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CRYOCOOLER MOTOR WITH SPLIT
RETURN IRON

FIELD OF THE INVENTION

The present invention relates generally to cryocoolers
and, more particularly, to innovative cryocooler motors
having both moving and stationary internal return iron
elements or, stated somewhat differently, a “split” return iron
element.

BACKGROUND

Recently, substantial attention has been directed to the
field of superconductors and to systems and methods for
using such products. Substantial attention also has been
directed to systems and methods for providing a cold
environment (e.g., 77° K or lower) within which supercon-
ductor products such as superconducting filter systems may
function.

One device that has been widely used to produce a cold
environment within which superconductor devices may
function is the stirling cycle refrigeration unit or stirling
cycle cryocooler. Such units typically comprise a displacer
assembly and a compressor assembly, wherein the two
assemblies are in fluid communication and are driven by one
or more linear or rotary motors. Conventional displacer
assemblies generally have a “cold” end and a “hot” end, the
hot end being in fluid communication with the compressor
assembly. Displacer assemblies generally include a displacer
having a regenerator mounted therein for displacing a fluid,
such as helium, from one end, ie., the cold end, of the
displacer assembly, to the other end, i.e., the hot end, of the
displacer assembly. The piston assembly functions to apply
additional pressure to the fluid, when the fluid is located
substantially within the hot end of the displacer assembly,
and to relieve pressure from the fluid, when the fluid is
located substantially within the cold end of the displacer
assembly. In this fashion, the cold end of the displacer
assembly may be maintained, for example, at 77° K, while
the hot end of the displacer assembly is maintained, for
example, at 15° K above ambient temperature.

Now, in situations where it may be desirable to drive the
drive the compressor and displacer assemblies using a single
linear motor, and where it is desired to have the compressor
assembly operate at a fairly high oscillation frequency, such
as 60 Hz, several issues arise with regard to the design of the
motor assembly. For example, it has been found that, when
a conventional linear motor is used to drive the compressor
and displacer assemblies of a cryocooler, it is extremely
difficult to achieve a 60 Hz operating frequency for the
compressor and displacer assemblies. One reason for this is
that the diameter of the piston of a given compressor and the
amount of displacement achieved by the displacer in a given
displacer assembly dictate, to a very large degree, what the
maximum amount of moving mass within an associated
motor may be. If the moving mass is too great, the motor and
associated compressor and displacer assemblies will not
function properly.

Thus, it is believed that those skilled in the art would find
a linear motor capable of operating at, for example, a 60 Hz
resonant operating frequency, when coupled to a piston
assembly used in a typical cryocooler to be quite useful.

SUMMARY OF THE INVENTION

The present invention is directed to a cryocooler motor
having a split return iron element, i.e., a moving internal
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return iron element and a fixed or stationary internal return
iron element. In one innovative aspect, a cryocooler motor
in accordance with the present invention is operable at, for
example, a 60 Hz resonant operating frequency when used
to drive a compressor piston of a cryocooler assembly. Such
a motor may comprise an external return iron element, a
plurality of coils, a moving internal return iron element, a
plurality of magnets affixed to the moving internal return
iron element, and a stationary internal return iron element.
Moreover, by splitting the internal return iron mass into a
stationary element and a moving element it is possible to
substantially reduce the amount of moving mass within the
motor, and to allow the motor to operate at increased
oscillation frequencies. In addition, by reducing the amount
of moving iron mass within the motor, it is possible to
significantly reduce the wear rate of the parts within the
motor.

In another innovative aspect, a cryocooler system in
accordance with a preferred form of the present invention
has a compact, unitary motor and compressor assembly, thus
reducing the size of the overall cryocooler system and
enhancing the utility of such a cryocooler system in, for
example, tower mount applications. Moreover, in a preferred
form, a cryocooler system in accordance with the present
invention may comprise a unitary compressor and linear
motor assembly, a heat exchanger unit, and a displacer
assembly.

The unitary compressor and linear motor assembly pref-
erably comprises a compressor housing that provides struc-
tural support for both a compressor assembly and the
elements of a linear motor. With regard to the provision of
a linear motor, the compressor housing preferably has
affixed thereto at least one external return iron element and
a plurality of coils, the plurality of coils being fixed between
an outer wall of the compressor housing and an inner surface
of the external return iron element. The compressor housing
also preferably has fixed therein at least one stationary
internal return iron element such that a predetermined gap is
provided between an exterior surface of the stationary
internal return iron element and an inner wall of the housing.
The compressor assembly preferably comprises a cylinder
and a piston assembly, wherein the piston assembly is
slideably disposed within the cylinder and is capable of
linear translation along a central axis of the cylinder. The
piston assembly preferably has affixed thereto at least one
moving internal iron element, which has a length extending
into the gap formed between the exterior surface of the
stationary internal return iron element and the inner wall of
the compressor housing. A plurality of magnets is affixed to
the moving internal iron element. The displacer unit pref-
erably includes a displacer that is coupled to a displacer rod.
The displacer rod is slideably mounted within a central
cavity of the piston assembly such that the displacer rod and
piston assembly are capable of independent linear transla-
tion along the central axis of the compressor housing. In one
particularly preferred embodiment, the displacer rod and
piston assembly oscillate at a resonant frequency of approxi-
mately 60 Hz, and the motion of the displacer rod leads the
motion of the piston assembly by approximately 90°.

In still another innovative aspect, a unitary linear motor
and compressor assembly in accordance with the present
invention may include a plurality of gas bearings that reduce
and ideally eliminate friction between a piston and cylinder
comprising the compressor portion of the unitary assembly.
Pressurized gas may be passed, for example, through a
check valve into a sealed interior of the piston, thus provid-
ing a source of pressurized gas for the gas bearing that does
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not fluctuate significantly with the pressure of any gas that
resides in the compression chamber of the compressor
assembly.

Accordingly, it is an object of the present invention to
provide an improved cryocooler and an improved compres-
sor and motor assembly for use within a cryocooler.

It is also an object of the present invention to provide a
cryocooler motor that is capable of operating, for example,
at a resonant frequency of 60 Hz within a cryocooler system,
and to provide a cryocooler motor that may have a reduced
wear rate.

Other objects and features of the present invention will
become apparent from consideration of the following
description taken in conjunction with the accompanying
drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a block diagram illustrating the components of
a linear motor assembly having a spit return iron element in
accordance with a preferred form of the present invention.

FIG. 2 is a cross-sectional illustration of a stirling cycle
cryocooler in accordance with a preferred form of the
present invention.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

Turning now to the drawings, as shown in FIG. 1, a linear
motor assembly 1 in accordance with a preferred form of the
present invention may comprise, for example, a plurality of
external iron elements 2, a plurality of coils 3, a plurality of
moving internal iron elements 4, a plurality of magnets 5 and
a plurality of stationary internal elements 6. In a preferred
form, the coils 3 are located in a position between the
external iron elements 2 and the moving internal iron
elements 4. In addition, the magnets 5 are preferably affixed
to the moving internal iron elements 4. It will be appreciated
that, by “splitting” the internal iron of the linear motor
assembly 1 into a moving iron component 4 and a stationary
iron element 6, it is possible to greatly reduce the moving
mass within the linear motor assembly 1. Thus, through the
use of a linear motor assembly in accordance with the
present invention, it is possible to significantly reduce wear
and tear that may result to the linear motor assembly 1
during operation. It also is possible, using a linear motor
assembly 1 in accordance with the present invention, to
construct a stirling cycle cryocooler 10 (as shown in FIG. 2)
that is capable of operation at, for example, a resonant
frequency of approximately 60 Hz with minimal wear and
tear.

As shown in FIG. 2, a stirling cycle cryocooler 10 in
accordance with a preferred form of the present invention
may comprise a displacer unit 12, a heat exchanger unit 14,
and a compressor and linear motor assembly 16.

The displacer unit 12 functions in a conventional manner
and preferably includes a displacer housing 18, a displacer
cylinder assembly 20 having a regenerator unit 22 mounted
therein, and a displacer rod assembly 24. Preferably, at least
a “cold end” 25 of the displacer unit 12 is made from high
purity copper or oxygen free high conductivity (OFHC)
copper. The displacer cylinder assembly 20 is slideably
mounted within the displacer housing 18 and preferably
rests against a displacer liner 26 that is affixed to an inner
wall 28 of the displacer housing 18. A displacer end cap 27
is provided within a distal end of the displacer cylinder
assembly 20. The displacer rod assembly 24 is coupled at
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4

one end 30 to a base section 32 of the displacer cylinder
assembly 20 and coupled at the other end 34 to a displacer
flexure spring assembly 36. Thus, under appropriate
conditions, it is possible for the displacer cylinder assembly
20 to oscillate within the displacer housing 18.

The heat exchanger unit 14, which is located between the
displacer unit 12 and the compressor and linear motor
assembly 16, preferably includes a heat exchanger block 38,
a flow diverter 40 or equivalent structure, and a heat
exchanger mounting flange 42. The heat exchanger mount-
ing flange 42 preferably is coupled to a distal end of a
pressure housing 44 of the compressor and linear motor
assembly 16. The heat exchanger block 38 preferably
includes a plurality of internal heat exchanger fins 46 and a
plurality of external heat rejector fins 48. Thus, the heat
exchanger unit 14 is designed to facilitate heat dissipation
from a gas, such as helium, that is compressed in the region
P07 located at the juncture between the displacer unit 12
and the compressor and linear motor assembly 16 (the
region P, also is referred to herein as the compression
chamber of the compressor and linear motor assembly 16).
Preferably, the heat exchanger block 38, internal heat
exchanger fins 46 and external heat rejector fins 48 are made
from high purity copper.

The compressor and linear motor assembly 16 preferably
includes a pressure housing 44 that has a piston assembly 50
mounted therein. The piston assembly 50 includes a cylinder
52, a piston 54 having a piston end cap 55 provided at a
distal end thereof, a piston assembly mounting bracket 56
and a spring assembly 58. The piston assembly mounting
bracket 56 provides a coupling between the piston 54 and the
spring assembly 58, and the piston 54 is adapted for recip-
rocating motion within the cylinder 52. A plurality of gas
bearings 60 is provided within the exterior wall 62 of the
piston 54, and the gas bearings 60 receive gas, e.g., helium,
from a sealed cavity 61 that is provided within the piston 54.
A check valve 63 provides a unidirectional fluid communi-
cation conduit between the sealed cavity 61 and the region
Pyor of the cylinder 52 (i.e., the compression chamber of
the cylinder 52) when the pressure of the gas within that
region exceeds the pressure within the cavity 61 (i.e.,
exceeds the piston reservoir pressure).

The piston assembly mounting bracket 56 preferably has
mounted thereon a plurality of moving internal iron ele-
ments 64 that comprise a portion of a linear motor assembly
16.

The linear motor assembly 16 preferably comprises a
plurality of external return iron elements 68, a plurality of
coils 70, a plurality of stationary internal iron elements 72,
the moving return iron elements 64 referenced above, and a
plurality of magnets 74. The external iron elements 68
preferably are affixed to an exterior surface of the pressure
housing 44, and the coils 70 preferably are located directly
beneath the external return iron elements 68 and are
mounted within recesses formed within the exterior surface
of the pressure housing 44. The magnets 74 are affixed to an
external surface of the moving return iron elements 68.
Thus, it will be appreciated that, as the piston 54 moves
within the cylinder 52, the moving internal iron elements 64
and magnets 74 also move within a gap 76 that is formed
between an inner wall 78 of the pressure housing 44 and an
external surface 80 of the stationary return iron elements 72.
The iron elements 68 and 72 preferably are manufactured
from pre-insulated iron powders available, for example,
from Hoeganaes Corp. of Riverton, N.J., under the brand
name Ancorstee]l™ SC 120, and the moving internal iron
element 69 preferably is manufactured from 420 Stainless
Steel.
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By configuring the compressor and linear motor assembly
16 in the manner described above, i.c., in accordance with
the present invention, it is possible to greatly reduce the
mass of the piston assembly 50, thus significantly reducing
the overall spring constant required to cause the piston
assembly 50 to resonate at a predetermined frequency. It also
is possible to greatly reduce the wear rate of the compressor
and linear motor assembly 16, and possible to significantly
reduce unwanted vibrations that may occur during operation
of the cryocooler 10.

Now, during operation, the piston 54 and displacer cyl-
inder assembly 20 preferably oscillate at a resonant fre-
quency of approximately 60 Hz and in such a manner that
the oscillation of the displacer cylinder assembly 20 is
approximately 90° out of phase with the oscillation of the
piston 54. Stated somewhat differently, it is preferred that the
motion of the displacer cylinder assembly 20 will “lead” the
motion of the piston 54 by approximately 90°.

Those skilled in the art will appreciate that, when the
displacer cylinder assembly 20 moves to the “cold” end
Pcorp of the displacer housing 18, most of the fluid, e.g.
helium, within the system is displaced to the warm end P51
of the displacer housing 18 and/or moves around the flow
diverter 40 and through the internal heat exchanger fins 46
into the compression area P, of piston assembly 50. Due
to the phase difference between the motion of the displacer
cylinder assembly 20 and the piston 54, the piston 54 should
be at mid-stroke and moving in a direction toward the flow
diverter 40 when displacer cylinder assembly 20 is located
at the cold end of the displacer housing 18. This causes the
helium in the areas P, and P4 to be compressed, thus
raising the temperature of the helium. The heat of compres-
sion is transferred from the compressed helium to the
internal heat exchanger fins 46 and from there to the heat
exchanger block 38 and external heat rejector fins 48. From
the heat rejector fins 48, the heat is transferred to ambient air.
As the displacer assembly 20 moves to the warm end P,
of the displacer housing 18, the helium is displaced to the
cold end P, ,, of the displacer housing 18. As the helium
passes through the displacer cylinder 20, it deposits heat
within the regenerator 22, and exits into the cold end P, ,,
of the displacer housing 18 at approximately 77° K. At this
time, the compressor piston 54 preferably is at mid-stroke
and moving in the direction of the piston flexure springs 58.
This causes the helium in the cold end P.,;, of the
displacer housing 18 to expand further reducing the tem-
perature of the helium and allowing the helium to absorb
heat. In this fashion, the cold end P, , functions as a
refrigeration unit and may act as a “cold” source.

Turing now to the operation of the displacer unit 12, the
motion of the displacer cylinder assembly 20 preferably
leads the motion of the piston 54 by 90°. This relationship
is achieved by utilizing the pressure difference between the
compression chamber P, and the “bounce volume,” Pg,
which acts on the cross-sectional area of the displacer rod
assembly 24. The complete force balance on the displacer
rod assembly 24 may be described by the following equa-
tion:

ProrPcorp)*Apisp(Ps—Pror)*Aprop+k*x+F pg=m*a, where

Py or=pressure in the hot end of the displacer housing;
P.o; p=pressure in the cold end of the displacer housing;

Apgp=cross-sectional area of the displacer cylinder
assembly 20;

Pg=pressure in the bounce volume;
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Aprop=cross-sectional area of the displacer rod;

k=overall displacer spring constant

x=displacement of the displacer cylinder assembly 20;

Fg=force of friction;

m=mass of the displacer cylinder assembly 20; and

a=acceleration of the displacer cylinder assembly 20.

As explained above, when all of the above-described
variables are designed correctly, the motion of the displacer
cylinder assembly 20 will lead the motion of the piston 54
by approximately 90°. Exemplary ranges for the above-
described variables are as follows: P07 (+/-10 psi to +/-40
psi); Peorp (+/-10 psi to +/-40 psi); Py (+/-3 to +/-5 psi);
Apsp (050 to 0.64 sq. in.); Aprop (0.02 to 0.05 sq. in.); k
(50 to 75 Ibs/in); x (+/-0.05 to +/-0.15 in.); m (35 to 50 g.);
a (40 G peak acceleration); and F (ideally assumed to be
0). The charge pressure within the pressure housing 44
preferably is maintained between 175 and 350 psi.

Those skilled in the art will appreciate, of course, that for
each cryocooler configuration the above-defined variables
may, and likely will, vary. For example, different variables
would be utilized for cryocoolers designed to provide 8 and
12 watts of cooling capacity respectively.

While the invention is susceptible to various modifica-
tions and alternative forms, a specific example thereof has
been shown in the drawing and is herein described in detail.
It should be understood, however, that the invention is not
to be limited to the particular form or method disclosed, but
to the contrary, the invention is to cover all modifications,
equivalents, and alternatives falling within the spirit and
scope of the appended claims.

What is claimed is:

1. A unitary, compressor and linear electric motor assem-
bly for use in a cryocooler, said assembly comprising:

a compressor housing providing structural support for a
displacer rod assembly, a cylinder assembly and com-
ponents of a linear motor,

said compressor housing having fixed thereto at least one
external return iron element and a plurality of coils,
said plurality of coils being fixed between an outer wall
of said compressor housing and an inner surface of said
at least one external return iron element, and said
compressor housing having fixed therein at least one
stationary internal return iron element such that a
predetermined gap is provided between an exterior
surface of said at least one stationary internal return
iron element and an inner wall of said compressor
housing,

said cylinder assembly comprising a cylinder housing
fixed within said compressor housing and a piston
assembly, said piston assembly being slideably dis-
posed within said cylinder housing and being capable
of linear translation along a central axis of said cylinder
housing, and said piston assembly having affixed
thereto at least one moving internal magnetic iron
element, said at least one moving internal magnetic
iron element having a length extending into said gap
between said exterior surface of said at least one
stationary internal return iron element and said inner
wall of said compressor housing and having a plurality
of magnets affixed to an external surface thereof, and

said displacer rod assembly including a displacer rod
slideably mounted within a central cavity of said piston
assembly such that said displacer rod and said piston
assembly are capable of independent linear translation
along said central axis of said cylinder housing.

2. The assembly of claim 1 further comprising at least one

gas bearing provided between an inner wall of said cylinder
housing and an external wall of said piston assembly.
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3. A stirling cycle cryocooler comprising:
a displacer unit,
a heat exchanger unit, and

a compressor and linear motor assembly wherein a linear
motor of said compressor and linear motor assembly
comprises a stationary external iron element, a station-
ary internal return iron element, a plurality of coils, a
moving internal magnetic return iron element and a
plurality of magnets affixed to an external surface
thereof, said stationary external iron element and said
coils being affixed to a housing of said compressor and
linear motor assembly, said stationary internal return
iron element be fixed at a location within said housing,
and said moving internal magnetic return iron element
and magnets being configured for translational move-
ment within said housing.

4. A stirling cycle cryocooler comprising:

a displacer unit, a heat exchanger unit, a compressor
assembly and a linear motor assembly, said displacer
unit and said compressor assembly being in fluid
communication, a displacer within said displacer unit
and a piston within said compressor assembly being
configured for translational, oscillatory movement
along a common axis,

said heat exchanger unit being disposed between said
displacer unit and said compressor assembly, and

a moving element of said linear motor assembly being
coupled to said piston, said linear motor assembly
having both a stationary internal iron element and a
moving internal magnetic iron element, and one or
more magnets affixed to the moving internal magnetic
iron element, the piston and the displacer unit being
capable of operation at a predetermined frequency.

5. A combined compressor and linear motor assembly

comprising:

a compressor assembly having a piston attached to a
moving internal magnetic iron element of a linear
motor, wherein said linear motor comprises an external
iron element, a stationary internal iron element, said
moving internal magnetic iron element, a plurality of
magnets, and a plurality of coils, said moving internal
magnetic iron element having said magnets affixed
thereto, and said plurality of coils being fixedly dis-
posed in an area generally between said external iron
element and said magnets.

6. A cryocooler comprising:

a displacer unit, a heat exchanger unit and a combined
compressor and linear motor assembly;

said combined compressor and linear motor assembly
comprising a compressor and linear motor; said com-
pressor being disposed within a pressure housing and
having a cylinder and a piston; said cylinder being in
fluid communication with said displacer unit, and said
piston being adapted for translational movement within
said cylinder along a central axis of said pressure
housing and being coupled to a moving internal mag-
netic iron element of said linear motor; said linear
motor having a stationary external iron element and
coil assembly affixed to said pressure housing, a sta-
tionary internal iron element fixedly disposed adjacent
an external surface of said cylinder within said pressure
housing, said moving internal magnetic iron element
having a plurality of magnets coupled thereto;

said displacer unit being coupled to said pressure housing
and having a displacer housing, a displacer cylinder
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assembly including a regenerator unit, and a displacer
rod assembly; said displacer cylinder assembly being
capable of translational movement within said dis-
placer housing and being coupled to said displacer rod
assembly, said displacer rod assembly including a dis-
placer rod that is coupled at a first end to said displacer
cylinder assembly, extends through a bore formed
within said piston along a central axis of said pressure
housing, and is coupled at a second end to displacer
flexure spring assembly mounted within a proximal end
of said pressure housing; and

said heat exchanger unit being disposed at a juncture
between said displacer unit and said cylinder of said
compressor, said heat exchanger unit having a flow
diverter, a plurality of internal heat exchanger fins, a
heat rejector block and a plurality of external heat
rejector fins, said internal heat exchanger fins being
coupled to said flow diverter and said heat rejector
block, and said external heat rejector fins being coupled
to said heat rejector block and being in communication
with ambient air.

7. The cryocooler of claim 6, wherein said piston has a
sealed internal cavity and has a plurality of gas bearings
provided along an external surface thereof.

8. A stirling cycle cryocooler comprising:

a displacer unit, a heat exchanger unit, a compressor
assembly and a linear motor assembly, said displacer
unit and said compressor assembly being in fluid
communication, a displacer within said displacer unit
and a piston within said compressor assembly being
configured for translational, oscillatory movement
along a common axis,

said heat exchanger unit being disposed between said
displacer unit and said compressor assembly, and

a moving element of said linear motor being coupled to
said piston, said linear motor having both a stationary
internal iron element and a moving internal iron
element, and being capable of operation at a predeter-
mined frequency, wherein said predetermined fre-
quency is between 30 and 120 Hz.

9. A cryocooler comprising:

a displacer unit, a heat exchanger unit and a combined
compressor and linear motor assembly;

said combined compressor and linear motor assembly
comprising a compressor and linear motor; said com-
pressor being disposed within a pressure housing and
having a cylinder and a piston; said piston has a sealed
internal cavity and has a plurality of gas bearings
provided along an external surface thereof; said piston
further including a check valve that provides a unidi-
rectional fluid communication conduit between said
cavity formed within said piston and a compression
chamber of said cylinder when a pressure of a gas
within said pressure chamber of said cylinder exceeds
a pressure within said cavity; said cylinder being in
fluid communication with said displacer unit, and said
piston being adapted for translational movement within
said cylinder along a central axis of said pressure
housing and being coupled to a moving internal iron
element of said linear motor; said linear motor having
a stationary external iron element and coil assembly
affixed to said pressure housing, a stationary internal
iron element fixedly disposed adjacent an external
surface of said cylinder within said pressure housing,
said moving internal iron element and a plurality of
magnets coupled to said internal iron element;
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said displacer unit being coupled to said pressure housing
and having a displacer housing, a displacer cylinder
assembly including a regenerator unit, and a displacer
rod assembly; said displacer cylinder assembly being
capable of translational movement within said dis-
placer housing and being coupled to said displacer rod
assembly, said displacer rod assembly including a dis-
placer rod that is coupled at a first end to said displacer
cylinder assembly, extends through a bore formed
within said piston along a central axis of said pressure
housing, and is coupled at a second end to displacer
flexure spring assembly mounted within a proximal end
of said pressure housing; and

10

10

said heat exchanger unit being disposed at a juncture

between said displacer unit and said cylinder of said
compressor, said heat exchanger unit having a flow
diverter, a plurality of internal heat exchanger fins, a
heat rejector block and a plurality of external heat
rejector fins, said internal heat exchanger fins being
coupled to said flow diverter and said heat rejector
block, and said external heat rejector fins being coupled
to said heat rejector block and being in communication
with ambient air.
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