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(57) A cryogenic cooling system (100) including at
least one regenerator (118) comprises a heat exchanger
(128) disposed within the regenerator (118) capable of
extracting cooling power from the helium and a thermal
link (138) coupled to the heat exchanger (128) for ther-
mally coupling the heat exchanger (128) with a compo-
nent (136), typically a hot part of the apparatus. A meth-
od of extracting cooling power from helium in such a re-
generator (118) includes flowing the helium through a
first portion (130) of the regenerator, flowing the helium
through a heat exchanger (128) disposed between the
first portion and a second portion (132) of the regener-
ator to transfer heat from the heat exchanger (128) to
the helium, and transferring heat from a component
(136) via a thermal link (138) to the heat exchanger
(128).

A helium cooling system and a method of operating the same
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Description

[0001] Thisinvention relates to cryogenic cooling sys-
tems and, in particular, to helium cooling systems em-
bodying a regenerator.

[0002] It is often desirable to cool devices, e.g., sem-
iconductor electronics, superconducting electronics, su-
perconducting magnets, sub-Kelvin cooling stages, and
the like, to low temperatures, such as temperatures near
absolute zero. The cooling systems that provide cooling
to such devices are inherently thermally linked to a
room-temperature environment and/or intermediate
temperature environments via various structures, e.g.,
mechanical structures, electrical cabling and leads. The
cooling capacity of such systems is also impacted by
thermal radiation from the environment. These extrane-
ous thermal sources result in a parasitic thermal load on
the cooling system in addition to the thermal load creat-
ed by the device or devices to be cooled. Additional ther-
mal loads can cause power loss, cooling inefficiencies,
and other problems that could be detrimental to a proc-
ess or manufacturing operation.

[0003] Generally, such cooling systems are generally
two-stage pulse tube, Stirling, or Gifford-McMahon type
cooling systems having a first stage operating within a
range of about 40K to about 100K and a second stage
operating in the liquid helium temperature range, i.e.,
about 2K to about 6K. It is generally desirable to reduce
the parasitic heat load on the lowest temperature cool-
ing stage to increase the overall efficiency of the system.
Conventionally, this problem has been addressed by op-
erating the first stage of the cooling system at the lowest
achievable temperature, resulting in less heat being
transferred to the second, or lower temperature, stage.
Success by this method, however, is generally limited
by the cooling capacity of the first, or upper temperature,
stage. Furthermore, more inefficiency (e.g., power and
thermal inefficiencies) may result from this approach.
[0004] The problem has also been addressed by uti-
lizing a three-stage cooling system having a second
stage operating in the range of about 10K to about 20K.
Such a system, however, is more costly and complex
than a two-stage cooler and may have lower reliability.
[0005] The present invention is directed to overcom-
ing, or at least reducing, the effects of one or more of
the problems set forth above.

[0006] In one aspect of the present invention, it pro-
vides a cooling system comprising :

at least one regenerator capable of allowing helium
to flow therethrough;

a heat exchanger disposed within the regenerator
and being capable of extracting cooling power from
the helium; and

a thermal link coupled to the heat exchanger for
thermally coupling the heat exchanger with a com-
ponent.
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In another aspect of the present invention, it provides a
method of operating a mechanical cooler using helium
as a working fluid for cooling a device, the cooler having
first and second cooler stages each having a regenera-
tor, the pressure in the second stage oscillating between
about 1x105 Pa and 1x108 Pa in a temperature range
between about 2 K and 50 K, comprising the step of es-
tablishing heat exchange relationship between a zone
of the regenerator of the second stage having a temper-
ature within a first temperature range and a mechanical
link linking the cooler to the device and having a mean
temperature greater than the first temperature range.
[0007] The invention may be understood by reference
to the following description taken in conjunction with the
accompanying drawings, in which the leftmost signifi-
cantdigit(s) in the reference numerals denote(s) the first
figure in which the respective reference numerals ap-
pear, and in which:

Figure 1 is a stylized diagram of an illustrative em-
bodiment of the present invention;

Figure 2 is a stylized diagram of the cooling system
of Figure 1 having a heat intercept thermally linked
to the heat exchanger;

Figure 3Ais a front view of a first illustrative embod-
iment of a heat exchanger according to the present
invention;

Figure 3B is a side view of the heat exchanger of
Figure 3A;

Figure 3C is a front view of a second illustrative em-
bodiment of a heat exchanger according to the
present invention;

Figure 3D is a side view of the heat exchanger of
Figure 3C;

Figure 3E is a front view of a third illustrative em-
bodiment of a heat exchanger according to the
present invention;

Figure 3F is a side view of the heat exchanger of
Figure 3E; and

Figures 4A-4D are block diagrams representing
various illustrative embodiments of a method of ex-
tracting cooling power from helium in a regenerator
according to the present invention.

[0008] Figure 1 depicts an illustrative embodiment of
a cooling system 100 according to the presentinvention.
The cooling system 100 includes a compressor 102 in
fluid communication with various helium gas flow control
components, which are indicated generally as 104 in
Figure 1. The flow control components 104 may include
valves, orifices, reservoirs, and the like for controlling
the flow of gaseous helium through the cooling system
100. The cooling system 100 further includes a first re-
generator 106 in fluid communication with at least some
of the flow control components 104 and with a first pulse
tube 108 via a tube or line 110.

[0009] The first regenerator 106, and regenerators in
general, is a type of heat exchanger that absorbs heat
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from the helium during a first part of the pressure cycle
and returns heat to the helium during a second part of
the pressure cycle to enhance the cooling power of the
helium. The first pulse tube 106, and pulse tubes in gen-
eral, function to cool the helium via changes in helium
pressures therein. Generally, the first regenerator 106,
the first pulse tube 108, and the line 110 comprise an
upper stage 112 of the cooling system 100.

[0010] Generally, helium gas flows through the first re-
generator 106, the line 110, and into the first pulse tube
108. In some embodiments, the gas may also flow
through an orifice and into a reservoir, which are includ-
ed in the flow control components 104. As the helium is
compressed, heat in the helium gas is moved from a first
end 114 of the first pulse tube 108 toward a second end
116 of the first pulse tube 108, where it is removed. Typ-
ically, temperatures proximate the first end 114 of the
first pulse tube 108 may be greater than about 20K.
[0011] Still referring to Figure 1, the cooling system
100 further includes a second regenerator 118 in fluid
communication with the first stage 112 and with a sec-
ond pulse tube 120 via a line 122. The first regenerator
106 and the second regenerator 118 are shown in Fig-
ure 1 as being disposed in-line. However, those skilled
in the art having benefit of the present disclosure would
appreciate that the scope of the present invention is not
so limited but rather may have any chosen spatial rela-
tionship between the first regenerator 106 and the sec-
ond regenerator 118. In a similar fashion to that of the
first stage, helium gas flows through the second regen-
erator 118, the line 122, and into the second pulse tube
120. In some embodiments, the gas may also flow
through an orifice and into a reservoir, which are includ-
ed in the flow control components 104. As the helium is
compressed, heat in the helium gas is moved from a first
end 124 of the second pulse tube 120 toward a second
end 126 of the second pulse tube 120, where it is re-
moved. Typically, temperatures proximate the first end
124 of the second pulse tube 120 may be within a range
of about 2K to about 4K.

[0012] Intheillustrated embodiment, a heat exchang-
er 128 is disposed between a first portion 130 and a sec-
ond portion 132 of the regenerator 118. In one embod-
iment, the heat exchanger 128 is disposed with a phys-
ical area or zone of the regenerator 118 that operates
within a temperature of about 8K to about 20K. The en-
thalpy difference of the helium is generally greatest with-
in a temperature range of about 8K to about 20K. Gen-
erally, variations in the helium enthalpy may lead to ther-
mal irreversibilities as the regenerator 118 is operated
based upon temperature gradients. Thus, the regener-
ator 118 can become a source of cooling, via the heat
exchanger 128, and the heat exchanger 128 extracts
cooling power from helium flowing through the regener-
ator 118. In such an embodiment, the second regener-
ator 118, the line 122, the second pulse tube 120, and
the heat exchanger 128 comprise a lower stage 134 of
the cooling system 100.
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[0013] One or more various components 136, such as
mechanical structures, electrical cabling, leads, thermal
shields, and/or other components linking the second
stage 134 and the first stage 112 or linking the second
stage 134 and the surrounding environment may be
thermally linked to the heat exchanger 128 via a thermal
link 138. Referring now to Figure 2, the heat exchanger
128 may also be thermally coupled via a thermal link
202 to a thermal intercept 204 that is attached to, or in-
serted within, the second pulse tube 120. The thermal
intercept 204 is generally designed for transmitting heat
from the second pulse tube 120 to the thermal link 202.
In one embodiment, the thermal intercept 204 is at-
tached to the second pulse tube 120 within a physical
area or zone thereof that operates within a temperature
range of about 8K to about 20K. Generally, the thermal
intercept 204 comprises a high thermally conductive
material (e.g., copper, a copper alloy, aluminum, an alu-
minum alloy, or the like) wrapped around the second
pulse tube 120 and/or inserted within the second pulse
tube for more efficient thermal exchange. In one embod-
iment, the thermal intercept 204 has a configuration cor-
responding to that of the heat exchanger 128. In other
words, the thermal intercept 204 may be disposed be-
tween two portions of the second pulse tube 120.
[0014] The thermal link 138 may comprise any de-
sired thermally conductive structure for transmitting
heat from the component 136 to the heat exchanger
128. For example, the thermal link 138 may comprise a
metallic (e.g., copper, a copper alloy, aluminum, an alu-
minum alloy, or the like) portion extending between the
component 136 and the heat exchanger 128. In other
embodiments, the thermal link may comprise a metallic
(e.g., copper, a copper alloy, aluminum, an aluminum
alloy, or the like) braid covering at least a portion of a
cable or lead and extending to the heat exchanger 128.
The thermal link may, in one embodiment, comprise a
heat pipe extending between the component 136 and
the heat exchanger 128. Generally, a heat pipe compris-
es a sealed container made of a high thermal conduc-
tivity material having inner surfaces with a capillary wick-
ing material.

[0015] The heat exchanger 128 may comprise vari-
ous configurations, such as those shown in Figures 3A-
3F. For example, a first illustrative embodiment of the
heat exchanger 128, shown in Figures 3A (front view)
and 3B (side view), may comprise a plurality of plates
302 (only one is labeled for ease of illustration) defining
a plurality of openings 304 (only one is labeled for ease
of illustration) therethrough. In such an embodiment, the
openings 304 defined by each plate 302 are generally
aligned to allow fluid flowing through the second regen-
erator 118 to communicate therethrough, so that heat
may be transferred to the helium from the walls of the
openings 304.

[0016] Alternatively, a second illustrative embodiment
of the heat exchanger 128, is shown in Figures 3C (front
view) and 3D (side view). This second embodiment may
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comprise a block 306 defining a plurality of openings
308 (only one is labeled for ease of illustration) there-
through, such that fluid flowing through the second re-
generator 118 may communicate through the openings
308. The second embodiment may, in certain situations,
have greater thermal exchange capabilities and than the
first embodiment, since the second embodiment omits
interfaces between the plates 302. In each of the first
and second embodiments, the heat exchanger 128
comprises a high thermal conductivity material, such as
copper, a copper alloy, aluminum, or an aluminum alloy.
[0017] Figures 3E (front view) and 3F (side view) de-
pict a third illustrative embodiment of the heat exchang-
er 128, which comprises a grid 310 of thermally conduc-
tive material (e.g., copper, a copper alloy, aluminum, an
aluminum alloy, or the like). The grid 310 defines open-
ings 312 (only one indicated) that allow fluid flowing
through the second regenerator 118 to communicate
therethrough. The third embodiment may, in certain sit-
uations, have greater thermal exchange capabilities
over the first and second embodiments due to a greater
amount of surface area over which helium may flow.
[0018] The thermal intercept 204, in various embodi-
ments, may have configurations corresponding to the
embodiments of the heat exchanger 128 depicted in Fig-
ures 3A-3F. In other words, the thermal intercept 204
may be disposed within the pulse tube 120 and com-
prise a plurality of plates defining a plurality of openings
therethrough, a block defining a plurality of openings
therethrough, or a grid defining a plurality of openings
therethrough. In each case, openings allow helium to
flow therethrough and a thermal exchange occurs be-
tween the helium and the walls of the openings.
[0019] While the heat exchanger 128, the thermal
links 138, 202, and the thermal intercept 204 are shown
in Figures 1-3F as being used with a pulse tube type
cooling system, the present invention is not so limited.
Rather the heat exchanger 128, the thermal links 138,
202, and the thermal intercept 204 may be used with
any cooling system having a regenerator-type device,
such as Stirling cooling systems and Gifford-McMahon
cooling systems.

[0020] Figure 4A depicts a first illustrative embodi-
ment of a method of extracting cooling power from he-
lium in the regenerator 118 according to the present in-
vention. The method includes flowing helium through
the first portion 130 of the regenerator 118 (block 402)
and flowing the helium through the heat exchanger 128
disposed between the first portion 130 and the second
portion 132 of the regenerator 118 (block 404). The
method further includes transferring heat from the com-
ponent 136 via the thermal link 138 to the heat exchang-
er 128 (block 406).

[0021] Figure 4B depicts a second illustrative embod-
iment of a method of extracting cooling power from he-
lium in the regenerator 118 according to the present in-
vention. The method includes blocks 402, 404 as de-
scribed above concerning Figure 4A. The method fur-
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therincludes transferring heat from the thermal intercept
204 coupled with the pulse tube 120 to the heat ex-
changer 128 via the thermal link 202 (block 408). In this
way, heat may be extracted from the pulse tube 120 to
enhance its cooling capabilities.

[0022] Figure 4C depicts a third illustrative embodi-
ment of a method of extracting cooling power from he-
lium in the regenerator 118 according to the present in-
vention. The method includes blocks 402, 404 as de-
scribed above concerning Figure 4A. The method fur-
ther comprises transferring heat from the thermal inter-
cept 204 coupled with a zone of the pulse tube 120 ca-
pable of operating within a temperature range of about
8K to about 20K to the heat exchanger 128 via the ther-
mal link 202 (block 410). In this way, the cooling capa-
bility of the pulse tube 120 may be enhanced by taking
advantage of the greatest enthalpy difference of helium
within the pulse tube 120, which is within a temperature
range of about 8K to about 20K.

[0023] Figure 4D depicts a fourth illustrative embodi-
ment of a method of extracting cooling power from he-
lium in the regenerator 118 according to the present in-
vention. The method includes blocks 402, 406 as de-
scribed above concerning Figure 4A. The method fur-
ther includes flowing helium having a temperature within
a range of about 8K to about 20K through the heat ex-
changer 128, which is disposed between the first portion
130 and the second portion 132 of the regenerator 118.
In this way, the cooling capability of the helium within
the regenerator 118 may be enhanced by taking advan-
tage of the greatest enthalpy difference of helium there-
in, which is within a temperature range of about 8K to
about 20K.

[0024] While the embodiments concerning Figures
4A-4D have been described in relation to particular el-
ements shown in Figures 1-3, the present invention is
not so limited. Rather, the scope of the present invention
encompasses the use of the various method embodi-
ments disclosed herein with any chosen elements of a
cooling system.

[0025] Implementing the multi-stage cooling system
illustrated by embodiments of the present invention to
extract cooling power from helium provides forimproved
thermal efficiencies over the prior art systems by using
previously unutilized cooling power of helium flowing
through the regenerator 118 to cool one or more related
components, thus decreasing the parasitic thermal load
on the cooling system.

[0026] While the invention is susceptible to various
modifications and alternative forms, specific embodi-
ments thereof have been shown by way of example in
the drawings and are herein described in detail. It should
be understood, however, that the description herein of
specific embodiments is not intended to limit the inven-
tion to the particular forms disclosed, but on the contrary,
the intention is to cover all modifications, equivalents,
and alternatives falling within the spirit and scope of the
invention as defined by the appended claims.
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Claims

1.

10.

A cooling system, comprising:

atleast one regenerator capable of allowing he-
lium to flow therethrough;

a heat exchanger disposed within the regener-
ator and being capable of extracting cooling
power from the helium; and

athermal link coupled to the heat exchanger for
thermally coupling the heat exchanger with a
component.

A cooling system, according to claim 1, wherein the
regenerator, the heat exchanger, and the thermal
link are part of a lower stage of the cooling system,
which system further comprises an upper stage for
delivering cooled helium to the lower stage.

A cooling system, according to claim 1 or 2, wherein
the component comprises a component of the cool-
ing system.

A cooling system, according to any of claims 1-3,
wherein the heat exchanger comprises a material
selected from the group consisting of copper, a cop-
per alloy, aluminum, and an aluminum alloy.

A cooling system, according to any of claims 1-4,
wherein the heat exchanger comprises a structure
defining a plurality of openings therethrough for
communication of the helium so that cooling power
may be extracted from the helium.

A cooling system, according to any of claims 1-5,
wherein the thermal link comprises a heat pipe.

A cooling system, according to any of claims 1-6,
wherein the cooling system further comprises:

a pulse tube;

a heat intercept thermally coupled with the
pulse tube; and

a thermal link coupling the heat exchanger and
the heat intercept.

A cooling system, according to any of claims 1-7,
wherein the heat exchanger is disposed within a
zone of the regenerator capable of operating within
a temperature range of about 8K to about 20K.

A cooling system, according to any of claims 1-8,
wherein the cooling system comprises a pulse tube
cooling system.

A cooling system, according to any of claims 1-9,
wherein the cooling system comprises a Stirling
cooling system.

10

15

20

25

30

35

40

45

50

55

1.

12.

13.

A cooling system, according to any of claims 1-9,
wherein the cooling system comprises a Gifford-
McMahon cooling system.

A method of operating a mechanical cooler using
helium as a working fluid for cooling a device, the
cooler having first and second cooler stages each
having a regenerator, the pressure in the second
stage oscillating between about 1x10° Pa and
1x108 Pa in a temperature range between about 2
Kand 50 K, comprising the step of establishing heat
exchange relationship between a zone of the regen-
erator of the second stage having a temperature
within a first temperature range and a mechanical
link linking the cooler to the device and having a
mean temperature greater than the first tempera-
ture range.

The method of claim 12, wherein the zone of the
second stage regenerator is selected to be at a
working temperature between 8 and 20 K.
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