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ABSTRACT
We have designed a non-imaging telescope for measurement of the spectral irradiance of the moon. The telescope was designed to be inte-
grated into a wing pod of a National Aeronautics and Space Administration ER-2 research aircraft to measure lunar spectral irradiance during
flight. The telescope and support system were successfully flown in August 2018 at altitudes near 21 km and at speeds of ∼760 km/h. The wing
pod in which the telescope is mounted has an opening through which the moon can be observed. The mount exposes the telescope to high
winds, low pressures, temperatures near −60 ○C, and vibrations both due to flight and due to the motion of the aircraft on the ground. This
required a telescope design with high thermal stability and high resistance to shock. The optical design of the telescope is optimized to have
high throughput and spatially uniform transmission from 380 nm to 1000 nm over a field of view about three times the angular size of the
moon as viewed from the Earth. The final design resulted in a telescope with singlet design incorporating a 139.7 mm lens with an effective
focal length of 377 mm and a field of view of 1.6○. The light from the telescope is introduced into an integrating sphere, which destroys the
image and the polarization for measurement by a fiber-coupled spectroradiometer. Herein, we present an overview of the instrument and
support system with emphasis on the telescope design.

https://doi.org/10.1063/5.0004848., s

I. INTRODUCTION

The moon is an important exo-atmospheric calibration target
for space-based sensors that observe the Earth because the lunar sur-
face is radiometrically stable, reflected solar flux levels approximate
those from the Earth, and no atmospheric corrections need to be
applied for the calibration. However, the current uncertainties1 in
the knowledge of the spectral irradiance of the moon, at the 3%–6%
level in the visible to near infrared (VNIR) wavelengths, prevent the
moon from being used as an absolute calibration source. Instead, it
is used for sensor trending.

Knowledge of the lunar irradiance at the sub-2% level would
make the moon a cost-effective alternative to ground-based vicar-
ious calibration for on-orbit absolute calibration. Higher levels of
precision in knowledge of the lunar irradiance, along with the

improvements in satellite calibration that the knowledge would
enable, would result in more effective and rapid measurement of cli-
mate and weather changes as well as an improved ability to combine
data from different satellite sensors.2

The National Institute of Standards and Technology (NIST) is
pursuing two complementary pathways toward the goal of develop-
ing a new, precise, SI-traceable dataset of the lunar spectral irradi-
ance. One pathway involves a set of ground-based measurements
over a long period of time.3,4 The other pathway is via a NIST- and
National Aeronautics and Space Administration (NASA)-sponsored
system that operates in the wing pod of an ER-2 aircraft that is part
of NASA’s Airborne Science Program. This latter system is known
as the Airborne LUnar Spectral Irradiance system, or air-LUSI, and
measures the lunar spectral irradiance in the VNIR region from an
altitude of ∼21 km. From this high altitude, atmospheric corrections
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to at-sensor measurements are minimized. Details of the air-LUSI
system and the full motivation are described in an upcoming paper.5

For this project, NIST and its partners constructed a specialized tele-
scope to collect light and direct it, independent of polarization, into a
spectroradiometer. This paper describes the design and construction
of that telescope and light collection system.

The telescope’s design reflects the need for precise calibration.
The field of view is restricted, and stray light is carefully controlled
so that during calibration, only light from the calibration source
enters the spectroradiometer and so that during flight, no light orig-
inating from the aircraft or reflecting from its surfaces affects the
measurements. The materials used in construction are chosen so that
calibration in a hangar that can reach temperatures exceeding 30 ○C
is valid when the telescope tube is exposed to ambient temperatures
approaching −60 ○C in the open wing pod of the ER-2. The dimen-
sions, optical train, and light collection strategy are all chosen so that
a calibration performed with a light source 15 m away is valid for a
target at infinity.

The telescope design also faces mechanical constraints. It must
fit within the ER-2 wing pod and be small enough to be tilted up
to near vertical and to yaw up to ±15○ without having its aperture
obscured by the wing-pod opening. It must be light enough to allow
the dual-axis gimbal designed by the University of Guelph for air-
LUSI to function. It must not fail due to the repeated ≈90 ○C swing
in temperature between the hangar and the in-flight environment.

II. TELESCOPE OPTICAL DESIGN
A. Overview

The design of the system is based on the instrument used in
the ground-based lunar irradiance measurements of Cramer et al.3

In the Cramer work, a commercial, off-the-shelf (COTS), 4-element
apochromat telescope with a 106 mm aperture at f/5.0 was used to
collect light into a 50 mm diameter integrating sphere through a field
stop that limited the field of view to ∼1.6○. The integrating sphere
destroys the lunar image and the polarization, and an optical fiber
collects radiance from the integrating sphere and sends it to a grating
spectroradiometer.

The size constraints imposed by the pod preclude use of the
same telescope, although a similar, COTS integrating sphere with a
custom mechanical enclosure was chosen. Furthermore, the level of
testing required to determine if any COTS telescope would retain
its optical stability and mechanical integrity in the extreme cold
environment of the ER-2 wing pod aft body, which is open to the
atmosphere, was deemed prohibitive. In addition, market research
could not identify a COTS telescope manufacturer that could pro-
vide a telescope that would meet flight worthiness requirements
of the ER-2. The irradiance calibration methodology developed
by Cramer et al. requires a measurement system that has a near-
uniform response to an irradiance source at a range of tens of meters,
preventing the use of a telescope with a central obscuration. A
requirement of polarization insensitivity in the measurement system
makes off-axis designs more cumbersome. Thus, a simple, custom
design based on a singlet lens to collect light, and an integrating
sphere to mix the light, was selected. As in the Cramer design, the
moonlight from the sphere is subsequently passed to a commercial
spectroradiometer via a fiber-optic bundle.

FIG. 1. The air-LUSI telescope with a tracking camera mounted on an astronomical
telescope mount. The single lens is at the left end of the tube, and the integrating
sphere is obscured at the right end. Internal details can be found in Figs. 2 and 3.

Figure 1 shows a photograph of the telescope undergoing test-
ing at NIST’s telescope calibration facility. A layout with major com-
ponents and a set of rays generated by commercial ray-tracing soft-
ware is shown in Fig. 2, and labels are given for major components
(the optical tube is not shown). Figure 3 shows a cross section of the
complete system, including the SMA Q2fiber port, which is used for
collecting light into the spectroradiometer after multiple reflections
from the integrating sphere wall.

In Q3Secs. II B–II G, we go into details of the design choices.

B. Lens size and focal length
The size scale of the telescope system is set by the diameter

of the input lens and the chosen focal length. It was known from
the Cramer work that a reasonable signal-to-noise ratio could be
achieved with a 106 mm diameter input aperture and also that mea-
surements could benefit from a system with a higher throughput.

FIG. 2. Major components of the air-LUSI telescope optical train. Optimal locations
of the baffles were chosen to minimize stray light and were determined by reverse
ray tracing from within the area of the field stop.
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FIG. 3. A cutaway of the CAD model of
the telescope, showing the optical train
as well as the carbon fiber compos-
ite tube, the aluminum end caps, and
the Invar 36® internal supports. Light
is delivered to the spectroradiometer via
the SMA fiber connection on the integrat-
ing sphere.

At the same time, the width of the view port on the wing pod
(≈200 mm) puts an upper limit on the diameter. An intermediate
value of 139.7 mm was chosen for the lens diameter. The radius of
the circular cross section wing pod (≈430 mm) along with specific
features of the gimbal mount, which has a pivot point near the cen-
ter of the pod, and a requirement for space for the integrating sphere,
housing, and cables at the end of the telescope constrain the focal
length. After iteration with the team designing the gimbal mount, a
focal length of 377 mm (corresponding to a distance of 355 mm as
measured from the lens flat) was chosen at a design wavelength of
532 nm. This wavelength is chosen because the value of the index
of refraction for N-BK7 corresponds to the midpoint of the value
between the extrema at the ends of the wavelength range of interest
(∼385 nm and 1000 nm). The focal shift of the lens at the extrema is
±9 mm.

C. Field of view determination
After the single lens for the telescope is chosen, the field of view

can be set by a single aperture at the entrance to the integrating
sphere at the nominal focus of the lens. This aperture is known as
a field stop.

The telescope’s field of view needs to be large enough to accom-
modate the moon’s diameter plus uncompensated tracking error due
to aircraft movement. At the same time, the field of view should
be small enough so that precise calibration of the system can be
achieved in an active airplane hangar. This precise calibration can
work when the field of view prevents the telescope from seeing any
light originating outside of a small, black-curtain-covered structure
that houses the calibration source. Furthermore, because light is col-
lected into an integrating sphere, a smaller input port, and thus
smaller field-of-view (FOV), results in higher signal. For precise
calibration and maximum signal, the field of view should be large
enough to track the moon, and no larger.

The average angle subtended by the moon as seen from the
Earth is 0.52○. Because the moon’s orbit is elliptical, the angle varies

from about 0.49○ to 0.55○. The air-LUSI tracking system was speci-
fied to track the position of the moon to within 0.5○ (actual tracking
was found to be considerably better than this6). Since it is prudent to
design for the worst case tracking, the required full angular field is
two times the tracking error plus the maximum angle subtended by
the moon or 1.6○.

The size of the field stop is straightforward to determine at
the design wavelength, where a high-quality image is formed at
the focus, and the field stop diameter required is d = 2f tan(θ/2)
= 9.9 mm for a back focal length f = 355 mm and field-of-view (FOV)
θ = 1.6○. However, away from the design wavelength, rays do not
focus in the plane of the field stop, and the required aperture size
must be increased so that “vignetting” does not reduce the effective
FOV below the design target. In general, vignetting refers to a reduc-
tion in light intensity toward the periphery of an image, compared to
the intensity at the center, caused by the blocking of light rays. A plot
of vignetting for the air-LUSI telescope is shown in Fig. 4, where the
fraction of unvignetted rays at 385 nm, 532 nm, and 1000 nm is plot-
ted vs half-field angle when a 15 mm aperture is defined as the field
stop. As can be seen, the 385 nm light begins to vignette when the
half-field angle just exceeds 0.8○. At longer wavelengths, vignetting
begins to occur at greater angles. The sharpness of the vignetting is
maximum at the lens design wavelength where light comes to the
sharpest focus and where the focus is closest to the plane of the field
stop.

D. Effects of temperature and pressure
The ER-2 aircraft cruises at an altitude of ∼21 km. Although the

data acquisition system, spectroradiometer, and all supporting elec-
tronics are housed within a pressurized and temperature-controlled
enclosure, the air-LUSI telescope and fiber-optic cabling are not.
At this altitude, the ambient temperature and pressure will reach
∼−57 ○C and ∼5 kPa, respectively.7

The optical system is affected by temperature in several ways.
First, the index of refraction of the telescope’s lens will change with
temperature, and the relative index, which is measured with respect
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FIG. 4. Vignetting plot indicating the fraction of rays that enter the telescope that
pass through the field stop as a function of angle.

to air, will change with pressure. Second, the glass will expand and
contract with changing temperature. Third, the dimensions of the
telescope housing and aperture stop, and spacing between compo-
nents, will also change with temperature. To minimize the potential
effects, low coefficient of thermal expansion (CTEQ4 ) materials were
used for the telescope tube, the aperture stop, baffles, and supports,
and appropriate guard bands were designed into the baffle inner
diameters.8 Ray traces at relevant temperatures incorporating all
three of the above effects with our chosen materials show a negli-
gible change in the system throughput with changing temperature,
confirming that this important design goal is met.

In several of air-LUSI’s components that can affect system
throughput and calibration, there are no practical low CTE or tem-
perature insensitive materials available. These components include
the optical fiber used for the validation source, the optical fiber bun-
dle that brings light to the spectroradiometer, and the integrating
sphere at the back of the telescope. Active control of the temperature
is required to maintain system performance.

To achieve control for the optical fibers, the entire bundle of
fibers and wiring between the telescope and air-LUSI’s pressur-
ized and temperature-controlled enclosure are enclosed in a cop-
per braided sleeve with heater tape. The bundle is surrounded by
multi-layer insulation commonly used in aerospace applications and
a fiberglass wool insulation encased in a PTFE coated fiberglass fab-
ric that wraps in a spiral manner around the bundle and is held in
place with hook-and-loop closures. A thermostat and thermocou-
ples installed at various locations along the length are used to control
and monitor the composite bundle temperature within a range of
10 ○C to 20 ○C.

The integrating sphere incorporates a PTFE-based reflector
(Spectralon®). PTFE exhibits the highest thermal coefficient of
expansion of any material used in the telescope, readily absorbs
water, and is known to have a temperature-dependent response.9

These material characteristics require thermal control of the inte-
grating sphere to hold it near the same temperature at which the
system is calibrated. This minimizes integrating sphere throughput

variations and prevents significant water absorption during ascent
to and descent from high altitudes. A more detailed review of the
telescope’s material choices is given in Sec. III with a full description
of the telescope’s mechanical design.

The Spectralon is held in place with a 6061-T6 housing, which is
coated with AnoBlack Cr10 to provide a low visible light reflectance
to inhibit scatter near the field stop. This coating also provides a low
emissivity in the infrared region (3 μm–15 μm) to minimize radia-
tive coupling to the environment. The thermal loss of the integrating
sphere housing is calculated to be ∼18 W based on expected condi-
tions and is dominated by 15 W radiative losses. The temperature
is controlled using a 40 W maximum output polyimide film heater
controlled by a thermostat that turns the heater on at 10 ○C and off
at 20 ○C.

The low pressure can affect the system in two ways: First, opti-
cal components, such as glasses and optical fibers, are susceptible
to pressure-induced strain. These effects were considered to be too
small to include in a model or to affect our calibration. Second, low
air pressure results in lower heat loss to the surrounding air, which
reduces the power demands on the heaters described above, and is a
benefit.

E. Baffles and stray light suppression
Stray light is defined as any light that enters the integrating

sphere, which is outside the desired 1.6○ full field-of-view. Any baf-
fle placed within the interior of the telescope tube must pass the
desired light cone while providing suppression of light from all
other angles. Many publications containing guidelines for the loca-
tion of baffles and/or vanes to suppress stray light within a telescope
may be found in the literature. A small sampling of such appears
in the work of Breault,11 Cheng,12 and Leinert and Klüppelberg.13

The guidelines are implemented here for initial baffle placement
in a computer model, followed by brute-force “reverse” ray tracing
to determine optimal locations. This approach incorporates indi-
vidual assignments of reflectance and scattering properties of tele-
scope components and allows direct assessment of the impact of
component design on stray light-suppression.

The use of reverse ray tracing relies on Helmholtz reciprocity,14

which is the principle that a ray propagating in a forward fashion
encounters the same reflections and refractions as its time-reverse.
To determine the amount of stray light that enters the integrating
sphere, rays can be traced as if they are emitted from within the inte-
grating sphere aperture. Figure 5 illustrates one step in the reverse
ray trace used to determine optimum baffle location within the air-
LUSI telescope. This particular trace incorporates no internal baffles.
In Fig. 5(a), a virtual source that radiates light into a hemisphere is
placed at the sphere aperture. The direction of the source is away
from the sphere. An unscattered portion of the light will propagate
directly through the lens, and another portion will strike the inside
wall of the tube and scatter in many arbitrary directions. Along with
the unscattered light, the scattered light eventually exits the tube as
shown and strikes a virtual detector at the output of the tube. The
irradiance at the virtual detector is shown in false color on a log scale.
The irradiance consists of a central core corresponding primarily to
the unscattered portion of light, and the surrounding “haze” is due
to the scattered portion. The result of this technique is shown in
Figs. 5(b) and 5(c) for unscattered and scattered flux, respectively.
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FIG. 5. A schematic of the reverse ray tracing to determine stray light. Baffles are not included in this simulation. In panel (a), the telescope and tube assembly are shown,
with rays traced from the field stop into a hemisphere and scattering off of the tube or directly impacting the virtual detector square at left. The density of rays in the virtual
detector is indicated by the color, with dark red being the densest. Panel (b) shows the density of rays that have impacted the virtual detector without any scattering, while
panel (c) shows the rays that impact the virtual detector after at least one reflection from another surface.

By taking the ratio of the scattered flux to the total flux, a stray light
contribution metric can be formed. In the next step, a virtual baffle
with a known inner diameter is introduced. Ray traces are performed
as it is moved along the inside length of the tube starting from the
sphere, as shown in the upper right-hand corner of Fig. 6, subject
to the constraint that its inner diameter cannot be allowed to inter-
sect the light cone corresponding to the desired field-of-view. A plot
of the stray light contribution metric as a function of position along
the tube and inner baffle diameter is shown in Fig. 6. All internal
walls were assigned a reflectance of 2% with a Lambertian scattering
profile. A minimum in the stray light contribution was found for a
primary baffle having an inner diameter equal to 57 mm located at
140 mm from the sphere entrance port. To provide a small guard
band, the actual baffle inner diameter was selected to be 60 mm.
An additional, secondary baffle was introduced between the primary

FIG. 6. Value of a fitness function, defined as the ratio between the amount of
reverse-ray-traced light that has been scattered before hitting an external virtual
detector to the amount that directly hits the virtual detector with no scattering (see
Fig. 5), as a function of baffle location for a set of six different baffle internal
diameters (indicated in the legend at right).

baffle and field stop. Its location and inner diameter were opti-
mized following the same procedure to provide further stray light
rejection.

Finally, optical black coatings are important to the control of
stray light. Pompea and Breault15 gave a comprehensive review of
traditional paints, coatings, and processes for generating black sur-
faces. Due to cost and time constraints, and relative ease of appli-
cation, Aeroglaze® Z30616 was selected as the black coating applied
to all interior surfaces of the air-LUSI telescope. Z306 advantages
include durability, low outgassing, and a history of successful use in
aerospace applications.

F. Expected throughput to spectroradiometer
A 50.8 mm diameter integrating sphere collects and mixes the

moonlight before its introduction to the spectroradiometer via the
fiber-optic bundle that samples the sphere wall radiance. Since the
sphere spatially mixes the light, the signal fed to the spectroradiome-
ter is robust against shifts in the light pattern at the entrance port
of the sphere as the telescope tracks the moon. This is an advan-
tage over more direct coupling methods. However, a disadvantage is
a severe reduction in optical throughput. Low throughput requires
multi-second spectroradiometer integration times and averaging to
achieve good signal-to-noise ratios. Thus, care should be taken in the
sphere design to ensure that throughput is optimized.

To illustrate the throughput challenge, consider the calcula-
tion of the optical flux, Φ, collected by the bundle during flight. An
auxiliary measurement of the radiance responsivity of the spectrora-
diometer when the bare fiber bundle is looking at a radiance source
gave a responsivity of 5600 digital counts per μW cm−2 nm−1 sr−1

s−1 at 550 nm, where the full scale of the spectroradiometer is 215

digital counts. To estimate the radiance that the spectroradiometer
will measure in the integrating sphere at the back of the telescope,
we start with the equation for the radiance of the sphere wall for an
ideal integrating sphere with Lambertian reflectivity on the walls,17

Ls = ϕi
πAs

[ ρ
1 − ρ(1 − f )], (1)

where ϕi is the incident flux, As is the interior surface area of the
sphere, ρ is the reflectance of the sphere wall, and f is the port
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fraction defined by the sum of all open port areas divided by As. The
fraction within the brackets is a dimensionless quantity referred to as
the sphere multiplier, M. In air-LUSI’s sphere, there are four ports:
the entrance port (field stop), 15 mm in diameter; two fiber-optic
ports each ∼3 mm in diameter; and one monitor photodiode port
about 1 mm in diameter. Assuming a nominal reflectance ρ = 0.99
for the sphere wall (corresponding to a typical diffuse reflectance
of Spectralon18), the value M = 0.99

[1−0.99(1−0.0236)] ≈ 30. Note that
this number varies rapidly with small changes in the mean surface
reflectance of the sphere.

To complete the estimate of Ls during flight, Table 1 of Ref. 3
gives values for the top-of-atmosphere (TOA) spectral irradiance
between 450 nm and 1000 nm over a sun–moon-observer angle (i.e.,
lunar phase) ranging from 17○ to 20○. At 550 nm, the TOA spec-
tral irradiance is about 2.6 × 10−4 μW cm−2 nm−1. The diameter
of the aperture stop is 127 mm, and its area is about 0.0127 m2;
thus, the flux entering the sphere at 550 nm is 0.033 μW nm−1

(ignoring reflection losses). Since the internal surface area of the
sphere is ∼8100 mm2 and M = 30, the radiance on the sphere wall is
Ls ≈ 3.9 × 10−3 μW cm−2 sr−1 nm−1 at 550 nm. Then, combin-
ing this with our measurement of the radiance responsivity of the
spectroradiometer, we estimate a count rate of ≈3100 counts s−1 at
550 nm, meaning that a good signal-to-noise ratio can be achieved
with integration times in the range of several seconds. This com-
pares to the observed count rate of about 2000 counts s−1 in our
laboratory calibrations using an irradiance of 3.1 × 10−4 μW cm−2

nm−1, indicating that the system performs nearly as expected (Note
that because of the extreme dependence of the sphere multiplier on
small changes in reflectivity and port fraction, estimates of sphere
throughput are not precise

Q5

).
The diameter of the field stop could be reduced because the

tracking is well within 0.5○. Since the field stop is the sphere entrance
port, any reduction in size lowers the port fraction, causing the
sphere multiplier to increase and increasing throughput. The prac-
tical result would be a reduction in required spectroradiometer
integration time to achieve a given signal-to-noise ratio. However,
higher sphere multipliers result in more sensitivity to small changes
in the sphere’s physical characteristics, so pushing the multiplier too
high may affect measurement uncertainty.

G. Optical design validation
The telescope was set up in the NIST telescope calibration facil-

ity19,20 to view the 100 mm diameter exit port of a 30 cm diame-
ter, Spectralon integrating sphere illuminated by using a Quartz–
Tungsten–Halogen (QTH) source operating at a correlated color
temperature of ∼3200 K. The telescope’s entrance aperture was
located 11 m from the 100 mm port. This combination of source
size and distance from the telescope produces a source subtense
approximately equal to that of the full moon.

For the first test, the telescope’s integrating sphere was removed
so that the image of the source’s 100 mm port at the telescope
field stop could be examined. A fixed focal length macrolens having
unity magnification was coupled to a digital single-layer resist (SLRQ6 )
camera to relay the image at the field stop to the camera’s imag-
ing sensor. Figure 7(a) shows the resulting image at the camera’s
22.4 × 14.8 mm2 imaging sensor. The image is out of focus for two
reasons: (1) the source is at a relatively small and finite distance

FIG. 7. A comparison of a camera image (a) of a 100 mm diameter QTH sphere
source viewed through the telescope with a simulation of the same setup (b).

from the telescope and (2) the aberrations produced by the tele-
scope’s simple PCX Q7lens are not corrected. Figure 7(b) shows the
predicted image for a 3200 K source as generated by the OpticStudio
design model working in non-sequential mode with a “true color”
22.4 × 14.8 mm2 virtual detector. As can be seen, the size and color
of the camera image, and model prediction, are similar, with a cen-
tral blue peak and a diffuse red edge. The slight variation observed
may be due to the spectral transmission of the anti-reflection coating
deposited on the macrolens, which is not known and not modeled,
as well as the spectrally varying throughput of the source integrating
sphere.

For the second test, the field-of-view of the telescope was mea-
sured. The camera and macrolens were removed, and the telescope’s
integrating sphere was re-installed. The telescope was attached to a
computerized commercial telescope mount to facilitate precise rota-
tion of the telescope about one axis. In this case, the source distance
was 14.2 m from the telescope entrance aperture. The output of the
optical fiber that monitors the sphere wall radiance was coupled to
the spectroradiometer, and the collected flux vs wavelength and rota-
tion angle was measured. Since the source is relatively close to the

FIG. 8. Modeled and measured throughput of the telescope as a function of angle
when viewing a point source at 14.2 m from the entrance aperture.
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telescope, the expected FOV should be less than that predicted for
the moon. The results are shown in Fig. 8. The solid lines are the
model prediction, and the triangles are the measured values. As can
be seen, the agreement is very good. In this case, the anti-reflection
coating deposited on the telescope’s lens was accounted for because
its design is known.

III. MECHANICAL DESIGN
The mechanical design of the telescope was developed consid-

ering the environmental conditions present in an open-air cavity of
an aircraft that ascends to 21 km where it cruises for ∼1 h before
descending. The accelerations, temperature fluctuations, vibrations,
and pressure changes all must be considered in order to ensure
reliable operation at altitude as well as in the hangar for pre- and
post-flight calibration. As stated previously, the design relies on low
CTE materials to maintain dimensional stability over the greater
than 90 ○C temperature range the telescope encounters during a 2-h
mission.

When assembled, the telescope is ∼468 mm long. The tele-
scope’s shell is a 152.4 mm ID carbon fiber composite (CFC) tube
with 1.37 mm thick wall. The manufacturer describes the material
as “convolute wrapped 3 k 8 harness satin weave with a fiber ori-
entation of 0○/90○ and a fiber/resin ratio of 60%/40% by weight.”21

The tube is 406 mm in length and houses seven Invar 36® rings
to provide mechanical support for the lens, the pointing camera,
tracking system coupling, optical baffles, and the integrating sphere.
The rings were heat treated post-machining to provide both stress
relief and dimensional stability.22 All of the fasteners used in the
construction of the telescope, as well as the whole air-LUSI instru-
ment, were either military specification (MS) or National Aerospace
Standard (NAS) certified in order to meet the requirements of the
ER-2 Experimenter handbook.23 In addition, all fasteners in the tele-
scope required locking features; in most cases, these were locking
threaded inserts or all-metal flex-top type locknuts to ensure fasten-
ers resisted loosening during flight. Furthermore, blind tapped holes
were avoided as often as possible or vented if necessary to avoid any
trapped air and any effects that may have on the fastener’s stability.
The rings are each attached to the CFC tube with three radial fasten-
ers seated in a saddle washer to compensate for the curvature of the
tube. All of the fabricated components in the telescope (rings, baffles,
saddle washers, and the CFC tube) were roughened (CFC tube by
hand sanding and metal components by bead blasting) and painted
with Aeroglaze Z306, as previously stated, to provide a low scatter
optical black surface, to seal out moisture, and to prevent corrosion.

The telescope’s lens is captured between two rings with the
addition of a silicone O-ring and stretch polyester gasket to provide
a soft seat for the lens. The former accommodates any asymmetry in
the lens preload on the lens’ curved front surface, and the latter com-
pensates for any roughness in the machined seat for the flat rear sur-
face of the lens. The lens mount preload requirement of ∼750 N was
determined using ER-2 Experimenter handbook requirements and
the sag of the lens at its mounting point.24 The preload is provided
by three 5 × 2 Belleville disk spring stacks compressed with 4–40
socket head cap screws to capture the lens and keep it secure during
flight vibrations. This configuration allowed for simple assembly and
removal in the field if lens replacement would be required between

flights. The baffles and entrance aperture are also made of Invar 36
and are bolted directly to the face of support rings within the tele-
scope. The rear end of the telescope is capped with a slotted cap
fabricated from 6061-T6 and attached to the rearmost ring of the
telescope. The cap provides protection from dust and debris during
flight as well as provides a mechanical barrier to guard the electrical
and optical connectors on the integrating sphere housing.

The integrating sphere is kinematically coupled to the tele-
scope’s rear ring to allow for simple removal and replacement for
alignment and calibration. The lens, baffles, and integrating sphere
aperture have been aligned in a NIST laboratory to ensure that the
centerline of each aperture is coincident with the centerline of the
lens. This was accomplished by aligning a laser centered and nor-
mal to the telescope’s lens and using reticules mounted on the center
of the baffle to center the baffles to the beam. Finally, the integrat-
ing sphere with its integral field stop is aligned with the same laser
beam in a similar fashion, yielding the optical system with apertures
aligned to the centerline of the telescope lens.

The integrating sphere assembly includes a 15 mm diameter
entrance aperture/port, which is the system’s field stop, to accom-
modate the ±0.5○ pointing error window mentioned previously. The
integrating sphere also contains three additional ports: Two of the
ports utilize SMA threaded couplings to facilitate fiber coupling
of an LED validation source and the spectroradiometer. The third
port is directly coupled to a silicon photodiode for monitoring of
the optical signal level during measurements and calibrations of the
instrument.

IV. CONCLUSION
In order to meet the requirements of the air-LUSI mission, to

measure the spectral irradiance of the moon with high-precision
from a high-altitude platform, NIST has developed a non-imaging
telescope capable of enduring extreme temperature and pressure
swings with minimal changes to its throughput. The telescope’s opti-
cal and mechanical design is based on the need to fit within the
NASA ER-2 wing pod and on the environmental demands. Lab-
oratory testing confirmed that the as-built telescope performance
closely matches the performance predicted by the optical modeling
of the system.

The air-LUSI team is preparing a manuscript detailing the full
air-LUSI system including the motion control, environmental, elec-
tronic, and radiometric systems.5 To date, the air-LUSI instrument
has successfully flown seven times during two deployments (Sum-
mer 2018 and Fall 2019) and has recorded preliminary lunar irradi-
ance measurements that are currently under evaluation by NIST as
well as end-users of the data.

Once data for record are obtained, NIST is hopeful that air-
LUSI will provide lunar spectral irradiance measurements that will
help improve the uncertainties of the existing models used to esti-
mate the lunar irradiance and improve the moon’s utility as an
on-orbit calibration source.
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