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ARTICLE INFO ABSTRACT

Keywords: Integrating spheres can be manufactured at sizes ranging from 1 mm to 3 m in diameter. It has been agreed
Integrating sphere widely by manufacturers that fitting a large-sized integrating sphere as per the customer requirement is a
ccp complex process. Thus, these spheres due to its large beam divergence from the exit port, have never been

Optical simulation

deployed for the calibration of aeronomy applications. In this article a optical system is described to integrate

a large-sized integrating sphere with the Fabry—Perot etalon and thus devise a set-up to generate the concentric
ring pattern and record it on the detector. The experimental set-up was verified by optical simulation using
ZEMAX (OpticStudio) so as to validate the system’s performance in the laboratory. The important parameter
finesse is calculated and its accuracy is found to be 80%.

1. Introduction

An integrating sphere (IS) is an optical component that is a hol-
low spherical cavity with its interior walls coated with a diffuse
white reflective coating. Thus, it acts like a diffuser, preserving power
but neglecting spatial information. Light entering the sphere under-
goes multiple scattering reflections, so that rays that are incident on
any point on the inner surface are equally distributed, minimizing
the effects of the original direction of the rays. These spheres are
available with a wide range of specifications and can be configured
with a number of applications (https://www.laserfocusworld.com/test
-measurement/test-measurement/article/16567486/product-focus-inte
grating-spheres-how-to-select-an-integrating-sphere-for-your-applicatio
n) such as spectroscopy (Hanssen and Snail, 2002), reflectance mea-
surements (Lindseth et al., 1999), measurement of emission from light
sources (Hodgkinson et al., 2009), calibration of air-glow instruments
(Shiokawa et al.,, 2012; yuki Yamamoto et al., 2002; Wang et al.,
2020; Gelderman et al., 1995; Anderson et al.), measuring the optical
properties of tissues (Pickering et al., 1993), and etc.

The small-sized spheres are less expensive, necessarily have smaller
utility ports and very high throughput. The throughput may be so high,
depending on the light source, that neutral density filters or fibre optic
cables are required to prevent detector saturation. The port fraction
of these spheres is also high. Consequently, the measurement data
generated from a small-sized integrating sphere will be less accurate
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than the same application using a large-sized integrating sphere. On the
other hand, the large-sized integrating sphere exhibits less throughput
than the smaller one and larger optical attenuation, thereby introducing
a higher signal-to-noise ratio. These spheres are more expensive to man-
ufacture and the beam divergence from the exit port is large and thus
have never been deployed for calibration of aeronomy instruments.
This article discusses a method to generate a uniform source beam from
a largely diverging beam delivered by a large-sized integrating sphere
as a source and capture the resulting interference fringes generated
from the Fabry—Perot etalon on the detector.

The optical modelling for such an system has been done with
ZEMAX (OpticStudio) and, accordingly, the specifications and working
distances have been incorporated into the system.

2. Experimental setup

Figure (Fig. 1) shows the optical arrangement in the laboratory and
Fig. 2 shows the schematic of the set-up. An integrating sphere collects
a beam from a source located external to the input port of the sphere
and outputs a nearly diverging beam from the exit port. Thus, it is con-
figured to be used as a light source. The beam exiting the sphere is first
collected by a sky-scanning mirror making an angle of 45° to the inci-
dent light. This light then passes through the first achromat L, and is
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Fig. 1. Optical set-up at the Photonics Laboratory of the Indian Institute of Astrophysics, Bengaluru India. The integrating sphere was fed by a HeNe laser (632.8 nm) and a

Xenon source respectively.

collected by an achromat L; introducing the angular magnification for
collecting light from the far placed exit port of the integrating sphere
according to the ratio of focal lengths of L, and L;. This arrangement
is similar to the telescope. The field lens L, in the intermediate image
plane avoids vignetting, as even the light rays at moderate angles
those of these cannot enter L; to reach the successive optics (https:
//www.rp-photonics.com/field_lenses.html, http://www.sk-advanced.
com/category/chapter-5-feild-lenses). The light from L; is collected
by the achromat L, which now forms the objective achromat L,. The
dimensions of this achromat is so chosen that it approximately matches
the diameter of L; and the focal length brings in an angular field of
view (AFOV) 5° (= tan~! (13.312/150.00)) necessary for traditional
type of scanning interferometers that use mirrors to observe a specific
area in the sky. The light is then focused on the second focal point
formed by the achromat L,. A thin plate with a circular hole and
another field lens (achromat) Ls is located on this focal plane. The light
then expands towards the achromat L¢. The field lens, Ls is inserted to
avoid vignetting due to expansion of the light towards L. Also, Ls is set
just below the focal point C to avoid imaging any dust or scratches on
the Ls achromat on the final CCD plane. The large diameter achromat
Ly (¢ = 110 mm) with the focal length, f = 300 mm, makes the
wavefront of the light towards the sealed etalon become nearly parallel
with a maximum incident angle of 1.3° (= tan~! (13.312/300.0)/2).
The transmitted light then passes through the etalon and is focused
onto the CCD plane by the achromat L,. The CCD size is 10 mm X

10 mm with 500 x 500 pixels, and a pixel dimension of 10 pm. The
optics from the focal plane of Ls to the plane of the detector forms
a symmetric system centred on the etalon. The optical arrangement
from the achromat L, to the CCD plane is referred to as the telecentric
architecture of the Fabry-Perot interferometer.

3. The optical and opto-mechanical components

The optical arrangement comprises the integrating sphere fed by a
laser source, sky-scanning mirror, plano-convex lens, achromatic lens,
a thin plate with an aperture, Fabry—Perot etalon and a Charge-coupled
device (CCD). The integrating sphere is fed by a 632.8 nm laser source
(Figs. 3 and 5) procured from Edmund optics (https://www.edmund
optics.in/p/model-1125-5mw-random-polarization-lumentum-hene-las
er/17370/) and manufactured by Lumentum. The beam diameter is
0.81 mm and it delivers an output power of 5 mW. For feeding the
beam into the integrating sphere, the laser is just placed close to one
of the input ports of the sphere.

The integrating sphere is a custom-made component of the diameter
of 500 mm. It has 2 input ports each of diameter 50 mm with a
baffle and one output port of diameter 120 mm. The internal surface is
coated with a special water based Barium Sulphate (BaSO,) (R98) white
reflective paint particularly suitable for internal coating of integrating
spheres and black enamel paint outside (textured finish). The sphere
was the first to be simulated in ZEMAX (OpticStudio) to confirm
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*Light start from integrating sphere right bottom and follow the optics in sequence
*L represent lens and D represent distance between the consecutive optics

*All distance are in mm

Integrating sphere-Port size 54
M1-Fold Mirror 34/24

L1-Focal length/ diameter-150/50
L2-150/20(Field lens)

L3-200/60

L4-150/50

L5-100/15 (Field lens)

L6-300/100

Etalon-(200 length/100 Diameter)
L7-300/100
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D2-100
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D6-122
D7-279.31
D8-50
D9-50
D10-283

Fig. 2. The schematic of the optical set-up with the dimensions of every component utilized in the design.

Fig. 3. Laser source.

its behaviour in the optical system (Fig. 4). Next, a white piece of
paper was placed close to the sphere’s exit port and then moved away
from the port as part of a manual (basic) test to determine the beam
collimation. Visual observation revealed that as the paper moved away
from the port, the beam intensity rapidly decreased and the diameter
of the spot increased, indicating the beam’s diverging nature from the
sphere’s exit port.

An aluminium support to the sphere is provided to elevate it to the
level of the optical table for testing. The structure is held with fixtures
of stainless steel bolts (M5) and corrosion protective coatings (https://
www.jamesglen.com.au/finishes-and-coatings/) T channel nuts. Non-
skid, cushioned heavy duty rubber leg tips are fitted into the legs
of the mount (https://www.accurate-prod.com/standard-products/leg-
tips/) (https://www.grainger.com/category/furniture-hospitality-and-
food-service/furniture/indoor-furnishings/furniture-tips-and-caps) to
protect floor from wear and tear and make the structure moving easier.

The beam is admitted into the sphere through one of the input ports
and the hot spot is formed on the baffle. The baffle prevents direct
radiation from the hot spot from exiting the exit port of the sphere.
Thus, the total exiting beam is independent of polarization or beam

Fig. 4. Optical simulation of the integrating sphere in ZEMAX (OpticStudio).

alignment and is nearly diverging in nature. This beam is then collected
by the sky-scanning mirror and passed on to the first achromat L, from
where the process of collimating the beam is initiated.

The sky-scanning mirror is a custom-made mirror manufactured by
Arksa Research Labs Pvt. Ltd, Bengaluru India (https://sites.google.
com/site/arksalabs/home). It is circular shape geometry (Fig. 6) with
a diameter of 76 mm and thickness of 25 mm. The mirror has the most
popular mirror coating on a plano substrate with a polished back side.
The front surface is coated with protected silver coating that offers
> 96% average reflectance from 450 nm to 20 pm and the back side is
polished to a 1/6 flatness with a surface quality (scratch-dig) of 40-20.

The sky-scanning mirror is mounted on a custom-made gimbal
mount suitable for holding a fixed size mirror of ¢ = 76 mm. This
mount provides a 360° coarse positioning on two axes of the mirror
surface adjustments in addition to some fine adjustment. It is the first
component in the optical system to receive the light beam exiting
the exit port of the integrating sphere to reflect it on the first lens
L, and further to the system. On the field (at the observation site)
the mirror will scan the horizon at an elevation of 40°-45° from the
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Fig. 5. The exit port of the integrating sphere is reduced from 120 mm to 76 mm
to match the objective lens L, of the system that is responsible for creating the
field-of-view (AFOV) 5° for the system.

Fig. 7. Fabry—Perot etalon.

mounting base plate. The lens L, and the rest of the lenses in the
system are plano-convex and achromatic lens that were procured from
Edmund Optics (https://www.edmundoptics.com/) as per the required
specifications except the collimating and the focusing lens, placed
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Fig. 8. The CCD camera is fixed at the focal plane of the re-imaging lens L, to capture
the image formed by the etalon.

Fig. 9. Concentric ring pattern produced by Fabry-Perot etalon.

before and after the etalon, were custom made by Optica (https://
www.opticsindia.com/) to match the usable area of the etalon. The
respective part number with only the diameter and focal length is
tabulated below (Table 1). The achromatic lenses were utilized in the
design to reduce chromatic aberrations and improve the brightness and
clarity of the image (https://www.opticsforhire.com/blog/achromatic-
doublet-with-flint-crown-glass/). Also, unlike singlet lenses, the coaxial
performance of achromatic lenses will not decrease as the aperture size
increases, allowing to use the entire transparent aperture.

The optical configuration following the lens L, and the further com-
ponents make the beam nearly collimated with a small incidence angle
for the Fabry—Perot etalon to form the necessary interference pattern
to be recorded on the detector. The tunable Fabry-Perot etalon with
the controller unit was procured from Michigan Aerospace Corporation,
USA (http://www.michiganaerospace.com/). Fig. 7 shows the CAD
drawing of the Fabry—Perot etalon and Table 2 shows the specifications.

The detector CCD camera ST-9XEI (http://www.company?7.com/
library/sbig/sbwhtmls/stremoteup.htm) is a single sensor version with
no internal guiding CCD. However, it does include the Remote Guiding
Head Port for attachment of an optional external guiding head at any
time. The imaging CCD (Fig. 8) is also Class 1 KAF-0261E with no
column defects. It has been chosen as it has been a successful camera
in its own right among those seeking a large field of view and high
sensitivity at a relatively low cost. The camera uses a KAF-0261E CCD
from Kodak with 512 x 512 pixels at 20 pm. KAF-0261E is a new high
QE Class 1 imaging CCD with no column defects.
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Fig. 10. Airy function for a given reflectance coefficient of the etalon. The intensity variation is in one of the best directions in the image.

Table 1
Specifications of the achromatic lens.
Make Stock Type Diameter (mm) Focal length (mm) Coating
Edmund 49-391 Achromat 50 150 VIS-NIR
Edmund 47-386 Plano-Convex 20 150 VIS-NIR
Custom made — Achromat 60 200 VIS-NIR
Edmund 45-706 Plano-Convex 15 100 VIS-NIR
Optica — Achromat 100 300 VIS-NIR
Table 2
The etalon specifications.
Parameter Specifications
Etalon Gap 1.5 cm
Etalon Clear Aperture 10.0 cm
Surface Quality 4/200 @ 633 nm
Wavelength(s) 633 nm
Operating Temperature 10-50 °C

4. Results and discussion

For the incidence angle §; = 1.3° on the etalon and without varying
any other parameter, maximum reflectivity can be obtained only at
selected angles. Thus, when a conically diverging circular monocro-
matic beam illuminates a thin etalon, the projection of the transmitted
radiation on a screen consists of well-defined concentric rings (Fig. 9).
The width of the rings is defined by the finesse (F) of the etalon and the
bandwidth of the incident radiation. The separation between adjacent
rings is analogous to the free spectral range (FSR) (Laufer, 1996) and
the performance of the etalon is characterized by these two parameters.

Fig. 9 shows about ten full fringes for a given reflectance value.
The cross-section along the image gives the Airy function as shown in
Fig. 10. The Fig. 11 is the better contrast image of the same Fig. 9 but
with a slight tilt to the etalon. Such a tilt is necessary to compensate for
the offset of plate parallelism within the etalon that may have occurred
at the stage of manufacturing or incorrect mounting position over a
period of time.

Fig. 11. The improvement in the image quality is achieved by providing a fine tilt to
the etalon and blocking of the stray light leakage from the black curtains. This stray
light is blocked by inserting black colour baffles on the rim of the lens used in the
system.

The intensity distribution of the transmitted beam is given by Airy’s
formula (Jenkins and White 1937),
1

L= T FsinG2) m
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Fig. 12. The raytrace of the achromatic lens design shows the optical path starting from the integrating sphere to the detector. This system has 10 elements in 4 groups, with a

focusing mechanism on the last lens before the sensor.
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vary the phase between the successive transmitted rays by changing the
refractive index of the material between the plates or by changing the
inclination of the etalon surface, or the angle of incidence of the rays.
In other words, the wavelength scanning of the spectral line profile can
be done with one of the above methods. But in practise, it is easy to
vary the phase difference by moving one of the plates or by varying the

> :
Fig. 13. Shaded model.
where
A’T?
max = 71 pon (2)
(1-R?)
is the maximum value of the intensity. And
F=_4R 3)
(1 - R)?

is the reflective finesse.

A, T, and R are the amplitudes of the incident light, the transmittiv-
ity of the Fabry—Perot etalon and the reflectivity of the etalon surface,
respectively. 6 is the phase difference between the transmitted rays and
is given by
_ (Qudcos0)2n
B 2
where u is the refractive index of the media between the plates and 4
is wavelength of the incident ray, d is the distance between the plates,
and 6 is the angle of the incident ray with the normal. So, one can

5 4

refractive index of the media between the plates. The transmitted beam
has a distribution of intensities in periodic fringes with a maximum
intensity of 7, and the minimum intensity is

A2T?
L 5
" (14 R2) 2
4.1. Theoretical
From Eq. (3),
4R _ _4-085 _ 15111 ®)

F =
(I-R? (1-0.85)2
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Fig. 14. Detector view.

is the coefficient of finesse, R is the reflectivity of the plates = 85%.
High reflectivity results in a high quality factor Q, (Betzler). Thus a
Fabry—Perot interferometer with high Qp, is said to have a high finesse.
Accurately knowing this value is useful for approximation.

4R
= 7
Og 1_R? ()
The full width of half maximum (FWHM) is given by
4 4
FWHM =y= — = ———— =0.32 (8)
VF /15011
Using Eq. (8), the finesse is defined as
2z 2z
=22 - 22 _ 9.
. 033 9.6 ()]

4.2. Experimental

The value of finesse is calculated by Eq. (10). From Fig. 10, the
measurements like the FSR and 64 are shown in the figure. For the
best chosen peaks, the average value of the finesse is found to be 16.
Thus, a comparison of the theoretical and experimental finesse shows
that the designed optical system delivered the finesse with an accuracy
of 80%.

F="_"=16 10
52 10)

5. Optical simulation with Zemax

Simulations have been performed with ZEMAX (OpticStudio) opti-
cal design software. Such an exercise allows one to characterize the
complex transmission of the Fabry-Perot cavity, requiring minimal
effort to analyse its response. Fig. 12 shows the 3D layout, Fig. 13 the
shaded model and Fig. 14 shows the detector view. The non-sequential
mode was utilized for this purpose. For the etalon, the resonant cavity
was the first to be modelled with the coatings capability. The only
limitation to the etalon modelling is that the thickness of the layers
does not draw on the layout plots. That is in common with the whole
coating capability. Other than that, it will react to wavelength and
angle changes just fine: as long as 'Use Polarization’ is turned on so that
coating effects are considered (https://community.zemax.com/got-a-
question-7/fabry-perot-cavity-1242).

6. Conclusion

The design that was simulated in ZEMAX (OpticStudio) was further
verified experimentally on an optical table. Although the large-sized
integrating sphere delivers a good quality of image, the contrast can be
further improved at the stage when all the components are assembled
into a black anodized metal enclosure housing that is to be deployed in
the field for observations. The improvement in image quality can also
be achieved by giving a small tilt to the etalon that is mounted on a
locally fabricated custom mount. The flipping of the optical filter face
did not play a significant role in improving the image quality. However,
it is critical to mount the filter exactly perpendicular to the optical axis
so as to ensure that the beam is completely transmitted to reach the
next component and further on to the etalon.
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