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METHODS AND SYSTEMS FOR
CRYOGENIC COOLING

CROSS-REFERENCES TO RELATED
APPLICATIONS

This application is a continuation-in-part of U.S. patent
application Ser. No. 10/757,769, now U.S. Pat. No. 7,083,
612 entitled “CRYOTHERAPY SYSTEM,” filed Jan. 14,
2004 by Peter J. Littrup et al., which is a nonprovisional
claiming the benefit of the filing date of U.S. Prov. Appl. No.
60/440,662, entitled “CRYOSURGICAL SYSTEM,” filed
Jan. 15, 2003 by Peter Littrup et al., the entire disclosures of
both of which are incorporated herein by reference for all
purposes, including the appendices. This application is also
a continuation-in-part of U.S. patent application Ser. No.
10/757,768, entitled “CRYOTHERAPY PROBE,” filed Jan.
14,2004 by Peter J. Littrup et al., which is a nonprovisional
claiming the benefit of the filing date of U.S. Prov. Pat. Appl.
No. 60/440,541, entitled “CRYOSURGICAL PROBE,”
filed Jan. 15, 2003 by Peter Littrup et al., the entire disclo-
sure of which is incorporated herein by reference for all
purposes, including the appendices.

BACKGROUND OF THE INVENTION

This application relates to methods and systems for cryo-
genic cooling. “Cryogenic cooling” refers generally to pro-
cesses that use liquefied gases, i.e. “cryogens,” in providing
the cooling, which may take the form of freezing or simply
chilling a system or material.

There are numerous applications, both medical and non-
medical, in which it is desirable to provide effective cooling.
Any cooling process may be considered as involving one or
more of four basic processes that result in removal of a heat
load: evaporation, conduction, radiation, and convection.
One challenge that is presented in cryogenic cooling tech-
niques results from the process of evaporation, and may be
understood by considering cooling within a small channel.
The process of evaporation of a liquefied gas results in
enormous expansion as the liquid converts to a gas; the
volume expansion is on the order of a factor of 200. In a
small-diameter system, this degree of expansion consistently
results in a phenomenon known in the art as “vapor lock.”
The phenomenon is exemplified by the flow of a cryogen in
a thin-diameter tube, such as is commonly provided in a
cryoprobe. A relatively massive volume of expanding gas
that forms ahead of it impedes the flow of the liquid cryogen.
Traditional techniques that have been used to avoid vapor
lock have included restrictions on the diameter of the tube,
requiring that it be sufficiently large to accommodate the
evaporative effects that lead to vapor lock. Other complex
cryoprobe and tubing configurations have been used to
“vent” N, gas as it formed along transport tubing. These
designs also contributed to limiting the cost efficacy and
probe diameter.

There is accordingly a general need in the art for
improved methods and systems for providing cryogenic
cooling.

BRIEF SUMMARY OF THE INVENTION

Embodiments of the invention thus provide methods and
systems for cooling an object. The methods and systems
provide changes in pressure/temperature characteristics that
avoid the occurrence of vapor lock by following a thermo-
dynamic path that never crosses a liquid-gas phase line of
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the cryogen. In a number of embodiments, this is achieved
by keeping the pressure of the cryogen near or above its
critical-point pressure. In many embodiments, the cryogen
comprises nitrogen (N,), although other cryogens may be
used in other embodiments.

In a first set of embodiments, a method is provided for
cooling an object with a cryogen having a critical point
defined by a critical-point pressure and a critical-point
temperature. A pressure of the cryogen is raised above its
critical-point pressure. Thereafter, the cryogen is placed n
thermal communication with the object to increase a tem-
perature of the cryogen along a thermodynamic path that
maintains the pressure greater than the critical-point pres-
sure for a duration that the cryogen and object are in thermal
communication.

In some instances, the thermodynamic path may increase
the temperature of the cryogen to an ambient temperature.
The pressure of the cryogen may be reduced to an ambient
pressure after removing the cryogen from thermal commu-
nication with the object. In some embodiments, after raising
the pressure of the cryogen above its critical-point tempera-
ture and prior to placing the cryogen in thermal communi-
cation with the object, the temperature of the cryogen is
reduced without decreasing the pressure of the cryogen
below its critical-point pressure. For example, the tempera-
ture of the cryogen may be reduced by placing the cryogen
in thermal communication with a second liquid cryogen
having a temperature lower than the temperature of the
cryogen. The cryogen and second cryogen may be chemi-
cally identical, and the second liquid cryogen may be
substantially at ambient pressure. In one embodiment, the
pressure of the cryogen is substantially constant while
reducing the temperature of the cryogen.

When the pressure of the cryogen is raised above its
critical-point pressure, the pressure of the cryogen may be
raised to near or approximately at its critical-point pressure.
Also, when the pressure of the cryogen is raised above its
critical-point pressure, the cryogen may be provided at
approximately its critical-point temperature. In one embodi-
ment, the cryogen is provided at a temperature within £10%
of'its critical-point temperature. The pressure of the cryogen
may be raised above its critical-point pressure in one
embodiment by placing the cryogen within a thermally
insulated tank and applying heat within the tank at least until
a predetermined pressure within the tank is reached.

In a second set of embodiments, another method is
provided for cooling an object with a cryogen having a
critical point defined by a critical-point pressure and a
critical-point temperature. A pressure of the cryogen is
raised to between 0.8 and 1.2 of its critical point pressure
and the cryogen is provided at a temperature within +10% of
its critical-point temperature. The temperature of the cryo-
gen is thereafter reduced without decreasing the pressure
below 0.8 times its critical-point pressure. Thereafter, the
cryogen is placed in thermal communication with the object
to increase the temperature of the cryogen to an ambient
temperature along a thermodynamic path that maintains a
pressure greater than 0.8 times the critical-point pressure for
a duration that the cryogen and object are in thermal
communication. The cryogen is subsequently removed from
thermal communication with the object and the pressure of
the cryogen is reduced to an ambient pressure.

In a third set of embodiments, a further method is pro-
vided for cooling an object with a cryogen having a critical
point defined by a critical-point pressure and a critical-point
temperature. A pressure of the cryogen is raised to near its
critical-point pressure. Thereafter, the cryogen is placed in
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thermal communication with the object to increase a tem-
perature of the cryogen along a thermodynamic path that
maintains the pressure near the critical-point pressure for a
duration that the cryogen and object are in thermal commu-
nication. The pressure may be raised to near the critical-
point pressure by raising the pressure of the cryogen to
greater than a pressure value determined to provide the
cryogen at a reduced molar volume that prevents vapor lock,
with the thermodynamic path maintaining the pressure
above the determined pressure value. In some instances, the
determined pressure value is between 0.8 and 1.2 times the
critical-point pressure.

In a fourth set of embodiments, a system is provided for
cooling an object with a cryogen having a critical point
defined by a critical-point pressure and a critical-point
temperature. A cryogen generator is adapted to increase a
pressure of the cryogen. A valve is provided at an outlet of
the cryogen generator and adapted to release a flow of the
cryogen when the pressure of the cryogen exceeds a prede-
termined pressure within the cryogen generator. The prede-
termined pressure is greater than a pressure value deter-
mined to provide the cryogen at a reduced molar volume that
prevents vapor lock. A cryogenic application device is also
provided and adapted to be brought into thermal communi-
cation with the object. A conduit connects the valve with the
cryogenic application device for transporting the cryogen
from the valve to the cryogenic application device. A flow
controller regulates flow of cryogen through the conduit and
cryogenic application device. The cryogen increases in
temperature when the application device is in thermal com-
munication with the object along a thermodynamic path that
maintains the pressure of the cryogen above the predeter-
mined pressure for a duration that the application device and
cryogen are in thermal communication.

The cryogen generator may comprise a thermally insu-
lated tank having an interior volume for holding the cryogen
and a heating element for applying heat within the interior
volume. In one embodiment, the heating element comprises
a resistive heating element. A bath of a second liquid
cryogen may surround a portion of the conduit between the
valve and the cryogenic application device. In one embodi-
ment, the bath of the second liquid cryogen is at substan-
tially ambient pressure. In another embodiment, the cryogen
and second cryogen are chemically identical.

In certain embodiments, the cryogen generator comprises
a plurality of cryogen generators and the valve comprises a
plurality of valves. Each of the plurality of cryogen genera-
tors is adapted to increase the pressure of the cryogen. Each
of the plurality of valves is provided at an outlet of one of
the plurality of cryogen generators and configured to release
a flow of the cryogen when the pressure of the cryogen
exceeds a predetermined pressure within the one of the
plurality of cryogen generators. The conduit is configured to
provide a selective connection between one of the plurality
of'valves and the cryogenic application device. In some such
embodiments, the system further comprises a liquid bath of
the cryogen, with the plurality of cryogen generators dis-
posed within the liquid bath. In addition, the system may
further comprise a plurality of heat exchangers, each of
which is disposed within the liquid bath of the cryogen and
in fluid communication between a respective one of the
plurality of cryogen generators and the conduit. Each of the
plurality of cryogen generators may additionally comprise
an inlet to receive cryogen from the liquid bath of the
cryogen. The cryogenic application device may comprise a
detachable spray control nozzle, which in some instances
may comprise a vent adapted to release cryogen reflected
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during use of the cryogenic application device. In one
embodiment, the system further comprises a thermometry
device adapted to measure a temperature of the object.

In a fitth set of embodiments, a method is provided for
cooling an object with a cryogen having a critical point
defined by a critical-point pressure and a critical-point
temperature. A pressure of the cryogen is raised in a first
cryogen generator above a pressure value determined to
provide the cryogen at a reduced molar volume that prevents
vapor lock. Thereafter, the cryogen is flowed from the first
cryogen generator to be in thermal communication with the
object and to have a pressure greater than the critical-point
pressure while the cryogen and object are in thermal com-
munication. Thereafter, a pressure of the cryogen in a second
cryogen generator is raised above the determined pressure
value. Thereafter, the cryogen from the second cryogen
generator is flowed to be in thermal communication with the
object and to have a pressure greater than the determined
pressure value while the cryogen and object are in thermal
communication. Thereafter, cryogen in the first cryogen
generator is replenished.

In some such embodiments, when cryogen is flowed from
the first or second cryogen generator, it is flowed through a
conduit in thermal communication with a liquid bath to
reduce a temperature of the cryogen. In one embodiment, the
cryogen and liquid cryogen bath are chemically identical,
with cryogen in the first cryogen generator being replenished
from the liquid cryogen bath. When the pressure of the
cryogen is raised above the determined pressure value in the
first and second cryogen generators, it may be raised to near
its critical-point pressure. In one embodiment, applying heat
within a thermally insulated tank at least until a predeter-
mined pressure within the thermally insulated tank is
reached raises the pressure.

BRIEF DESCRIPTION OF THE DRAWINGS

A further understanding of the nature and advantages of
the present invention may be realized by reference to the
remaining portions of the specification and the drawings
wherein like reference numerals are used throughout the
several drawings to refer to similar components. In some
instances, a sub-label is associated with a reference numeral
and follows a hyphen to denote one of multiple similar
components. When reference is made to a reference numeral
without specification to an existing sub-label, it is intended
to refer to all such multiple similar components.

FIG. 1A illustrates a typical cryogen phase diagram;

FIG. 1B provides an illustration of how to determine a
minimum operating pressure for a cryogenic probe;

FIG. 1C uses a cryogen phase diagram to illustrate the
occurrence of vapor lock with simple-flow cryogen cooling;

FIG. 1D uses a cryogen phase diagram to illustrate a
cooling cycle used in Joule-Thomson cooling to avoid the
occurrence of vapor lock;

FIG. 2A is a schematic illustration of a cryogenic cooling
system according to an embodiment of the invention;

FIG. 2B uses a cryogen phase diagram to illustrate a
method for cryogenic cooling in an embodiment of the
invention;

FIG. 3 provides a flow diagram that summarizes aspects
of the cooling method of FIG. 2A;

FIG. 4 is a schematic illustration of a cryogenic cooling
system according to another embodiment of the invention;

FIG. 5 is a schematic illustration of a cryogenic cooling
system according to a further embodiment of the invention;
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FIG. 6 is a photograph of an embodiment of a cryogenic
system configured as a self-contained handheld device;

FIG. 7A shows another handheld embodiment that allows
interchangeable tips to direct the near-critical nitrogen as a
pinpoint spray or as a more evenly dispersed circular cov-
erage for areas of various diameter;

FIG. 7B illustrates a combined surface treatment of o
tumor with a coned tip in combination with an interstitial
vented needle, as well as deeper monitoring with a multi-
point resistive thermometry array; and

FIG. 8 provides a graphical comparison of cooling power
for different cryogenic cooling processes.

DETAILED DESCRIPTION OF THE
INVENTION

Embodiments of the invention make use of thermody-
namic processes using cryogens that provide cooling with-
out encountering the phenomenon of vapor lock. Various
other benefits and advantages provided in different embodi-
ments of the invention are apparent from the following
description.

This application uses phase diagrams to illustrate and
compare various thermodynamic processes. Such phase
diagrams are well known in the art and an example typical
for a cryogen is provided in FIG. 1A. The axes of the
diagram correspond to pressure P and temperature T, and
includes a phase line 102 that delineates the locus of all (P,
T) points where liquid and gas coexist. For (P, T) values to
the left of the phase line 102, the cryogen is in a liquid state,
generally achieved with higher pressures and lower tem-
peratures, while (P, T) values to the right of the phase line
102 define regions where the cryogen is in a gaseous state,
generally achieved with lower pressures and higher tem-
peratures. The phase line 102 ends abruptly in a single point
known as the critical point 104. In the case of nitrogen N,
the critical point is at P.=33.94 bar and T =-147.15° C.

When a fluid has both liquid and gas phases present
during a gradual increase in pressure, the system moves up
along the liquid-gas phase line 102. In the case of N,, the
liquid at low pressures is up to two hundred times more
dense than the gas phase. A continual increase in pressure
causes the density of the liquid to decrease and the density
of the gas phase to increase, until they are exactly equal only
at the critical point 104. The distinction between liquid and
gas disappears at the critical point 104. The blockage of
forward flow by gas expanding ahead of the liquid cryogen
is thus avoided by conditions surrounding the critical point,
defined herein as “near-critical conditions.” Factors that
allow greater departure from the critical point while main-
taining a functional flow include greater speed of cryogen
flow, larger diameter of the flow lumen and lower heat load
upon the thermal exchanger, or cryoprobe tip.

As the critical point is approached from below, the vapor
phase density increases and the liquid phase density
decreases until right at the critical point, where the densities
of these two phases are exactly equal. Above the critical
point, the distinction of liquid and vapor phases vanishes,
leaving only a single, supercritical phase. All gases obey
quite well the following van der Waals equation of state:

(p + %]m— 1) =84, [Eq. 1]
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where p=P/P_, v=V/V _, and t=T/T_,and P_, V _,and T, are
the critical pressure, critical molar volume, and the critical
temperature respectively. The variables v, p, and t are often
referred to as the “reduced molar volume,” the “reduced
pressure,” and the “reduced temperature,” respectively.
Hence, any two substances with the same values of p, v, and
t are in the same thermodynamic state of fluid near its critical
point. Eq. 1 is thus referred to as embodying the “Law of
Corresponding States.” This is described more fully in H. E.
Stanley, Introduction to Phase Transitions and Critical
Phenomena (Oxtord Science Publications, 1971), the entire
disclosure of which is incorporated herein by reference for
all purposes. Rearranging Eq. 1 provides the following
expression for v as a function of p and t:

PYV-(+8D)V+9v-3=0. [Eq. 2]
The reduce moral volume of the fluid v may thus be thought
of as being an exact function of only the reduced pressure t
and the reduced pressure p.

Typically, in embodiments of the invention, the reduced
pressure p is fixed at a constant value of approximately one,
and hence at a fixed physical pressure near the critical
pressure, while the reduced temperature t varies with the
heat load applied to the needle. If the reduced pressure p is
a constant set by the engineering of the system, then the
reduced molar volume v is an exact function of the reduced
temperature t. In embodiments of the invention, the needle’s
operating pressure p may be adjusted so that over the course
of variations in the temperature t of the needle, v is main-
tained below some maximum value at which the vapor lock
condition will result. It is generally desirable to maintain p
at the lowest value at which this is true since boosting the
pressure to achieve higher values of p may involve use of a
more complex and more expensive compressor, resulting in
more expensive procurement and maintenance of the entire
needle support system and lower overall wall plug effi-
ciency. As used herein, “wall plug efficiency” refers to the
total cooling power of a needle divided by the power
obtained from a line to operate the system.

The conditions that need to be placed on v depend in a
complex and non-analytic way on the volume flow rate
dV/dt, the heat capacity of the liquid and vapor phases, and
the transport properties such as the thermal conductivity,
viscosity, etc., in both the liquid and the vapor. This exact
relationship cannot be derived in closed form algebraically,
but may be determined numerically by integrating the model
equations that describe mass and heat transport within the
needle. Conceptually, vapor lock occurs when the rate of
heating of the needle produces the vapor phase, and when
the cooling power of this vapor phase, which is proportional
to the flow rate of the vapor times its heat capacity divided
by its molar volume, is not able to keep up with the rate of
heating to the needle. When this occurs, more and more of
the vapor phase is formed in order to absorb the excess heat
through the conversion of the liquid phase to vapor in the
cryogen flow. This creates a runaway condition where the
liquid converts into vapor phase to fill the needle, and
effectively all cryogen flow stops due to the large pressure
that results in this vapor phase as the heat flow into the
needle increases its temperature and pressure rapidly. This
condition is called “vapor lock.” Since the liquid and vapor
phases are identical in their molar volume, and hence
cooling power at the critical point, the cooling system at or
above the critical point can never vapor lock. But for
conditions slightly below the critical below the critical point,
the needle may avoid vapor lock as well. A relationship
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between a minimum acceptable molar volume, correspond-
ing to the minimum acceptable gas phase density, and
dimensions of the needle, flow rate, and thermophysical
properties of gas and liquid phases is a consequence of a
manifestly complex nonlinear system. A determination of
how large v may be, and hence how small p may be, to
reliably avoid vapor lock may be determined experimen-
tally, as illustrated with the data shown in FIG. 1B.

FIG. 1 B displays how a minimum operating pressure P,
and hence the minimum reduced pressure p, is determined
experimentally. The upper curve in he top panel shows the
pressure of nitrogen in the needle and the bottom curve in
the top panel shows the resulting mass flow rate through the
probe, displayed in units of standard liters per second
through the needle. The bottom panel shows the needle tip
temperature at the same times as the top plot. A heat load of
6.6 W was applied to the needle tip while these data were
taken. For example, at an operating pressure of 12.6 bar and
22 bar a vapor-lock condition occurred at this level of heat
load and flow rate, as evidenced by the failure of the needle
tip temperature to recover its low temperature value when
the flow was momentarily interrupted and then resumed. But
at 28.5 bar of pressure, the tip temperature recovered its low
temperature value reliably following a flow interruption.
The downwards trend in the mass flow rate through the
needle is indicative of being very close, yet slightly below
the lowest acceptable pressure for reliable, continuous
operation without vapor lock. These data suggest that about
29 bars of pressure is the lowest acceptable operating
pressure in this illustrative embodiment. Thus, for this
embodiment, in which a vacuum-jacketed needle with
22-cm long capillaries of 0.020-cm diameter for the inflow
capillary and 0.030-cm diameter for the outflow capillary,
under this heat load and flow rate, 29 bar is a typical
minimum operating pressure. This corresponds to a mini-
mum p=29 bar/33.9 bar=0.85. Hence, in this illustrative
embodiment, “near critical” corresponds to a pressure no
less than 85% of the critical pressure.

More generally, references herein to a “near-critical”
pressure are intended to refer to a pressure that exceeds a
minimum pressure determined to meet the conditions
described above. In particular, once the minimum value of p
has been determined, such as with the experimental proce-
dure described, the “near-critical” pressure range includes
all values of p=P/P_ that are at or above the determined
minimum pressure. While any supercritical pressure having
p>1 is generally acceptable to avoid vapor lock, the inven-
tors have discovered that in practice the minimum value of
p that may be used without creating vapor-lock conditions
may be lower, and use of such a lower value may advanta-
geously improve system efficiency and simplicity.

The occurrence of vapor lock in a simple-flow cryogen
cooling system may be understood with reference to FIG.
1C, which for exemplary purposes shows the phase diagram
for N,, with liquid-gas phase line 106 terminating at critical
point 108. The simple-flow cooling proceeds by compress-
ing the liquid cryogen and forcing it to flow through a
cryoprobe. Some pre-cooling may be used to force liquid-
phase cryogen through an inlet 110 of the cryoprobe from
the indicated point on the phase diagram to the region where
the cryogen evaporates to provide evaporative cooling. The
thermodynamic path 116 taken by the cryogen as it is forced
from the inlet 110 to a vent 114 intersects the liquid-gas
phase line 106 at point 112, where the evaporation occurs.
Because the evaporation occurs at a point along the liquid-
gas phase line 106 well below the critical point 108, there is
a dramatic expansion of the volume of the flow stream as the
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much denser liquid evaporates into its gaseous phase, lead-
ing to the occurrence of vapor lock.

An alternative cryogen cooling technique that avoids
vapor lock at the expense of a number of complexities
exploits the Joule-Thomson effect. When a gas is com-
pressed, there is a reduction in its enthalpy, the size of the
reduction varying with the pressure. When the gas is then
expanded through a small port (referred to as a “JT port” or
“throttle”) to a lower pressure, there is a reduction in
temperature, with the resultant cooling being a function of
the decrease in enthalpy during compression. With a heat
exchanger provided between the compressor and expansion
valve, progressively lower temperatures may be reached. In
some instances, Joule-Thomson cooling uses cheaper gases
like CO, or N,O, although lower temperatures can be
achieved with argon (Ar). There may be higher risks asso-
ciated with Ar in addition to its higher cost, but both of these
may be justified in some applications because of the rapid
initiation and termination of freezing that may be provided.

Joule-Thomson cooling processes thus use a completely
different cooling cycle than is used for simple-flow cryogen
cooling, as illustrated with the phase diagram of FIG. 1D.
The cooling cycle is shown superimposed on the N, phase
diagram as a specific example, with the liquid-gas phase line
122 for N, terminating at its critical point 128. Nitrogen is
initially provided at very high pressures at normal ambient
(room) temperature at point 130 on the phase diagram. The
pressure is typically about 400 bar, i.e. greater than ten times
the pressure at the critical point 128. The N, flows within a
cryoprobe along thermodynamic path 124 until it reaches the
JT expansion port at point 132 on the phase diagram. The N,
expands abruptly at the JT port, flowing in a JT jet 142
downwards in the phase diagram as its pressure decreases
rapidly. The rapid expansion causes the N, downstream in
the jet 142 to partially liquefy so that following the expan-
sion at the JT jet 142, the liquefied N, is in thermal
equilibrium with its gaseous phase. The nitrogen is thus at
point 134 in the phase diagram, i.e. on the liquid-gas phase
line 106 slightly above ambient pressure, and therefore well
below the critical point 128. The nitrogen is heated on a
return gas stream following thermodynamic path 126 where
it may be used for cooling, and is subsequently exhausted to
ambient conditions through a vent 140, perhaps on the way
back to a controlling console. It is notable that Joule-
Thomson cooling never approaches the critical point of the
liquid-gas system, and that it uses predominantly evapora-
tive-flow cooling.

The flow of the cooled gas in Joule-Thomson cooling is
typically provided back along a side of the inlet high-
pressure feed line. This counter-flow of the low-pressure
return gas advantageously cools the incoming high-pressure
gas before expansion. The effect of this heat exchanger 144
between the gas streams is evident in the phase diagram
since the pressure along the inlet line to the JT port (ther-
modynamic path 124) falls due to its flow impedance as the
stream of high-pressure gas is cooled by the counter-flow
heat exchanger. Similarly, the pressure of the return stream
(thermodynamic path 126) falls slightly as the cold, low-
pressure nitrogen cools the incoming stream at high pressure
through the counter-flow heat exchanger 144. The effects of
the counter-flow heat exchanger 144 are beneficial in
improving the efficiency the Joule-Thomson cooling, but
limits to this efficiency result from trying to make the
cryoprobe needle smaller in diameter. As the cryoprobe
needle becomes smaller, the return-gas-flow velocity
becomes larger, eventually reaching the speed of sound for
typical volume flow rates and probe designs in probes
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having a diameter of about 1.5 mm. The Joule-Thomson
cooling process continues to lose efficiency as the probe is
miniaturized further, to the point where no more cooling
power can be generated. Probes with diameters <1.2 mm are
thereby severely limited by the physics of their operation to
the point where they would have minimal cooling capacity,
even if they could be reliably constructed at a reasonable
cost. The cost of Joule-Thomson probe construction
increases rapidly as the probe diameter is reduced, primarily
because of the fabrication and assembly costs associated
with the counter-flow heat exchanger.

Embodiments of the invention avoid the occurrence of
vapor lock and permit decreased probe sizes by operating in
cryogen pressure-temperature regimes that avoid any cross-
ing of the liquid-gas phase line. In particular embodiments,
cryogenic cooling is achieved by operating near the critical
point for the cryogen. When operating in this region, heat
flows into the near-critical cryogen from the surrounding
environment since the critical-point temperature (e.g., —147°
C. in the case of N,) is much colder that the surrounding
environment. This heat is removed by the flow of the near
critical cryogen through the tip of a cryoprobe, even though
there is no latent heat of evaporation to assist with the
cooling process. While the scope of the invention is intended
to include operation in any regime having a pressure greater
than the critical-point pressure, the cooling efficiency tends
to decrease as the pressure is increased above the critical
pressure. This is a consequence of increasing energy require-
ments needed to achieve flow at higher operating pressures.

FIG. 2A provides a schematic illustration of a structural
arrangement for a cryogenic system in one embodiment, and
FIG. 2B provides a phase diagram that illustrates a thermo-
dynamic path taken by the cryogen when the system of FIG.
2A is operated. The circled numerical identifiers in the two
figures correspond so that a physical position is indicated in
FIG. 2A where operating points identified along the ther-
modynamic path are achieved. The following description
thus sometimes makes simultaneous reference to both the
structural drawing of FIG. 2A and to the phase diagram of
FIG. 2B in describing physical and thermodynamic aspects
of the cooling flow. For purposes of illustration, both FIGS.
2A and 2B make specific reference to a nitrogen cryogen,
but this is not intended to be limiting. The invention may
more generally be used with any suitable cryogen, as will be
understood by those of skill in the art; merely by way of
example, alternative cryogens that may be used include
argon, helium, hydrogen, and oxygen. In FIG. 2B, the
liquid-gas phase line is identified with reference label 256
and the thermodynamic path followed by the cryogen is
identified with reference label 258.

A cryogenic generator 246 is used to supply the cryogen
at a pressure that exceeds the critical-point pressure P_ for
the cryogen at its outlet, referenced in FIGS. 2A and 2B by
label . The cooling cycle may generally begin at any point
in the phase diagram having a pressure above or slightly
below P_, although it is advantageous for the pressure to be
near the critical-point pressure P,.. The cooling efficiency of
the process described herein is generally greater when the
initial pressure is near the critical-point pressure P_ so that at
higher pressures there may be increased energy require-
ments to achieve the desired flow. Thus, embodiments may
sometimes incorporate various higher upper boundary pres-
sure but generally begin near the critical point, such as
between 0.8 and 1.2 times P_, and in one embodiment at
about 0.85 times P,_. Different embodiments may have the
initial cryogen pressure greater than about 0.8 times its
critical-point pressure, but less than 5.0 times P, less than
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2.0 times P_, less than 1.5 times P_, less than 1.2 times P,
less than 1.1 times P_, than 1.01 times P_, or less than 1.001
times P_. Also, in several embodiments, it is advantageous
for the initial temperature of the cryogen to be at or near the
critical-point temperature T, so that in different embodi-
ments the initial temperature is T _+50° C., is T x25° C., is
T+10° C., is Tx5° C., is T£1° C, is T_#0.1° C,, or is
substantially equal to T,.

The cryogen is flowed through a tube, at least part of
which is surrounded by a reservoir 240 of the cryogen in a
liquid state, reducing its temperature without substantially
changing its pressure. In FIG. 2A, reservoir is shown as
liquid N,, with a heat exchanger 242 provided within the
reservoir 240 to extract heat from the flowing cryogen.
Outside the reservoir 240, thermal insulation 220 may be
provided around the tube to prevent unwanted warming of
the cryogen as it is flowed from the cryogen generator 246.
At point O after being cooled by being brought into thermal
contact with the liquid cryogen, the cryogen has a lower
temperature but is at substantially the initial pressure. In
some instances, there may be a pressure change, as is
indicated in FIG. 2B in the form of a slight pressure
decrease, provided that the pressure does not drop substan-
tially below the critical-point pressure P_, i.e. does not drop
below the determined minimum pressure. In the example
shown in FIG. 2B, the temperature drop as a result of
flowing through the liquid cryogen is about 47° C.

The cryogen is then provided to a device for use in
cryogenic applications. In the exemplary embodiment
shown in FIG. 2A, the cryogen is provided to an inlet 236
of a cryoprobe 224, such as may be used in medical
cryogenic applications, but this is not a requirement. At the
point when the cgogen is provided to such a device,
indicated by label ¥/ in FIGS. 2A and 2B, there may be a
slight change in pressure and/or temperature of the cryogen
as it moves through an interface with the device, i.e. such as
when it is provided from the tube to the cryoprobe inlet 236
in FIG. 2A. Such changes may typically show a slight
increase in temperature and a slight decrease in pressure.
Provided the cryogen pressure remains above the deter-
mined minimum pressure (and associated conditions), slight
increases in temperature do not significantly affect perfor-
mance because the cryogen simply moves back towards the
critical point without encountering the liquid-gas phase line
256, thereby avoiding vapor lock.

Thermal insulation along the shaft of the cryotherapy
needles, and along the support system that delivers near-
critical freeze capability to these needles, may use a vacuum
of better than one part per million of atmospheric pressure.
Such a vacuum may not be achieved by conventional
two-stage roughing pumps alone. The percutaneous cryo-
therapy system in an embodiment thus incorporates a sim-
plified method of absorption pumping rather than using
expensive and maintenance-intensive high-vacuum pumps,
such as diffusion pumps or turbomolecular pumps. This may
be done on an internal system reservoir of charcoal, as well
as being built into each individual disposable probe.

Embodiments of the system incorporate a method of
absorption pumping in which the liquid nitrogen bath that is
used to sub-cool the stream of incoming nitrogen near its
critical point is also used to cool a small volume of clean
charcoal. The vast surface area of the charcoal permits it to
absorb most residual gas atoms, thus lowering the ambient
pressure within its volume to well below the vacuum that is
used to thermally insulate the needle shaft and the associated
support hardware. This volume that contains the cold char-
coal is attached through small-diameter tubing to the space
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that insulates the near-critical cryogen flow to the needles.
Depending upon the system design requirements for each
clinical use, the charcoal may be incorporated into the
cooling reservoir of liquid cryogen 240 seen in FIG. 2A, or
become part of the cryoprobe 224, near the connection of the
extension hose near the inlet 236. Attachments may be made
through a thermal contraction bayonet mount to the vacuum
space between the outer shaft of the vacuum-jacketed
needles and the internal capillaries that carry the near-
critical cryogen, and which is thermally insulated from the
surrounding tissue. In this manner, the scalability of the
system extends from simple design constructions, whereby
the charcoal-vacuum concept may be incorporated into
smaller reservoirs where it may be more convenient to draw
the vacuum. Alternatively, it may be desirable for multiple-
probe systems to individually incorporate small charcoal
packages into each cryoprobe near the junction of the
extension close/cryoprobe with the machine interface 236,
such that each hose and cryoprobe draws its own vacuum,
thereby further reducing construction costs.

Flow of the cryogen from the cryogen generator 246
through the cryoprobe 224 or other device is controlled in
the illustrated embodiment with an assembly that includes a
crack valve 216, a flow impedance, and a flow controller.
The cryoprobe 224 itself may comprise a vacuum jacket 232
along its length and may have a cold tip 228 that is used for
the cryogenic applications. Unlike a Joule-Thomson probe,
where the pressure of the working cryogen changes signifi-
cantly at the probe tip, these embodiments of the invention
provide relatively little change in pressure throughout the
probe. Thus, at point © | the temperature of the cryogen has
increased approximately to ambient temperature, but the
pressure remains elevated. By maintaining the pressure
above the critical-point pressure P, throughout the process,
the liquid-gas phase line 256 is never encountered along the
thermodynamic path 258 and vapor lock is thereby avoided.
The cryogen pressure returns to ambient pressure at point
before passing through the flow controller 208, which is
typically located well away from the cryoprobe 224. The
cryogen may then be vented through vent 204 at substan-
tially ambient conditions.

A method for cooling in one embodiment in which the
cryogen follows the thermodynamic path shown in FIG. 2B
is illustrated with the flow diagram of FIG. 3. At block 310,
the cryogen is generated with a pressure that exceeds the
critical-point pressure and is near the critical-point tempera-
ture. The temperature of the generated cryogen is lowered at
block 314 through heat exchange with a substance having a
lower temperature. In some instances, this may conveniently
be performed by using heat exchange with an ambient-
pressure liquid state of the cryogen, although the heat
exchange may be performed under other conditions in
different embodiments. For instance, a different cryogen
might be used in some embodiments, such as by providing
heat exchange with liquid nitrogen when the working fluid
is argon. Also, in other alternative embodiments, heat
exchange may be performed with a cryogen that is at a
pressure that differs from ambient pressure, such as by
providing the cryogen at lower pressure to create a colder
ambient.

The further cooled cryogen is provided at block 318 to a
cryogenic-application device, which may be used for a
cooling application at block 322. The cooling application
may comprise chilling and/or freezing, depending on
whether an object is frozen with the cooling application. The
temperature of the cryogen is increased as a result of the
cryogen application, and the heated cryogen is flowed to a
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control console at block 326. While there may be some
variation, the cryogen pressure is generally maintained
greater than the critical-point pressure throughout blocks
310-326; the principal change in thermodynamic properties
of the cryogen at these stages is its temperature. At block
330, the pressure of the heated cryogen is then allowed to
drop to ambient pressure so that the cryogen may be vented,
or recycled, at block 334. In other embodiments, the remain-
ing pressurized cryogen at block 326 may also return along
a path to block 310 to recycle rather than vent the cryogen
at ambient pressure.

There are a variety of different designs that may be used
for the cryogen generator 246 in providing cryogen at a
pressure that exceeds the critical-point pressure, or meets the
near-critical flow criteria, to provide substantially uninter-
rupted cryogen flow at a pressure and temperature near its
critical point. In describing examples of such designs, nitro-
gen is again discussed for purposes of illustration, it being
understood that alternative cryogens may be used in various
alternative embodiments. FI1G. 4 provides a schematic illus-
tration of a structure that may be used in one embodiment for
the cryogen generator. A thermally insulated tank 416 has an
inlet valve 408 that may be opened to fill the tank 416 with
ambient liquid cryogen. A resistive heating element 420 is
located within the tank 416, such as in a bottom section of
the tank 416, and is used to heat the cryogen when the inlet
valve is closed. Heat is applied until the desired operating
point is achieved, i.e. at a pressure that exceeds the near-
critical flow criteria. A crack valve 404 is attached to an
outlet of the tank 416 and set to open at the desired pressure.
In one embodiment that uses nitrogen as a cryogen, for
instance, the crack valve 404 is set to open at a pressure of
about 33.9 bar, about 1 bar greater than the critical-point
pressure. Once the crack valve 404 opens, a flow of cryogen
is supplied to the system as described in connection with
FIGS. 2A and 2B above.

A burst disk 412 may also be provided consistent with
safe engineering practices to accommodate the high cryogen
pressures that may be generated. The extent of safety
components may also depend in part on what cryogen is to
be used since they have different critical points. In some
instances, a greater number of burst disks and/or check
valves may be installed to relieve pressures before they
reach design limits of the tank 416 in the event that runaway
processes develop.

During typical operation of the cryogen generator, an
electronic feedback controller maintains current through the
resistive heater 420 to a level sufficient to produce a desired
flow rate of high-pressure cryogen into the system. The
actual flow of the cryogen out of the system may be
controlled by a mechanical flow controller 208 at the end of
the flow path as indicated in connection with FIG. 2A. The
amount of heat energy needed to reach the desired cryogen
pressures is typically constant once the inlet valve 408 has
been closed. The power dissipated in the resistive heater 420
may then be adjusted to keep positive control on the
mechanical flow controller 208. In an alternative embodi-
ment, the mechanical flow controller 208 is replaced with
the heater controller for the cryogen generator. In such an
embodiment, once the crack valve 404 opens and high-
pressure cryogen is delivered to the rest of the system, the
feedback controller continuously adjusts the current through
the resistive heater to maintain a desired rate of flow of
gaseous cryogen out of the system. The feedback controller
may thus comprise a computational element to which the
heater current supply and flow controller are interfaced.






