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(57) A damping apparatus is disclosed having at
least one magnet, a conducting member movable relative
to the magnet, a cryogenic fluid, and a channel that con-
fines the cryogenic fluid in contact with the conducting

member. The cryogenic fluid may maintain the conduct-
ing member at cryogenic temperatures, thereby increas-
ing a damping force provided by the conducting member
to a payload.
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Description

FIELD OF THE INVENTION

[0001] This invention relates to the field of linear vibra-
tion damping apparatus, and more particularly to mag-
netic dampers.

BACKGROUND OF THE INVENTION

[0002] Linear dampers are devices designed to pro-
vide absorption of shock and smooth deceleration in lin-
ear motion applications. Dampers provide shock absorp-
tion through the application of a damping force in the
direction of the linear motion. Dampers may generate the
damping force from a variety of means. Dampers may
be mechanical (e.g., elastomeric or wire rope isolators),
fluid (e.g. gas, air, hydraulic), or even magnetic (e.g.
through magnetically induced eddy currents).
[0003] Magnetic dampers provide a linear damping el-
ement in a compact form. Magnetic dampers do not suffer
from certain problems associated with hydraulic dampers
including friction or leaking of fluids. Additionally, mag-
netic dampers can operate more consistently over wider
temperature ranges than fluidic dampers. However,
when not used at cryogenic temperatures magnetic
dampers can be relatively heavy. An exemplary magnetic
damper is disclosed in US 2007/0131830 A1, which is
included herein by reference.

SUMMARY OF THE INVENTION

[0004] Aspects of the present invention are directed to
damping apparatus. In accordance with one aspect of
the present invention, a damping apparatus is disclosed
having at least one magnet, a conducting member mov-
able relative to the magnet, a cryogenic fluid, and a chan-
nel that confines the cryogenic fluid in contact with the
conducting member. The cryogenic fluid may maintain
the conducting member at cryogenic temperatures,
thereby increasing a damping force provided by the con-
ducting member to a payload.
[0005] In accordance with another aspect of the
present invention, a damping apparatus is disclosed hav-
ing at least one magnet, a conducting member movable
relative to the magnet, and a channel adapted to confine
a cryogenic fluid in contact with the conducting member.
The cryogenic fluid may maintain the conducting member
at cryogenic temperatures, thereby increasing a damping
force provided by the conducting member to a payload.
[0006] Further aspects of the invention are disclosed
in the claims.

BRIEF DESCRIPTION OF THE DRAWINGS

[0007] The invention is best understood from the fol-
lowing detailed description when read in connection with
the accompanying drawings, with like elements having

the same reference numerals. When a plurality of similar
elements are present, a single reference numeral may
be assigned to the plurality of similar elements with a
small letter designation referring to specific elements.
When referring to the elements collectively or to a non-
specific one or more of the elements, the small letter des-
ignation may be dropped. This emphasizes that accord-
ing to common practice, the various features of the draw-
ings are not drawn to scale. On the contrary, the dimen-
sions of the various features are arbitrarily expanded or
reduced for clarity. Included in the drawings are the fol-
lowing figures:

FIGS. 1A-1E are diagrams of an exemplary damping
apparatus in accordance with an aspect of the
present invention;

FIG. 2 is a cut-away perspective view of a fluid holder
of an exemplary damping apparatus in accordance
with an aspect of the present invention;

FIGS. 3A-3B are cut-away perspective and end
views of another exemplary damping apparatus in
accordance with an aspect of the present invention;

FIGS. 4A-4C are diagrams of yet another exemplary
damping apparatus in accordance with an aspect of
the present invention;

FIGS. 5A-5B are cut-away perspective and end
views of another exemplary damping apparatus in
accordance with an aspect of the present invention;
and

FIGS. 6A-6C are cut-away side, perspective, and
end views of still another exemplary damping appa-
ratus in accordance with an aspect of the present
invention.

DETAILED DESCRIPTION OF THE INVENTION

[0008] Aspects of the present invention include means
for establishing and maintaining cryogenic temperature
of a conducting member of a magnetic damper. This is
accomplished using a cooling system having a cryogenic
fluid confined in a fluid channel. The present invention
may be embodied in any magnetic damping apparatus.
Exemplary damping apparatus of the present invention
are devices which achieve weight and volume efficien-
cies adequate to meet the requirements of most applica-
tions.
[0009] For the purpose of describing the function of
the present invention, it may be assumed that an instru-
ment or other material is subject to vibration caused by
a vibrational force. The instrument subject to vibration
may include a first portion (i.e. a base) and a second
portion (i.e. a payload) which vibrates relative to the first
portion. An exemplary damping apparatus of the present
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invention may be provided at the base to provide a damp-
ing force to the payload and, therefore, decrease the rel-
ative vibration. It will be understood, however, that the
exemplary damping apparatus may be coupled with any
body in which relative vibration is undesirable.
[0010] The damping force provided by the exemplary
damping apparatus may be applied when weight and vol-
ume of the element are limited to predetermined
amounts. The damping force provided by the exemplary
damping apparatus, however, may also be applied to oth-
er applications, such as for example, ground test vibra-
tions, vehicle vibration (i.e. cars, trains, planes, etc.), lab-
oratory and fabrication equipment vibration (i.e. optical
tables, micro-lithography and precision machine tools)
and ground telescope isolation.
[0011] In general, exemplary damping apparatus of
the present invention include at least one magnet and a
conducting member movable relative to the magnet. Ex-
emplary damping apparatus of the present invention de-
creases displacement by providing a damping force (e.g.
through magnetically induced eddy currents) in opposi-
tion of the vibrational force on the payload. The vibrational
force from the payload is applied to the conducting mem-
ber (e.g., conductive vanes) of the damping apparatus,
thereby causing the conducting member to vibrate rela-
tive to the magnet. A damping force is provided to the
conducting member by the magnet as the conducting
member moves relative to the magnet. The damping
force on the conducting member, therefore, is applied to
the payload, and the vibration of the payload is thereby
damped.
[0012] The damping force on the conducting member
of an exemplary damping apparatus may be increased
by cryogenically cooling the conducting member. It is in-
tended that aspects of the invention provide a fundamen-
tal way to efficiently establish and maintain cryogenic
conductor temperature. As will be described, cryogenic
conductor temperatures may be accomplished by apply-
ing a fluid at a cryogenic temperature (i.e., a cryogenic
fluid). The conducting member is maintained at cryogenic
temperatures by using a channel to contain the fluid in
such a way that the fluid contacts a substantial portion
of the conducting member (e.g., more than 50% of the
surface of the conducting member).
[0013] The invention will now be described with regard
to the accompanying drawings. FIGS. 1A-1E are dia-
grams of an exemplary damping apparatus 100 accord-
ing to an aspect of the present invention. As described
above, damping apparatus 100 may be used to damp
the vibration of a payload relative to a base. Damping
apparatus 100 includes a housing 102, magnets 104,
conducting member 106, and channel 108. Additional
details of damping apparatus 100 are now described be-
low.
[0014] Housing 102 houses the elements of damping
apparatus 100. Housing 102 may be fixed to the base
(not shown) and provide support for the elements of
damping apparatus 100. For example, magnets 104 may

be fixed to housing 102. Additionally, housing 102 may
in part define channel 108. Housing 102 may be formed
in any shape to accommodate and support the elements
of apparatus 100. Housing 102 may be formed from suit-
able non-magnetic materials or a combination of mag-
netic and non-magnetic materials.
[0015] Magnets 104 generate a magnetic field within
damping apparatus 100. The position of magnets 104
may be fixed within housing 102. Pairs of magnets 104
may be spaced apart to generate a magnetic field ex-
tending between magnets 104. In an exemplary embod-
iment, magnets 104 are grouped in one or more pairs to
define one or more gaps, as illustrated in FIGS. 1A and
1B. Additionally, multiple pairs of magnets 104 may de-
fine multiple gaps. The gaps defined by magnets 104
may define in part channel 108. Magnets 104 may be
any suitable type of permanent magnets, such as rare
earth magnets. Magnets 104 may also be electromag-
nets.
[0016] Conducting member 106 is movable with re-
spect to magnets 104. Conducting member 106 may be
connected to a payload (not shown) and positioned ad-
jacent magnets 104. Conducting member 106 may be
configured to vibrate in response to a vibration of the
payload. For example, conducting member 106 may be
directly coupled to the payload and, thereby, receive a
direct vibrational force from the payload. Alternatively,
conducting member 106 may extend from a rod or an-
other member coupled to the payload. Conducting mem-
ber 106 then receives an indirect vibrational force from
the rod or other member in response to a vibration of the
payload. Conducting member 106 may vibrate in any di-
rection adjacent to magnet 104. Optionally, conducting
member 106 vibrates in the plane of the gaps formed
between magnets 104.
[0017] In an exemplary embodiment, conducting
member 106 is a substantially flat sheet of conducting
material, such as a conducting vane, as illustrated in
FIGS. 1A-1C. While conducting member 106 is illustrated
as a flat conducting vane, it will be understood that con-
ducting member 106 may have any shape and orientation
relative to magnets 104. Additionally, damping apparatus
100 may have any number of conducting members 106
disposed adjacent magnets 104. Conducting member
106 may be formed from good conductor materials such
as, for example, copper or silver.
[0018] Channel 108 confines cryogenic fluid. Channel
108 confines cryogenic fluid such that the cryogenic fluid
contacts conducting member 106. Channel 108 may be
defined by housing 102, magnets 104, and/or conducting
member 106. In an exemplary embodiment, channel 108
is defined between housing 102 and conducting member
106 and between magnets 104 and conducting member
106, as illustrated in FIGS. 1A and 1B. Use of magnets
104 and housing 102 for defining part of the boundary of
channel 108 may simplify the design and thereby reduce
manufacturing costs of damping apparatus 100.
[0019] Channel 108 is configured such that the cryo-
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genic fluid contacts a substantial portion of the surface
of conducting member 106. For example, channel 108
may be configured such that at least 50% of the surface
of conducting member 106 is contacted by cryogenic flu-
id. Channel 108 may optionally be configured such that
the cryogenic fluid covers the entire surface of conducting
member 106. Channel 108 may additionally enable cry-
ogenic fluid to cool housing 102 and magnets 104 along
with conducting member 106. It will be understood that
channel 108 may have any shape such that it confines
cryogenic fluid in contact with conducting member 106.
[0020] Cryogenic fluid in channel 108 is used to main-
tain conducting member 106 at cryogenic temperatures.
Accordingly, cryogenic fluid may be maintained at tem-
peratures between 0 K and 200 K. Cryogenic fluid used
with an open or vented channel 108 may be maintained
at these temperatures by being stored in a well insulated
pressurized container (e.g., a commercially available
Cryostat or Dewar Flask, such as one of the CFN Series
container provided by Cryofab, Inc.) until being released
in a controlled discharge into the channel 108. Cryogenic
fluid used with a closed channel 108 may be maintained
at these temperatures by being forced to circulate
through a heat exchanger kept at the desired tempera-
ture. Additionally, a cryocooler can be used to maintain
the temperature of the heat exchanger, such as the cry-
ocooler in the Near Infrared Camera and Multi-Object
Spectrometer (NICMOS) system used on the Hubble
spacecraft. Suitable cryogenic fluids for use with damp-
ing apparatus 100 include liquid or gaseous Nitrogen,
Neon, or Helium. Other suitable cryogenic fluids will be
understood by one of ordinary skill in the art from the
description herein.
[0021] Channel 108 of damping apparatus 100 may
be a closed channel or an open channel. When channel
108 is closed, the cryogenic fluid may be made to circu-
late through the apparatus 100 in contact with conducting
member 106. Heat transfer between conducting member
106 and the cryogenic fluid may be predominantly due
to convection and/or boiling. As such, when the cryogenic
fluid is substantially in liquid form it may be desirable that
channel 108 not be completed closed to allow for release
of pressure as the cryogenic liquid absorbs heat and
boils. Channel 108 may therefore include a vent or other
means for venting the circulated cryogenic fluid. In an
exemplary embodiment, the cryogenic fluid may flow
along the surface of conducting members 106. One ex-
emplary path for the flow of cryogenic fluid relative to
conducting members 206 is indicated by arrows in FIGS.
1A and 1C. Circulating cryogenic fluid in a closed channel
108 may be particularly beneficial for uses of damping
apparatus 100 when damping is required for long dura-
tions.
[0022] When channel 108 is open, the cryogenic fluid
is in communication with the external environment. A
coolant supply for venting cryogenic fluid through an
open channel 108 is illustrated in FIG. 2 in accordance
with an aspect of the present invention. In this embodi-

ment, quick flow of cryogenic fluid could be generated
by controlled release from a coolant holding tank 120.
Coolant holding tank 120 may be pressurized to vent the
cryogenic fluid. Cryogenic fluid may be forced by the
pressure through a discharge valve 122 to channel 108
or a cryogenic fluid manifold. Discharge valve 122 may
further vary the rate at which cryogenic fluid is released
from coolant tank 120, as will be described below. The
released cryogenic fluid may be vented to the environ-
ment surrounding damping apparatus 100 through vents
(not shown) after flowing through channel 108 and con-
tacting conducting member 106. Pressurized coolant
holding tank 120 may be particularly beneficial for uses
of damping apparatus 100 when damping is required for
short durations.
[0023] Damping apparatus 100 may also include a
pumping device. The degree to which cryogenic fluid
cools conducting member 106 may depend on the speed
at which the cryogenic fluid passes through channel 108.
Accordingly, a pumping device may be employed to en-
hance cooling of conducting member 106 by forcing the
cryogenic fluid to flow through channel 108. Where chan-
nel 108 is a closed channel, a pumping device may be
used to circulate cryogenic fluid through channel 108.
Where channel 108 is an open channel, a pumping de-
vice may be used to force cryogenic fluid out of the cool-
ant holding tank. A suitable pump for circulating the cry-
ogenic fluid could be the DCPA 120-4, available from
Cryogenic Industries, or a custom-designed vacuum
housing cryogenic pump, available from Barber Nichols.
Other suitable pumping devices will be understood by
those of ordinary skill in the art from the description here-
in.
[0024] Optionally, damping apparatus 100 may in-
clude a manifold 112 for directing the cryogenic fluid to
and from channel 108. Manifold 112 may be used in em-
bodiments that involve exhausting the cryogenic fluid and
in embodiments that involve circulating the cryogenic flu-
id. As illustrated in FIG.1D, for embodiments that do not
involve circulation of the fluid, the manifold 112 may pro-
vide a flow path for the cryogenic fluid from the fluid supply
tank 120 to the entrance to channel 108, and a path from
the exit of channel 108 to an exit valve 124. For embod-
iments that involve circulation of the fluid, the manifold
112 may provide both an intake path to channel 108 and
an exhaust path from channel 108.
[0025] Damping apparatus 100 may optionally include
a temperature sensor 107 for sensing the temperature
of the conducting member, as illustrated in FIG. 1E. This
temperature sensor may be configured to directly sense
the temperature of the conductor, or instead may be con-
figured to sense temperature at any nearby location, pro-
vided that the conductor temperature can be deduced
from the sensed temperature with sufficient accuracy.
Suitable temperature sensors include, for example, neg-
ative temperature coefficient sensors such as the Cryo-
con R400 Ruthenium-oxide sensor, available from Cry-
ogenic Control System, Inc.
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[0026] Further, as illustrated in FIG. 1E, damping ap-
paratus 100 may include a means for varying the flow
rate of cryogenic fluid circulated by the pump 109. The
cryogenic fluid may flow through a closed duct 111 (e.g.,
vacuum jacketed flexible transfer lines) and through a
heat exchanger 103 in thermal contact with a cryocooler
(not shown). The heat exchanger 103 and cryocooler
may optionally be the same as used in the NICMOS sys-
tem of the Hubble Space Telescope. In an exemplary
embodiment, pump 109 may comprise the means for var-
ying the flow rate of the cryogenic fluid. For example,
pump 109 may comprise a variable speed pump or a
constant speed pump with a variable restriction. Alterna-
tively, discharge valve 122 may comprise the means for
varying the flow rate of the cryogenic fluid. For example,
the flow rate of the cryogenic fluid may be varied by con-
trolling the speed at which discharge valve 122 releases
cryogenic fluid from coolant holding tank 120.
[0027] The flow rate may be varied, for example, based
on the sensed temperature of conducting member 106
using a feedback control system. The feedback control
system includes a controller 105 to modulate pump
speed or pump restriction, or control valve opening. Other
suitable temperature sensors and means for varying the
flow rate will be known to one of ordinary skill in the art
from the description herein.
[0028] Operation of damping apparatus 100 will now
be described. It will be understood to one of ordinary skill
in the art that while damping apparatus 100 is discussed
below, the principles described may apply to any of the
embodiments of the damping apparatus disclosed herein
in accordance with aspects of the present invention.
[0029] As described above, magnets 104 form a mag-
netic field, which may pass through the conducting mem-
ber 106. The magnetic field may pass through conducting
member 106 in a direction substantially orthogonal to the
direction of motion of conducting member 106. Any
movement of conducting member 106 within the mag-
netic field induces eddy currents in conducting member
106. Thus, movement of conducting member 106 due to
vibration of the payload causes eddy currents circulate
through conducting member 106. These eddy currents
generate an opposing magnetic field through conducting
member 106, which in turn generates a damping force
on conducting member 106. The damping force gener-
ated by the eddy currents has a direction opposite the
direction of motion of conducting member 108.
[0030] The damping force provided by damping appa-
ratus 100 varies inversely with the electrical resistivity of
conductor member 106. Accordingly, as described
above, conducting member 106 may usually be formed
from good conducting material such as, for example, cop-
per or silver. Nonetheless, during operation of damping
apparatus 100, substantial heat may be generated in
conducting member 106 due to the circulating eddy cur-
rents. Because resistivity increases with increasing tem-
perature, the damping force provided will decrease with
temperature. The disclosed invention provides enhanced

cooling in order to absorb the substantial heat generated
from eddy currents that arise due to vibration of the con-
ducting member. The conducting member may optimally
be formed from a conducting material that experiences
an increase in conductivity when a temperature of the
conducting material is decreased. Thus, by maintaining
conducting member 106 at cryogenic temperatures, the
disclosed invention may cause its conductivity to be
greater and its resistivity to be less than it is at room
temperature, in some cases by orders of magnitude. This
may allow for a high damping rate with respect to the
weight of damping apparatus 100 in cryogenic environ-
ments. Additionally, damping apparatus 100 may be par-
ticularly useful in short duration launch vehicle applica-
tions. In these applications, it may be desirable to quickly
force the cryogenic fluid through channel 108 to increase
the rate of heat transfer from conducting member 106.
[0031] FIGS. 3A and 3B are diagrams of an exemplary
damping apparatus 200 according to an aspect of the
present invention. Damping apparatus 200 may be used
to damp the vibration of a payload relative to a base.
Damping apparatus 200 includes a housing 202, mag-
nets 204, conducting member 206, and channel 208. Ad-
ditional details of damping apparatus 200 are now de-
scribed below.
[0032] Housing 202 houses the elements of damping
apparatus 200. Housing 202 may be fixed to the base
(not shown) and provide support for the elements of
damping apparatus 200. For example, magnets 204 are
fixed to housing 202. Additionally, housing 202 may in
part define channel 208. Housing 202 may be approxi-
mately cylindrical in shape. However, it will be under-
stood that housing 202 may be formed in any shape to
accommodate and support the elements of apparatus
200. Housing 202 may be formed from suitable non-mag-
netic materials or a combination of magnetic and non-
magnetic materials.
[0033] Magnets 204 generate a magnetic field within
damping apparatus 200. The position of magnets 204
may be fixed within housing 202. As illustrated in FIG.
3B, pairs of magnets 204 may be spaced apart to gen-
erate a magnetic field extending between magnets 204.
The opposing magnets 204 in each pair are omitted in
FIG. 3A to aid illustration of the components of damping
apparatus 200. In an exemplary embodiment, magnets
204 are grouped in one or more pairs to define one or
more gaps. Additionally, multiple pairs of magnets 204
may define multiple gaps. The gaps defined by magnets
204 may define in part channel 208. Magnets 204 may
be any suitable type of permanent magnets, such as rare
earth magnets. Magnets 204 may also be electromag-
nets.
[0034] Conducting member 206 is movable with re-
spect to magnets 204. Conducting member 206 may be
connected to a payload (not shown) and positioned ad-
jacent magnets 204. Conducting member 206 may be
configured to vibrate in response to a vibration of the
payload. As illustrated in FIGS. 3A and 3B, conducting
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member 206 may extend from a rod that is coupled to
the payload. Conducting member 206 thereby receives
an indirect vibrational force from the rod in response to
a vibration of the payload. In an exemplary embodiment,
conducting member 206 may be a substantially flat sheet
of conducting material, such as a conducting vane, as
illustrated in FIG. 3A. Conducting member 206 may ex-
tend axially through housing 202 and vibrate in the axial
direction adjacent to magnets 204. Optionally, conduct-
ing member 206 vibrates in the plane of the gaps formed
between magnets 204, i.e., into and out of the page in
FIG. 3B. Conducting member 206 may be formed from
good conductor materials such as, for example, copper
or silver.
[0035] While conducting member 206 is illustrated as
a flat conducting vane, it will be understood that conduct-
ing member 206 may have any shape and orientation
relative to magnets 204. Additionally, damping apparatus
200 may have any number of conducting members 206
disposed adjacent magnets 204. For example, damping
apparatus 200 could include multiple pairs of magnets
204 oriented at different circumferential intervals within
housing 202. Damping apparatus could then include mul-
tiple different conducting members 206 extending in dif-
ferent radial directions within housing 202 to be posi-
tioned within the gaps formed by magnets 204.
[0036] Channel 208 confines cryogenic fluid. Channel
208 confines cryogenic fluid such that the cryogenic fluid
contacts conducting member 206. In an exemplary em-
bodiment, channel 208 is defined between housing 202
and conducting member 206 and between magnets 204
and conducting member 206, as illustrated in FIG. 3B.
Use of magnets 204 and housing 202 for defining part of
the boundary of channel 208 may simplify the design and
thereby reducing manufacturing cost of damping appa-
ratus 200. As illustrated in FIG. 3B, channel 208 may
extend axially within housing 202.
[0037] Channel 208 is configured such that the cryo-
genic fluid contacts a substantial portion of the surface
of conducting member 206, e.g., at least 50% of the sur-
face of conducting member 206. Channel 208 may op-
tionally be configured such that the cryogenic fluid covers
the entire surface of conducting member 206. Channel
208 may additionally enable cryogenic fluid to cool hous-
ing 202 and magnets 204 along with conducting member
206. However, it will be understood that channel 208 may
have any shape such that it confines cryogenic fluid in
contact with conducting member 206. The cryogenic fluid
for use with damping apparatus 200 may be the same
as described above with respect to apparatus 100.
[0038] Channel 208 of damping apparatus 200 may
be a closed channel or an open channel. When channel
208 is closed, the cryogenic fluid may be made to circu-
late through the apparatus 200 in contact with conducting
member 206. For example, cryogenic fluid may flow in
an axial direction through housing 202. Cryogenic fluid
may flow in one axial direction on one side of conducting
member 206, and flow in the opposite direction on the

other side of conducting member 206. Additionally, cry-
ogenic fluid may flow in a circumferential direction around
conducting member 206. Exemplary paths for the flow
of cryogenic fluid relative to conducting member 206 is
indicated by arrows in FIGS. 3A and 3B.
[0039] As described above, it may be desirable when
the cryogenic fluid is chosen to be in liquid form that chan-
nel 208 not be completed closed to allow for release of
pressure as the cryogenic liquid absorbs heat and boils.
As such, channel 208 may include some means for vent-
ing cryogenic gas into the environment.
[0040] When channel 208 is open, the cryogenic fluid
may be in communication with the external environment.
Accordingly, damping apparatus may employ a cryogen-
ic fluid holder as described above with respect to damping
apparatus 100. A cryogenic fluid holder may release cry-
ogenic fluid at one axial end of housing 202. The coolant
may then flow axially through housing 202 and be vented
into the external environment through vents (not shown)
at the opposite end of housing 202. Optionally, damping
apparatus 200 may include a manifold for receiving the
cryogenic fluid at the end of housing 202 and either re-
turning the fluid for circulation or providing ventilation of
the fluid to the surrounding environment.
[0041] As described above with respect to damping
apparatus 100, damping apparatus 200 may include a
pumping device, temperature sensor(s), and/or means
for varying the flow rate of cryogenic fluid.
[0042] FIGS. 4A-4C are diagrams of an exemplary
damping apparatus 300 according to an aspect of the
present invention. Damping apparatus 300 may be used
to damp the vibration of a payload relative to a base.
Damping apparatus 300 includes a housing 302, mag-
nets 304, conducting member 306, and channel 308.
Damping apparatus 300 is substantially the same as
damping apparatus 100 except as described below.
[0043] Conducting member 306 includes hollow por-
tions for defining at least part of channel 308. In an ex-
emplary embodiment, conducting member 306 is a sub-
stantially flat piece of conducting material defining one
or more hollow portions, as illustrated in FIGS. 4A and
4B. The hollow portions defined by conducting member
306 form at least part of channel 308. While conducting
member 306 is illustrated as defining a number of linear
hollow portions extending axially with conducting mem-
ber 306, it will be understood by one of ordinary skill in
the art that the hollow portions illustrated in FIGS. 4A and
4B are illustrative and not limiting. Conducting member
306 may define any number of hollow portions to serve
as at least part of channel 308.
[0044] Conducting member 306 may be formed by
constructing two or more ply laminations of conducting
plates separated by spacers to form the hollow portions.
This formation enables fluid flow to be contained within
the conductor plates of conducting member 306. Alter-
native methods of forming a conducting member having
hollow portions will be understood by one of ordinary skill
in the art from the description herein.
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[0045] Channel 308 confines cryogenic fluid such that
the cryogenic fluid contacts conducting member 306. In
an exemplary embodiment, channel 308 is defined by
the hollow portions within conducting member 306, as
illustrated in FIGS. 4A and 4B. Channel 308 is configured
such that the cryogenic fluid contacts the interior surface
of conducting member 306. Channel 308 may thus be
confined to the interior of conducting member 306 so that
only conducting member 306 is substantially cooled by
the cryogenic fluid. This may provide for more efficient
cooling of conducting member 306 than damping appa-
ratus 100. While channel 308 is illustrated as a number
of linear hollow portions extending axially with conducting
member 306, it will be understood by one of ordinary skill
in the art that the hollow portions illustrated in FIGS. 4A
and 4B are illustrative and not limiting. Channels 308 may
have any shape such that it confines cryogenic fluid within
the interior of conducting member 306.
[0046] Cryogenic fluid may be made to circulate
through channel 308 within conducting member 306. In
an exemplary embodiment, the cryogenic fluid may flow
in one direction through some hollow portions of conduct-
ing member 306 and in the other direction through other
hollow portions of conducting member 306. One exem-
plary path for the flow of cryogenic fluid relative to con-
ducting member 306 is indicated in FIGS. 4A and 4B.
[0047] FIGS. 5A and 5B are diagrams of an exemplary
damping apparatus 400 according to an aspect of the
present invention. Damping apparatus 400 may be used
to damp the vibration of a payload relative to a base.
Damping apparatus 400 includes a housing 402, mag-
nets 404, conducting member 406, and channel 408.
Damping apparatus 400 is substantially the same as
damping apparatus 200 except as described below.
[0048] Conducting member 406 includes hollow por-
tions for defining at least part of channel 408. In an ex-
emplary embodiment, conducting member 406 is formed
from a substantially flat piece of conducting material de-
fining one or more hollow portions, as illustrated in FIGS.
5A and 5B. The hollow portions defined by conducting
member 406 form at least part of channel 408. Conduct-
ing member 406 may further include one or more widened
hollow portions, as illustrated in FIGS. 5A and 5B, to en-
able circulation of cryogenic fluid within conducting mem-
ber 406. While conducting member 406 is illustrated as
defining one large hollow cavity extending axially within
conducting member 406, it will be understood by one of
ordinary skill in the art that the hollow portion illustrated
in FIGS. 5A and 5B is illustrative and not limiting. Con-
ducting member 406 may define any number of hollow
portions to serve as at least part of channel 408.
[0049] Conducting member 406 may be formed by
constructing two or more ply laminations of conducting
plates separated by spacers to form the hollow portions.
This formation enables fluid flow to be contained within
the conductor plates of conducting member 406. Addi-
tional spacers may be used to form widened hollow por-
tions for promoting cryogenic fluid circulation. Alternative

methods of forming a conducting member having hollow
portions will be understood by one of ordinary skill in the
art from the description herein.
[0050] Channel 408 confines cryogenic fluid such that
the cryogenic fluid contacts conducting member 406. In
an exemplary embodiment, channel 408 is defined by
the hollow cavity within conducting member 406, as il-
lustrated in FIGS. 5A and 5B. Channel 408 is configured
such that the cryogenic fluid contacts a substantial por-
tion of the interior surface of conducting member 406.
Channel 408 may optionally be configured such that the
cryogenic fluid contacts the entire interior surface of con-
ducting member 406. Channel 408 may be confined to
the interior of conducting member 406 so that only con-
ducting member 406 is substantially cooled by the cryo-
genic fluid. This may provide for more efficient cooling of
conducting member 406 than damping apparatus 200.
While channel 408 is illustrated as a single hollow portion
extending axially within conducting member 406, it will
be understood by one of ordinary skill in the art that the
hollow portion illustrated in FIGS. 5A and 5B is illustrative
and not limiting. Channels 408 may have any shape such
that it confines cryogenic fluid within the interior of con-
ducting member 406.
[0051] Cryogenic fluid may be made to circulate
through channel 408 within conducting member 406. In
an exemplary embodiment, the cryogenic fluid may flow
in one direction through a widened hollow portion of con-
ducting member 406 and in the other direction through
another widened hollow portion of conducting member
406. Cryogenic fluid may flow between the widened hol-
low portions through a narrower hollow portion or through
narrower ducts. One exemplary path for the flow of cry-
ogenic fluid relative to conducting member 406 is indi-
cated in FIGS. 5A and 5B.
[0052] FIGS. 6A-6C are diagrams of an exemplary
damping apparatus 500 according to an aspect of the
present invention. Damping apparatus 500 may be used
to damp the vibration of a payload relative to a base.
Damping apparatus 500 includes a housing 502, mag-
nets 504, conducting member 506, and channel 508.
Damping apparatus 500 is substantially the same as
damping apparatus 200 & 400 except as described be-
low.
[0053] Conducting member 506 includes hollow por-
tions for defining at least part of channel 508. In an ex-
emplary embodiment, conducting member 406 is formed
from a substantially flat piece of conducting material de-
fining one or more hollow portions, as illustrated in FIGS.
5A and 5B. The hollow portions defined by conducting
member 506 form at least part of channel 508.
[0054] Conducting member 506 may include one or
more widened hollow portions 510 extending axially
through conducting member 506. Conducting member
506 may further include narrower hollow portions 512
branching from the widened hollow portion 510, as illus-
trated in FIGS. 6A and 6B. The narrow branching portions
512 may be open to the interior of housing 502. Conduct-
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ing member 506 may thereby allow cryogenic fluid to flow
outward from branching portions 512 of conducting mem-
ber 506 to contact housing 502 and magnets 504. This
may promote circulation of cryogenic fluid within appa-
ratus 500. Narrow branching portions 512 may further be
located in areas of conducting member 506 adjacent
magnets 504. This may promote cooling of conducting
member 506 in the areas adjacent magnets 504, where
most of the eddy currents are generated during vibration
of conducting member 506. Because eddy currents are
generated in areas of conducting member 506 adjacent
the edges of magnets 504, branching portions 512 may
optionally be located in areas of conducting member 506
corresponding to the center of magnets 504 and away
from the edges of magnets 504, in order to minimize dis-
ruption of the paths of eddy currents, which may cause
a decrease in damping force of damping apparatus 500.
[0055] While conducting member 506 is illustrated as
defining a hollow portion having narrower branching por-
tions, it will be understood by one of ordinary skill in the
art that the hollow portion illustrated in FIGS. 6A and 6B
is illustrative and not limiting. Conducting member 506
may define any number of wide hollow portions 510 or
narrow branching portions 512 to serve as at least part
of channel 508. Conducting member 506 may be formed
substantially as described with respect to conducting
member 406.
[0056] Channel 508 confines cryogenic fluid such that
the cryogenic fluid contacts conducting member 506. In
an exemplary embodiment, channel 508 is defined by
the hollow portions 510 and 512 of conducting member
506 when flowing through conducting member 506, and
also by the housing 502, magnets 504, and external sur-
face of conducting member 506 when flowing through
damping apparatus 500. Channel 508 is configured such
that the cryogenic fluid contacts a substantial portion of
both the interior and exterior surfaces of conducting
member 506. Channel 508 may optionally be configured
such that the cryogenic fluid contacts the entire interior
and exterior surfaces of conducting member 506. As de-
scribed above, channel 508 may be configured such that
cryogenic fluid contacts the areas of conducting member
506 adjacent magnets 504. This may provide for more
efficient cooling of conducting member 506 in areas
where eddy currents will be generated.
[0057] Cryogenic fluid may be made to circulate
through channel 508 within conducting member 506. In
an exemplary embodiment, the cryogenic fluid may flow
through the widened hollow portion 510 of conducting
member 506 and out through the narrow branch portions
512. Cryogenic fluid may then flow around the outside of
conducting member 506 within housing 502. As de-
scribed above, cryogenic fluid may be collected in a man-
ifold after flowing through housing 502 for recirculation
or venting to the external environment. One exemplary
path for the flow of cryogenic fluid relative to damping
apparatus is indicated in FIGS. 6A-6C.
[0058] In each of the embodiments described above,

the temperature of the conducting members depends in
part on the temperature of the cryogenic fluid and the
heat transfer coefficient between the cryogenic fluid and
the conducting members. Since the heat transfer coeffi-
cient generally increases as the cryogenic fluid flow rate
increases, heat transfer (or cooling rate) can be control-
led by varying flow rate of the cryogenic fluid. As such,
it is understood that all the embodiments described
above may be augmented to include a means for sensing
temperature and generating a related feedback signal,
and a means for varying the volume rate of flow dis-
charged by pump in response to the feedback control
signal. Additionally, where cryogenic fluid is held in a
coolant tank, a feedback signal may be used based on
the sensed temperature for controlling the release of the
cryogenic fluid from the coolant tank.
[0059] Although the invention is illustrated and de-
scribed herein with reference to specific embodiments,
the invention is not intended to be limited to the details
shown. Rather, various modifications may be made in
the details within the scope and range of equivalents of
the claims and without departing from the invention. It
will be understood that the features disclosed by each of
the embodiments may be omitted or combined with other
embodiment, and that each embodiment is not limited to
the particular set of features it discloses.

Claims

1. A damping apparatus comprising:

at least one magnet;
a conducting member movable relative to the
magnet; and
a channel that confines the cryogenic fluid in
contact with the conducting member.

2. The damping apparatus of claim 1, comprising a cry-
ogenic fluid.

3. The damping apparatus of claim 2, wherein the con-
ducting member comprises a conducting material
chosen such that a conductivity of the conducting
member is increased when a temperature of the con-
ducting member is decreased by contact with the
cryogenic fluid.

4. The damping apparatus of claim 2 or 3, wherein the
channel confines the cryogenic fluid such that the
cryogenic fluid contacts a substantial portion of a sur-
face of the conducting member.

5. The damping apparatus of one of claims 2 to 4,
wherein the channel confines the cryogenic fluid
such that the cryogenic fluid contacts the entire sur-
face of the conducting member.
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6. The damping apparatus of one of claims 2 to 5,
wherein the channel is a substantially closed chan-
nel, and the cryogenic fluid is circulated in the sub-
stantially closed channel and wherein in particular
the substantially closed channel includes a vent for
venting the cryogenic fluid.

7. The damping apparatus of one of the preceding
claims, further comprising a pump configured to cir-
culate the cryogenic fluid through the channel.

8. The damping apparatus of one of the preceding
claims, further comprising:

a temperature sensor for sensing temperature
of the conducting member; and
means for varying a flow rate of the cryogenic
fluid circulated by the pump,
wherein the flow rate of the cryogenic fluid cir-
culated by the pump is controlled based on the
temperature of the conducting member.

9. The damping apparatus of one of claims 2 to 8, fur-
ther comprising a manifold for collecting circulated
cryogenic fluid.

10. The damping apparatus of one of claims 2 to 9,
wherein the channel is an open channel, and the
cryogenic fluid is released from the damping appa-
ratus after flowing through the channel.

11. The damping apparatus of claim 10, further compris-
ing a pressurized fluid holder for holding the cryo-
genic fluid and for releasing the cryogenic fluid into
the open channel.

12. The damping apparatus of one of the preceding
claims, further comprising a housing, wherein the
channel is defined at least in part by the housing and
the conducting member.

13. The damping apparatus of one of the preceding
claims, wherein the channel

- is defined at least in part by the magnet and
the conducting member; or
- is defined at least in part by one or more hollow
portions of the conducting member, and in par-
ticular wherein the channel
- is defined entirely within the one or more hollow
portions of the conducting member; or
- confines the cryogenic fluid such that the cry-
ogenic fluid contacts an interior surface and an
exterior surface of the conducting member; or
- confines the cryogenic fluid such that the cry-
ogenic fluid contacts the conducting member at
an area of the conducting member adjacent the
at least one magnet.

14. The damping apparatus of claim 13, wherein the one
or more hollow portions defining the channel are not
located at portions of the conducting member adja-
cent edges of the at least one magnet.

15. The damping apparatus of one of claims 2 to 14,
wherein the cryogenic fluid is configured to flow
through the channel, further comprising:

a temperature sensor for sensing a temperature
of the conducting member; and
means for varying a flow rate of the cryogenic
fluid through the channel,
wherein the flow rate of the cryogenic fluid is
controlled based on the temperature of the con-
ducting member.
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