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Abstract

The Dark matter Nanosatellite Equipped with Skipper Sensors (DarkNESS) deploys a recently developed skipper-
CCD architecture with sub-electron readout noise in low Earth orbit (LEO) to investigate potential signatures of dark
matter (DM). The mission addresses two interaction channels: electron recoils from strongly interacting sub-GeV DM
and X-rays produced through decaying DM. Orbital observations avoid attenuation that limits ground-based measure-
ments, extending sensitivity reach for both channels. The mission proceeds toward launch following laboratory vali-
dation of the instrument. A launch opportunity has been secured through Firefly Aerospace’s DREAM 2.0 program,
awarded to the University of Illinois Urbana-Champaign (UIUC). This will constitute the first use of skipper-CCDs in
space and evaluate their suitability for low-noise X-ray and single-photon detection in future space observatories.
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1 Mission Motivation
Understanding the nature of dark matter (DM), a non-

luminous component of the cosmic mass-energy content,
remains a central challenge in contemporary physics [1,
2]. While direct detection efforts have long focused on
Weakly Interacting Massive Particles (WIMPs) [3], re-
peated null results have motivated the search for a broader
class of DM candidates. Most DM searches operate un-
derground to suppress cosmogenic backgrounds, but the
Earth’s atmosphere and crust attenuate X-rays and certain
DM signatures, particularly DM that interacts with a large
cross section.

Charge-Coupled Devices (CCDs) have a demonstrated
heritage in space-based imaging [4, 5]. Fermi National
Accelerator Laboratory’s (FNAL) ‘skipper’ amplifier is
a recent advancement in CCD technology, that capaci-
tively couples a floating-gate amplifier to the CCD’s sense
node, allowing repetitive non-destructive readout of the
pixel charge [6]. With a sufficient number of skipper sam-
ples, sub-electron noise can be achieved, significantly im-
proving sensitivity to rare, low energy ionization events.
Skipper-CCDs have already demonstrated laboratory sen-
sitivity to X-rays from hypothetical DM decay and elec-
tron recoils from sub-GeV DM scattering [7, 8].

The Dark matter Nanosatellite Equipped with Skipper
Sensors (DarkNESS) is the first orbital mission designed
to operate skipper-CCDs in the space environment. As a
scientific observatory, it aims to probe DM signatures that
are inaccessible from ground-based instruments. The mis-
sion is configured to perform targeted DM searches while
also serving as a technology demonstration for future low-
noise space instrumentation developed by FNAL. Operat-
ing above the atmosphere avoids the shielding effects that
limit Earth-based experiments, permitting observation of
X-rays and strongly interacting DM models that are atten-
uated in the Earth’s atmosphere before reaching ground-
based instruments.

DarkNESS pursues two complementary science goals.
The first focuses on identifying strongly interacting sub-
GeV DM via low-energy ionization signals, exploiting the
skipper-CCD’s sub-electron noise characteristics to mea-
sure the low-energy ionization rate throughout the orbit
environment. The second is to search for faint X-rays in
the 1–10 keV band that could originate from decaying DM
in the Galactic DM halo. These measurements probe pre-
viously inaccessible DM parameter space.

The scientific instrument—integrated by FNAL and
tested in collaboration with the University of Illinois at
Urbana-Champaign (UIUC)—completed environmental
testing to evaluate performance under simulated thermal
conditions. The mission passed Critical Design Review
(CDR) and is proceeding toward launch under the Firefly
Aerospace DREAM 2.0 program, awarded to UIUC. This

paper presents the DarkNESS science objectives, system
configuration, mission feasibility, and the trade space for
deploying low-threshold skipper-CCDs within the mass,
volume, and power constraints imposed by NanoSatellite-
class observatories.

2 Scientific Objectives
Atmospheric attenuation conceals certain signatures of

DM, requiring space-based instrumentation to probe these
models. The DarkNESS mission will search for two such
DM signatures from LEO, with sensitivity to strongly in-
teracting sub-GeV DM and X-rays from decaying DM.
In addition to the scientific objectives, DarkNESS will
qualify the skipper-CCD technology in the space environ-
ment, thereby advancing the Technology Readiness Level
(TRL) of space-based skipper-CCDs.

2.1 Strongly interacting sub-GeV Dark Matter

DM direct detection experiments are typically per-
formed in underground laboratories to shield the detec-
tors from cosmogenic radiation and reach sensitivities re-
quired for rare-event searches involving extremely small
interaction cross-sections. However, if DM interacts
strongly with ordinary matter, it will scatter in the Earth’s
atmosphere and crust, attenuating the DM flux reaching
terrestrial detectors. At large interaction cross sections,
the flux would not reach detectors deployed underground
or on the Earth’s surface. This scenario was examined in
detail for sub-GeV DM in [9] and showed that strongly
interacting sub-GeV DM coupling to the Standard Model
through an ultralight dark photon mediator could be a sub-
dominant component (fχ ≲ 0.1%) of the cosmological
DM.

DarkNESS will use skipper-CCDs with sub-electron
noise to search for strongly interacting sub-GeV DM.
Observations target the constellation Cygnus, which lies
near the Solar Apex—the direction of the Sun’s motion
through the Galaxy’s hypothesized DM halo. This rela-
tive motion creates a dark matter wind, with particles ap-
pearing to flow from Cygnus’ direction [21, 22]. Aligning
the instrument toward the wind increases an expected DM
flux. As the NanoSatellite orbits Earth, planetary shadow-
ing is expected to result in a modulated signature in the
instrument’s low-energy event rate [23].

The DarkNESS instrumentation package includes an
active mass of approximately 2 grams. Considering an
orbital modulation search using approximately 450 obser-
vations of Cygnus with a 10-minute exposure time and
selecting 50% of the exposed pixels after masking high-
energy hits, DarkNESS can obtain a 0.1 gram-month ex-
posure to achieve the discovery reach (5σ) shown with
the lower solid blue line of Fig. 1. This assumes a frac-
tional DM abundance of fχ = 0.01% and 109 background
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Figure 1: Dark-matter electron interaction parameter space showing re-
cent bounds on the DM-electron scattering cross section for a subdomi-
nant component of DM (fχ = 0.01%). DarkNESS will help expand the
current direct detection exclusion bands (orange contour) up to higher
cross-sections, constraining the parameter space for strongly interact-
ing sub-GeV DM. The DarkNESS discovery reach is between the solid
blue line of ‘DarkNESS-shielding’ and ‘DarkNESS-modulation’. The
dashed blue curve labeled ‘DarkNESS-rate’ is where the DM-electron
interaction rate equals the assumed background rate, while much lower
cross sections can be probed if one searches for a modulation signal.
This plot assumes that DM interacts via an ultralight mediator, an expo-
sure of 0.1 gram-months, and a background of 109 events. Other limits
shown are from [10–20].

events (constant in time). Along the dashed blue line,
we show the discovery reach from requiring that the total
number of DM events is larger than the number of back-
ground events, showing that a modulation search can per-
form much better. The DarkNESS sensitivity will expand
the current upper limits on the DM-electron scattering
cross section to higher cross-section values, filling the gap
above terrestrial direct-detection searches, represented by
the orange shaded region. The reach of the DarkNESS
upper limit is constrained by the amount of shielding be-
tween the skipper-CCDs and the incoming DM flux, and
the DarkNESS design uses minimal shielding (∼50 nm
Al) to block stray light while maintaining sensitivity to
strongly interacting sub-GeV DM. In order to produce a
measurable signal, the DM has to pass through the shield
(∼50 nm Al) and CCD gate structures (∼1µm Si) into
the active region of the skipper-CCD. The upper blue line
in Fig. 1 conservatively assumes that the DM has to pass
through a total shielding of 10 µm of silicon.
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Figure 2: Exclusion limits on the DM decay rate into X-rays cast in units
of sin2 2θ where θ is the mixing angle between the sterile and active
neutrino. Black dashed line shows the projected DarkNESS 90% C.L.
upper limit using 25 hours (90 ks) of exposure time, assuming a Galactic
Center background model from Ref. [25]. The DarkNESS limit is com-
pared with the best current limits from XMM in green [26, 27], NuSTAR
in blue [28], Suzaku in red-orange [29], and CXO in orange [30].

2.2 X-ray Signatures of Dark Matter

DM decay is generically predicted in various particle
DM scenarios, and photons are one of the promising chan-
nels to probe DM decay [24]. DM decay processes could
give rise to a monoenergetic photon line, providing an in-
direct detection signature to search for DM. Space-based
observations are necessary to probe O(keV −GeV) pho-
tons, since at these energies they do not penetrate the
Earth’s atmosphere.

To probe decaying DM, the DarkNESS mission will
search for unidentified X-ray lines in observations of the
Galactic Center. During its operational lifetime, Dark-
NESS will have the opportunity to perform over 600 ob-
servations of the Galactic Center, each with a 15-minute
integration time that can be split into shorter exposures to
mitigate background radiation. This will result in a total
exposure time of approximately 500 ks. The long expo-
sure and wide Field-of-View (FOV) provide a large pre-
dicted signal rate from benchmark decaying DM models.
For example, a sterile neutrino with O(keV) mass decay-
ing into an X-ray photon and an active neutrino arises
from well-motivated extensions of the Standard Model
and could make up the cosmological DM [31].

The decay of a ∼7 keV sterile neutrino could explain an
unidentified X-ray line at 3.5 keV that was detected with
high significance using stacked observations of galaxy
clusters from instruments on the XMM-Newton satel-
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Fi g ur e 3: A) T h e M ulti- C hi p M o d ul e ( M C M) d esi g n e d, b uilt, a n d t est e d
f or D ar k N E S S f e at ur es t h e f o ur 1. 3 5 M pi x s ki p p er- C C D d esi g n e d b y
L B N L a n d f a bri c at e d at Mi cr o c hi p as p art of t h e R & D eff ort f or D M e x-
p eri m e nts [ 4 8 ]. B) T h e s p a c e L o w- T hr es h ol d A c q uisiti o n (s L T A) r e a d-
o ut el e ctr o ni cs h o us e d i n t h e D ar k N E S S t h er m al c o ntr ol b o ar d b o x [ 5 3 ].

lit e [3 2 ]. T his d et e cti o n i ns pir e d a fl urr y of f oll o w- u p
o bs er v ati o ns wit h mi x e d r es ults ( e. g. [ 3 3 – 3 6 ]). T h er e is
still s o m e d e b at e o n h o w t o i nt er pr et t h es e c o n fli cti n g r e-
s ults. T h e m ost r e c e nt r es ults i n t his ar e a disf a v or t h e
i nt er pr et ati o n of t h e 3. 5 k e V li n e as r es ulti n g fr o m D M
d e c a y ( e. g. [ 2 7 , 3 7 – 4 0 ]) a n d s u g g est t h at t h e li n e w as al-
w a ys a n artif a ct r at h er t h a n a v ali d si g n al. D ar k N E S S will
h el p r es ol v e t his dis cr e p a n c y b y m a ki n g d e di c at e d o bs er-
v ati o ns of t h e G al a cti c C e nt er’s diff us e X-r a y b a c k gr o u n d,
pr o vi di n g a l ar g e n e w d at as et t o s e ar c h f or u ni d e nti fi e d
s p e ctr al li n es d u e t o D M d e c a ys. Usi n g a 9 0 ks e x p os ur e,
t h e e x p e ct e d D ar k N E S S s e nsiti vit y t o st eril e n e utri n o D M
d e c a yi n g t o X-r a ys is s h o w n i n Fi g. 2 .

3 T h e S ki p p e r- C C D I nst r u m e nt

T h e D ar k N E S S missi o n i nt e gr at es s ki p p er- C C D s e n-
s ors a n d r e a d o ut el e ctr o ni cs i nt o a 6 U C u b e S at t o s e ar c h
f or D M fr o m L E O. Si n c e t h e first d e m o nstr ati o n of si n gl e-
el e ctr o n c o u nti n g wit h a s ki p p er- C C D [ 4 1 ], t h e S E N S EI
a n d D A MI C- M c oll a b or ati o ns h a v e d e v el o p e d s ki p p er-
C C Ds f or l o w- m ass D M d et e cti o n, e x pl oiti n g t h e s e ns or’s
s u b- el e ctr o n n ois e a n d fi n e pi x el ati o n t o s et w orl d-l e a di n g
r es ults i n t h e fi el d [7 , 4 2 – 4 6 ]. O n g oi n g d e v el o p m e nts of
t h e s ki p p er- C C D t e c h n ol o g y f urt h er d e m o nstr at e t h e util-
it y of s u b- el e ctr o n n ois e s e ns ors f or l o w-t hr es h ol d r ar e
e v e nt s e ar c h es [ 4 7 – 4 9 ]. T h e D ar k N E S S r es e ar c h pr o gr a m
h as f o c us e d o n a d a pti n g s ki p p er- C C Ds a n d t h eir r e a d o ut
el e ctr o ni cs t o t h e c h all e n g es of s p a c e- b as e d o p er ati o n o n
a N a n o S at ellit e. T hr o u g h t his eff ort, D ar k N E S S will o p e n
o p p ort u niti es f or t h e ef fi ci e nt t esti n g a n d s p a c e c erti fi c a-
ti o n of n o v el i m a gi n g s e ns ors [5 0 – 5 2 ].

3. 1  M ulti- C hi p M o d ul e a n d R e a d o ut El e ct r o ni cs

T h e D ar k N E S S i nstr u m e nt c o nsists f o ur 1. 3 M pi x
s ki p p er- C C Ds i nt e gr at e d i nt o a M ulti C hi p M o d ul e
( M C M), as s h o w n i n Fi g. 3 A. T h e s ki p p er- C C Ds w er e
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Fi g ur e 4: L eft: X-r a y t esti n g i m a g e o bt ai n e d at F N A L wit h a pr ot o-
t y p e D ar k N E S S M C M o p er ati n g i n a v a c u u m c h a m b er. T h e si n gl e- pi x el
hits r e pr es e nt X-r a y e n er g y d e p ositi o ns fr o m a 5 5 F e s o ur c e m o u nt e d i n-
si d e t h e c h a m b er. T h e l o n g, str ai g ht tr a c ks c orr es p o n d t o m u o ns; ot h er
hits ar e li k el y m ulti pl e s c att eri n g el e ctr o ns. Ri g ht: C ali br at e d s p e ctr u m
fr o m pr ot ot y p e D ar k N E S S M C M t h at d e m o nstr at es t h e s u b- el e ctr o n
n ois e c o u nti n g c a p a biliti es usi n g 3 0 0 s ki p p er s a m pl es. T h e x - a xis is
i n u nits of el e ctr o ns; bl u e hist o gr a m s h o ws t h e pi x el s p e ctr u m, a n d t h e
r e d li n e is a P oiss o n fit c o n v ol v e d wit h G a ussi a n n ois e. T h e i n di vi d u al
el e ctr o n p e a ks c a n b e r es ol v e d wit h 0. 2 e − of n ois e.

d esi g n e d at t h e Mi cr os yst e ms L a b or at or y at L a wr e n c e
B er k el e y N ati o n al L a b or at or y ( L B N L), a n d w er e r e c e ntl y
f a bri c at e d as p art of a D ar k M att er N e w I niti ati v es r e-
s e ar c h a n d d e v el o p m e nt eff ort [ 4 8 ]. T h e L B N L d esi g n
us es f ull y- d e pl et e d d et e ct ors u p t o 7 2 5 µ m t hi c k [ 5 4 ], pr o-
vi di n g hi g h ef fi ci e n c y t o s oft X-r a ys. S p e ci fi c as p e cts
of t h e d et e ct ors ar e m o di fi e d t o a d a pt t h e s ki p p er- C C D
t e c h n ol o g y t o X-r a y astr o n o m y. A 5 0 n m t hi c k al u mi n u m
l a y er is a p pli e d t o t h e fr o nt of t h e sili c o n d et e ct or t o bl o c k
visi bl e a n d n e ar-I R p h ot o ns, s er vi n g as a n X-r a y e ntr a n c e
wi n d o w pr o vi di n g > 9 8 % tr a ns missi o n of X-r a ys d o w n
t o 1 k e V. B a c ksi d e pr o c essi n g t o t hi n t h e d et e ct ors is b e-
i n g e x pl or e d t o miti g at e t h e eff e ct of p arti cl e b a c k gr o u n ds
w hil e pr o vi di n g hi g h- ef fi ci e n c y X-r a y s p e ctr o m etr y u p t o
1 0 k e V.

T h e D ar k N E S S M C M us es a li g ht w ei g ht c er a mi c p a c k-
a g e t o h ol d t h e f o ur s ki p p er- C C Ds, s h o w n i n Fi g. 3 . A
c ust o m fl e x cir c uit is e p o xi e d a n d wir e b o n d e d t o t h e
M C M, c o n n e cti n g t h e M C M t o t h e r e a d o ut el e ctr o ni cs.
A pr ot ot y p e M C M a n d fl e x c a bl e h as b e e n d esi g n e d
a n d t est e d i n a cr y o g e ni c v a c u u m c h a m b er at F er mi N a-
ti o n al A c c el er at or L a b or at or y ( F N A L) usi n g a 5 5 F e X-r a y
s o ur c e. Fi g. 4 s h o ws a n i m a g e a n d l o w- e n er g y s p e ctr a
fr o m a pr ot ot y p e M C M.

T h e r e a d o ut el e ctr o ni cs f or D ar k N E S S ar e b as e d o n
t h e L o w T hr es h ol d A c q uisiti o n ( L T A) s yst e m d e v el o p e d
f or s ki p p er- C C Ds [5 3 ]. T h e L T A s yst e m pr o vi d es t h e
bi as v olt a g e t o o p er at e t h e s ki p p er- C C D a n d c o ntr ols t h e
c h ar g e s e q u e n ci n g t o r e a d o ut t h e pi x el arr a y. T o i nt e gr at e
t h e L T A i nt o t h e 6 U C u b e S at pl atf or m, F N A L d esi g n e d
a c o m p a ct v ersi o n c all e d t h e s p a c e- L T A (s L T A) s h o w n
i n Fi g. 3 B. T h e s L T A p artiti o ns t h e f u n cti o n alit y of t h e
L T A i nt o t hr e e b o ar ds c o m p ati bl e wit h t h e P C 1 0 4 st a n-
d ar d, us es l ess p o w er t h a n t h e st a n d ar d L T A, a n d i n cl u d es
a c o p p er pl a n e f or i m pr o v e d t h er m al m a n a g e m e nt. T h e
s L T A r e q uir es 1 0 W of p o w er t o o p er at e t h e s ki p p er- C C Ds
a n d is c o ntr oll e d b y a N a n o A vi o ni cs p a yl o a d c o ntr oll er
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through an ethernet connector. The sLTA is housed in
an aluminum enclosure to aid in the electronics’ thermal
management in the space environment. DarkNESS X-
ray observations require faster readout than direct DM ap-
plications, resulting in new requirements for the skipper-
CCD front-end electronics. DarkNESS aims to achieve a
readout speed of 250 kPix/s per skipper sample, allowing
full frame readout in 5 s.

The skipper-CCDs are cooled to 170 K using a Ri-
cor K508N compact rotary cryocooler [55], and the
NanoSatellite is designed to dissipate excess heat from
the sLTA and cryocooler to the radiators and described in
Sec. 6. The instrument operating temperature requirement
of 170 K is specified to mitigate dark current due to ther-
mal excitation of electron-hole pairs [56]. Thermal man-
agement tests are ongoing to verify the sLTA thermal be-
havior in simulated space environment conditions, which
are described in Sec. 6.

3.2 Field of View and Exposure

Given the CubeSat’s volume constraints, the payload
does not utilize X-ray optics. Each pixel will observe a
20◦ FOV defined by four circular apertures in front of
the sensor array. As shown in Fig. 3, the MCM provides
a total collecting area of 12 cm2. DarkNESS has a no-
tably large FOV compared with other X-ray telescopes.
For example, XMM EPIC-MOS has a FOV of approx-
imately 30 arcminutes and a collection area of 700 cm2

for 3 keV X-rays. This means that one DarkNESS ex-
posure observes a diffuse background flux comparable
to 22 XMM EPIC-MOS images with the same exposure
time. Since the skipper-CCDs can be fully depleted to a
thickness of 725µm, increased efficiency for 10–20 keV
X-rays is expected compared to thinner CCDs used in
EPIC-MOS. The low-noise skipper-CCDs provide excel-
lent energy resolution and have demonstrated energy res-
olution down to the Fano limit in silicon (σE ∼ 50 eV at
6 keV) [57]. DarkNESS has a technical goal of achiev-
ing Fano-limited energy resolution for 1–10 keV X-rays
in <1 min readout time. The large FOV and Fano-limited
energy resolution allow DarkNESS to achieve a high sen-
sitivity to the diffuse X-ray background.

3.3 Skipper-CCD Considerations in LEO

The radiation environment in LEO is expected to be a
significant challenge for detector operations. To ensure
the successful operation of skipper-CCDs in LEO, Dark-
NESS uses Monte Carlo simulation tools [58] and accel-
erated lifetime testing to assess the effects of operating
skipper-CCDs in LEO.

To evaluate the effect of radiation damage to the
skipper-CCDs throughout the mission, prototype Dark-
NESS skipper-CCDs were irradiated with a 217 MeV
proton beam at the Northwestern Medicine Proton Cen-

Figure 5: Left: Four skipper-CCDs in the sample holder used for pro-
ton irradiation testing. The proton beam was aligned with the center of
the sample holder and covered approximately the area in the red circle.
Right: Image used to identify single-electron traps after irradiation us-
ing the pocket pumping technique [59]. The skipper-CCD shows more
traps in the top portion of the image, which was exposed to the full dose
of protons, compared to the bottom portion of the image that received a
smaller fluence.

ter, delivering a total fluence of 1.2 × 1010 protons/cm2.
Despite this exposure, the skipper output stage showed
no degradation, and the sensors maintained sub-electron
noise performance [60]. The robustness of the skip-
per amplifier enabled post-exposure studies of the den-
sity of single-electron traps in the imaging area, using
the charge pumping technique described in [59]. These
studies indicate that the protons created single-electron
traps in the imaging area (see Fig. 5). These defects were
mainly divacancies, consistent with displacement dam-
age observed in p-channel CCDs described in [61, 62].
The radiation-induced trap density is 8× 104/cm2, corre-
sponding to 0.18 traps per pixel, given the 15 × 15 µm2

pixel size. This exposure was equivalent to a fluence of
3.4×109 protons/cm2 for 12.5 MeV protons, roughly four
times the total fluence expected over one year of Dark-
NESS operations.

At a typical LEO altitude of 450 km, the expected
trapped proton fluence is 9×108 protons/cm2 at 10 MeV1.
Based on these results, we do not expect any degradation
of the skipper amplifier throughout the DarkNESS mis-
sion. Still, we note that approximately 5% of the CCD
pixels will accumulate single-electron traps per year in
LEO. These traps can degrade the CCD’s charge transfer
efficiency and require masking techniques around high-
energy events to eliminate spurious low-energy events
during low-mass DM searches [44]. These recent results
of the irradiation test corroborate previous work with sim-
ilar CCDs [63], which indicated that the LBNL CCDs per-
form well after exposure to space radiation.

Another challenge for operating skipper-CCDs in LEO

1https://www.spenvis.oma.be
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is the generation of very low-energy hits (a few electrons)
produced by ionizing radiation in the detector, which was
discussed recently in [64]. As highly-energetic charged
particles traverse the detector, Cherenkov photons are pro-
duced that comprise a background for low-threshold di-
rect DM searches [65]. To mitigate this effect, DarkNESS
will use an imaging analysis framework with tunable se-
lection criteria that can define a region around high-energy
events to be removed from the low-energy analysis (as
done for the DM search in [44]).

4 The DarkNESS Observatory
The DarkNESS observatory integrates an actively

chilled skipper-CCD payload within a NanoAvionics
M6P 6U platform. Subsystem constraints govern the
architecture, including attitude configurations, radiative
heat rejection, and orbit-wise power balance. Ther-
mal dissipation occurs through body-mounted radiators,
with performance set by Earth and deep-space view fac-
tors. The attitude control strategy incorporates secondary
pointing constraints that manage radiative efficiency un-
der changing observational conditions. These architec-
tural elements, refined through orbit analysis and thermal
hardware integration testing at UIUC, support sustained
low-temperature operation and science data acquisition
under varied orbit considerations.

4.1 Concept of Operations

The DarkNESS concept of operations (Fig. 6) is struc-
tured to meet its scientific objectives within the volume,
power, and pointing constraints of a 6U NanoSatellite
while maintaining deployment orbit flexibility. The ob-
servatory, housed in an Exolaunch NOVA dispenser, will
launch aboard Firefly Aerospace’s Alpha vehicle. After
deployment, the mission enters commissioning, entailing
subsystem checkouts and payload configuration, before
transitioning into science operations.

The science phase is defined by observations targeting
the Galactic Center (towards Sagittarius) between March
20 and September 23, 2026, spanning 187 days between
the Vernal and Autumnal Equinoxes. This period offers
visibility during umbral passages, reducing solar back-
ground and supporting stable thermal conditions. Point-
ing constraints are set by inertial targets and secondary
considerations such as radiator exposure to deep space
and view factors to Earth. Observations targeting the so-
lar apex (towards Cygnus) are viable throughout the year,
as described in Sec. 5. The mission concludes with natu-
ral orbit decay, abiding by space debris mitigation guide-
lines [66].

Ground operations are conducted in collaboration with
Illinois State University’s (ISU) NanoSatellite Ground
Station. UIUC commands the observatory via UHF from

the ISU station, and science data are downlinked via S-
band during scheduled passes. Data are then transferred
to FNAL for processing and archiving.

4.2 Observatory Configuration
DarkNESS will be deployed via Exolaunch’s NOVA

6U/8U dispenser, which accommodates up to 25 mm ex-
ternal protrusion—sufficient for the body-mounted radia-
tors and stowed dual-deployable solar arrays. The design
supports flexible accommodation into a range of LEO de-
ployments, including ∼500 km altitude Sun-Synchronous
Orbits (SSO), and ISS-like mid-inclination orbits. De-
ployment is scheduled no earlier than mid-2026, with the
final orbit determined at manifest.

The observatory subsystem configuration (Fig. 7) is
driven by the thermal requirements of the MCM, which
operates at 170 ± 5 K. The cryocooler maintains this tem-
perature through fixed-point closed-loop control, result-
ing in a continuous power demand. Waste heat from the
cryocooler and sLTA is passively rejected using copper
straps connected to three body-mounted radiator panels,
oriented to maintain exposure to deep space while balanc-
ing the view factor to Earth, particularly during umbral
passages. Three external surfaces are allocated to radia-
tors to preserve uninterrupted radiator exposure to deep
space, constraining solar array placement and aperture
alignment. The external configuration of DarkNESS is il-
lustrated in Fig. 8. Power requirements during umbra de-
termine the sizing of a 2S7P battery and dual-deployable
solar arrays. These arrays recharge the battery over one
Sunlit passage, maintaining balance across orbit-wise sci-
ence duty cycles.

Attitude operations are divided into three modes: Sun-
tracking (Fig 8), Ground Station Pointing, and Inertial
Science Pointing (Fig. 9). Each includes a primary axis
constraint for mission function and a secondary constraint
to orient radiators toward deep space or away from Earth
and Sun.

• Sun-Tracking: Primary axis (+Z) aligns with the
Sun. Secondary axis (-X) points nadir to improve ra-
diator view to deep space and maintain detector win-
dow orientation away from Earth.

• Ground Station Pass: Primary axis (-Z) aligns
with the S-band antenna boresight. Secondary (+X)
points nadir or along-track to reduce Earth-view of
radiators.

• Inertial Science Pointing: Primary axis (+X) aligns
with the science target. Secondary axis (+Z) points
nadir, leveraging solar arrays to block Earth IR from
radiator view

The ADCS system supports coarse inertial pointing
with a 4.5◦ (3σ) absolute error and < 1.5◦ (3σ) knowl-
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Figure 6: Concept of Operations:. The Firefly Alpha launch vehicle (A) delivers DarkNESS to LEO and is deployed by the Exolaunch NOVA
dispenser (B). The ground station (C) commands DarkNESS (D) subsystems commissioning. After the passage of the Vernal Equinox, DarkNESS
begins instrument calibration and performs repeated observations towards Sagittarius and Cygnus during umbral passages. Image histograms and
raw files are transmitted between observation sessions. The mission concludes with natural orbit decay within five years.

edge error using fused measurements from the magne-
tometer, Sun sensors, gyroscope, and GPS. A 7-state Ex-
tended Kalman Filter generates attitude estimates for a
software PID controller. Six reaction wheels are config-
ured to maintain three-axis control and compensate inter-
nal secular torques from the cryocooler motor and com-
pressor assemblies.

The communication system includes two S-band ra-
dios. The SatLab SRS-4 supports high-rate science down-
link (up to 3 Mbps) for image histograms (2.5 kB) and
raw image (32 MB) files. The SRS-3 provides a redundant
S-band path for telemetry and image histograms. A KNA
UHF transceiver handles telemetry and command uplink
at 401–402 MHz (9.6 kbps max). All payload communi-
cation is routed through a dedicated controller interfaced
with the sLTA via 1000BASE-T Ethernet.

5 Orbit Considerations
The two science objectives outlined in Sec-

tion 2—probing strongly interacting DM and X-rays
from decaying DM—require repeated observations of
two distinct regions on the celestial sphere: the Galactic
Center (Sagittarius) and Cygnus (Table 1). These coor-
dinates serve as reference directions for broader regions
of interest rather than point-source targets. For decaying
DM searches, the instrument integrates faint X-ray flux
across a wide solid angle (20◦) centered near Sagittarius

A∗, observing the Galactic plane where the expected
signal rate of photons due to DM decay is highest due to
the high D-factor [67].

Orbit dynamics introduce time-dependent Earth ob-
struction of both targets during DarkNESS’s passage
through umbra (pointing configuration depicted in Fig. 9).
To evaluate target visibility windows under these con-
ditions, along with geometric intrusions from the Moon
within the FOV, an obstruction analysis adopts a 40◦ keep-
out zone to account for off-axis response and the extended
exposure of edge pixels within the CCD array (Fig. 3).
Unlike Sagittarius targeting, observations towards Cygnus
utilize Earth obstruction to search for modulation signa-
tures of strongly interacting DM. This section outlines
the obstruction modeling approach, observation feasibil-
ity across representative orbit domains, and implications
for data acquisition strategies.

Table 1: Observation Targets and ICRF Coordinates

Target RA Dec Science Objective and Observation Plan
Science Phase: Vernal–Autumnal Equinox

Sagittarius A* 17h45m40s −29◦00′28′′ X-ray decay search; 600×15-min exposures
Science Phase: Full Year

Cygnus X-1 19h58m21.7s +35◦12′06′′ Modulation study; 450×10-min exposures

VLBI-based ICRF coordinates: Sagittarius A* (towards Galactic Cen-
ter) [68]; Cygnus X-1 (near Solar Apex, DM wind direction) [69].
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Figure 7: Internal Configuration: major components include the
avionics stack (A) includes the flight computer, payload controller, and
dual S-band radios. Attitude control components (B) include reaction
wheels, an inertial measurement unit (IMU), and magnetorquers. The
electrical power system (C) includes the batteries and power distribution
board. Two S-band patch antennas (D) are mounted to the −Z face. The
payload sLTA electronics (E) control skipper-CCD readout and connect
to the MCM (F) via a flexible printed circuit. The cryocooler (G) main-
tains the MCM at 170 K through a fixed-point thermal control loop.

5.1 Celestial and Geometric Constraints

The Galactic Center lies near the anti-solar direc-
tion during Northern Hemisphere summer, aligning it
with umbral passages between the Vernal and Autumnal
Equinoxes. This geometry supports extended exposures
for faint X-ray detection by reducing solar background
and mitigating radiative loading on the MCM. Observa-
tions targeting the Galactic Center prioritize unobstructed
windows clear from Earth and lunar intrusion. Figure 10
shows a simulated observation from early Spring 2026 af-
fected by combined obstruction.

As Earth progresses in its heliocentric orbit, the umbral
axis traces a full rotation in inertial space. Concurrently,
the Right Ascension of the Ascending Node (RAAN) of
the observatory’s orbit regresses due to Earth’s oblateness,
modeled here using a spherical harmonic representation
of the geopotential [70–72]. This regression rotates the or-
bit plane within the geocentric celestial frame. These mo-
tions shift the alignment between the observatory’s bore-
sight, umbral axis, and inertial targets throughout the mis-
sion. The resulting viewing geometry imparts Earth ob-
struction and reshapes the frequency and duration of open
observation windows. The effect is most pronounced in
mid-inclination LEO, where seasonal and orbital motion
compound to vary the Sun’s angle of incidence on the or-
bit. In contrast, a Sun-synchronous orbit (SSO) matches
nodal regression to Earth’s heliocentric motion, maintain-
ing a fixed orbit–Sun geometry in the rotating Sun-relative
frame. This removes seasonal variation in the orbit plane
alignment with umbra and reduces time-dependent Earth
obstruction. A Local Time of Ascending Node (LTAN) of

Figure 8: External Configuration: The window aperture (A) sets the
payload MCM field-of-view. Radiators on the ±Y faces (B) and the
+X face (D) support passive thermal control, including dissipation of
cryocooler waste heat and payload sLTA. Redundant S-band patch an-
tennas (C) provide telemetry and science data downlink. In Sunlit mode,
the +Z face tracks the Sun while the −X face aligns toward nadir to
balance the radiator view factors of Earth.

Noon favors consistent anti-solar pointing during umbral
passage, improving access to the Galactic Center between
the Vernal and Autumnal Equinoxes. The RAAN regres-
sion produces a slow drift in the orbit–Sun geometry, driv-
ing long-term variation in umbral duration throughout the
mission [73].

The DM wind remains fixed in the Galactic frame, but
its apparent direction relative to the orbit evolves with sea-
son. In particular, the angular separation between the um-
bral axis and the Cygnus vector narrows near the June
solstice, favoring unobstructed observations, and widens
near December, increasing the occurrence of complete
shadowing of the MCM FOV.

Observations toward Cygnus are used to study direc-
tional modulation from strongly interacting sub-GeV DM.
When Earth enters the Cygnus line-of-sight during um-
bral passages, the MCM experiences geometric shadow-
ing—defined as a reduction in the accessible DM flux due
to angular occlusion [74]. Each passage may contain tran-
sitions between unobstructed, partially obstructed, and
fully shadowed regimes. These conditions define the ob-
servation windows for both science objectives and are
mapped into the mission timeline to guide scheduling and
data collection.
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Figure 9: Inertial Science Pointing: Observation targeting determines
the primary attitude constraint and aligns the +X axis to the objective
(Sagittarius A∗ or Cygnus X-1) during umbral passage. The +Z axis
aligns toward nadir to shield radiator panels from exposure to the Earth
using the deployed solar array. Earth and Moon often obstruct portions
of the MCM field-of-view

5.2 Obstruction Regimes

Target observations during umbral passages are evalu-
ated using FreeFlyer (a.i. Solutions) and a Python-based
simulation. The tool models the MCM’s conical FOV
and determines the time and duration of intrusions from
Earth and Moon. Each passage is assessed for obstruction
regimes suitable for science acquisition for both objec-
tives.

Observations toward Sagittarius prioritize 15-minute
unobstructed windows to mitigate background contribu-
tions and maintain the thermal stability needed for low-
noise imaging (see Section 3). Conversely, observations
toward Cygnus interpret the distinct obstruction regimes
associated with geometric modulation studies (see Sec-
tion 2). The MCM maintains full angular access to the
incoming DM flux when Cygnus remains unobstructed.
Partial Earth obstruction attenuates this access by reduc-
ing the MCM’s solid angle of exposure. In completely ob-
structed cases, Earth blocks the Cygnus direction entirely,
resulting in geometric shadowing as modeled in [74].
These modulated regimes—unobstructed, partially ob-
structed (attenuated), and completely obstructed (shad-
owed)—form the segmentation basis for useful observa-
tion windows interpreted from the obstruction analysis.

Figure 10: Simulated MCM with a 40◦ FOV using FreeFlyer (a.i. So-
lutions). Earth and Moon obstruct the target direction during an ob-
servation attempt in April 2026. This obstruction mapping constrains
acquisition planning by identifying the timing and extent of geometric
visibility used to quantify observation windows.

5.3 Minimum Science Success Criteria
To quantify mission success, DarkNESS defines min-

imum observation thresholds derived from the sensitiv-
ity requirements outlined in Section 2. These thresholds
translate detector mass, exposure time, and geometric ac-
cess into a minimum number of valid observations based
on conditions set in the obstruction analysis framework.

For the strongly interacting DM search, a 0.1 gram-
month exposure toward Cygnus is required to achieve the
projected discovery reach. This corresponds to 450 um-
bral observations, each 10 minutes in duration and split
between unobstructed and shadowed regimes.

For the decaying DM search, 25 hours of clear, unob-
structed 15-minute exposures toward the Galactic Center
are required to reach the projected sensitivity. The mis-
sion baseline of 600 unobstructed observations provides
150 hours of exposure time. Table 2 summarizes the min-
imum number of observations and data products required
for meaningful scientific analysis and archival value.

Table 2: Minimum Success Criteria for Scientific Data Collection

Target No. Obs. Histograms Images
(per Obs.) (10% of Obs.)

Sagittarius (Unobstructed) 600 600 60
Cygnus (Shadowed) 225 225 25
Cygnus (Unobstructed) 225 225 25
Science Data: 1100 1100 110
Data to Downlink: ∼2.8 MB ∼3.6 GB

5.4 Representative Orbit Analysis
Firefly Aerospace’s DREAM 2.0 program awarded

a rideshare launch opportunity for DarkNESS to the
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student-led team at the University of Illinois. Because the
final orbit will be assigned at manifest, the mission design
accommodates a range of deployment scenarios typical of
commercial LEO opportunities. To bound the trade space,
the analysis evaluates two representative domains: (1) a
mid-inclination orbit with a semi-major axis of 6788 km,
consistent with prior ISS deployments, and (2) a SSO with
a Local Time of Ascending Node (LTAN) of Noon and a
semi-major axis of 6888 km.

These domains define a geometric envelope for eval-
uating the obstruction landscape over the science season.
Earth and lunar intrusions into the MCM FOV are mapped
using an obstruction model. The mid-inclination case is
simulated across a span of Day-of-Flight (DoF) RAAN
values from 0◦ to 330◦ in 30◦ increments. The SSO case
is fixed by the choice of LTAN (Noon). The analysis
quantifies the dates and durations of obstruction events
during observations targeting Sagittarius and Cygnus for
each orbit domain.

Figure 11 shows the obstruction landscape for a rep-
resentative mid-inclination deployment with a RAAN of
180◦ near the Vernal Equinox, which marks the beginning
of the science phase. Results across all RAAN values are
summarized in Tables 3 and 4, and visualized in the sea-
sonal obstruction landscape figures (e.g., Fig. 12).

Figure 11: Sagittarius: The simulated observation landscape targeting
decaying DM X-ray signatures for an ISS-like orbit domain with a DoF
RAAN of 180◦. The vertical axis represents the fractional progression
through each umbral passage, normalized by Umax, while the horizon-
tal axis spans the science phase targeting Sagittarius. Shaded regions
indicate geometric visibility: unobstructed target (Deep Iris), partial lu-
nar obstruction (Gray), partial Earth obstruction with the target in view
(Mid-Blue), and complete Earth obstruction (Deep Blue). A Boolean
bar identifies passages with an unobstructed target duration exceeding
15 minutes (Olive). For example, on April 26, the FOV is completely
obstructed at the beginning of the passage (A), the target becomes vis-
ible after Earth obstruction subsides (B), and remains in view until the
end of the passage (C). Observation opportunities shift with RAAN.

5.4.1 Observations Targeting Sagittarius

The Noon LTAN SSO maintains a stable alignment
with the anti-solar axis due to its synchronized preces-

Table 3: Simulated observation windows targeting Sagittarius (2026 Ver-
nal - Autumnal Equinoxes)

Orbit Domain Windows: Unobstructed Lunar Open Closed
Mid-incl. RAAN∗ 945 365 1132 470
SSO LTAN Noon 1568 363 904 0
* Mid-inclination domain is summarized from simulations spanning
RAAN from 0◦ to 330◦ in 30◦ increments with the mean windows re-
ported

sion with Earth’s heliocentric orbit. This orientation re-
duces seasonal and RAAN-dependent obstruction during
umbral passages. Simulations yield 1568 unobstructed
windows for objectives targeting the Galactic Center, pro-
viding a margin against the science requirement of 600
unobstructed observations (Table 3).

The mid-inclination domain shows greater variation
across the RAAN span. Simulations average approxi-
mately 945 unobstructed windows, with increased ob-
struction during late spring and mid-summer. Open win-
dows (over 1100 on average) contain a 15-minute un-
obstructed segment emerging within the passage. These
windows remain scientifically useful if observations are
scheduled to avoid obstructed passage segments. Win-
dows without a 15-minute unobstructed segment emerg-
ing within the passage are closed to the science objective
targeting the Galactic Center.

Figure 12 overlays the observation windows target-
ing Sagittarius during the Vernal to Autumnal Equinoxes.
Both orbit domains satisfy the minimum observation cri-
teria for the decaying DM search, with reserve windows
available for scheduling margin or reallocation. Obser-
vations conducted from a Noon LTAN SSO orbit pro-
vide the benefit of simplified operations planning, while
mid-inclination deployments require a scheduling effort
to avoid fragmented window segments, penumbral con-
ditions, and periods of increased radiative loading on the
MCM during partially obstructed passages. Reserve win-
dows may also be allocated to the modulation objectives
targeting Cygnus.

5.4.2 Observations Targeting Cygnus

Cygnus observations are structured around Earth-
induced modulation, which contrasts with the unob-
structed windows prioritized for Sagittarius. Observation
regimes are summarized in Table 4 and categorized as
unobstructed, attenuated, or shadowed based on the de-
gree of Earth intrusion into the observatory’s conical FOV.
These geometric regimes support a directional modulation
search for strongly interacting DM, with shadowed and
attenuated conditions offering sensitivity to angular flux
variation.

In mid-inclination deployments, unobstructed windows
diminish from mid-spring through winter as the umbra
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Figure 12: Sagittarius: The simulated obstruction landscape target-
ing decaying DM X-ray signatures during the 2026 Vernal-Autumnal
Equinoxes. The landscape shifts with instances for the mid-inclination
ISS-like orbit with DoF RAAN of 90◦ and 270◦ and the SSO with
Noon LTAN simulated in the obstruction analysis. The Galactic Cen-
ter (Deep Iris) undergoes periods of partial obstruction (Mid-Blue) and
full obstruction (Deep-Blue), primarily in early to mid-spring and early
autumn, while the summer months offer extended clear observation win-
dows. The Boolean bar below each plot designates observation win-
dows. Open (Olive) and unobstructed (Iris) indicate feasible observa-
tions, with a 15-minute window emerging in partially obstructed umbral
passages. For clarity, lunar obstruction (Gray) is omitted from the land-
scape but is represented in the Boolean bar.

axis diverges from the Cygnus vector. This geometry
produces extended shadowed regimes, where Earth phys-
ically obstructs the incoming DM flux over a passage seg-
ment. Attenuated conditions arise when the Earth’s limb
and the target remain within the FOV, receiving a reduced
flux. As shown in Figures 13 and 14, shadowed regimes
often contain a sequence of unobstructed, partially, and
completely obstructed segments within a single passage.
This segmentation enables observations within shadowed
windows to receive exposure to a fully modulated DM
flux profile.

The SSO domain supports Cygnus observations
through a frequently shadowed landscape, as reported in
Table 4. This environment provides a well-structured
modulating mechanism throughout the year, with autumn
months offering attenuated-only windows (free of shad-
owing). Although unobstructed access is rare (passage
without obstruction), the high frequency of shadowed
and attenuated windows support dense temporal sampling
across the distinct obstruction regimes, potentially resolv-
ing seasonal sub-dominant trends in the modulated DM
flux [74].

Table 4: Simulated observation regimes targeting Cygnus (full-year)

Orbit Domain Regimes: Unobstructed Attenuated Shadowed
2026 Vernal to Autumnal Equinox
Mid-incl. RAAN 90° 655 767 1416
Mid-incl. RAAN 270° 533 846 1461
SSO LTAN Noon 0 494 2341
2026 Autumnal to 2027 Vernal Equinox
Mid-incl. RAAN 90° 127 518 2113
Mid-incl. RAAN 270° 0 416 2349
SSO LTAN Noon 0 393 2141

Figure 13: Cygnus: The simulated obstruction landscape targeting
strongly interacting DM flux and modulated studies during the 2026 Ver-
nal–Autumnal Equinoxes, comparing RAAN values of 90◦ and 270◦ for
mid-inclination deployments. Continuous shading follows the same gra-
dient convention defined in Fig. 12. Observation regimes are classified
by the Boolean bar (Crimson: shadowed, Olive: attenuated, Iris: un-
obstructed). Seasonal umbra rotation with respect to Cygnus fragments
access to unobstructed windows and supports segmentation of modula-
tion conditions.

The obstruction analysis maps these regimes into
scheduling opportunities. For Sagittarius, operations con-
centrate between late spring and mid-summer, when ob-
servation best aligns toward the Galactic Center (favor-
ing unobstructed windows). For Cygnus, observations ex-
ploit the occurrence of attenuated and shadowed segments
within passages. When Sagittarius targeting becomes in-
accessible due to the closure of useful observation win-
dows, objectives targeting Cygnus can be prioritized.

This dual-objective framework supports continuous sci-
ence operations by selecting observation windows ac-
cording to the landscape. The operations plan will be
constructed from Day-of-Flight orbit parameters by re-
simulating the obstruction landscape and incorporating
telemetry updates for daily scheduling during DarkNESS
science operations.
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Figure 14: Cygnus: Simulated obstruction landscape for strongly inter-
acting DM flux targeting and modulation studies during the 2026 Au-
tumnal–2027 Vernal Equinoxes, across mid-inclination and Noon LTAN
SSO domains. Observation regimes are classified by the Boolean bar
(Crimson: shadowed, Olive: attenuated, Iris: unobstructed). Persis-
tent shadowing throughout winter supports high-frequency sampling of
Earth-modulated DM flux.

6 Thermal Considerations
The MCM (Fig. 3) operates within a bounded thermal

range of 170 ± 5K to suppress dark current [56]. The
detector’s thermal inertia (60 g) results in a slow thermal
response, with several hours required to chill the detec-
tor module. Consequently, the MCM must remain ther-
mally conditioned throughout each orbit cycle. This con-
tinuous requirement constrains the thermal architecture.
Passive elements such as phase change materials are not
well-suited for continuous-load applications, as they re-
quire recharge cycling to regenerate latent heat capac-
ity [75]. Active regulation is therefore implemented using
the cryocooler [55], complemented by multilayer insula-
tion (MLI) to reduce radiative loading on the MCM.

Passive thermal elements are necessary to support the
continuous operation of the cryocooler’s reversed Stirling
cycle, where the cooling power depends on maintaining
a sensitive temperature differential across the regenera-
tor [76]. The thermodynamic efficiency of this cycle,
and the regenerator in particular, is sensitive to parasitic
heat loads arriving through the MCM interface and cry-
ocooler body [77]. Therefore, custom passive elements
are interfaced to key cryocooler dissipating surfaces to of-
fload waste heat that influences regenerator behavior un-
der transient conditions. This integrated thermal configu-
ration overview is shown in Fig. 15.

Figure 15: Thermal control architecture of the DarkNESS instrument.
The Ricor K508N integral rotary cryocooler regulates the MCM cold-
end via a conductive copper bracket, while passive copper thermal
straps route waste heat from the cryocooler and sLTA electronics to
body-mounted radiators. Multi-layer insulation (MLI) reduces para-
sitic heat load from internal electronics and external environmental heat-
ing, mitigating regenerator conditions critical to managing the MCM at
170± 5K.

A copper bracket couples the cryocooler’s cold finger-
tip to the MCM substrate, while auxiliary copper ther-
mal straps route waste heat from the compressor, ex-
pander, and motor housing to body-mounted radiator pan-
els. Coated with Socomore Aeroglaze A276 white ther-
mal paint, these panels radiatively exchange waste heat
toward deep space while suppressing spectral absorption.
By managing the surface temperatures surrounding the re-
generator, these passive paths preserve the cyclic temper-
ature gradient essential for adequate conditioning of the
MCM during orbit-wise observation cycles and removing
fluctuating parasitic heat loads.

Further thermal stability is achieved by placing multi-
layer insulation (MLI), which mitigates the parasitic heat
loads by shielding radiative exposure from internal warm
payload and subsystem components. In particular, the
sLTA electronics generate continuous waste heat dur-
ing observation cycles (consuming 10 W), contributing a
dominant internal heat source in close proximity to the
MCM.

The MLI and radiator-cooled thermal paths collectively
stabilize the regenerator boundary conditions, helping to
maintain the cold-end temperature gradient required for
the reversed Stirling cycle. This integrated thermal con-
trol architecture manages the transient balance between
cryocooler performance, internal dissipation, and environ-
mental heating, enabling low-noise operation of the MCM
within the constraints of the 6U platform.
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Figure 16: Active Thermal Control: The Ricor K508N cryocooler ac-
tively maintains the MCM substrate (A) with a 100% duty-cycle and is
interfaced by a copper thermal bracket (B). The fixed-point closed loop
control regulates the motor current to maintain a resister-set temperature
at the cold fingertip (C). The thermal gradient along the cold finger is
best managed by offloading the flange (D) due to its proximity to the ex-
pander region (E). The thermal condition of these surfaces impedes the
performance of the regenerator cycle. Care must be taken to off-load the
compressor cover (F), the motor assembly (G), and the bottom mounting
surface. The thermal dissipation through these surfaces is a percentage
of the total power consumption. Notable regions for temperature moni-
toring are marked with targets (Orange), and desired operating tempera-
tures as configured for DarkNESS are labeled.

6.1 Active Thermal System

The cryocooler operates continuously in a closed-loop,
fixed-setpoint control configuration to maintain the MCM
at 170K. The cryocooler’s mechanical coupling and ther-
mal control interfaces are shown in Fig. 16, where key
components are labeled for clarity. A Lakeshore DT-670-
BO temperature diode monitors the cold fingertip (C),
while an in-line variable resistor sets the control point
by regulating the bias voltage delivered to the motor as-
sembly controller (G). The resistor value required for
a 170K setpoint under laboratory conditions is 326Ω,
based on the diode’s voltage–temperature calibration. In-
flight tuning allows adjustment of this setpoint within an
800–1000Ω range to compensate for transient parasitic
heat loads received by the MCM. This configuration miti-
gates orbit-wise thermal variability and defines a bounded
operational condition monitored throughout the mission.
Maintaining the thermal setpoint is a key aspect of the Ob-
servatory’s operation strategy, because temperature devia-
tions at the cold fingertip affect the MCM’s susceptibility
to dark current fluctuations.

The cryocooler operates in commanded voltage modes
(12V default; 17V and 20V selectable) that determine
both the rate and magnitude of heat removal. Higher volt-
ages allow the system to respond to larger or more rapidly
varying thermal loads, such as those induced by indirect
spectral heating during sunlit passage. This increase in
cooling capacity also raises electrical power draw and
waste heat dissipation at key interfaces, which are man-

aged through passive thermal elements (labeled in Fig 16).
The effectiveness of this offloading depends on the Ob-
servatory’s orientation, prompting the use of secondary
pointing mode constraints described in Sec. 4.2 to main-
tain favorable radiative efficiency to deep space. These
constraints reduce reliance on sustained high-voltage op-
eration, which is challenging to maintain for prolonged
durations. The cryocooler’s cooling capacity spans 1000
to 1300mW, with power draw peaking near 10W during
chill-down at 17V and leveling below 5W during fixed-
point operation at 12V.

The cryocooler interfaces directly to the MCM via a
copper bracket mounted to the cold fingertip, shown in
Fig 16. Laboratory tests indicate a chill-down time of ap-
proximately three hours for the ∼60 g ceramic and silicon
MCM assembly. During operation, the four wire-bonded
skipper-CCDs contribute a total thermal load of 200 mW
onto the substrate. The large surface area of the aluminum
nitride substrate (∼38 cm2) increases radiative coupling,
requiring stable boundary conditions for the cold inter-
face.

6.2 Passive Thermal System

Passive thermal management addresses waste heat from
three key cryocooler surfaces labeled in Fig. 17: the
mounting base (A), compressor cover (B), and motor
housing (C). These contribute approximately 40%, 30%,
and 30% of the input power dissipation, respectively.
Thermal transport from these surfaces is handled via cop-
per brackets that clamp to the body-mounted, painted ra-
diator panels (±Y ). The motor housing is preferentially
offloaded to the (+X) radiator panel, maintaining contin-
uous exposure towards deep space during sunlit passage
(defined by the pointing modes, see Fig. 8 for concept car-
toon).

The sLTA (label H in Fig. 17) readout electronics gen-
erate 10W when powered for observations during umbral
passage. Passive thermal management is accomplished
by a custom thermal board box developed at UIUC. It
features a sliding-wall feature that clamps to the thermal
edge ring around the perimeter of each circuit board. The
alodine-coated aluminum walls interface directly to the
±Y radiator panels and manage the hottest component
(1000 MB Ethernet chip) below 55◦ C.

6.3 Laboratory Testing

Hardware testing of the thermal control system was per-
formed as part of early risk-mitigation efforts. A flight-
worthy NanoSatellite frame was acquired from KNA for
prototype payload integration and testing under thermal
vacuum (TVAC) conditions. A mechanical MCM fea-
turing four skipper-CCDs mounted to the ceramic sub-
strate was used alongside a functional sLTA housed in an
aluminum board box for thermal management. The cry-
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Figure 17: Passive Thermal Control: CAD model of the cryocooler
and MCM assembly. Left: Key heat-dissipating surfaces include the
mounting base (A), compressor cover (B), and motor housing (C). The
flange (D) can be used to offload the expander, improving the gradient
along the cold finger (E), which interfaces with the MCM (G) via a cop-
per bracket (F). Right: The cryocooler is mounted to a custom Copper
bracket at the mounting surface (A) and flange (D). A flex cable links
the MCM (G) to the sLTA (H). Cryocooler waste heat from (A,B,D) is
transported via the Copper bracket to the (±Y ) radiator panels, while
the motor cover (C) is offloaded to the (+X) radiator.

ocooler was mounted using a placeholder thermal bracket
design, with its cold fingertip interfacing the MCM sub-
strate via a copper bracket and an indium foil thermal in-
terface. The payload and thermal hardware components
are pictured in Fig. 18.

Thermocouples were attached to key surfaces (de-
scribed by the orange targets illustrated in Fig. 16) of the
cryocooler, MCM ceramic, and radiator panels to observe
the thermal response. Two Kapton heaters were also inte-
grated into the experiment to simulate external heating of
the MCM window (set at 2 W) and the internal NanoSatel-
lite subsystem components (set at 7 W). Thermal testing
was performed inside the TVAC equipped with a liquid
nitrogen shroud, which was brought to a high vacuum us-
ing a roughing and turbo pump setup.

The thermal response of the MCM was evaluated in
a five-hour thermal vacuum test, with results shown in
Fig. 19. The average temperature of the aluminum nitride
substrate was monitored across sequential test phases sim-
ulating orbital thermal conditions and power cycling.

The chamber was cooled to approximately 255 K using
the liquid nitrogen shroud prior to cryocooler activation.
In Phase B, the cryocooler was powered at 12 V, initiat-
ing cool-down from ambient. The chamber temperature
was manually regulated and remained warmer than the
expected in-orbit environment. In Phase C, the cryocooler
voltage was increased to 17 V, allowing the MCM to reach
the target 170 K setpoint.

In Phase D, the sLTA electronics were activated with
a 10 W load, introducing internal radiative heating and
causing a measurable temperature rise at the MCM sub-
strate. During Phase E, the sLTA was powered down,

Figure 18: A Design of the DarkNESS thermal system configuration.
The 6U NanoSatellite has dimensions 30 cm x 20 cm x 10 cm. B En-
gineering model used at UIUC to test the thermal design for Dark-
NESS. The model has the cryocooler, readout electronics (sLTA), de-
tector (MCM) assembly (with dummy sensors), and radiator panels with
surface treated using Socomore Aeroglaze A276 white paint.

and a 7 W avionics heater was applied to simulate bus-
generated heat. The cryocooler reduced the MCM tem-
perature below 170 K under these conditions. In Phase F,
the sLTA was reactivated and a 1 W heater simulating de-
tector window loading was applied. The MCM remained
below 170 K for at least 15 minutes, replicating a full-
duration umbral science observation cycle. The chamber
shroud temperature further decreased to 240 K to simulate
deeper umbral-like conditions but remained above true or-
bital minima. The test concluded in Phase G with the de-
pletion of the liquid nitrogen supply.

This preliminary TVAC test demonstrates that the
DarkNESS thermal architecture can sustain the MCM at
170 K for 15-minute intervals under simulated orbital con-
ditions. Based on the results, the design was modified
to reduce the MCM’s thermal mass and isolate it from
the radiative loading of nearby electronics. A complete
TVAC test campaign is ongoing at FNAL to evaluate the
flight thermal control system using the integrated MCM
and cryocooler operating in a fixed-setpoint control mode.
This campaign includes representative internal and exter-
nal heat loads expected during science operations in LEO.
Future work will present the full results from these labo-
ratory tests.

7 Conclusions and Future Work
The DarkNESS mission integrates a skipper-CCD in-

strument with a compact sLTA readout electronics and
a closed-loop cryocooler in a thermally-conditioned 6U
NanoSatellite to search for DM in LEO. The mission
targets two DM detection signatures–keV X-rays from
decaying DM and low-energy ionization events from
strongly interacting DM. The Observatory will conduct
umbral observations, with the imaging cadence shaped
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Figure 19: Results from TVAC tests at LASSI-UIUC. The chamber was
maintained at 5.0 × 10−4 Torr and the shroud at 255 K (Stage A). The
cryocooler (10 W) gets the MCM to 168 K (Stage C). The bus heat load
is added (7 W), and the cycles of 15-minute sLTA readout with the addi-
tional load (10 W) are shown in Stages D and F. The MCM stays around
the target operating point 170 K. These tests were done with open-loop
control for the cryocooler. Closed-loop cryocooler control will be im-
plemented to reduce the temperature fluctuations around the operating
point. The cryocooler is designed to operate for 20,000 hours, and its
operational lifetime is not a limiting factor for the mission [78].

by celestial dynamics and bounded background consider-
ations. The system design reflects the constraints imposed
by the science objectives and payload requirements, with
orbit analysis and thermal testing confirming operational
feasibility under those conditions and identifying obser-
vation windows sufficient to meet mission goals.

Current efforts focus on thermal system validation and
integrated testing. A full thermal vacuum campaign
at Fermilab evaluates flight-version hardware—including
the MCM, cryocooler, and sLTA electronics—under rep-
resentative environmental loading. The testbed couples
the payload to non-flight bus avionics through a KNA-
built FlatSat interface, enabling payload software devel-
opment and hardware-in-the-loop testing. In-chamber
characterization uses a 55Fe source to assess skipper-CCD
performance in simulated space conditions. Concurrent
software development establishes end-to-end control of
the payload from the KNA interface and defines the op-
erational baseline for on-orbit commanding and data ac-
quisition. Design, testing, and performance of the flight-
configuration thermal control system for DarkNESS will
be reported upon completion of the test campaign.
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