EARLY ENTRY ANALYSIS OF CYGNUS NG-20
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ABSTRACT

On the 13th of July 2024, the ISS resupply capsule
CYGNUS NG-20 entered the Earth’s atmosphere above
the South Pacific for a controlled destructive re-entry,
marking the end of the mission. The capsule was
equipped with 5 re-entry experiments (KRUPS - Ken-
tucky Re-Entry Universal Payload System) from the Uni-
versity of Kentucky. The re-entry of CYGNUS was ob-
served from an aircraft equipped with four instrument
platforms capturing imaging, spectroscopic, and polar-
ization data which were time-synchronized using a GPS
signal.

While the initial goal of the mission was to observe the
KRUPS capsules after their release from the spacecraft, a
delay in in-space operation shifted the trajectory down-
range complicating this objective. HEFDiG deployed
a new spectroscopic camera system using a transmis-
sion grating. This camera is able to detect spectra be-
tween 400 nm and 700 nm with a theoretical resolution of
0.4 nm per pixel. Finally, the altitude region of 93 km to
70km was successfully observed giving insight into the
early entry phase before the main break-up and signifi-
cant fragmentation occurs. During this phase only broad-
band radiation was detected indicating black-body radia-
tion from aerothermal heating of the spacecraft. Finally
the break-up was observed in one frame corresponding to
an altitude of 73 km.

Keywords: CYGNUS NG-20; Re-Entry; Airborne Ob-
servation.

1. INTRODUCTION

Over the past decades, a multitude of missions have been
flown to observe the re-entry of a variety of bodies into
Earth’s atmosphere. The observed bodies range from
sample return capsules [1, 2, 3], space debris such as
WT1190F [4] and the Cluster satellite Salsa [5] to the
ISS resupply vehicles ATV-1 [6, 7, 8] and CYGNUS OA-
6 [6, 9].

These missions have greatly improved the knowledge of
different processes during re-entry especially break-up
and demise of spacecraft returning from low earth orbit.

Figure 1. CYGNUS NG-20 during unberthing from the
International Space station 12th of July 2024 [10].

The Kentucky Re-entry Universal Payload System
(KRUPS) was developed to test the performance of dif-
ferent Thermal Protection System (TPS) materials at a
fraction of the cost to full-scale re-entry experiments [11,
12].  Sounding rocket experiments preceded the Ken-
tucky Re-Entry Probe Experiment (KREPE), which oc-
curred during the re-entry of the ISS resupply vehicle
CYGNUS NG-16 in 2021 and featured three capsules.

A preliminary analysis of this data [12] proves the ca-
pabilities of this system while open questions regarding
trajectory and flight path remain. Therefore during the
subsequent KREPE-2 mission, an airborne observation
mission was planned to correlate the data from the cap-
sules with observation data. The KREPE-2 mission con-
sisted of five KRUPS capsules [13], which were launched
onboard the CYGNUS NG-20 resupply vehicle. Opera-
tions remained identical to the KREPE-1 mission where
the capsules were activated shortly before the CYGNUS
vehicle was unberthed from the space station. Release of
the spacecraft took place on July 12th 2024 11:01 UTC
and the spacecraft successfully deorbited 13th of July at
16:00 UTC.
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2. MISSION

The team at the University of Southern Queensland
(UniSQ) organized the aircraft used for observation, pro-
vided by GCH Aviation. The Bombardier Challenger 604
business jet is based in Christchurch New Zealand, where
integration of the instruments and testing took place. The
aircraft featured standard windows made of acrylic with
no alterations, meaning that transmission below 400 nm
is significantly, making observation in the UV extrmely
challenging.
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Figure 2. Bombardier Challenger 604 aircraft used for
the observation mission.

Three flights were planned to position the aircraft in the
target area and orientation. The first flight was used to
relocate personell and equipment to the staging area, in
Avarua, Rarotonga, Cook Islands. From here the mis-
sion was flown followed by another relocation flight to
Christchurch.

Due to a delayed release of the spacecraft from the inter-
national space station all orbit adjustment maneuvers, in-
cluding the re-entry burn were delayed by around 4 min-
utes. This shifted the re-entry trajectory around 1900 km
to the southeast, shown in Fig. 3. Due to this, it was not
possible to position the aircraft in the relative position
previously planned to observe the release and entry of
the KRUPS capsules, rather the observation targeted the
early entry phase. This was due to the maximum range
of the aircraft, coupled with the flight restricted areas due
to the re-entry. Signal acquisition was calculated to occur
at 16:03:00 corresponding to an altitude of 90 km, with
signal loss at 16:07:30, 70 km.

The aircraft positioning and tracking is described sepa-
rately in detail [14]. The calculated position of the space-
craft during re-entry relative to the aircraft normal plane
is shown in Fig. 4. The aircraft flies a turn to maximize
the time during which the re-entry is visible

3. EXPERIMENTAL ARRANGEMENT

In total 6 stations distributed over 6 windows were used
to observe the re-entry of the CYGNUS NG-20 space-
craft featuring 16 instruments in total. Four platforms
tracked the entry manually. This paper focuses on the
station operated by the High Enthalpy Flow Diagnostics
Group (HEFDiG) which was equipped with two instru-
ments.

Image acquisition and tracking of the spacecraft was re-
alized using an Alvium 1800 U-508m camera during the
observation time and movement of the aircraft. Set-
tings and recording were controlled using custom soft-
ware. Both the camera and the software were provided
by UniSQ. The nominal camera parameters are shown in
table 1.

Parameter Value
Image Height 1028 px
Image Width 1232 px

Binning 2x2
Gain 35
Bit Depth 8 bit mono
Exposure Time 30 ms

Table 1. Nominal Parameters used for the tracking cam-
era

Aiming for a fast acquisition, a 2x2 binning was applied
and the bit depth was set to 8 bit which allows to increase
the frame rate as well as increase the signal-to-noise ratio.

Aligned to the tracking camera is a Nikon Z8 camera with
a 300 mm lens for spectrally resolved data acquisition.
Unlike most commercial lenses that feature a filter holder
before the entrance aperture, this lens features a 52 mm
filter holder integrated into the lens body, just before the
mounting point. This feature was used, by 3D-printing a
holder for a SO0 mm x 59 mm optical filter. Instead of a
filter, an optical transmission grating with 300 lines per
mm (Thorlabs GT50-03) was installed. This separates
the incoming light into its spectral components which
can be detected on the image sensor. The arrangement
as well as the filter and sensor positions are sketched in
Fig. 6.

The angular field of view (AF OV ) of the camera system
can be calculated using:

H
AFQV =2 t — 1
arctan T (1)

with the image sensor size H and the focal length F, both
in millimeters.

The deflection of the grating can be calculated using
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Figure 3. Ground track of the spacecraft with the shifted trajectory during the observation mission.
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Figure 4. Azimuth and elevation of the calculated space-
craft trajectory.

Figure 5. Hardware used for the station operated by
HEFDIG.

Figure 6. Diagram of the optical system to record spec-
tral data using the Nikon Z8 system. 1 - Camera body; 2
- Lens; 3 - Camera sensor; 4 - Grating

Parameter
Sensor Size 35.9mm x 23.9 mm
Focal Length 300 mm
Exposure Time 1/30s
ISO 25600
Framerate 30 fps
AFOV 6.84 x4.56

Table 2. Camera Parameters

The resulting position on the sensor is

tan = Y ; 3)

tot
where l¢ot is the total distance between the grating and the
sensor, in the present case 90 mm. The deflection, from
the Oth order, of blue light (400 nm) can be calculated to
11 mm while the deflection of red light (700 nm) can be



calculated to 19 mm, in the sensor plane. This means that
30 % of the sensor height is needed to resolve the entire
visible spectrum. While not necessary in all frames, it
is very helpful for the data processing to also have the
Oth order in the frame, i.e. light passing the grating with-
out being spectrally shifted. Hereby, around 80 % of the
frame are needed to resolve both the Oth order as well as
red light from the first order. This leaves a margin of 0.9
degrees in the field of view to keep the target in frame,
making accurate tracking challenging during the move-
ment of the aircraft.

From the total pixel count as well as the diffraction, the
theoretical spectral resolution results to 0.4 nm/px. How-
ever, to differentiate two close spectral lines one must ap-
ply the Rayleigh criterion further decreasing the usable
resolution. For this analysis the point-spread-function for
the spectral system was not determined, previous analy-
ses on similar cameras exhibited a 6 px radius [15]. Ap-
plying this leads to a usable resolution of 2.4 nm.

3.1. Calibration

Wavelength and intensity calibration was performed on
ground using known sources. The spectral calibration
was performed using a mercury vapor lamp with the
three most prominent lines used for calibration at 435.8,
546.0 nm, and 579.0 nm.

The distance from these lines to the zero-order light was
determined in pixels. For small angles eqs 2 and 3 may be
simplified whereby the deflection is linearly proportional
to the wavelength, /.

Recording the integrating sphere calibration source with
a known irradiance allows for the intensity calibration us-
ing known methods [16]. This also highlights the wave-
length range that is able to be recorded, from 400 nm to
700 nm which is typical for consumer cameras [17]. Two
calibration methods were applied, one where the image is
converted to grayscale and then calibrated, while the sec-
ond method separates the image into each color channel,
which is calibrated separately.

Separate calibration allows for an analysis of features that
are at the edge of two channels, which may be image-
processing artifacts rather than spectral features. Further-
more, noise in the blue wavelength range was stronger
in the grayscale, compared to separate calibration due to
color grading in the conversion process. This together
with the low intensity of the calibration lamp in the blue
region increased signal noise. A future step is also possi-
ble where the calibration procedure is modified, adapting
the exposure time to maximize the intensity in each color
channel in separate calibrations.

4. ANALYSIS

The signal was initially captured in the tracking camera,
at 16:02:40 UTC. The light signature appeared over the
horizon. The signal was simultaneously acquired in the
Nikon camera; however, only the zeroth order was dis-
cernible from the background.

spectra

Figure 7. Cropped camera images of CYGNUS
at 16:04:15 (left), 16:04:59 (middle-left), 16:05:34
(middle-right), and 16:06:52 (right).

The signal of the spectra was strong enough to discern it
from the noise from 16:04:15 UTC onward. The recorded
spectral data mainly shows a broad-band signature, indi-
cating that black-body radiation from the heating space-
craft is detected. No distinct spectral features are dis-
cernible. A spectrum recorded shortly afterward detec-
tion is shown in Fig. 8. The highest signal-to-noise ratio
was recorded at 16:04:59 UTC, shown in Fig. 9, which
corresponds to the closest approach of the plane to the
spacecraft at 16:05:03 at a distance of 281 km. After-
wards the signal intensity decreased with the increasing
separation, as well as the changing viewing angle.



Figure 8. Calibrated spectrum at 16:04:29 showing
the color channels as well as the grayscale spectra.
Grayscale is offset by 0.15 for better visibility.

Figure 9. Calibrated spectrum at 16:04:59 UTC show-
ing the color channels as well as the grayscale spectra.
Grayscale is offset by 0.15 for better visibility.

During the observation, the relative motion of the aircraft
and the Cygnus moved the spacecraft towards the east,
where the sun was dawning. This meant an increased
background, further complicating both tracking and sig-
nal acquisition. Towards the end of the observation, at
16:06:52 UTC, a bright flash appears for one frame in
the tracking camera, shown in Fig. 11. This flash was
also captured in the spectral camera, shown in Fig. 7.
This is presumed to be the main break-up of the space-
craft, which corresponds to an altitude of 76 km, a typ-
ical break-up altitude for large spacecraft. The recorded
broadband spectrum further highlights that the spectra are
black-body radiation rather than reflections of the sun,
since the event would not increase the reflectivity. At this
time the distance between the aircraft and the spacecraft
was 842 km.

Finally the signal was lost, at 16:06:54 UTC in the spec-
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Figure 10. Calibrated spectrum at 16:05:34 showing
the color channels as well as the grayscale spectra.
Grayscale is offset by 0.15 for better visibility.

tral camera, at which point only the zeroth order was vis-
ible and 16:07:08 UTC in the tracking camera. In total,
CYGNUS NG-20 was visible for 255 seconds of the re-
entry covering the altitude range of 93 to 73. Spectra
were discernible from background and noise for 65 sec-
onds, in the altitude range of 87 km to 76 km.

As an estimation a Planck curve was fit to the spectra, an
example frame of this is shown in Fig. 12. The tempera-
ture evaluated from this fit was fairly constant throughout
the observation at 1300 K. As the temperature is expected
to rise during this time, this value must be seen with cau-
tion.

5. CONCLUSION

A novel spectral camera system was used to observe the
re-entry of the Cygnus NG-20 ISS resupply vehicle. This
system comprises a Nikon Z8 camera with a transmis-
sion grating in the optical path for high-resolution, high-
framerate spectroscopy. An Allied Vision Alvium U-
508m camera is used for tracking and pointing. Cygnus
NG-20 entered the Earth’s atmosphere on July 13th,
2024, 4 minutes delayed to the scheduled time. This de-
lay shifted the observed trajectory downrange meaning
that the early entry phase was observed instead of the
planned main break-up and fragmentation. Cygnus was
visible for 255 seconds.

Recorded spectra showed black-body radiation mainly
from aerothermal heating of the spacecraft. No spectral
features were discernible during this phase. This corre-
sponds to the re-entry of other large spacecraft, where
most spectral features were visible shortly before or after
the main break-up event [6].

The observation showed that the camera system is a ver-
satile system, very compact and insensitive to airborne



Figure 11. Tracking camera images at 16:06:52 showing a bright flash.

Figure 12. Smoothed spectrum and Planck fit (T =
1300 K) of the signal recorded at 16:04:59.

observation vibrations. The instrument in its current state
requires further investigation of the optical throughput.
Therefore, a full analysis of the optical path including the
grating at its new position is planned. Coupled with a
point spread function analysis, this will allow the spec-
tral resolution to be analyzed in detail. A re-analysis of
the calibration routine, specifically multi-channel calibra-
tion, will allow for a reduction in the noise as well as
reducing the artifacts at the transition between different
color filter ranges. A further rather simple improvement
might be to remove the color filter, so to use the camera
as a monochrome system.
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