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ABSTRACT

The Black Hole Explorer is a space-based very-long baseline interferometry (VLBI) mission that will seek to
perform precision black hole measurements, detect the photon ring around a black hole, explore the spacetime,
spin, and mass properties of black holes, and attempt to experimentally validate predictions of General Relativity.
These ambitious goals are achieved through the use of cryogenic receivers offering quantum-limited sensitivities
across a wide frequency coverage. The dual-band receivers at 80-106GHz and 240-320GHz require 20K and 4.5K
operating temperatures, respectively. To reach this, the planned cryocooling system will include two cold stages;
a 20K stage which must lift a heat load of approximately 125mW and a 4.5K stage lifting 10mW of heat load.
A survey of 4K cryocooler development for spaceflight is explored in order to baseline the cryocooling system
design for BHEX and leverage existing technology in the space industry at high TRLs. Notable space missions
of relevance include Planck, JEM/SMILES, Hitomi, XRISM, and the advancement of US cryocoolers in this
temperature range thanks to the ACTDP/JWST. Integration of the cryocooler with the receivers and broader
instrument requires careful consideration, as it influences the instrument operation and thermal challenges. The
latter includes thermally linking the cold ends of each cooling stage whilst minimising heat losses and ensuring
adequate passive cooling for the cryocooler warm end heat rejection. Moreover, the challenges and trade-offs in
sizing the mass and reducing the power consumption are explored: varying modes of operation in conjunction
with other key instrument subsystems, the receiver cold temperature requirements, which in turn influence
the scientific objectives of the mission, and mitigating the mission critical risks of the system. Overall, this
paper presents an overview of cooling needs, initial design considerations, a survey of 4K spaceflight cryocooler
developments and current progress, and balancing scientific requirements of the instrument with the limitations
of technical cryocooling capabilities, within the framework of a small-class (SMEX) space mission aiming to
achieve breakthrough goals in experimental black hole physics.
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1. INTRODUCTION

Black holes play a pivotal role in understanding stellar evolution, galaxy formation and mergers, astrophysical
jets, and the nature of spacetime.1 Through the Event Horizon Telescope (EHT), a network of telescopes
conducting very long baseline interferometry (VLBI), it has become possible to produce resolved images of black
holes.2,3 By extending the baseline of the EHT into space, the Black Hole Explorer (BHEX) aims to achieve
multiples of higher angular resolution in order to resolve, for the first time ever, the photon ring of a black hole,
as well as study spacetime, directly measure black hole spin and other properties, and investigate jet accretion
mechanisms. Such superior direct study and imaging of black holes in space will undoubtedly lead us into a new
era of discoveries about black holes and our universe.

The BHEX mission is targeting a NASA Small Explorer (SMEX) mission class and will operate a space-
Earth hybrid observatory with the EHT. The instrument consists of a 3.5m antenna,4 dual-band receivers for
simultaneous observations,5 100Gbps laser data downlink,6 stable frequency reference to ensure coherence with
ground operations,7 digital backend,8 and the cryocooling system, which is detailed in this paper.

2. CRYOCOOLING REQUIREMENTS

The BHEX receiver front-end will observe simultaneously in two bands.5 In order to reach the sensitivity needed
for the scientific goals, the receivers require cooling down to cryogenic temperature. Firstly, a 80-100GHz
channel will employ cryogenic low noise amplifiers, enabling high-frequency observations, and will require an
operating temperature of 20K. Secondly, channels at 240-320GHz consisting of SIS receivers require an operating
temperature of 4.5K.

There has been an increasing need in the space-based astronomy community for compact, efficient, and closed-
cycle cryocoolers that can reach ∼4K cold temperatures in space.9 A few astrophysics missions have utilized
liquid cryogens to achieve cooling to 4K, however, these pose a series of disadvantages for SMEX missions,
namely the added mass to the instrument payload. Closed-cycle cryocoolers within the range of 4-6K have
flown on missions including Planck, JWST, and XRISM.10–12 These operate with a combination of Stirling and
Joule-Thomson (JT) cooling. BHEX aims to leverage existing cryogenic technology, where the majority of the
key cryogenic components within these technologies, such as Stirling and JT coolers, boast established spaceflight
heritage.

Imported vibration from the cryocooling system to the receivers needs to be kept below 5µm. Keeping
within a NASA SMEX mission, the total instrument budgets are typically around 300 kg and 700W for mass
and power, respectively. Hence, the cryocooling system must be able to keep within approximately 1/3 of these
budgets. Table 1 summarizes the receiver cryocooling requirements, where Tc is the operating cold temperature
and Qh is the heat load to be cooled.

Table 1. BHEX Receiver Cryocooling Requirements

Component Frequency Tc Qh

High Band Receiver 240-320GHz 4.5K stage 10mW

Low Band Receiver 80-100GHz 20K stage 125mW

3. TECHNOLOGY SURVEY AND SPACEFLIGHT HERITAGE

3.1 Stirling and JT Cryocoolers

Stirling and Joule-Thomson (JT) cryocoolers can be used together to achieve 4K cryocooling in space, where
established designs utilize Stirling cryocoolers to reach an initial cold stage of pre-cooling and employ JT coolers
to reach a lower 4K stage. Stirling cryocoolers boast being the most utilized spaceflight cryocoolers, yielding high
efficiencies and long lifetime performance for space missions.9,13 In addition to superior flight heritage, recent
research has achieved low cold end vibration for spaceflight Stirling pulse tube cryocoolers (SPTCs) designs.14–16
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4.3 Design Trades

Table 2 gives examples of some of the key trade-offs to be made for the BHEX cryocooling system. Several
design trade-offs are essential for both the instrument operation and the cryogenic system to ensure the scientific
objectives are achieved while scaling the cryocooling system to fit within the constraints of a SMEX mission.
For instance, the SIS mixers must be operated at a temperature no higher than 4.5K to achieve the necessary
sensitivity for imaging the photon ring; this requirement determines the power input into the cryocooler and the
cooling power needed from the cryocooler. Additionally, continuous operation of the cryocooler is required to
maintain receiver stability, as opposed to intermittent operation, which prevents power-saving measures. How-
ever, this approach also reduces the risk of contamination (a primary cause of cryocooler failure) and eliminates
the need for cool-down and temperature stabilization before each observation cycle. Designing the cryogenic
system for BHEX involves balancing mass, power, and cost reduction to meet SMEX constraints while ensuring
optimal cooling performance and minimizing failure risks.

Table 2. Examples of BHEX Cryocooling System Trades

Design Choice Rationale Penalty

4.5K SIS cold temperature Enhanced sensitivity Increased input power into cryogenic
system

Continuous operation of
cryocooler instead of on/off
operation

Reduction of contamination risk
and cooldown time after switch-
ing on during observation

Larger input power into cryogenic sys-
tem and power drawn within same
timeframe as all other subsystems

No large vessel cryostat Reduction of overall mass and in-
creased simplicity of system inte-
gration

Dedicated testing vessel required for
ground testing which is design and cost
intensive

5. SUMMARY

The BHEX mission sets out to capture the first ever image of the black hole photon ring, study key properties of
black holes, and experimentally validate predictions of General Relativity amongst many other exciting scientific
aims. This will be made possible thanks to dedicated instrumentation and spaceflight hardware, including cryo-
genic receivers offering quantum-limited sensitivities across a wide frequency coverage. The BHEX cryocooling
system will cool the receiver system to 20K and 4.5K stages. The last decades have seen monumental devel-
opments in 4-10K spaceflight cryocoolers, through the European Planck mission, the ACTDP and JWST MIRI
endeavors, and the range of Japanese missions flying closed-cycle 4K stage cryocoolers. The BHEX mission will
leverage these established and ever-improving space instrumentation capabilities.
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Pisano, G., Polenta, G., Poletti, D., Prouvé, T., Puglisi, G., Rambaud, D., Raum, C., Realini, S., Reinecke,
M., Remazeilles, M., Ritacco, A., Roudil, G., Rubino-Martin, J. A., Russell, M., Sakurai, H., Sakurai, Y.,
Sandri, M., Sasaki, M., Savini, G., Scott, D., Seibert, J., Sekimoto, Y., Sherwin, B., Shinozaki, K., Shiraishi,
M., Shirron, P., Signorelli, G., Smecher, G., Stever, S., Stompor, R., Sugai, H., Sugiyama, S., Suzuki, A.,
Suzuki, J., Svalheim, T. L., Switzer, E., Takaku, R., Takakura, H., Takakura, S., Takase, Y., Takeda, Y.,
Tartari, A., Taylor, E., Terao, Y., Thommesen, H., Thompson, K. L., Thorne, B., Toda, T., Tomasi, M.,
Tominaga, M., Trappe, N., Tristram, M., Tsuji, M., Tsujimoto, M., Tucker, C., Ullom, J., Vermeulen, G.,
Vielva, P., Villa, F., Vissers, M., Vittorio, N., Wehus, I., Weller, J., Westbrook, B., Wilms, J., Winter, B.,
Wollack, E. J., Yamasaki, N. Y., Yoshida, T., Yumoto, J., Zannoni, M., and Zonca, A., “Litebird satellite:
Jaxa’s new strategic l-class mission for all-sky surveys of cosmic microwave background polarization,” arXiv
preprint arXiv:2101.12449 (2021).

[60] Ishisaki, Y., Kelley, R. L., Awaki, H., Balleza, J. C., Barnstable, K. R., Bialas, T. G., Boissay-Malaquin, R.,
Brown, G. V., Canavan, E. R., Cumbee, R. S., Carnahan, T. M., Chiao, M. P., Comber, B. J., Costantini,
E., den Herder, J.-W., Dercksen, J., de Vries, C. P., DiPirro, M. J., Eckart, M. E., Ezoe, Y., Ferrigno, C.,
Fujimoto, R., Gorter, N., Graham, S. M., Grim, M., Hartz, L. S., Hayakawa, R., Hayashi, T., Hell, N.,
Hoshino, A., Ichinohe, Y., Ishida, M., Ishikawa, K., James, B. L., Kenyon, S. J., Kilbourne, C. A., Kimball,
M. O., Kitamoto, S., Leutenegger, M. A., Maeda, Y., McCammon, D., Miko, J. J., Mizumoto, M., Okajima,
T., Okamoto, A., Paltani, S., Porter, F. S., Sato, K., Sato, T., Sawada, M., Shinozaki, K., Shipman, R.,
Shirron, P. J., Sneiderman, G. A., Soong, Y., Szymkiewicz, R., Szymkowiak, A. E., Takei, Y., Tamura,
K., Tsujimoto, M., Uchida, Y., Wasserzug, S., Witthoeft, M. C., Wolfs, R., Yamada, S., and Yasuda, S.,
“Status of resolve instrument onboard x-ray imaging and spectroscopy mission (xrism),” in [Proceedings
Volume 12181, Space Telescopes and Instrumentation 2022: Ultraviolet to Gamma Ray ], 121811S (2022).

[61] Ezoe, Y., Ishisaki, Y., Fujimoto, R., Takei, Y., Horiuchi, T., Tsujimoto, M., Ishikawa, K., Yasuda, S.,
Yanagase, K., Shibano, Y., Sato, K., Kitamoto, S., Yoshida, S., Kanao, K., Tsunematsu, S., Otsuka, K.,
Mizunuma, S., Isshiki, M., Kelley, R. L., Kilbourne, C. A., Porter, F. S., DiPirro, M. J., Shirron, P., and
the XRISM Resolve team, “Cooling system for the resolve onboard xrism,” Cryogenics 108, 103016 (June
2020).

[62] Mamura, R., Awaki, H., Tsujimoto, M., Yamada, S., Porter, F. S., Kilbourne, C. A., Kelley, R. L., Takei,
Y., and Team, X. R., “Mechanical cryocooler noise observed in the ground testing of the resolve x-ray
microcalorimeter onboard xrism,” Journal of Low Temperature Physics 211, 426–433 (June 2023).

[63] Barcons, X., Nandra, K., Barret, D., den Herder, J.-W., Fabian, A. C., Piro, L., Watson, M. G., and the

16

Proc. of SPIE Vol. 13092  130926U-16



Athena team, “Athena: the x-ray observatory to study the hot and energetic universe,” Journal of Physics:
Conference Series 610, 012008 (2015).

[64] Tirolien, T., Linder, M., and Branco, M., “Overview of european space cryogenic missions and developments
in 2020 (and beyond),” Cryocoolers 21 (2021).

[65] Barret, D., Trong, T. L., den Herder, J.-W., Piro, L., Cappi, M., Huovelin, J., Kelley, R., Mas-Hesse,
J. M., Mitsuda, K., Paltani, S., Rauw, G., Rozanska, A., Wilms, J., Bandler, S., Barbera, M., Barcons, X.,
Bozzo, E., Ceballos, M. T., Charles, I., Costantini, E., Decourchelle, A., den Hartog, R., Duband, L., Duval,
J.-M., Fiore, F., Gatti, F., Goldwurm, A., Jackson, B., Jonker, P., Kilbourne, C., Macculi, C., Mendez,
M., Molendi, S., Orleanski, P., Pajot, F., Pointecouteau, E., Porter, F., Pratt, G. W., Prêle, D., Ravera,
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Hervet, G., Jolly, A., Ledot, A., Maussang, I., Paillet, A., Schmisser, R., Vella, B., Damery, J.-C., Boyce,
K., DiPirro, M., Lotti, S., Schwander, D., Smith, S., van Leeuwen, B.-J., van Weers, H., Clerc, N., Cobo,
B., Dauser, T., de Plaa, J., Kirsch, C., Cucchetti, E., Eckart, M., Ferrando, P., and Natalucci, L., “The
athena x-ray integral field unit (x-ifu),” Journal of Low Temperature Physics 193, 1203–1210 (2018).

[66] Duval, J. M., Charles, I., Butterworth, J., Mullie, J., and Linder, M., “7 k - 15 k pulse tube cooler for space,”
Cryocoolers 17 (2012).

[67] Crook, M., Bradshaw, T., Gilley, G., Hills, M., Watson, S., Green, B., Pulker, C., and Rawlings, T.,
“Development of a 2 k joule-thomson closed-cycle cryocooler,” Cryocoolers 19 (2016).

[68] Cryogenic Society of America, “Great Opportunity: RFI for Black Hole Cooling System.”
https://www.cryogenicsociety.org/index.php?option=com_dailyplanetblog&view=entry&

category=industry-news&id=315:great-opportunity-rfi-for-black-hole-cooling-system. (Ac-
cessed: 26 May 2024).

[69] Goddard Space Flight Center, “Rules for the design, development, verification, and operation of flight
systems,” Tech. Rep. GSFC-STD-1000H, NASA Goddard Space Flight Center, Greenbelt, MD (March
2023). Revalidation Date: 2028. Superseding GSFC-STD-1000G.

17

Proc. of SPIE Vol. 13092  130926U-17


