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Fig. 1

(57) Abstract: A cryostat for operation with liquid helium, comprises a primary chamber (2) with a main region (4) and a pot region
(6) for containing a bath (8) of liquid helium-4, primary inlet means (12) for introducing liquid helium-4 and primary outlet means
(14) for releasing gaseous helium-4, the primary inlet means comprising a transfer line (16) extending into the primary region. The
cryostat is configured for operation under a continuous supply of liquid helium-4 and at a reduced helium-4 pressure, whereby gaseous
helium-4 is pumped off through the outlet means. The primary chamber comprises a baffle structure (18) arranged between the pot
region and the main region, the baffle structure defining at least one flowpath (20a, 20b) for the flow of gaseous helium-4, each flowpath
forming a detoured connection between the pot region and the main region. A method for operating the cryostat comprises a cool-
down phase followed by a stationary phase. In the cool-down phase, liquid helium-4 is supplied from an external reservoir through the

[Continued on next page]
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primary inlet means into the pot region thereby evaporatingly cooling the latter until a bath of liquid helium-4 starts to accumulate on
a bottom surface of the pot region. In the stationary phase, a bath temperature of liquid helium-4 is maintained by regulating the inlet
flow of liquid helium-4 and/or regulating the rate of pumping off gaseous helium-4 through the primary outlet means, and optionally
by controlled heating.
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Cryostat for operation with liquid helium and method of operating the same

Field of the invention

The present invention generally relates to a cryostat system for operation with liquid he-

lium.

Background of the invention

A cryostat is a cooling device that enables a constant cold temperature environment.
Generally, there exist dry and wet cryostats. Dry systems operate through closed gas
compression or Peltier element methodology. Wet cryostats, by contrast, use liquid cryo-
gens, particularly helium, as cooling media. Bath and flow cryostats constitute two differ-
ent approaches to wet cryogenics. A flow cryostat functions by flowing liquid helium
through a cold finger. In this fashion, compact cryostats with constant temperatures
down to 3 K can be realized. Bath cryostats for helium typically involve an outer liquid
nitrogen jacket to heat-shield the inner helium reservoir. Through a pumpable 1K-pot
connected to the main helium-4 reservoir, temperatures down to around 1.5 K can be

reached. Adding an additional 1K-pot for helium-3 permits to reach 0.3 K.

However, these cryostat concepts have several drawbacks. Flow-cryostats are limited in
the accessible base temperature and, in addition, have poor helium consumption effi-
ciency. Bath cryostats, by contrast, have slow cooldown times and are voluminous due
to large reservoirs of the cryogen, such as liquid helium and nitrogen. Moreover, their

operation requires and internal cold needle valve.

A comprehensive overview of cryostat techniques may be found in Jack W. Ekin "Exper-
imental Techniques for Low Temperature Measurements - Cryostat Design, Materials,
and Critical-Current Testing" (2016) Oxford University Press ISBN 978-0-19-857054-7.
A recent example of a flow cryostat has been described in van der Linden et. al, "A com-
pact and versatile dynamic flow cryostat for photon science”, Rev. Sci. Instr. 87, 115103
(2016).

SU 529348 A1 discloses a cryostat for a helium-4 bath designed to operate at ambient
pressure. In order to reduce the evaporation rate of liquid helium, the cryostat has a
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neck formed as a corrugated tube with a plurality of external tailspins. The design ap-
pears to have been optimized for comparatively large size, as the drawing shows some
kind of massive object immersed in the helium-4 bath and standing on a knife-edge type
structure at the bottom of the bath container.

US 2015/0276129 A1 discloses a cryostat, particularly for use in magnetic resonance
imaging (MRI) systems, and a method for reducing heat input into such a cryostat. The
cryostat is designed to be transportable while maintaining cryogenic conditions in its
core. During operation, a liquid cryogen, notably liquid helium-4, provides cooling of su-
perconductive magnet coils of the MRI system. For this purpose, the liquid helium-4 is
cooled by an active refrigerator device having a cooling head which is immersed in the
liquid helium-4 bath. For transportation, the inoperative refrigerator device is removed
and cryogenic conditions are maintained by the liquid helium-4. In order to minimize
evaporative helium loss, a specifically configured insert is introduced into the opening
previously holding the active refrigerator device. In particular, the insert defines a gas
escape channel which is considerably longer than the length of the insert.

US 5365750 A discloses a remote refrigerative probe which is intended for cooling envi-
ronments such as aquarium tanks and certain other applications such as cooling of pho-
tographic processing baths. The probe is intended for immersion in the medium to be
cooled, and it is connected to a condenser unit by an umbilical tube. Cooling of the me-
dium surrounding the probe is achieved by thermal contact of the entire probe housing.
To improve the cooling effect, a refrigerating fluid enters the probe in a central duct and
is then directed back to the condenser unit along a spiraling path adjacent the inner sur-
face of the probe housing.

SU 1118843 A1 discloses a "pipe in pipe" heat exchanger to be used in steam genera-
tors and other high-voltage heat exchangers. It contains an inner lowering pipe and an
outer pipe, muffled on one side by a lid, the inner surface of which comprises a spiraling

surface.

US 4136526 A discloses a portable helium-3 cryostat disposed inside a portable helium-
4 cryostat, the latter being constituted in basically known manner by a Dewar jar for a
bath of liquid helium-4.
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Summary of the invention

In spite of a multitude of existing cryostat designs, there is still a need for an improved
cryostat system. In particular, it would be desirable to have a cryostat with a compact,
cost efficient design that nonetheless allows reaching temperatures in the range of 1.5 K
to 1.8 K. This would also open the possibility of implementing a further cooling stage
with helium-3 in an integrated compact design.

The above objects are achieved with the cryostat of the present invention.

The cryostat for operation with liquid helium comprises a primary chamber with a main
region and a pot region for containing a bath of liquid helium-4, and further comprises
primary inlet means for introducing liquid helium-4 and primary outlet means for releas-
ing gaseous helium-4, the primary inlet means comprising a transfer line extending into
the primary chamber. According to the invention

- the cryostat is configured for operation under a continuous supply of liquid helium-4,

- the cryostat is configured for operation at a reduced helium-4 pressure, whereby
gaseous helium-4 is pumped off through the outlet means,

- the primary chamber comprises a baffle structure arranged between the pot region
and the main region, the baffle structure defining at least one flowpath for the flow of
gaseous helium-4, and

- each flowpath forms a detoured connection between the pot region and the main re-
gion.

The present invention provides an entirely new type of wet cryogenics. In essence, it
consists of a pumpable heat exchanger in conjunction with a so-called "1K-pot" in direct
connection with an external helium Dewar. This construction maintains the same funda-
mental base temperature of bath cryostats while it can be miniaturized to the size of a
finger tip. The essential part, i.e. the pumpable heat exchanger is a baffle structure, typi-
cally a spiral-like structure which can be manufactured by three-dimensional printing
technology.

In comparison to bath cryostats, the invention provides a much-simplified concept that
permits miniaturization. This allows compactness comparable (or better) to flow cryo-
stats while keeping the fundamental base temperature of bath cryostat technology. The
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simplified design opens for faster and cheaper manufacturing. More importantly, the
compactness enables entirely new cryogenic applications. Most notably, it provides

practical solutions to in-situ vacuum manipulative cryogenics.

Unless explicitly defined otherwise, any positional indications such as "upper”, "lower",
"top", "bottom™, "above" and "below" shall be understood in relation to a cryostat dis-
posed in an operational position. It should be noted that depending on design, the cryo-

stat can be operated in a vertical, horizontal or in any other position.

The cryostat of the present invention is designed for operation with a minimized bath of
liquid helium-4, which can be maintained under reduced pressure, thereby reaching
temperatures that are correspondingly lower than the 4.2 K boiling point at atmospheric
pressure. For this purpose, the cryostat is configured for operation under a continuous
supply of liquid helium-4 leading to formation of a bath of liquid helium-4 confined by a
bottom surface of the primary chamber. A reduced helium-4 pressure is established by
pumping off gaseous helium-4, which is continuously evaporating from the bath, through
the outlet means by means of a pumping system connected to the cryostat's outlet
means. It is contemplated that the inventive principle could be applied to other cryogens
such as liquid hydrogen or liquid nitrogen.

In general, the cryostat will include some suitable flanges or other connection means to
allow insertion of the primary chamber into a high-vacuum environment. The term "con-
tinuous" in relation to the supply of liquid helium-4 shall be understood broadly, in partic-
ular to also include a supply over an extended period of time interrupted by short
pauses. In other words, a continuous supply shall include a controlled flow of the me-
dium which can be steady flow or patterned flow. A steady flow of the medium is gener-
ally preferred because an on-off operation could lead to the intrusion of gas in the trans-
fer line which may cause heat leaks. "Controlled" shall have the meaning of providing a
suitable rate in terms of the filling status of the liquid reservoir and in terms of the evapo-
ration rate. The cryostat will also be generally equipped with various components known
in the field, e.g. with temperature sensors, pressure gauges, resistive heaters, etc.
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According to the invention, the primary chamber contains a baffle structure positioned
between the pot region and the main region. This baffle structure acts both as heat ex-
changing element and as an element constraining the flowpath of gaseous helium-4.
Stated differently, the baffle acts as obstacle for a simple straight gas flow. Depending
on design choice, the baffle structure defines at least one flowpath for gaseous helium-
4. Importantly, any of these flowpaths shall form a detoured connection between the pot
region and the main region. In other words, the baffle structure shall impede straight line
connections starting from any point in the pot region, particularly from any point of the
helium-4 bath surface, to the main region located above the baffle structure. So "de-
toured" shall be understood as equivalent to "indirect" or "non-straight". In combination,
the baffle structure of the present invention will provide heat exchange through contact
of gaseous helium-4 with the surface of its heat exchanging elements. As well, it will
form a flow restriction that allows maintaining a substantial pressure differential between
the gaseous region just above the helium bath and the outlet means in the main region.
It also effectively blocks unwanted heat intrusion by thermal radiation from the main

main region.

The flow restriction is important in order to maintain the low pressure needed to maintain
the liquid helium-4 bath at temperatures well below 4.2 K while keeping the pumping

rate and concomitant helium consumption in an acceptable range.

Advantageous embodiments are defined in the dependent claims.

According to one embodiment (claim 2), the baffle structure has a heat exchanging re-
gion with a heat exchanging area (Ax). The heat exchanging region is typically config-
ured as a thin sheet with low thermal conductivity, preferably made of a low thermal con-
ductivity metal over which the helium gas is forced to flow. Typically, the sheet has a
thickness of 0.2 to 1 mm. In the present context, the term "low thermal conductivity"
shall be understood as a thermal conductivity at 4K in the range of 0.01 to 10 W/(m K),
particularly in the range of 0.1 to 1 W/(m K) and more particularly in the range of 0.2 to
0.4 W/(m K). The heat exchanging efficiency of the baffle structure depends on the total
area (An) of the heat exchanging region. Depending on the construction of the baffle
structure, the heat exchanging region may include certain wall sections that are in ther-
mal contact with sheet-like elements defining the flowpath of gaseous helium-4.
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According to a preferred embodiment (claim 3), the ratio of heat exchanging area A to
average liquid/gas surface area As of the pot region is at least 1, particularly at least 2,
more particularly at least 5 and even more particularly at least 10 for any operational
cryostat orientation. The term "any operational cryostat orientation” shall be understood
to include any orientation preventing liquid helium from contacting the baffle structure
and/or freely flowing out of the primary chamber.

In the present context, the pot region shall be understood as the part of the primary
chamber which is suitable to contain the bath of liquid helium, i.e. which can be in con-
tact with liquid helium in the case of maximum filling. When liquid helium is present in
the pot region, the respective liquid/gas surface has an area that generally depends on
the orientation of the cryostat, more specifically of the pot region thereof, and on the lig-
uid level, i.e. it may increase or decrease when the cryostat is tilted and/or when the
amount of liquid is changed. Nevertheless, for any given cryostat orientation in physical
space, an average liquid/gas surface area As can be defined unambiguously by averag-
ing over all possible liquid levels in the pot region, i.e. for the range between empty and
full pot region for a given shape and orientation of the pot region. The term "average"
shall be understood here as the arithmetic mean. The average liquid/gas surface area
As may be calculated analytically in the case of certain simple shapes of the pot region
whereas in all other cases it can be calculated numerically. Numerical calculations can
be carried out using data from computer aided design (CAD) plans of the structure of in-
terest.

According to another embodiment, the ratio of heat exchanging area Au to average
cross-sectional area Ac of the pot region perpendicular to a direction between pot region
and main region is at least 1, particularly at least 2, more particularly at least 5 and even
more particularly at least 10. For further explanation, in this embodiment the average
cross-sectional area Acresults from averaging over all cross sections of the pot region,
whereas such cross sections are those perpendicular to the direction between the pot
region and the main region. In cases of rather simple pot region shapes, e.g. a cylindri-
cal body or a body with a longitudinal axis between the bottom of the pot region and the
top of pot region, the cross sections of the pot region to be averaged can be those per-
pendicular to such axis. The term "average" shall be understood here as the arithmetic
mean. The average cross-sectional area Ac may be calculated analytically in the case of
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certain simple shapes of the pot region whereas in all other cases it can be calculated

numerically.

The baffle structure can be configured in many ways as long as it impedes any straight-
line connections starting from any point in the pot region to any point in the main region
of the primary chamber, so that any connection therebetween is necessarily a detoured
connection. According to a favorable embodiment (claim 4), the baffle structure com-
prises at least one spiraled surface leading from the pot region to the main region of the
primary chamber. It is also possible and convenient for the baffle structure to have at
least one further, angularly offset spiraled surface. In such cases the baffle structure de-
fines two or more detoured flowpaths starting from different locations in the pot region

and ending in different locations in the main region.

In principle, the transfer line for delivering liquid helium-4 into the pot region can be dis-
posed separately from the baffle structure, for example as a tubular channel arranged
along a lateral wall of the primary chamber. According to an advantageous embodiment
(claim 5), the baffle structure comprises a longitudinal passage for receiving therein the
transfer line. The term "receiving therein" shall imply that the transfer line could be in-
serted over the entire length of the longitudinal passage or that it is merely inserted into
the uppermost section of the longitudinal passage. In some embodiments, the longitudi-
nal passage is arranged substantially at the center of the baffle structure. According to
one advantageous embodiment (claim 6), the axial passage is formed as a tubular sec-
tion integrally connected to the baffle structure.

According to a preferred embodiment (claim 7), the baffle structure, and optionally any
connected structures is/are made by a 3D-printing technique. This technique, which is
also known as additive manufacturing, allows forming the baffle structure with any de-
sired shape, e.g. with a plurality of angularly displaced spiraled surfaces and an inte-
grally connected longitudinal passageway in a single piece. In one advantageous ver-
sion which is particularly suitable for achieving a very compact cryostat design, the baf-
fle structure is integrally formed with the primary chamber by means of a 3D-printing
technique. Considering that for surface sensitive applications, such as e.g. photoemis-
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sion electron spectroscopy, the primary chamber shall be mounted in an ultrahigh vac-
uum (UHV) environment, the issue of UHV compatibility of such a chamber formed by
3D-printing becomes important.

It has been a common perception that additive manufacturing of metal or plastic struc-
tures, which relies on some kind of sintering or compacting a material supplied in grainy
form, is not directly compatible with UHV conditions. Indeed, many 3D printed structures
are in fact not leak tight but this does not imply that UHV compatible 3D printed struc-
tures cannot be produced, see e.g. Vovrosh, J., Voulazeris, G., Petrov, P.G. et al. Addi-
tive manufacturing of magnetic shielding and ultra-high vacuum flange for cold atom
sensors. Sci Rep 8, 2023 (2018). https://doi.org/10.1038/s41598-018-20352-x. It has
been found that the degree of leak tightness depends on many different parameters
such as the print material itself, the grain size of the starting material and the printing an-
gle. It has also been found that initially leaking 3D printed structures can be made leak
tight through different methodologies. For metal prints of permalloy-80, heat treatment
has for example been shown to make 3D printed flanges compatible with conventional
flanges, and UHV conditions have been obtained in this fashion.

In many applications it is preferable to arrange a radiation shield around certain regions
of the cryostat in order to reduce radiative thermal load from surrounding warm struc-
tures. Therefore, according to one embodiment (claim 8), the cryostat further comprises
a radiation shield disposed substantially surrounding at least the pot section of the pri-
mary chamber. As well known from cryogenic technology, such a radiation shield may
be cooled by thermal contact to an auxiliary cryogenic reservoir, particularly a liquid ni-
trogen reservoir. However, according to a particularly advantageous embodiment (claim
9), the radiation shield is coolable by thermal contact to an outer wall portion of the pri-
mary chamber. Such thermal contact is advantageously made over a substantial part of
the main region so as to ensure a sufficiently large contact area. In this embodiment, the
radiation shield is cooled by transferring heat to the helium-4 gas which is being pumped
off through the baffle structure. It has been found that this type of radiation shield em-
bodiment in conjunction with a primary chamber integrally formed with the baffle struc-
ture allows reaching low temperatures of the helium-4 bath without the need of an addi-
tional (liquid nitrogen) reservoir, thus contributing to a compact design. For this purpose,
the radiation shield is made of a material with good thermal conductivity such as copper.
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Although the cryostats according to the present invention can be realized with diverse
types of primary chamber geometry, it is particularly advantageous (claim 10) if the pri-
mary chamber is substantially cylindrical. When operated with its cylindrical axis sub-
stantially vertical, both the average liquid/gas surface (As) and the average cross-sec-
tional area (Ac) of the pot region correspond to the inner cylindrical surface below the
baffle structure.

Sensible outer diameters of the primary chamber span from 0.001 to 1 m. Typically, the
primary chamber has an inner diameter in the range of 2 to 200 mm, particularly 5 to
100 mm, more particularly 10 to 80 mm and most particularly about 20 to 30 mm. The
chamber wall has a thickness of typically 0.2 to 1 mm. Typical cylinder lengths, including
the heat exchanging detouring structure and the pot region, lie between 0.03 to 3 m.
The total volume enclosed by the outer cryostat walls therefore ranges between 2.4x108
and 2.4 m3.

In accordance with the generally intended modes of operation as a helium-4 cryostat, an
external surface of the pot region is provided with primary attachment means for exter-
nal attachment of a sample (claim 11). The term "external" shall be understood hear as
referring to the side of the pot region which is not in contact with the helium-4 contained
therein. In many instances, the primary attachment means will be arranged at the bot-
tom surface of the pot region, i.e. underneath the pot region under operating conditions.
However, the primary attachment means could also be arranged in some other region in
close proximity to the liquid helium-4 bath, e.g. laterally therefrom. Such attachment
means are generally known in cryogenics. They may be configured, for example and
without limitation, as brackets, clamps, frames, perforated platelets or flanges. In many
applications the attachment means are made from metallic and/or ceramic components.
In contrast to certain applications where an object to be cooled is immersed in the cryo-
genic liquid contained in the cryostat, the provision of external attachment means allows
placement of the sample in a region outside of the primary chamber, thereby substan-
tially improving accessibility for manipulation and examination, including spectroscopic
examination. It should be emphasized that the term "sample" shall apply to any object of
interest which is requiring cryogenic conditions for some scientific, medical or materials

technology reason.
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According to an advantageous embodiment (claim 12), the outlet means comprise cou-
pling means for connecting to a helium pumping device. In a preferred embodiment the
coupling means for connecting to a helium pumping device shall be gas-tight. The term
"gas-tight" shall be understood as excluding a passage of any gases - including helium -

from the inner region of the outlet means to the surrounding region and vice versa.

According to a particularly advantageous embodiment (claim 13), the cryostat further
comprises a secondary chamber for operation with helium-3, secondary inlet means for
helium-3 and secondary outlet means for helium-3. In particular (claim 14), such a cryo-
stat can be configured for operation at a reduced helium-3 pressure in the secondary
chamber, whereby gaseous helium-3 is pumped off through the secondary outlet
means. As will be understood, such a design is generally intended to reach particularly
low temperatures in the range of 0.3 to 0.4 K.

Advantageously (claim 15), the secondary inlet means comprise a cannular transfer line
which is configured for precooling supplied helium-3 by means of

iy acurved section formed to substantially follow a flowpath of the baffle structure,
and/or

i) ameandering or spiraling section formed in the cannular transfer line in a region

thereof within the liquid helium-4 bath.

The secondary outlet means can be configured as a substantially straight tube. Alterna-
tively, they can be configured as a curved section formed to substantially follow a flow-
path of the baffle structure.

In accordance with the generally intended modes of operation as a helium-3 cryostat, an
external surface of the secondary chamber is provided with secondary attachment
means for external attachment of a sample (claim 16). The types, configurations, posi-
tions and uses of such secondary attachment means are generally the same as for the
above described primary attachment means, with the only difference that "external" is in
reference to the secondary chamber.

According to a further aspect of the invention, a method for operating a cryostat as de-
fined above comprises a cool-down phase followed by a stationary phase, wherein
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- in the cool-down phase, liquid helium-4 is supplied from an external reservoir
through the primary inlet means into the pot region thereby evaporatingly cooling
the latter until a bath of liquid helium-4 starts to accumulate on a bottom surface of
the pot region;

- in the stationary phase, a bath temperature of liquid helium-4 is maintained by regu-
lating the inlet flow of liquid helium-4 and/or regulating the rate of pumping off gase-
ous helium-4 through the primary outlet means, and optionally by controlled heating.

According to an embodiment of the method (claim 18), the bath temperature of liquid he-
lium-4 is maintained in the range of 1.8 Kto 2.0 K.

An embodiment (claim 19) for operating a cryostat equipped with a secondary chamber
for helium-3 comprises the following procedure to be carried out in the stationary phase
of the primary system, i.e. after having regulated the bath temperature of liquid helium-4
to a suitable, preferably as low as possible temperature: helium-3 is supplied from an
external reservoir through the secondary inlet means into the secondary chamber
thereby evaporatingly cooling the latter until a secondary bath of liquid helium-3 is
formed, followed by maintaining a secondary bath temperature by regulating the inlet
flow of helium-3 and/or regulating the rate of pumping off gaseous helium-3 through the

secondary outlet means.

According to yet another aspect of the invention, a cryostat as defined above is used for
cooling a sample, a detector element, a medical scanning device, a superconducting de-
vice, an electronic device or a combustion engine component. The term "sample" shall
be understood as any portion of material intended for investigation, characterization or
treatment, including, without limitation, samples for spectroscopy, for microscopy, for
medical or veterinary diagnosis and for materials science. The term "detector element”
may apply to devices suitable for detection techniques not limited to particular wave-
length regions but notably including infrared, visible and ultraviolet regions, but also
SQUID magnetometers. The term "electronic device" generally refers to electronic cir-

cuitry including classical and quantum computation devices.

According to a further aspect of the invention, a cryostat as defined above is used for
spectroscopy, particularly for
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- Raman spectroscopy

- photoemission spectroscopy

- infrared spectroscopy

- x-ray absorption spectroscopy

- resonant inelastic x-ray scattering

- inelastic neutron or x-ray scattering

- scanning tunneling spectroscopy

diffraction measurements, particularly for

- x-ray diffraction on powders, single crystals and proteins

- neutron diffraction on powders and single crystals

- transmission electron microscopy on single crystals and proteins

electronic property measurements, particularly for

- electrical transport property measurements such as Hall effect and resistivity

- thermoelectrical transport measurements such as Seebeck and Nernst effect, and
thermal Hall effect

- polar Kerr effect measurements

- magnetization measurements with torque and SQUID.

According to a still further aspect of the invention, there is provided a device configured
for being cooled by a cryostat. Such device may include, in particular, a device for carry-
ing out spectroscopy, diffraction measurements or electronic property measurements.

According to another aspect of the invention, there is provided a sample holder config-
ured to be attached to the cryostat. The term "configured to" shall include that the sam-
ple holder is compatible to the used cryostat dimensions and the attachment means.
Such sample holder can provide a mechanical support for a sample and can provide
means to keep the sample in position. The sample holder can be made from metallic
and/or ceramic components and might be embodied in various designs, wherein a cylin-
der, arm, rod or pylon can be a typical form. The sample holder may comprise electri-
cal/optical wiring or other means for electrical or optical conduct. The means for electri-
cal or optical conduct may allow transmittance of information, charge, current, heat,
electrical fields to the sample or to an area near the sample. The sample holder may
comprise heating means to adjust the temperature near the sample. The sample holder

may further comprise various sensors near the sample to measure various parameters
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including but not limited to temperature, light resp. optical parameters, pressure which
can be adjusted to the needs of a specific application. The sample holder may be em-
bodied in one, two or more parts. For example, in a two-part embodiment there may be
a tip part which actually holds the sample and which is releasably connected to a base
part which in turn is attachable to correspondingly configured attachment means of the
cryostat. The tip part and the base part of the sample holder may be connected by
means of a simple plug-in mechanism to allow a fast exchange of the first part.

According to one embodiment (claim 24), the sample holder is adapted for the use in

spectroscopy, particularly for

- Raman spectroscopy

- photoemission spectroscopy

- infrared spectroscopy

- x-ray absorption spectroscopy

- resonant inelastic x-ray scattering

- inelastic neutron or x-ray scattering

- scanning tunneling spectroscopy

diffraction measurements, particularly for

- x-ray diffraction on powders, single crystals and proteins

- neutron diffraction on powders and single crystals

- transmission electron microscopy on single crystals and proteins

electronic property measurements, particularly for

- electrical transport property measurements such as Hall effect and resistivity

- thermoelectrical transport measurements such as Seebeck and Nernst effect, and
thermal Hall effect

- polar Kerr effect measurements

- magnetization measurements with torque and SQUID.

According to a further embodiment (claim 25), the sample holder is adapted for the use
for cooling a sample, a detector device, a medical scanning device, a superconducting

device, an electronic device or a combustion engine component.

The general challenge in building a cryostat is to shield the cold-finger cooled by liquid

helium from the room temperature environment. In essence, the task is to protect the
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cold parts (the cold finger) from ambient temperature. A standard approach is to build
the cryostat skeleton out of poor thermally conducting materials. In this fashion, thermal
conduction from the external environment is minimized. Between this skeleton and cold
finger, a heat exchanger is installed to counter-act against the heat load originating from
the ambient environment. This heat exchanger is cooled by gaseous helium evaporating
from the liquid helium bath, and for it to be efficient, an excellent thermal conducting ma-
terial is used and the surface area between liquid and heat exchanger is optimized.

The present invention uses an entirely different approach. Like in a conventional cryo-
stat, the skeleton is made out of a poorly conducting materials (Stainless steal, CoCr or
polymer plastics). To minimize the heat load from the ambient environment, it is favora-
ble to reduce the cross-section area of the skeleton structure. A crucial difference under-
lying the present invention is that the surface area of the skeleton is optimized. In this
fashion, the skeleton, although poorly conducting, serves as a heat exchanger between
cold exhaust gas and heat load from the ambient environment. Accordingly, the full cool-
ing power of the liquid helium can be used directly to cool the coldest part of the cryostat
where the sample is connected. In this manner, the full cooling power from the liquid can
be used to cool down the sample and only the returning gas is used to cool down the
cryostat skeleton. This makes the cryostat more efficient to counter-act against the heat-
load from all the room-temperature environments. Only the part where the sample is
connected is made out of excellent thermal conducting material (such as oxygen free
copper, sapphire). To make the cryostat more efficient and get rid of the liquid nitrogen
shielding we are able to connect the cooling shield directly to the skeleton over a rela-
tively large area to have also an efficient heat exchange. The shielding is therefore con-
nected to a heat exchanging structure which has a large area to provide enough cooling
power to cool down the shielding to temperatures lower than 77K (i.e. liquid nitrogen
temperature). All the above new concepts make it possible that the cryostat can be mini-
mized to small diameters and also short lengths.

The present invention provides a new compact type of cryostat with a multitude of ad-
vantages over existing concepts and with abundant possibilities for novel cryotechnol-
ogy applications. The novel and simplified design, translates directly into less overall

construction material, shorter production time and hence greatly reduced manufacturing
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costs. In terms of functionality, the cryostat design has a cool down time which is sub-
stantially shorter than that of all existing designs. It thus opens new possibilities for activ-
ities with frequent sample changes. This is, for example, the case for neutron powder
diffraction and studies of protein structures with either synchrotron radiation or transmis-
sion electron microscopy. In fact, using a cryostat according to the present invention, it
makes sense to have a sample changing robot connected. The invention also paves the
way for miniature helium-3 and dilution (helium-3 and helium-4 mixture) cryostats. With
the emergence of quantum computing technology compact refrigeration is certainly go-
ing to be highly attractive. Compact cryotechnology also facilitates innovation in cold
vacuum manipulation. Conventional cryostat principles are generally in conflict with in-
situ vacuum motorization. The present invention opens for new solutions to this long-
standing problem. The flexible cryostat geometry also provides novel heat shielding ap-
plications. Photon and electron analysers/detectors can benefit greatly from this technol-
ogy. Finally, in combination with magnet-field instrumentation physical property meas-
urement systems are straight forward applications.

The cryostat according to the present invention stands out for its compatibility with vari-
ous scientific setups and environments, including, but not limited to four circle Euler cra-

dles, xyz and Rz manipulators, robotics sample changers and warm bore magnets.

Brief description of the drawings

The above mentioned and other features and objects of this invention and the manner of
achieving them will become more apparent and this invention itself will be better under-
stood by reference to the following description of various embodiments of this invention

taken in conjunction with the accompanying drawings, wherein are shown:

Fig. 1: a first embodiment of a cryostat, in a schematic vertical sectional view;

Fig. 2: a second embodiment of a cryostat, in a schematic vertical sectional
view;

Fig. 3 a second embodiment of a cryostat, in a schematic vertical sectional

view;
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Fig. 4 a fourth embodiment of a cryostat, in a schematic vertical sectional view;

Fig. 5 a fifth embodiment of a cryostat, in a schematic perspective partially cut
away view,

Fig. 6 a lower part of the cryostat of Fig. 5, in an enlarged representation; and

Fig. 7 a sixth embodiment of a cryostat, in a schematic perspective view.

Detailed description of the invention

The cryostat shown in Fig. 1 comprises a primary chamber 2 with a main region 4 and a
pot region 6 containing a bath 8 of liquid helium-4. The latter is confined by a bottom
surface 10 of the primary chamber, which in the present example is configured as a cy-
lindrical tube forming a pot at its bottom with inner diameter d; and a constant cylinder
cross-sectional area of

T2
Acyr = 7 di

If the cryostat is operated vertically as shown in Fig. 1, both the average liquid/gas sur-
face area As and the average cross-sectional area Ac are equal to the cylinder cross
sectional area Ay

The cryostat also comprises inlet means 12 for introducing liquid helium-4 (denoted as
“He(l)) and outlet means 14 for releasing gaseous helium-4 (denoted as *He(g)). Typi-
cally, the liquid helium-4 is supplied from an external storage container not shown in the
figure which is coupled to the inlet means 12. The latter comprise a transfer line 16 ex-
tending into the main region 4. In the example shown the transfer line 16 is configured
as a thin walled metal tube reaching down to the pot region 6 and ending just above the
liquid helium-4 bath 8. Also shown in Fig. 1 are primary attachment means 17 disposed
at the bottom of the pot region 6 for holding a sample not shown here.
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In order to allow cryostat operation below 4.2 K under a continuous supply of liquid he-
lium-4 at a reduced helium-4 pressure, gaseous helium-4 continuously evaporating from
the bath is pumped off through the outlet means 14 by a suitable pumping system.

The primary chamber further comprises a baffle structure 18 with a heat exchanging
area Au. In the example of Fig. 1, the baffle structure defines two distinct flowpaths 20a
and 20b, respectively, which direct the flow of gaseous helium-4. Each flowpath com-
prises a spiraled surface leading from the pot region 6 to the main region 4 in a detoured
connection. As clearly shown in Fig. 1, there is no direct connection form the surface of
the helium-4 bath 8 to the main region 4. One should note that a thin space between the
cannular transfer line 16 and the baffle structure 18 is shown with an enhanced distance
merely for illustration purposes. In practice, such a space will be either non-existent or
so small that no substantial gas flow will occur therethrough. Advantageously, the ratio
of heat exchanging area An to average cross-sectional area Ac is larger than one. In the
example shown in Fig. 1, the baffle structure 18 comprising spiraled surfaces with sev-
eral turns has a correspondingly large heat exchanging area A, and the above-men-
tioned area ratio is substantially larger than one.

In an exemplary embodiment, the cryostat main region had an inner diameter of 3 cm,
and lengths of 30 and 85 cm have been used. The inner volumes were thus in the order
of 5x10* cubic meters. Given that the surface area of the detouring/spiralling shall be
larger than the average cross-sectional area of the pot region, the length of the heat ex-
changing section typically exceeds the length of the pot section. In the exemplary cryo-
stat, the pot region had a height of 4cm and an inner diameter of 15 mm.

In the embodiment of Fig. 1, the baffle structure 18 is configured as a separate piece
which is longitudinally inserted into the primary chamber 2 before assembly. In contrast,
Fig. 2 shows an embodiment in which the baffle structure 18 is integrally formed with the
primary chamber 2 by 3-D printing. In other words, every element 22 forming a spiraled
surface is in integral connection with a corresponding inner wall region 24 of the primary
chamber 2.

In the embodiment shown in Fig. 3, the cryostat comprises a radiation shield 26 dis-
posed substantially surrounding the pot region 6 of the primary chamber 2. The radiation
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shield 26 is cooled by thermal contact to an outer wall portion 28 of the primary chamber
surrounding the baffle structure 18.

Also shown in all of the figures is a flange 30 for vacuum tight connection to a vacuum

chamber.

The bottom surface 10 of the primary chamber is typically used for attachment of a sam-
ple or other body that shall be cooled.

Fig. 4 shows a further embodiment wherein the cryostat further comprises a secondary
chamber 32 for operation with helium-3, secondary inlet means 34 for helium-3 and sec-
ondary outlet means 36 for helium-3. In the example shown, the cryostat is configured
for operation at a reduced helium-3 pressure in the secondary chamber 32, whereby
gaseous helium-3 is pumped off through the secondary outlet means 36. Specifically,
the secondary inlet means 34 comprise a cannular transfer line 38 which is configured
for precooling supplied gaseous helium-3 (denoted as *He(g)) by means of a curved
section 40 formed to substantially follow a flowpath of the baffle structure, and by means
of a meandering or spiraling section 42 formed in the cannular transfer line in a region
thereof within the liquid helium-4 bath. Also shown in Fig. 4 are secondary attachment
means 44 disposed at the bottom of the secondary chamber 32 for holding a sample not

shown here.

Constructive examples of cryostats according to the invention are shown in Figs. 5to 7.
The same reference numerals will be used to indicate features that are identical or func-
tionally equivalent to those discussed in relation to Figs. 1 to 4.

A cryostat system for use with helium-4 is shown in Figs. 5 and 6. As shown in the en-
larged view of Fig. 6, the bottom surface 10 underneath the pot region 6 is provided with
a sample holder 46 holding a sample 48. The sample holder 46 is attached to the bot-
tom surface 10 through primary attachment means 17 indicated schematically by an ar-
row. In the example shown, the sample holder 46 comprises a tip part 50 and a base
part 52 which is pluggable into a correspondingly configured portion of the primary at-

tachment means 17.
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A cryostat system for use with helium 4 and helium-3 is shown in Fig. 7. The various
components shown in the figure 7 have already been described in relation to Figs. 1 to
4. Fig. 7a) shows the entire device, whereas Fig. 7b) shows its lower part in an enlarged
view. In order to appreciate the degree of miniaturization achieved, Fig. 7c) shows a part

5 of the primary chamber 2 in an enlarged view together with a 2 EUR coin, indicating that
the primary chamber 2 and the complex structure contained therein do not exceed an
outer diameter of about 25 mm.
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List of reference numerals

D A~ N

12
14
16
17
18
20a,b
22
24
26
28
30
32
34
36
38
40
42
44
46
48
50
52

primary chamber

main region

pot region

liquid helium-4 bath

bottom surface of 2

primary inlet means

primary outlet means

transfer line

primary attachment means
baffle structure

flowpath for gaseous helium-4
path element of 18

inner wall region of 2
radiation shield

outer wall portion of 2

flange

secondary chamber
secondary inlet means
secondary outlet means
transfer line

curved section

meandering or sprialling section
secondary attachment means
sample holder

sample

tip part of 46

base part of 46

PCT/EP2020/053216
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Claims

1. Acryostat for operation with liquid helium, comprising
- aprimary chamber (2) with a main region (4) and a pot region (6) for contain-
5 ing a bath (8) of liquid helium-4, and
- primary inlet means (12) for introducing liquid helium-4 and primary outlet
means (14) for releasing gaseous helium-4, the primary inlet means compris-
ing a transfer line (16) extending into the primary chamber,
characterized in that
10 - the cryostat is configured for operation under a continuous supply of liquid he-
lium-4,
- the cryostat is configured for operation at a reduced helium-4 pressure,
whereby gaseous helium-4 is pumped off through the outlet means,
- the primary chamber comprises a baffle structure (18) arranged between the
15 pot region and the main region, the baffle structure defining at least one flow-
path (20a, 20b) for the flow of gaseous helium-4, and
- each flowpath forms a detoured connection between the pot region and the

main region.

20 2. The cryostat according to claim 1, wherein the baffle structure (18) has a heat ex-
changing region with a heat exchanging area (An).

3.  The cryostat according to claim 2, wherein the ratio of heat exchanging area (Aw)
to average liquid/gas surface area (As) in the pot region is at least 1, particularly at
25 least 2, more particularly at least 5 and even more particularly at least 10.

4.  The cryostat according to one of claims 1 to 3, wherein the baffle structure com-
prises at least one spiraled surface leading from the pot region to the main region
of the primary chamber.

30

5. The cryostat according to one of claims 1 to 4, wherein the baffle structure (18)

comprises an axial passage for receiving therein the transfer line (16).
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The cryostat according to claim 5, wherein the axial passage is formed as a tubu-
lar section integrally connected to the baffle structure (18).

The cryostat according to one of claims 1 to 6, wherein the baffle structure and op-
tionally the primary chamber, is/are made by a 3D-printing technique.

The cryostat according to one of claims 1 to 7, further comprising a radiation shield
disposed substantially surrounding at least the pot region of the primary chamber.

The cryostat according to claim 8, wherein the radiation shield is coolable by ther-
mal contact to an outer wall portion of the primary chamber.

The cryostat according to one of claims 1 to 9, wherein the primary chamber is
substantially cylindrical.

The cryostat according to one of claims 1 to 10, wherein an external surface (10)
of the pot region is provided with primary attachment means (17) for external at-
tachment of a sample.

The cryostat according to one of claims 1 to 11, wherein the outlet means com-

prise coupling means for connecting to a helium pumping device.

The cryostat according to one of claims 1 to 12, further comprising a secondary
chamber (32) for operation with helium-3, secondary inlet means (34) for helium-3
and secondary outlet (36) means for helium-3.

The cryostat according to claim 13, configured for operation at a reduced helium-3
pressure in the secondary chamber (32), whereby gaseous helium-3 is pumped off
through the secondary outlet means (36).

The cryostat according to claim 12 or 14, wherein the secondary inlet means (36)
comprise a cannular transfer line (38) which is configured for precooling supplied
helium-3 by means of



WO 2020/161343 PCT/EP2020/053216

10

15

20

25

30

16.

17.

18.

19.

.03

i) acurved section (40) formed to substantially follow a flowpath of the baffle
structure (18),

and/or

i) ameandering or spiraling section (42) formed in the cannular transfer line in a

region thereof within the liquid helium-4 bath.

The cryostat according to one of claims 13 to 15, wherein an external surface of
the secondary chamber (32) is provided with secondary attachment means (44) for
external attachment of a sample.

A method for operating a cryostat according to one of the preceding claims, com-

prising a cool-down phase followed by a stationary phase, wherein

- in the cool-down phase, liquid helium-4 is supplied from an external reservoir
through the primary inlet means into the pot region thereby evaporatingly cool-
ing the latter until a bath of liquid helium-4 starts to accumulate on a bottom
surface of the pot region;

- in the stationary phase, a bath temperature of liquid helium-4 is maintained by
regulating the inlet flow of liquid helium-4 and/or regulating the rate of pump-
ing off gaseous helium-4 through the primary outlet means, and optionally by
controlled heating.

The method according to claim 17, wherein the bath temperature of liquid helium-4
is maintained in the range of 1.4 Kto 1.5 K.

The method according to claim 18 for operating a cryostat according to one of
claims 13 to 16, wherein, in the stationary phase, helium-3 is supplied from an ex-
ternal reservoir through the secondary inlet means into the secondary chamber re-
gion thereby evaporatingly cooling the latter until a secondary bath of liquid he-
lium-3 is formed, followed by maintaining a secondary bath temperature by regu-
lating the inlet flow of helium-3 and/or regulating the rate of pumping off gaseous
helium-3 through the secondary outlet means.
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Use of a cryostat according to one of claims 1 to 16 for cooling a sample, a detec-
tor device, a medical scanning device, a superconducting device, an electronic de-

vice or a combustion engine component.

Use of a cryostat according to one of claims 1 to 16 for
- spectroscopy, particularly for
- Raman spectroscopy
- photoemission spectroscopy
- infrared spectroscopy
- X-ray absorption spectroscopy
- resonant inelastic x-ray scattering
- inelastic neutron or x-ray scattering
- scanning tunneling spectroscopy
- diffraction measurements, particularly for
- Xx-ray diffraction
- neutron diffraction
- transmission electron microscopy
- electronic property measurements, particularly for
- electrical transport property measurements
- thermoelectrical transport measurements
- polar Kerr effect measurements

- magnetization measurements.

A device configured for being cooled by a cryostat according to one of claims 1 to
16.

A sample holder (46) configured to be attached to a cryostat according to one of
claims 1 to 16.

The sample holder according to claim 23, adapted for the use in
- spectroscopy, particularly for

- Raman spectroscopy

- photoemission spectroscopy

- infrared spectroscopy
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- X-ray absorption spectroscopy
- resonant inelastic x-ray scattering
- inelastic neutron or x-ray scattering
- scanning tunneling spectroscopy
5 - diffraction measurements, particularly for
- Xx-ray diffraction
- neutron diffraction
- transmission electron microscopy
- electronic property measurements, particularly for
10 - electrical transport property measurements

thermoelectrical transport measurements

polar Kerr effect measurements

magnetization measurements.

15 25. The sample holder according to claim 23, adapted for the use for cooling a sam-
ple, a detector device, a medical scanning device, a superconducting device, an

electronic device or a combustion engine component.
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