a rms error of 3 μm. (c) Plot of sag vs radial direction for all the 4 line profiles. 

The rms error of Line 2 relative to Line 1 is 0.56 mm, and Line 3 relative to Line 1 is 0.16 mm. 

This shows that A1 is not isotropic. This could be due to the uneven loading of the membrane, 

different elastic modulus values for mylar along transverse direction and machine direction, or a 

combination of both. 

4.3.2 Case 2: Can APDIS directly measure the convex reflective surface? 

APDIS was placed 2.2 m behind A1 (Figure 33a). Four line profile measurements with 240 points 

each were performed. A1 was inflated to a differential pressure of 500 Pa. APDIS was able to 

directly measure the convex reflective surface. Both Case 1 and Case 2 results shows that A1 is 

not isotropic. The difference between the front and back measurements (Figure 33b) is equal to 

29.6 μm +/- 28 μm, and mylar thickness is 50.8 μm (2 mil). This shows that we can directly 

measure the reflective convex surface and confirms the accuracy of APDIS in measuring from 

both front and back side. Rest of the measurements are carried out by placing APDIS behind A1. 
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Figure 34. (a) APDIS is placed behind A1, and the convex reflective surface is directly measured. (b) . Comparison 

between Case 1 and Case 2 measurements of Line 1 profile. 

4.3.3 Case 3: What would be the loss in accuracy at a measurement distance of 10 m as opposed 

to around 2 m under best possible conditions? 

APDIS was placed 10 m behind A1. Four line profile measurements with 240 points each were 

performed. A1 was inflated to a differential pressure of 500 Pa. The rms error Case 2 and Case 3 

Line 1 measurements is 38.4 μm. Typical error at this distance is 28 μm. 

 

Figure 35. Case 3: APDIS is placed 10 m behind A1. RMS error is 9.3 μm. Typical error at a distance of 10 m is 108 

μm. 
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4.3.4 Case 4: Can APDIS make reliable measurements when the return signal power is 

significantly diminished due to extreme angle of incidence? 

APDIS was placed behind A1 at around 53 deg off-axis location in the azimuthal direction w.r.t 

A1 and at a distance of around 2 m. APDIS was able to detect the reflected signal. The rms error 

between on-axis and off-axis Line 1 measurements is 38.4 μm. Typical error at this distance is 28 

μm.  

 

Figure 36. Case 4: APDIS is placed at 53 deg off-axis. RMS error is 38.4 μm. Typical error at a distance of 10 m is 

108 μm. 

4.3.5 Case 5: Is APDIS sensitive enough to detect the change in surface sag induced by 10 Pa 

change in pressure? 

APDIS was placed 2.5 m behind A1. Two line profile measurements (Line 1 and 3) with ~850 

points at differential pressure values ranging from 480 Pa to 520 Pa in steps of 10 Pa were made. 

Figure 37 shows that APDIS is sensitive to 10 Pa change in pressure. 

4.3.6 Comparison between Fichter solution and Lidar measurements. 

Lidar Line 1 profile measurement is compared with the Fichter solution, and the results are 

tabulated in Table 11. Lidar measurements are in close accordance with the Fichter solution. Rate 
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of change of base radius of curvature w.r.t pressure,

dR

dP  predicted by Fichter solution is 2.47 

mm/Pa. The measured 

dR

dP = 2.63 mm/Pa. 

 

 

Figure 37. Case 5: Measurements at different pressures. Pressure is varied from 480 to 520 Pa in steps of 10 Pa. 

Table 11. Comparison between Fichter solution and Lidar measurement. 

Pressure 

(Pa) 

Radius of Curvature (m) Maximum Sag (mm) 
RMS Error (μm) 

Fichter Lidar Fichter Lidar 

480 3.7545 3.6601 30.9658 31.7697 309.2 

490 3.7288 3.6330 31.1794 32.0323 336.2 

500 3.7038 3.6022 31.3901 32.2489 327.5 

510 3.6794 3.5825 31.5979 32.4715 335.4 

520 3.6557 3.5535 31.8031 32.6909 339.6 

 

The relative rms deviation of surface profile induced by 10 Pa change in pressure over the range 

of 480 to 520 Pa for Fichter solution and lidar measurement are listed in Table 12. 
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Table 12. RMS surface profile deviation induced by 10 Pa change in pressure. 

Pressure Change (Pa) RMS Deviation – Fichter 

(μm) 

RMS Deviation – Lidar 

(μm) 

RMS Error between 

Fichter and Lidar 

(μm) 

480 →490 92.4482 119.7046 27.56 

490→500 91.1988 82.6153 12.35 

500→510 89.9907 98.1092 9.31 

510→520 88.8220 93.0885 6.69 

( )
rms

d Dev

dP
  

9.06 μm/Pa 9.83 μm/Pa  

 

The rate of change of rms deviation of surface profile w.r.t pressure, 
( )

rms
d Dev

dP
 for Fichter model 

is 9.06 μm/Pa and 9.83 μm/Pa for the lidar measurement. 

4.3.7 Note on surface figure accuracy 

Before performing the measurements, tooling balls placed on the outer ring of A1 were used to 

create the reference co-ordinate system and an initial rough line profile reading was done to 

estimate the radius of curvature. A parabola with a radius of curvature of 3.5 m was used to define 

the surface vectors for APDIS. These vectors are used to drive the beam to the precise location on 

a surface. The measured point is the calculated intersection of the defined vector with a measured 

plane. Given that our surface is not parabolic, the increased distance between the predefined 

surface vector and the actual surface intersection contributes to the loss in accuracy. By repeating 

the measurements using a suitable surface fit to define the surface vectors, this loss in accuracy 

can be avoided. With careful calibration and operating APDIS under suitable conditions, the 

surface figure of the inflatable primary mirror of OASIS can be characterized with an accuracy of 

17 μm.  The shortest observable wavelength of OASIS mission is 63 μm. This dictates the required 

surface figure accuracy of 8 μm
8

 = .   FAIM and Fichter model predictions can be improved by 

careful measurements of mylar material property. 
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4.4 Corrector Optics Design for 1 m Prototype 

Line profile measurements from 480 Pa to 520 Pa are fit to 8th order polynomial and the individual 

surface profiles are investigated to find the best suitable profile. Table 11 shows the optical design 

results for the different pressure cases at 110 GHz = . A1 surface profile at P = 490 Pa provides 

the largest collecting area and smallest M2 and M3 mirror sizes. The optical design and 

performance are shown from Figure 38 to Figure 40. 

Table 12. Optical design results for different pressure cases at 110 GHz =   

Pressure 

(Pa) 

M2 

Radius 

(mm) 

M2 Hole 

Radius 

(mm) 

M3 

Diameter 

(mm) 

M2 Hole 

Radius 

(mm) 

A1 – M2 

Distance 

(mm) 

M2-M3 

Distance 

(mm) 

Geometric 

Collecting 

Area (m2) 

480 113 8 85 36 2118 282 0.502655 

490 98 8 53 24 2218 285 0.65188 

500 121 8 92 37 2075 289 0.502655 

510 128 8 62 37 2108 319 0.549779 

520 121 8 60.7 37 2073 293 0.518363 
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Figure 38. ZEMAX ray trace model of corrector optics for 1 m A1 prototype inflated at P = 490 Pa. 

 

Figure 39. Spot diagram showing diffraction limited performance across F.O.V of 0.05 deg. 
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Figure 40. Footprint diagram showing percentage of unvignetted rays relative to A1. The geometric collecting area = 

0.65 m2. 
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CHAPTER 5: 14 m A1  

5.1 Optical Design 

Driven by heritage and system architecture constraints, the diameter of A1 was selected to be 14 

m for the NASA MidEx proposal. The methodologies detailed in Chapter 2 and 3 were used to 

redesign the corrector module, FOV scanner, and calculate the effective collecting area for all the 

bands.  

L’Garde Inc provided new data for A1 diameter of 14 m and RoC = [40 m 50 m 60 m]. The data 

was fit to an 8th order polynomial and the aspheric coefficients scaled by 0.15 to produce the new 

A1 surface profiles. Iterative analytical model was used to design the corrector module (M2-M3). 

Table 14 shows the preliminary ZEMAX modeling results for all the three radii of curvatures. RoC 

= 40 m provides the largest geometric collecting area with reasonably small mirrors. This profile 

will be used for further design and analysis. 

Table 14. ZEMAX modeling results for different A1 radii of curvatures. 

Radius of 

Curvature 

(m) 

M2 

Radius 

(mm) 

M2 Hole 

Radius 

(mm) 

M3 

Radius 

(mm) 

M3 Hole 

Radius 

(mm) 

M2-M3 

Distance 

(mm) 

Geometric 

Collecting 

Area (m2) 

40 240 50 216 50 700 142.77 

50 265 50 195 65 700 126.93 

60 241 50 170 75 700 100.62 

 

The FOV scanning system shown in Figure 11 is redesigned with a commercially available 

hexapod (M4) H-811 from PI. To prevent vignetting due to the hexapod and considering mounting 

constraints, M4 is mounted 45 deg off-axis. M5-M6 mirror pairs are used for further correction 

and to achieve f/16 system. M7 to M9 are used for folding the beam. Figure 41 shows the 

completed optical design.  
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Figure 41. ZEMAX model showing corrector module, FOV scanner, and folding mirrors for 14 m A1. 

 

Figure 42. Superimposed spot diagram for FOV = 0, 0.05, -0.05 deg showing diffraction limited performance. 
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Sensitivity analysis is performed, and effective collecting area is calculated as described in Section 

3.2. Table 15 shows the effective collecting area for all the bands. 

Table 15. Effective collecting area. 

Band Effective Collecting Area 

(m2) 

1 142 

2 140 

3 127 

4 116 

 

5.2 Resolution of Pressure Control Unit 

Since A1 surface profile is a function of pressure, the resolution of the pressure control unit 

becomes a critical parameter. Data from L’Garde Inc for D = 14 m, R = 40 m at nominal, 10 % 

higher, and 10% lower than nominal pressure is analyzed to determine the rate of change of base 

radius of curvature w.r.t pressure. For this configuration, 1.72 mm/mPadr dp = . Considering a 

resolution of 0.1% of nominal pressure,  

dp =  0.1% of P = 0.1% of 4.37 Pa   5 mPa,  

8.6 mmdr = . 

The current design is unable to handle this change in A1. A maximum change of 2 mmdr = can 

be compensated for by using M4 hexapod. Thus, a pressure control unit with a resolution of 1 mPa 

is required to maintain optimum system performance. If actuators that can travel +/- 1.65 mm can 

be incorporated into the boom design, then a resolution of 5 mPa will suffice. 
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5.3 Preliminary Thermal Analysis 

All the mirrors and supporting structures are considered to be made of aluminum. The parameters 

listed in Table 16 are used for a first order estimation of effects of thermal deformation on overall 

optical performance. Thermal deformation is assumed to be linear with temperature. 

Table 16. Parameters for thermal analysis. 

Material Aluminum 

TCE of Al 23 um/mC 

ΔT 25 C 

Wavelength 111 μm 

 

The linear thermal deformation is applied to the individual elements and the resultant RMS 

wavefront error is calculated. The results are shown in Table 17. Thermal deformations have little 

to no effect and the overall system performance remains diffraction limited. 

Table 17. RMS wavefront error induced due to thermal deformation of individual elements. 

Parameter RMS WFE due to thermal 

deformation for ΔT = 25 C 

(μm) 

M2 -M3 Strut 2.92 

M2 2.27 

M3 4.71 

M5 – M6 Strut 4.3 

M5 2.29 

M6 0.177 
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CONCLUSION 

Orbiting Astronomical Satellite for Investigating Stellar Systems (OASIS) is an inflatable terahertz 

space telescope with a 14 to 17 m diameter primary reflector made of metalized polymer 

membrane. OASIS offers unique challenges due to the inflatable primary reflector. Secondary 

corrector optics pair M2-M3 is designed to correct for the aberration induced by A1. A FOV 

scanner with a HRFZ silicon field lens is designed to achieve a FOV of +/-0.05 deg.  

The surface profile of the primary reflector is a function of pressure. In order to find the suitable 

profile which results in an optical design satisfying the science goals and system architecture 

requirements, an iterative analytical model is developed to perform parametric design study. Based 

off the parametric design study the figure of merit for the primary reflector is defined. The resulting 

solution space contour plots are then used to identify a baseline design satisfying all the 

requirements 

Nikon APDIS laser radar system is used to measure the surface profile of 1 m prototype of OASIS 

primary antenna (A1). Measurements are carried out for different test cases pertaining to the 

specific conditions encountered while measuring the 14 m primary of OASIS and also large scale 

inflatable membranes in general. The measured results are compared with Fichter solution and 

FAIM analytical models. APDIS is able to measure the surface profile under all the different 

conditions with varying accuracies. APDIS presents a feasible solution for measuring the 14 m 

primary antenna of OASIS space telescope. The methodology developed in this body of work is 

applied to design and evaluate the optical architecture for a 14 m A1. 
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