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MODULAR CRYOGENIC INFRASTRUCTURE

(57)  The present disclosure relates to a cryogenic
module (120) for use in a modular cryogenic infrastruc-
ture (100, 200, 300, 400, 500), comprising at least one
firstinterface (122) at an exterior of the cryogenic module
(120), the at least one first interface (122) configured to
detachably connect the cryogenic module (120) to a pre-
coolingmodule (110) of the cryogenic infrastructure (100,
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(124) at the exterior of the cryogenic module (120), the at
least one second interface (124) configured to detach-
ably connect the cryogenic module (120) to an operations
module (130) having operable equipment to be cooled by
the cryogenic module (120).
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Description
FIELD
[0001] The present disclosure relates to a cryogenic

module for use in a modular cryogenic infrastructure, a
modular cryogenic infrastructure, and a method of oper-
ating a modular cryogenic infrastructure. More particu-
larly, the present disclosure relates to operating equip-
ment, particularly electronics, inside an operations mod-
ule under defined thermal conditions, e.g., at ultra-low
temperatures in the sub-Kelvin or milli-Kelvin range.

BACKGROUND

[0002] A cryostat is generally used to achieve and
maintain low temperatures. Low temperatures may be
achieved by using, for example, a cryogenic fluid bath
such as liquid helium. However, the cooling medium,
such as liquid helium, continuously evaporates due to
external and/or internal heat input in the cryostat and
therefore needs to be refilled regularly. This requires
considerable time and resources, whereby the operating
costs of such cryostats are high.

[0003] To overcome the above drawbacks, cryogen-
free cryostats have been developed. Cryogen-free cryo-
stats may employ a cryogen-free closed cycle system,
such a pulse tube cryocooler. Modern pulse tube cryo-
coolers can achieve temperatures down to 1.2K. To
achieve sub-Kelvin temperatures, a magnetic cooling
stage can be used in addition to the cryogen-free closed
cycle system. The magnetic cooling stage may be an
adiabatic demagnetization refrigerator (ADR), which can
achieve temperatures down to a few milli-Kelvin. ADR is
based on the magneto-caloric effect. When a medium is
magnetized, its magnetic moments get aligned and the
heat of magnetization is released. Vice versa, if the
medium is demagnetized its temperature drops.

[0004] Cryostats have been used almost exclusivelyin
scientific applications where power consumption, ease of
use, uptime, and maintainability are valued much lower
than performance, particularly cooling power and base
temperature. With the proliferation of new commercial
electronic hardware that requires cryostats to achieve
operating conditions, these previously marginalized fea-
tures will be critical to making new technologies scalable
beyond the scientific laboratory.

[0005] In view of the above, new cryogenic modules,
cryogenicinfrastructures, and methods of operating such
cryogenic modules and cryogenic infrastructures that
overcome at least some of the problems in the art are
beneficial.

SUMMARY
[0006] It is an object of the present disclosure to pro-

vide a cryogenic module for use in a modular cryogenic
infrastructure, a modular cryogenic infrastructure, and a
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method of operating a modular cryogenic infrastructure
that enable efficient operation of equipment, such as
electronics, at low temperatures. Another object of the
present disclosure is to provide a scalable cryogenic
infrastructure, and to reduce downtime and/or power
consumption of the cryogenic infrastructure.

[0007] According to an independent aspect of the pre-
sent disclosure, a cryogenic module for use in a modular
cryogenic infrastructure is provided. The cryogenic mod-
ule includes at least one first interface at an exterior of the
cryogenic module, the at least one first interface config-
ured to detachably connect the cryogenic module to a
pre-cooling module; and at least one second interface at
the exterior of the cryogenic module, the at least one
second interface configured to detachably connect the
cryogenic module to an operations module having oper-
able equipment to be cooled by the cryogenic module.
[0008] The at least one operations module can be
configured to operate the equipment for or during in-
tended use (e.g., commercial use) and not for testing
as in laboratories. The at least one operations module
can include or accommodate any operable equipment,
such as electronics, optics, or a combination thereof.
Depending on the type of equipment, the at least one
operations module can also be referred to as electronics
module or optics module.

[0009] The cryogenic module canalso bereferredto as
a "cryostat". A cryostat is generally used to achieve and
maintain low temperatures in the low-Kelvin and/or sub-
Kelvin range.

[0010] According to some embodiments, which can be
combined with other embodiments described herein, the
cryogenic module is connectable to the pre-cooling mod-
ule while the pre-cooling module is in a first operational
state.

[0011] Preferably, the first operational state of the pre-
cooling module is selected from the group including, or
consisting of, an on-state and idle state of the pre-cooling
module.

[0012] Preferably, a second operational state of the
pre-cooling module is an off-state of the pre-cooling
module.

[0013] According to some embodiments, which can be
combined with other embodiments described herein, the
cryogenic module is detachable from the pre-cooling
module while the pre-cooling module is in the first opera-
tional state.

[0014] According to some embodiments, which can be
combined with other embodiments described herein, the
cryogenic module is connectable to the operations mod-
ule while the cryogenic module is in a first operational
state.

[0015] Preferably, the first operational state of the cryo-
genic module can be that an operating temperature of the
cryogenic module corresponds to a temperature lower
than room temperature, e.g., between 1.5 and 10K, such
as 4K. In some embodiments, the operating temperature
of the cryogenic module can be a temperature provided
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by the pre-cooling module.

[0016] Additionally, oralternatively, the first operational
state of the cryogenic module is selected from the group
including, or consisting of, an on-state and idle state of
the cryogenic module. In some embodiments, the idle
state of the cryogenic module can correspond to an
operating temperature between 1.5 and 10K, such as
4K, which may be a temperature provided by the pre-
cooling module. The on-state may correspond to a tem-
perature lower than that, such as 1K or below.

[0017] Additionally, or alternatively, in the first opera-
tional state such as the idle state, the cryogenic module
does not actively generate cooling power to maintain low
temperatures, i.e., the means such as the pulse tube
cryocooler or the magnetic cooling stage are not oper-
ated to generate cooling power. Additionally, in the first
operational state such as the idle state, the cryogenic
module may transfer cooling power from the pre-cooling
module to the operations module ("passive cooling
power"). In this case, the cryogenic module can only
transfer part of the cooling power from the pre-cooling
module to the operations module and use the remaining
part of the cooling power to cool one or more internal
thermal components thereof, such as heat shields.
[0018] Preferably, a second operational state of the
cryogenic module is an off-state of the cryogenic module.
[0019] Preferably, in the second operational state of
the cryogenic module, the cryogenic module does not
actively generate cooling power and/or does not receive
cooling power from another module and/or does not
passively transfer cooling power to another module.
[0020] According to some embodiments, which canbe
combined with other embodiments described herein, the
cryogenic module is detachable from the operations
module while the cryogenic module is in the first opera-
tional state.

[0021] The terms "connectable" and "detachable"
mean a releasable mechanical connection between
the modules. For example, the modules can be con-
nected to each other by positioning the modules, e.g.,
side by side or above each other, in a certain relative
position and closing/fastening attachment means such
as clamps and/or screws. Furthermore, the modules can
be detached or disconnected from each other by open-
ing/releasing the attachment means. Accordingly, "de-
tachable" means that the modules can be separated
without damaging the modules.

[0022] The connection between the modules may be
any direct or indirect connection suitable for the con-
nected modules to interact thermally and optionally elec-
tronically and/or optically and/or fluidly (e.g., a vacuum
connection). For example, the connection may be a
substantially vacuum-tight connection, e.g., using bel-
lows, vacuum seals, rigid tubing, flexible tubing, O-rings,
and the like.

[0023] The term "on-state" as used throughout the
present disclosure refers to one of multiple operational
states of the modules. In the on-state, the pre-cooling
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module or the cryogenic module may actively generate
cooling power by operating means such as a pulse tube
cryocooler or a magnetic cooling stage to maintain low
temperatures. Furthermore, in the on-state, the opera-
tions module, particularly the electronics inside the op-
erations module, is operated or switched on.

[0024] In the off-state, the pre-cooling module or the
cryogenic module does not actively generate cooling
power to maintain low temperatures, i.e., the means such
as the pulse tube cryocooler or the magnetic cooling
stage are not operated to generate cooling power.
Furthermore, in the off-state, the operations module,
particularly the electronics inside the operations module,
is not operated or is switched off.

[0025] The term "idle state" as used throughout the
present disclosure refers to an intermediate state be-
tween the on-state and the off-state.

[0026] Additionally, or alternatively, the idle state can
be a state of the respective module in which the module is
ready and/or pre-configured for actual operation in the
on-state.

[0027] Additionally, or alternatively, in the idle state, the
pre-cooling module and/or the cryogenic module may not
actively generate cooling power, but at least some of its
components may be operated or switched on so that the
module is ready for operation in the on-state. Further-
more, in the idle state, the operations module, particularly
the electronics inside the operations module, is ready for
operation in the on-state.

[0028] Additionally, or alternatively, the module may be
fully switched on and/or operational in the on-state, par-
tially switched on and/or operational in the idle-state, and
fully switched off and/or inoperable in the off-state.
[0029] Additionally, or alternatively, the idle state can
be that an operating temperature of the module corre-
sponds to a temperature lower than room temperature,
e.g., between 1.5 and 10K, such as 4K. In some embodi-
ments, the operating temperature of the module can be a
temperature provided by the pre-cooling module. In the
on-state, the operating temperature may be lower than
that, such as 1K or below.

[0030] According to some embodiments, which can be
combined with other embodiments described herein, the
pre-cooling module includes an interface arrangement
compatible with the at least one first interface of the
cryogenic module.

[0031] According to some embodiments, which can be
combined with other embodiments described herein, the
operations module includes an interface arrangement
compatible with the at least one second interface of
the cryogenic module.

[0032] According to some embodiments, which can be
combined with other embodiments described herein, the
at least one first interface of the cryogenic module in-
cludes atleast one first thermalinterface. The pre-cooling
module may have a (first) thermal interface arrangement
compatible with the at least one first thermal interface of
the cryogenic module.
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[0033] Preferably, the at least one first thermal inter-
face is configured to be cooled by the pre-cooling module
to a first temperature when the pre-cooling module is in
the on-state, particularly via the (first) thermal interface
arrangement.

[0034] Preferably, the first temperature is 1K or above,
or4Kor above. For example, the first temperature can be
in a range between 1K and 100K, or in a range between
1K and 50K, or in a range between 4K and 100K, or in a
range between 4K and 50K. In an exemplary embodi-
ment, the first temperature can be about 4K or about
1.2K.

[0035] According to some embodiments, which can be
combined with other embodiments described herein, the
at least one first interface includes at least one first
electrical interface. The pre-cooling module may have
a (first) electrical interface arrangement compatible with
the at least one first electrical interface of the cryogenic
module. The electrical connection between the cryogenic
module and the pre-cooling module may be configured
for data communication, such as related to the operation
and/or control of the cryogenic module and the pre-cool-
ing module.

[0036] Accordingto some embodiments, which canbe
combined with other embodiments described herein, the
at least one first interface of the cryogenic module in-
cludes at least one first optical interface. The pre-cooling
module may have a (first) optical interface arrangement
compatible with the at least one first optical interface of
the pre-cooling module. The optical connection between
the cryogenic module and the pre-cooling module may be
configured for data communication, such as related to the
operation and/or control of the cryogenic module and the
pre-cooling module.

[0037] According to some embodiments, which can be
combined with other embodiments described herein, the
at least one second interface of the cryogenic module
includes at least one second thermal interface. The op-
erations module may have a (second) thermal interface
arrangement compatible with the at least one second
thermal interface of the cryogenic module.

[0038] Preferably, the at least one second thermal
interface is configured to be cooled by a cooling mechan-
ism of the cryogenic module to a second temperature,
particularly when the cryogenic module is in the on-state.
[0039] Preferably, the second temperature is lower
than the first temperature.

[0040] Preferably, the second temperature is 4K or
below, or 1K or below. For example, the second tempera-
ture can be in a range between 1K and 4K, or in a range
between 100mK and 4K, orin a range between 2mK and
1K.

[0041] According to some embodiments, which can be
combined with other embodiments described herein, the
at least one second interface includes at least one sec-
ond electrical interface. The operations module may
have a (second) electrical interface arrangement com-
patible with the at least one second electrical interface of
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the cryogenic module. The electrical connection between
the cryogenic module and the operations module may be
configured for data communication, such asrelated to the
operation and/or control of the cryogenic module and the
operations module.

[0042] According to some embodiments, which can be
combined with other embodiments described herein, the
at least one second interface of the cryogenic module
includes at least one second optical interface. The op-
erations module may have a (second) optical interface
arrangement compatible with the at least one second
optical interface of the cryogenic module. The optical
connection between the cryogenic module and the op-
erations module may be configured for data communica-
tion, such as related to the operation and/or control of the
cryogenic module and the operations module.

[0043] According to some embodiments, which can be
combined with other embodiments described herein, the
atleast one second interface of the cryogenic moduleis a
plurality of second interfaces. Accordingly, the cryogenic
module can be connectable to multiple other modules via
the second interfaces, such as other cryogenic modules
and/or multiple operations modules.

[0044] According to some embodiments, which can be
combined with other embodiments described herein, the
cryogenic module is connectable to the operations mod-
ule while being connected to the pre-cooling module. In
other words, the operations module is connectable to the
cryogenic module while the cryogenic module is already
connected to the pre-cooling module.

[0045] According to some embodiments, which can be
combined with other embodiments described herein, the
cryogenic module is detachable from the operations
module while being connected to the pre-cooling module.
In other words, the operations module is detachable from
the cryogenic module while the cryogenic module is still
connected to the pre-cooling module.

[0046] According to some embodiments, which can be
combined with other embodiments described herein, the
cryogenic module is connectable to the operations mod-
ule while the operations module is in a second opera-
tional state.

[0047] Preferably, the second operational state of the
operations module is an off-state of the operations mod-
ule. Afirst operational sate of the operations module may
be selected from the group including, or consisting of, an
idle state and an on-state.

[0048] According to some embodiments, which can be
combined with other embodiments described herein, the
cryogenic module is detachable from the operations
module while the operations module is in the second
operational state. In other words, the operations module
is detachable from the cryogenic module while the op-
erations module is in the off-state.

[0049] According to some embodiments, which can be
combined with other embodiments described herein, the
cryogenic module is connectable to the pre-cooling mod-
ule while being connected to the operations module. In
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otherwords, the pre-cooling module is connectable to the
cryogenic module while the cryogenic module is already
connected to the operations module.

[0050] According to some embodiments, which canbe
combined with other embodiments described herein, the
cryogenic module is detachable from the pre-cooling
module while being connected to the operations module.
In other words, the pre-cooling module is detachable
from the cryogenic module while the operations module
is still connected to the cryogenic module.

[0051] According to some embodiments, which can be
combined with other embodiments described herein, the
cryogenic module is connectable to the pre-cooling mod-
ule while being in the second operational state, i.e., the
off-state.

[0052] According to some embodiments, which can be
combined with other embodiments described herein, the
cryogenic module is detachable from the pre-cooling
module while being in the second operational state,
i.e., the off-state.

[0053] According to some embodiments, which can be
combined with other embodiments described herein, the
cryogenic module includes a heater arrangement at the
at least one first interface and/or at least one second
interface configured to heat the at least one first interface
and/or at least one second interface. For example, if an
operations module is disconnected from the cryogenic
module, the load reduction can be compensated using
the heater arrangement, stabilizing operation of the cryo-
genic module.

[0054] According to anotherindependent aspect of the
present disclosure, a modular cryogenic infrastructure is
provided. The modular cryogenic infrastructure includes
atleast one cryogenic module; a pre-cooling module; and
at least one operations module. The cryogenic module
may be the cryogenic module described above.

[0055] According to some embodiments, which can be
combined with other embodiments described herein, the
modular cryogenic infrastructure is scalable.

[0056] Accordingto some embodiments, which canbe
combined with other embodiments described herein,
multiple cryogenic modules are connectable (or con-
nected)in parallel to the pre-cooling module. In particular,
multiple cryogenic modules can be connectable (or con-
nected) to the same pre-cooling module.

[0057] Preferably, the pre-cooling module has a plur-
ality of (first) thermal interface arrangements, with one
cryogenic module connectable to each of the thermal
interface arrangements.

[0058] Optionally, the pre-cooling module has a plur-
ality of (first) electrical interface arrangements, with one
cryogenic module connectable to each of the electrical
interface arrangements. Additionally, or alternatively, the
pre-cooling module has a plurality of (first) optical inter-
face arrangements, with one cryogenic module connect-
able to each of the optical interface arrangements.
[0059] Preferably, the multiple cryogenic modules are
connectable (or connected) to the pre-cooling module at
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the same time.

[0060] Preferably, the pre-cooling module is config-
ured to simultaneously supply cooling power to the multi-
ple cryogenic modules.

[0061] According to some embodiments, which can be
combined with other embodiments described herein, at
least two operations modules are connectable (or con-
nected) to each other via respective interfaces, such as
thermal and/or electrical and/or optical interfaces.
[0062] According to some embodiments, which can be
combined with other embodiments described herein, the
atleast two operations modules include a first operations
module and a second operations module, wherein the
first operations module is connectable (or connected) to
the second operations module.

[0063] Preferably, the first operations module of the at
least two operations modules is connectable (or con-
nected) to a first cryogenic module.

[0064] In some embodiments, the second operations
module is connectable (or connected) to a second cryo-
genic module.

[0065] In other embodiments, the second operations
module of the at least two operations modules is con-
nectable (or connected) to the first operations module
while being not connected to a cryogenic module. In
particular, the second operations module is not connect-
able (or connected) to any cryogenic module. For exam-
ple, the pre-cooling module, the first cryogenic module,
the first operations module and the second operations
module may be connectable (or connected) in series. In
this case, cooling power may be provided to the second
operations module by the first cryogenic module via the
first operations module.

[0066] According to some embodiments, which can be
combined with other embodiments described herein, the
atleast one operations module is, or includes, a quantum
technology module, particularly a quantum computing
module, a quantum communications module, a quantum
sensing module, an optics module, or a combination
thereof.

[0067] According to some embodiments, which can be
combined with other embodiments described herein, the
atleastone cryogenic moduleis, orincludes, an adiabatic
demagnetization refrigeration module.

[0068] According to some embodiments, which can be
combined with other embodiments described herein, the
pre-cooling module is, or includes, a centralized pre-
cooling module.

[0069] According to some embodiments, which can be
combined with other embodiments described herein, the
pre-cooling module is, orincludes, a Turbo-Brayton cool-
ing module.

[0070] Preferably, the pre-cooling module is part of a
commercial setup, such as a data center.

[0071] According to some embodiments, which can be
combined with other embodiments described herein, the
modular cryogenic infrastructure is, or is included in, a
data center.



9 EP 4 506 643 A1 10

[0072] According to some embodiments, which can be
combined with other embodiments described herein, the
modular cryogenic infrastructure is, or is included in, a
commercial setup.

[0073] According to some embodiments, which canbe
combined with other embodiments described herein, the
modular cryogenic infrastructure includes a user inter-
face.

[0074] Preferably, the user interface includes at least
one display unit and at least one input unit, such as a
keyboard. In some embodiments, the user interface in-
cludes a touch screen.

[0075] Preferably, the user interface is configured to
allow a user to control operation of the modular cryogenic
infrastructure.

[0076] Preferably, the user interface is configured to
inform and/or guide a user during a module connecting
process and/or a module disconnecting process.
[0077] Preferably, the user interface may be config-
ured to guide the user through the individual steps of the
module connecting process and/or module disconnect-
ing process.

[0078] Preferably, the user interface may be config-
ured to receive user input about process steps completed
by the user, such as attaching screws and/or clamps.
Upon receiving the user input, the user interface may
inform the user of the next step(s) of the module con-
necting process and/or module disconnecting process.
[0079] According to anotherindependent aspect of the
present disclosure, a pre-cooling module for use in a
modular cryogenic infrastructure is provided. The mod-
ular cryogenic infrastructure may be the modular cryo-
genic infrastructure of the embodiments of the present
disclosure.

[0080] Accordingto some embodiments, which canbe
combined with other embodiments described herein, the
pre-cooling module includes an interface arrangement at
an exterior of the pre-cooling module, the interface ar-
rangement configured to detachably connect the pre-
cooling module to one or more cryogenic modules and/or
one or more operations modules of the cryogenic infra-
structure, wherein the pre-cooling module is connectable
to the one or more cryogenic modules and/or the one or
more operations modules and/or detachable from the
one or more cryogenic modules and/or the one or more
operations modules while the pre-cooling module is in a
first operational state.

[0081] Preferably, the first operational state of the pre-
cooling module is selected from the group including, or
consisting of, an on-state and idle state of the pre-cooling
module.

[0082] According to some embodiments, which canbe
combined with other embodiments described herein, the
pre-cooling module includes a heater arrangement atthe
(thermal) interface arrangement configured to heat the
(thermal) interface arrangement. For example, if a cryo-
genic module is disconnected from the pre-cooling mod-
ule, the load reduction can be compensated using the
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heater arrangement, stabilizing operation of the pre-cool-
ing module.

[0083] Accordingto anotherindependent aspect of the
present disclosure, an operations module for use in a
modular cryogenic infrastructure is provided. The mod-
ular cryogenic infrastructure may be the modular cryo-
genic infrastructure of the embodiments of the present
disclosure.

[0084] According to some embodiments, which can be
combined with other embodiments described herein, the
operations module includes an interface arrangement at
an exterior of the operations module, the interface ar-
rangement configured to detachably connect the opera-
tions module to a pre-cooling module of the cryogenic
infrastructure, wherein the operations module is connect-
able to the pre-cooling module and/or detachable from
the pre-cooling module while the pre-cooling module is in
a first operational state.

[0085] Preferably, the first operational state of the pre-
cooling module is selected from the group including, or
consisting of, an on-state and idle state of the pre-cooling
module.

[0086] Accordingto anotherindependent aspect of the
present disclosure, a method of operating a modular
cryogenic infrastructure is provided. The method may
use the modular cryogenic infrastructure of the embodi-
ments of the present disclosure.

[0087] According to some embodiments, which can be
combined with other embodiments described herein, the
method includes connecting the cryogenic module to the
pre-cooling module while the pre-cooling module is in a
first operational state.

[0088] Preferably, the first operational state of the pre-
cooling module is selected from the group including, or
consisting of, an on-state and idle state of the pre-cooling
module.

[0089] According to some embodiments, which can be
combined with other embodiments described herein, the
method includes detaching the cryogenic module from
the pre-cooling module while the pre-cooling module is in
the first operational state.

[0090] According to some embodiments, which can be
combined with other embodiments described herein, the
method includes connecting the cryogenic module to the
operations module while the cryogenic module is in a first
operational state.

[0091] Preferably, the first operational state of the cryo-
genic module is selected from the group including, or
consisting of, an on-state and idle state of the cryogenic
module.

[0092] According to some embodiments, which can be
combined with other embodiments described herein, the
method includes detaching the cryogenic module from
the operations module while the cryogenic module is in
the first operational state.

[0093] Accordingto anotherindependent aspect of the
present disclosure, a cryogenic infrastructure is pro-
vided. The cryogenic infrastructure includes a pre-cool-
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ing module, an operations module connectable to the
pre-cooling module; and one or more cryogenic modules
connectable to the operations module.

[0094] The cryogenic infrastructure may be the mod-
ular cryogenic infrastructure described throughout this
document. Additionally, or alternatively, the pre-cooling
module may be the pre-cooling module described
throughout this document. Additionally, or alternatively,
the operations module may be the operations module
described throughout this document. Additionally, or al-
ternatively, the cryogenic module may be the cryogenic
module described throughout this document.

[0095] According to some embodiments, which can be
combined with other embodiments described herein, the
pre-cooling module may be a single pre-cooling module.
[0096] According to some embodiments, which can be
combined with other embodiments described herein, the
operations module may be a single operations module.
[0097] According to some embodiments, which canbe
combined with other embodiments described herein, the
operations module has operable equipment to be cooled
by the cryogenic module.

[0098] According to some embodiments, which can be
combined with other embodiments described herein, the
operations module is configured to provide a thermal
path between the pre-cooling module and the one or
more cryogenic modules to provide pre-cooling to the
one or more cryogenic modules. Accordingly, the one or
more cryogenic modules may provide cooling power to
the operations module to cool the operable equipment
(e.g., 1K or below), and may receive pre-cooling power
(e.g., 4K) from the pre-cooling module via the same
operations module. In other words, there may be a
two-way thermal path between the operations module
and the one or more cryogenic modules. The two-way
thermal path may be implemented using, for example,
nested thermal interfaces.

[0099] According to some embodiments, which canbe
combined with other embodiments described herein, the
operations module is configured to cool one or more
internal thermal components thereof using the pre-cool-
ing power received from the pre-cooling module. Accord-
ingly, the pre-cooling power may be used not only by the
one or more cryogenic modules but may also be used by
the operations module to cool the one or more internal
thermal components thereof, such as thermal shields.
[0100] Preferably, the operations module may transfer
cooling power from the pre-cooling module to the one or
more cryogenic modules ("passive cooling power"). For
example, the operations module can only transfer part of
the cooling power from the pre-cooling module to the one
or more cryogenic modules and use the remaining part of
the cooling power to cool one or more internal thermal
components thereof, such as heat shields.

[0101] Further aspects, benefits, and features of the
present disclosure are apparent from the claims, the
description, and the accompanying drawings.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0102] So that the manner in which the above recited
features of the present disclosure can be understood in
detail, a more particular description of the disclosure,
briefly summarized above, may be had by reference to
embodiments. The accompanying drawings relate to
embodiments of the disclosure and are described in
the following:

FIG.1 shows a schematic view of a modular cryo-
genic infrastructure in an assembled state ac-
cording to the embodiments of the present dis-
closure;

FIG.2 shows a schematic view of a modular cryo-
genic infrastructure in an disassembled state
according to the embodiments of the present
disclosure;

FIG.3 shows a schematic view of a modular cryo-
genic infrastructure in an disassembled state
according to further embodiments of the pre-
sent disclosure;

FIG.4 shows a schematic view of a modular cryo-
genic infrastructure according to embodi-
ments of the present disclosure;

FIG.5 shows a schematic view of a modular cryo-
genic infrastructure according to further em-
bodiments of the present disclosure;

FIG.6 shows a schematic view of a modular cryo-
genic infrastructure according to further em-
bodiments of the present disclosure; and
FIG.7 shows a schematic view of a modular cryo-
genic infrastructure according to further em-
bodiments of the present disclosure.

DETAILED DESCRIPTION OF EMBODIMENTS

[0103] Reference will now be made in detail to the
various embodiments of the disclosure, one or more
examples of which are illustrated in the figures. Within
the following description of the drawings, the same re-
ference numbers refer to same components. Generally,
only the differences with respect to individual embodi-
ments are described. Each example is provided by way of
explanation of the disclosure and is not meant as a
limitation of the disclosure. Further, features illustrated
or described as part of one embodiment can be used on
or in conjunction with other embodiments to yield yet a
further embodiment. It is intended that the description
includes such modifications and variations.

[0104] Cryostats have been used almost exclusivelyin
scientific applications where power consumption, ease of
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use, uptime, and maintainability are valued much lower
than performance, particularly cooling power and base
temperature. With the proliferation of new commercial
electronic hardware that requires cryostats to achieve
operating conditions, these previously marginalized fea-
tures will be critical to making new technologies scalable
beyond the scientific laboratory.

[0105] The embodiments of the present disclosure
overcome the above drawbacks by providing a modular
cryogenic infrastructure having a centralized pre-cooling
mechanism and independently operable modules. This
allows the cryogenic infrastructure to be both flexible and
scalable beyond the scientific laboratory, making it sui-
table for large facilities such as data centers. In addition,
the modularity does not require complete shutdown of the
cryogenic infrastructure for maintenance, repair, and
addition of more cryogenic and/or operations modules.
[0106] FIG. 1 shows a schematic view of a modular
cryogenic infrastructure 100 in an assembled state ac-
cording to the embodiments of the present disclosure.
FIG. 2 shows a schematic view of the modular cryogenic
infrastructure 100 in a partly disassembled state. FIG. 3
shows a schematic view of the modular cryogenic infra-
structure 100 in another partly disassembled state.
[0107] The modular cryogenic infrastructure 100 can
be used to operate equipment, such as quantum tech-
nology, under defined thermal conditions, e.g., at ultra-
low temperatures in the sub-Kelvin or milli-Kelvin range.
[0108] Accordingto some non-limiting embodiments of
the present disclosure, the modular cryogenic infrastruc-
ture 100 is, or is included in, a commercial setup, such as
a data center.

[0109] The modular cryogenic infrastructure 100 in-
cludes a pre-cooling module 110, at least one cryogenic
module 120, and at least one operations module 130.
[0110] The pre-cooling module 110 may be a centra-
lized pre-cooling module, such as a Turbo-Brayton cool-
ing module. The single centralized pre-cooling module,
such as the such as a Turbo-Brayton cooling module, can
be implemented on an industrial scale, reducing power
consumption.

[0111] The atleast one cryogenic module 120 may be
an adiabatic demagnetization refrigeration (ADR) mod-
ule. In some embodiments, the adiabatic demagnetiza-
tion refrigeration (ADR) module can achieve and main-
tain low temperatures in the low-Kelvin and/or sub-Kelvin
range using the magneto-caloric effect.

[0112] Theoperations module 130 has operable equip-
ment, such as electronics and/or optics, to be cooled by
the cryogenic module 120. The at least one operations
module 130 may be a quantum technology module, such
as a quantum computing module, a quantum commu-
nications module and/or a quantum sensing module. In
particular, the at least one operations module 130 can be
configured to operate the quantum technology for in-
tended use (e.g., commercial use) and not for testing
as in laboratories. In other words, the operable electro-
nics to be cooled by the cryogenic module 120 may be
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quantum electronics, such as a quantum computer.
[0113] The individual modules 120, 130 may take the
shape of 19" racks and provide interfaces between these
racks to facilitate connection and disconnection of indi-
vidual modules without interfering with the operation of
the previous module(s). These interfaces may allow in-
terfacing of individual vacuums, temperatures, and/or
electrical signals.

[0114] Intheexample of FIG. 1, the pre-cooling module
110, the cryogenic module 120, and the operations mod-
ule 130 are eachin afirst operational state, suchasanon-
state or idle state. A second operational state of the pre-
cooling module 110, the cryogenic module 120, and the
operations module 130 may be an off-state.

[0115] The term "on-state" as used throughout the
present disclosure refers to an actual operating state
of the respective module. Similarly, the term "off-state"
as used throughout the present disclosure refers to a
non-operating state of the respective module. For exam-
ple, in the on-state, the pre-cooling module 110 may
actively generate cooling power by operating for instance
a Turbo-Brayton mechanism. In the off-state, the pre-
cooling module 110 may not operate for instance the
Turbo-Brayton mechanism to generate cooling power.
The idle state is an intermediate state between the on-
state and the off-state in which the module is ready for
actual operation.

[0116] The cryogenic module 120 includes atleastone
first interface 122 at an exterior of the cryogenic module
120, the at least one first interface 122 configured to
detachably connect the cryogenic module 120 to the
pre-cooling module 110; and at least one second inter-
face 124 at the exterior of the cryogenic module 120, the
at least one second interface 124 configured to detach-
ably connect the cryogenic module 120 to the operations
module 130 having operable equipment to be cooled by
the cryogenic module 120.

[0117] The pre-cooling module 110 includes an inter-
face arrangement 112 compatible with the at least one
first interface 122 of the cryogenic module 120.

[0118] In some embodiments, the at least one first
interface 122 of the cryogenic module 120 may include
at least one first thermal interface, and the interface
arrangement 112 of the pre-cooling module 110 may
have a thermal interface arrangement compatible with
the at least one first thermal interface of the cryogenic
module 120.

[0119] The at least one first thermal interface of the
cryogenic module 120 may be configured to be cooled by
the pre-cooling module 110 to a first temperature when
the pre-cooling module 110 is in the on-state. In some
embodiments, the first temperature can be 1K or above,
or4Kor above. For example, the first temperature can be
in a range between 1K and 100K, or in a range between
1K and 50K, or in a range between 4K and 100K, orin a
range between 4K and 50K. In an exemplary embodi-
ment, the first temperature can be about 4K or about
1.2K.
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[0120] In some embodiments, the at least one first
interface 122 of the cryogenic module 120 may include
at least one first electrical interface, and the interface
arrangement 112 of the pre-cooling module 110 may
have an electrical interface arrangement compatible with
the at least one first electrical interface of the cryogenic
module 120. The electrical connection between the cryo-
genic module 120 and the pre-cooling module 110 may
be configured for data communication, such as related to
the operation and/or control of the cryogenic module 120
and the pre-cooling module 110.

[0121] In some embodiments, the at least one first
interface 122 of the cryogenic module 120 may include
at least one first optical interface, and the interface ar-
rangement 112 of the pre-cooling module 110 may have
an optical interface arrangement compatible with the at
least one first optical interface of the cryogenic module
120. The optical connection between the cryogenic mod-
ule 120 and the pre-cooling module 110 may be config-
ured for data communication, such as related to the
operation and/or control of the cryogenic module 120
and the pre-cooling module 110.

[0122] The operations module 130 includes an inter-
face arrangement 132 compatible with the at least one
second interface 124 of the cryogenic module 120.
[0123] In some embodiments, the at least one second
interface 124 of the cryogenic module 120 may include at
least one second thermal interface, and the interface
arrangement 132 of the operations module 130 may have
a thermal interface arrangement compatible with the at
least one second thermal interface of the cryogenic mod-
ule 120.

[0124] The atleast one second thermal interface of the
cryogenic module 120 may be configured to be cooled by
a cooling mechanism of the cryogenic module 120 to a
second temperature lower than the first temperature
when the cryogenic module 120 is in the on-state. The
second temperature may be 4K or below, or 1K or below.
For example, the second temperature can be in a range
between 1K and 4K, or in a range between 100mK and
4K, or in a range between 100mK and 1K.

[0125] In some embodiments, the at least one second
interface 124 of the cryogenic module 120 may include at
least one second electrical interface, and the interface
arrangement 132 of the operations module 130 may have
an electrical interface arrangement compatible with the at
least one second electrical interface of the cryogenic
module 120. The electrical connection between the cryo-
genic module 120 and the operations module 130 may be
configured for data communication, such as related to the
operation and/or control of the cryogenic module 120 and
the operations module 130.

[0126] In some embodiments, the at least one second
interface 124 of the cryogenic module 120 may include at
least one second optical interface, and the interface
arrangement 132 of the operations module 130 may have
an optical interface arrangement compatible with the at
least one second optical interface of the cryogenic mod-
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ule 120. The optical connection between the cryogenic
module 120 and the operations module 130 may be
configured for data communication, such as related to
the operation and/or control of the cryogenic module 120
and the operations module 130.

[0127] As shown in the example of FIG. 2, in some
embodiments, the cryogenic module 120 and the opera-
tions module 130 can be connected to each other while
the cryogenic module 120 is in the first operational state,
such as the on-state oridle state, and optionally while the
pre-cooling module 110 is in the first operational state,
such as the on-state or idle state, and/or the operations
module 130is in the second operational state whichis the
off-state. In addition, the cryogenic module 120 and the
operations module 130 can be separated from each other
while the cryogenic module 120 is in the first operational
state, and optionally while the pre-cooling module 110 is
in the first operational state and/or the operations module
130 is in the second operational state.

[0128] Additionally, or alternatively, the cryogenic mod-
ule 120 and the operations module 130 can be connected
to each other while the cryogenic module 120 is already
connected to the pre-cooling module 110. In addition, the
cryogenic module 120 and the operations module 130
can be separated from each other while the cryogenic
module 120 is still connected to the pre-cooling module
110.

[0129] As shown in the example of FIG. 3, in some
embodiments, the cryogenic module 120 and the pre-
cooling module 110 can be connected to each other while
the pre-cooling module 110 is in the first operational state,
such as the on-state or idle state, and optionally while the
cryogenic module 120 is in the second operational state
(off-state) and/or the operations module 130 is in the
second operational state (off-state). In addition, the cryo-
genic module 120 and the pre-cooling module 110 can be
separated from each other while the pre-cooling module
110 is in the first operational state (on-state or idle state),
and optionally while the cryogenic module 120 is in the
off-state and/or the operations module 130 is in the
second operational state (off-state).

[0130] Additionally, oralternatively, the cryogenic mod-
ule 120 and the pre-cooling module 110 can be con-
nected to each other while the cryogenic module 120
is already connected to the operations module 130. In
addition, the cryogenic module 120 and the pre-cooling
module 110 can be separated from each other while the
cryogenic module 120 is still connected to the operations
module 130.

[0131] In view of the above, there is a releasable
mechanical connection between the modules 110, 120
and 130. Forexample, the modules 110, 120 and 130 can
be connected to each other by positioning the modules
110, 120 and 130 side by side and/or above each otherin
a certain relative position and optionally closing/fasten-
ing attachment means such as clamps and/or screws.
Furthermore, the modules 110, 120 and 130 can be
separated from each other by opening/releasing the
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attachment means. Accordingly, "detachable" means
that the modules 110, 120 and 130 can be separated
without damaging the modules 110, 120 and 130.
[0132] The connection between the modules 110, 120
and 130 may be any direct or indirect connection suitable
for the connected modules to interact thermally and
optionally electronically and/or optically.

[0133] Insomeembodiments, the connectionmaybea
substantially vacuum-tight connection.

[0134] Optionally, one or more vacuum locks can be
provided to maintain avacuumin one or more areas of the
modular cryogenic infrastructure during adding and/or
removing modules. For example, the one or more va-
cuum locks can be configured to maintain a vacuum in
modules which are in the first operational state, such as
the on-state or idle state. Optionally, the one or more
vacuum locks can be configured to maintain a vacuum in
modules which are in the second operational state, i.e.,
the off-state.

[0135] Optionally, the vacuum itself may be used to
secure the connection between the modules. Optionally,
fastening means can be used to secure the connection
between the modules, such as a plug-connection using
male and female plugs, a screw connection, a Bayonet
lock, a latch connection, and the like.

[0136] Optionally, stabilizing means can be provided to
stabilize an assembling process of two modules. For
example, a pneumatic device and/or a guiding device
can be used so that surfaces are slowly brought together
when a vacuum is generated.

[0137] Optionally, first certain parts of the modules may
be brought together to thermally and optionally electri-
cally connect the modules, and then a vacuum may be
generated in at least one of the modules and/or the
fastening means may be fastened to securely connect
the modules and prevent vacuum leaks.

[0138] Optionally, electrical confirmation means, such
as one or more pins, can be provided at the modules. If
the electrical connection (and thus the thermal connec-
tion) between the modules is correctly established, a
current flowing through the one or more pins may indicate
the connection. For example, the one or more pins can be
provided at the electric interface.

[0139] In some embodiments, the connection may in-
clude aflexible tube, such as a bellows tube. The flexible
tube provides flexibility such that the relative position
between the modules can vary in a certain range. The
thermalinterface can be arranged inside the flexible tube.
Optionally, the electrical interface and/or optical interface
can be arranged inside the flexible tube. In this case, the
electrical interface and/or optical interface can be ther-
malized. Alternatively, the electrical interface and/or op-
ticalinterface can be arranged outside the flexible tube. In
this case, the electrical interface and/or optical interface
may not be thermalized. This is particularly useful if no
(pre-)cooling of the electrical interface and/or optical
interface is required.

[0140] Optionally, one or more thermal shields and/or
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spacer means to separate different components and/or
temperature regimes from each other can be arranged
inside the flexible tube. For example, a milli-Kelvin bus, a
4K shield, a 40K shield, and a vacuum vessel can be
arranged in this order from the inside out, with spaces in
between so that no contact occurs. A stabilizing connec-
tion, such as the spacer means, between these "layers"
can have a low thermal conductivity (e.g., due to a small
diameter) to minimize thermal interaction between differ-
ent temperature regimes.

[0141] Optionally, three or more flexible tubes can be
connected to each other e.g. at an intersection or cross-
ing device. For example, a first flexible tube may be
connected to the pre-cooling module and the intersection
or crossing device, and two or more second flexible tubes
can be connected to the intersection or crossing device
and corresponding two or more cryogenic modules. A
similar connection can be provided between one or more
cryogenic modules and one or more operations modules.
[0142] In other embodiments, the connection may in-
clude arigid tube. The thermal interface can be arranged
inside the rigid tube. Optionally, the electrical interface
and/or optical interface can be arranged inside the rigid
tube. In this case, the electrical interface and/or optical
interface can be thermalized. Alternatively, the electrical
interface and/or optical interface can be arranged outside
the rigid tube. In this case, the electrical interface and/or
optical interface may not be thermalized. This is particu-
larly useful if no (pre-)cooling of the electrical interface
and/or optical interface is required.

[0143] Optionally, one or more thermal shields and/or
spacer means to separate different components and/or
temperature regimes from each other can be arranged
inside the rigid tube. For example, a milli-Kelvin bus, a 4K
shield, a 40K shield, and a vacuum vessel can be ar-
ranged in this order from the inside out, with spaces in
between so that no contact occurs. A stabilizing connec-
tion, such as the spacer means, between these "layers"
can have a low thermal conductivity (e.g., due to a small
diameter) to minimize thermal interaction between differ-
ent temperature regimes. Due to the rigidity of the tube,
the spaces between the "layers" can be small, which
allows a compact design to be achieved.

[0144] Optionally, three or more rigid tubes can be
connected to each other e.g. at an intersection or cross-
ing device. For example, a first rigid tube may be con-
nected to the pre-cooling module and the intersection or
crossing device, and two or more second rigid tubes can
be connected to the intersection or crossing device and
corresponding two or more cryogenic modules. A similar
connection can be provided between one or more cryo-
genic modules and one or more operations modules.
[0145] FIG. 4 shows a schematic view of a modular
cryogenic infrastructure 200 according to embodiments
of the present disclosure. The cryogenic infrastructure
200 is similar to the cryogenic infrastructure shown in
FIGs. 1 to 3, and therefore a description of similar or
identical aspects is not repeated.
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[0146] The cryogenic infrastructure 200 is scalable.
The term "scalable" means that multiple cryogenic mod-
ules and/or multiple operations modules can be con-
nected to each other and/or to the single pre-cooling
module 110 in various ways. To this end, the modules
110, 120 and 130 may each have multiple interfaces for
connecting the modules 110, 120 and 130.

[0147] FIG. 5 shows a schematic view of a modular
cryogenic infrastructure 300 according to further embo-
diments of the present disclosure. The cryogenic infra-
structure 300 is similar to the cryogenic infrastructures
shown in FIGs. 1 to 4, and therefore a description of
similar or identical aspects is not repeated.

[0148] In some embodiments, the pre-cooling module
110 has a plurality of interface arrangements 112, with
one cryogenic module 120a, 120b connectable to each of
the interface arrangements 112.

[0149] AsshowninFIG. 5, multiple cryogenic modules
120a, 120b can be connected in parallel to the single pre-
cooling module 110. Preferably, the multiple cryogenic
modules 120a, 120b are connected to the pre-cooling
module 110 at the same time and are simultaneously
supplied with cooling power from the pre-cooling module
110.

[0150] In addition, multiple operations modules 130a,
130b can be provided, wherein each operations module
130a, 130b can be connected to a respective cryogenic
module 120a, 120b. In the example of FIG. 5, a first
operations module 130a is connected to a first cryogenic
module 120a, and a second operations module 130b is
connected to a second cryogenic module 120b.

[0151] Although two cryogenic modules and two op-
erations modules are shown in the example of FIG. 5, itis
to be understood that the present disclosure is not limited
thereto, and that a different number of cryogenic modules
and operations modules may be simultaneously con-
nected to the pre-cooling module and/or to each other.
In particular, the number of cryogenic modules and the
number of operations modules simultaneously con-
nected to the pre-cooling module and/or to each other
may be the same or different.

[0152] Insome embodiments, the number of cryogenic
modules can be two or more, five or more, 10 or more, 20
or more, 50 or more, or 100 or more.

[0153] Additionally, or alternatively, the number of op-
erations modules can be two or more, five or more, 10 or
more, 20 or more, 50 or more, or 100 or more.

[0154] FIG. 6 shows a schematic view of a modular
cryogenic infrastructure 400 according to further embo-
diments of the present disclosure. The cryogenic infra-
structure 400 is similar to the cryogenic infrastructures
shown in FIGs. 1 to 5, and therefore a description of
similar or identical aspects is not repeated.

[0155] In some embodiments, at least two adjacent
operations modules 130a, 130b are connected to each
other via respective interfaces 132, such as thermal
interfaces and/or electrical interfaces and/or optical inter-
faces.
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[0156] The connection between the at least two opera-
tions modules 130a, 130b may be configured for thermal
transfer between the at least two operations modules
130a, 130b. Additionally, or alternatively, the connection
between the at least two operations modules 130a, 130b
may be configured for data communication, such as
related to the operation and/or control of the at least
two operations modules 130a, 130b.

[0157] Inthe example of FIG. 6, the at least two opera-
tions modules include a first operations module 130a and
a second operations module 130b, wherein the first
operations module 130a is connected to the second
operations module 130b. The first operations module
130a is connected to the first cryogenic module 120a
and the second operations module 130b is connected to
the second cryogenic module 120b.

[0158] FIG. 7 shows a schematic view of a modular
cryogenic infrastructure 500 according to further embo-
diments of the present disclosure. The cryogenic infra-
structure 500 is similar to the cryogenic infrastructures
shown in FIGs. 1 to 6, and therefore a description of
similar or identical aspects is not repeated.

[0159] Inthe example of FIG. 7, the second operations
module 130b is connected to the first operations module
130a while being not connected to a cryogenic module. In
particular, the second operations module 130b may not
be connected to any cryogenic module. For example, the
pre-cooling module 110, the cryogenic module 120, the
first operations module 130a and the second operations
module 130b may be connected in series. In this case,
cooling power may be provided to the second operations
module 130b by the cryogenic module 120 via the first
operations module 130a and the respective interfaces
124 and 132.

[0160] In view of the above, the embodiments of the
present disclosure provide a modular cryogenic infra-
structure having a centralized pre-cooling mechanism
and independently operable modules. This allows the
cryogenic infrastructure to be both flexible and scalable
beyond the scientific laboratory, making it suitable for
large facilities such as data centers. In addition, the
modularity does not require complete shutdown of the
cryogenic infrastructure for maintenance, repair, and
addition of more cryogenic and/or operations modules.
[0161] While the foregoing is directed to embodiments
of the disclosure, other and further embodiments of the
disclosure may be devised without departing from the
basic scope thereof, and the scope thereof is determined
by the claims that follow.

Claims

1. Cryogenic module (120) for use in a modular cryo-
genic infrastructure (100, 200, 300, 400, 500), com-
prising:

at least one first interface (122) at an exterior of
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the cryogenic module (120), the at least one first
interface (122) configured to detachably con-
nect the cryogenic module (120) to a pre-cooling
module (110) of the cryogenic infrastructure
(100, 200, 300, 400, 500); and

at least one second interface (124) at the ex-
terior of the cryogenic module (120), the at least
one second interface (124) configured to de-
tachably connect the cryogenic module (120)
to an operations module (130) having operable
equipmentto be cooled by the cryogenic module
(120),

wherein:

- the cryogenic module (120) is connectable
to the pre-cooling module (110) and/or de-
tachable from the pre-cooling module (110)
while the pre-cooling module (110) is in a
first operational state, wherein the first op-
erational state of the pre-cooling module
(110) is an on-state or idle state of the
pre-cooling module (110), and/or

- the cryogenic module (120) is connectable
to the operations module (130) and/or de-
tachable from the operations module (130)
while the cryogenic module (120)is in a first
operational state, wherein the first opera-
tional state of the cryogenic module (120) is
an on-state or idle state of the cryogenic
module (120).

2. Cryogenic module (120) of claim 1, wherein:

- the at least one first interface (122) includes at
least one first thermal interface and/or at least
one first electrical interface and/or at least one
first optical interface; and/or

-the atleast one second interface (124)includes
at least one second thermal interface and/or at
least one second electrical interface and/or at
least one second optical interface.

3. Cryogenic module (120) of claim 1 or 2, wherein:

- the cryogenic module (120) is connectable to
the operations module (130) and/or detachable
from the operations module (130) while being
connected to the pre-cooling module (110); an-
d/or

- the cryogenic module (120) is connectable to
the operations module (130) and/or detachable
from the operations module (130) while the op-
erations module (130) s in a second operational
state, wherein the second operational state of
the cryogenic module (120) is an off-state.

4. Cryogenic module (120) of any one of claims 1 to 3,

wherein:
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- the cryogenic module (120) is connectable to
the pre-cooling module (110) and/or detachable
from the pre-cooling module (110) while being
connected to the operations module (130); an-
d/or

- the cryogenic module (120) is connectable to
the pre-cooling module (110) and/or detachable
from the pre-cooling module (110) while being in
the second operational state, wherein the sec-
ond operational state of the cryogenic module
(120) is the off-state.

Modular cryogenic infrastructure (100, 200, 300,
400, 500), comprising:

at least one cryogenic module (120) according
to any one of claims 1 to 4;

a pre-cooling module (110); and

at least one operations module (130).

Modular cryogenic infrastructure (300, 400) of claim
5, wherein multiple cryogenic modules (120a, 120b)
are connectable in parallel to the pre-cooling module
(110).

Modular cryogenic infrastructure (300, 400, 500) of
claim 5 or6, wherein atleast two operations modules
(130a, 130b) are connectable to each other via re-
spective interfaces.

Modular cryogenic infrastructure (400) of claim 7,
wherein:

- a first operations module (130a) of the at least
two operations modules (130a, 130b) is con-
nectable to a first cryogenic module (120a), a
second operations module (130b) of the at least
two operations modules (130a, 130b) is con-
nectable to a second cryogenic module
(120b), and wherein the first operations module
(130a) is connectable to the second operations
module (130b), or

- a first operations module (130a) of the at least
two operations modules (130a, 130b) is con-
nectable to a first cryogenic module (120a),
and wherein a second operations module
(130b) of the at least two operations modules
(130a, 130b) is connectable to the first opera-
tions module (130a) while being not connected
to a cryogenic module.

Modular cryogenic infrastructure (100, 200, 300,
400, 500) of any one of claims 5 to 8, wherein the
at least one operations module (130) is, or includes,
a quantum technology module, particularly a quan-
tum computing module, a quantum communications
module, a quantum sensing module, an optics mod-
ule, or a combination thereof.
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Modular cryogenic infrastructure (100, 200, 300,
400, 500) of any one of claims 5 to 9, wherein the
at least one cryogenic module (120) is, or includes,
an adiabatic demagnetization refrigeration module.

Modular cryogenic infrastructure (100, 200, 300,
400, 500) of any one of claims 5 to 10, wherein the
pre-cooling module (110) is, or includes, a centra-
lized pre-cooling module and/or a Turbo-Brayton
cooling module.

Pre-cooling module (110) for use in a modular cryo-
genic infrastructure (100, 200, 300, 400, 500), com-
prising:

an interface arrangement (112) at an exterior of the
pre-cooling module (110), the interface arrangement
(112) configured to detachably connect the pre-cool-
ing module (110) to one or more cryogenic modules
(120) and/or one or more operations modules (130)
of the cryogenic infrastructure (100, 200, 300, 400,
500), wherein the pre-cooling module (110) is con-
nectable to the one or more cryogenic modules (120)
and/or the one or more operations modules (130)
and/or detachable from the one or more cryogenic
modules (120) and/or the one or more operations
modules (130) while the pre-cooling module (110) is
in a first operational state, wherein the first opera-
tional state of the pre-cooling module (110) is an on-
state or idle state.

Operations module (130) for use in a modular cryo-
genic infrastructure (100, 200, 300, 400, 500), com-
prising:

an interface arrangement (132) at an exterior of the
operations module (130), the interface arrangement
(132) configured to detachably connect the opera-
tions module (130) to a pre-cooling module (110) of
the cryogenic infrastructure (100, 200, 300, 400,
500), wherein the operations module (130) is con-
nectable to the pre-cooling module (110) and/or
detachable from the pre-cooling module (110) while
the pre-cooling module (110) is in a first operational
state, wherein the first operational state of the pre-
cooling module (110) is an on-state or idle state.

Method of operating a modular cryogenic infrastruc-
ture (100, 200, 300, 400, 500) of any one of claims 5
to 11, comprising:

connecting the cryogenic module (120) to the
pre-cooling module (110) while the pre-cooling
module (110) is in a first operational state,
wherein the first operational state of the pre-
cooling module (110) is an on-state or idle state;
and/or

detaching the cryogenic module (120) from the
pre-cooling module (110) while the pre-cooling
module (110) is in the first operational state;
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and/or

connecting the cryogenic module (120) to the
operations module (130) while the cryogenic
module (120) is in a first operational state,
wherein the first operational state of the cryo-
genic module (120) is an on-state or idle state;
and/or

detaching the cryogenic module (120) from the
operations module (130) while the cryogenic
module (130) is in the first operational state.

15. Cryogenic infrastructure, comprising:

a pre-cooling module;

an operations module connectable to the pre-
cooling module; and

one or more cryogenic modules connectable to
the operations module,

wherein the operations module has operable
equipment to be cooled by the cryogenic mod-
ule, and wherein the operations module is con-
figured to provide a thermal path between the
pre-cooling module and the one or more cryo-
genic modules to provide pre-cooling to the one
or more cryogenic modules.
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