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ULTRA-LOW TEMPERATURE
CLOSED-LOOP RECIRCULATING GAS
CHILLING SYSTEM

CROSS-REFERENCES TO RELATED
APPLICATIONS

The application claims the benefit of the filing date of U.S.
Provisional Application No. 60/271,140 filed Feb. 23, 2001
and U.S. Provisional Application No. 60/214,562 filed on
Jul. 1, 2001.

FIELD OF THE INVENTION

The present invention relates to apparatus and processes
for the modification of the heat intensity of elements at
temperatures ranging from ultra-low to high, contained in a
closed loop heat exchanger, more particularly to such appa-
ratus and processes utilized in the manufacture of semicon-
ductor wafers.

BACKGROUND OF THE INVENTION

Refrigeration systems have been in existence since the
early 1900s, when reliable sealed refrigeration systems were
developed. Since that time, improvements in refrigeration
technology have proven their utility in both residential and
industrial settings. In particular, “ultra-low” temperature
refrigeration systems currently provide essential industrial
functions in biomedical applications, cryoelectronics, coat-
ing operations, and semiconductor manufacturing and test
applications.

In many of these applications, it is necessary that a system
element, such as a semiconductor wafer holder or other
device [hereafter sometimes referred to as an external heat
load heat exchanger| be cycled through both heating and
cooling regimes, depending on the specific processing step.
During normal operations, it is necessary to cool and main-
tain the device at ultra-low temperatures.

During start up, or when vacuum has been lost or the
process interrupted for some reason, it is necessary to supply
high heat. In the case of an external heat load heat
exchanger, such as a semiconductor wafer chuck in a clean
room environment, a bakeout process is needed to clean the
external heat load heat exchanger by burning off any accu-
mulated impurities. A bakeout process is the heating of all
surfaces in a vacuum chamber to remove water vapor and
other contaminants after the chamber has been exposed to
the atmosphere, such as occurs when the chamber is opened
for maintenance. Conventional techniques of performing a
bakeout process involve heating the surfaces of the system
element with a heater to above +200° C. for a prolonged
period of time.

In these applications, a temperature modification system
must also be capable of accommodating the bakeout process
and the post bakeout cooling requirements of the system
where the element must be brought down to or near ambient
temperature prior to the commencement or resumption of
normal operations. Consequently, it is necessary that the
system provides a bakeout cucle, as well as a post-bake
cooling cycle, different from the normal cooling cycle, in
which the external heat load heat exchanger is cooled from
the bakeout temperature down to near ambient temperature.
Thereafter, the normal cooling cycle brings the element
down to the normal cold operating temperature range
between -50 and -150° C.
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For the purposes of this application, “heating” refers to
the addition of heat from an object or fluid, “refrigeration”
refers to the removal of heat from an object or fluid (gas or
liquid) at temperatures below room temperature, and “ultra-
low” temperature refers to the temperature range between
-50 and -150° C.

For the purposes of this application, a heat exchanger
means a device that causes heat to be transferred from one
media to another.

All heat exchangers described in this application are
indirect heat exchangers, that is, the media do not come into
physical contact.

An external heat load heat exchanger refers to the thermal
interface at which heat is removed from an object or fluid
and transferred to a cooling medium.

Prior art gas systems have not been integrated systems
and have not contemplated providing both heating and
refrigeration within the same system. Furthermore, prior art
chilling systems used to provide ultra-low temperature
chilled gas to such applications are of open loop design.

Various refrigeration cycles may be utilized to provide the
ultra-low temperatures for the chilled gas such as a Missimer
type auto-refrigerating cascade, U.S. Pat. No. 3,768,273; a
Klimenko type single-phase separator system, or a single
expansion device type such as disclosed in U.S. Pat. No.
5,441,658. Further examples of open loop gas chillers are
products made by IGC Polycold Systems (formerly of San
Rafael, Calif,, now located in Petaluma, Calif.), such as the
PGC-150 and the PGC-100. Such systems typically are used
to chill a stream of pressurized nitrogen gas from room
temperature to between —90 C and -130° C., depending on
the specific model and flow rate, with the flow rates of the
cooled gas ranging between 0 and 15 scfin.

In current open loop systems, ambient temperature gas at
low to medium pressure is chilled to ultra-low temperatures
in an open loop where the chilled gas provides the necessary
cooling to the external heat load heat exchanger or other
surface to be cooled. After providing cooling to the external
heat load heat exchanger the gas is vented. The refrigeration
process has the benefit of being able to operate in steady-
state conditions for extended time periods of days to months
provided there is continuous supply of fresh, clean, and dry
gas.

However, there are numerous negative aspects to such
systems.

In open loop gas chilling systems the refrigerant gas is
simply exhausted into the surrounding environment after the
external heat load heat exchanger has been cooled. Conse-
quently, a gas source must be provided that is capable of
continuously replenishing the refrigerant gas within the
refrigeration system in order to maintain proper gas pressure
and flow rate. The need to provide a continuous gas supply
is very costly to the user, is not cost-effective due to the open
loop design and is a serious drawback of the prior art gas
chilling systems.

Since in open-loop gas refrigeration systems the ultra-low
temperature gas is simply exhausted into the surrounding
environment after the external heat load heat exchanger has
been cooled, there is a tendency for condensation and frost
buildup to occur on the exhaust vent that is typically located
within a semiconductor manufacturing clean room.

Consequently, another drawback of the prior art open-
loop gas chilling systems is the detrimental presence of
condensation and frost within a clean room environment of
a semiconductor manufacturing process. Similarly, in the
bakeout process, simply exhausting high temperature gas
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into the surrounding environment may be detrimental to the
semiconductor manufacturing process and to the environ-
ment.

Lastly, in the case of a large-scale manufacturing process
having multiple external heat load heat exchangers to be
cooled, a very large gas flow rate is required to achieve the
cooling of multiple external heat load heat exchangers.
Since open-loop gas chilling systems require a gas source to
continuously replenish the spent gas, a gas source capable of
supplying this large volume of gas is needed in order to
maintain the proper gas pressure and flow rate to all external
heat load heat exchangers to be cooled.

Thus, another drawback of the prior art open loop gas
chilling systems is the requirement of having a gas source
capable of supplying the large volume of gas needed for the
cooling of multiple external heat load heat exchangers.

Recently, refrigeration systems have appeared which are
based on closed loop principles. For examples, U.S. Pat. No.
6,105,388, entitled “Multiple Circuit Cryogenic Liquefac-
tion Of Industrial Gas”; U.S. Pat. No. 6,041,621, entitled
“Single Circuit Cryogenic Liquefaction Of Industrial Gas™;
and U.S. Pat. No. 6,301,923, entitled “Method For Gener-
ating A Cold Gas,” describe various methods of generating
a closed loop gas stream cooled by a refrigeration system.

In semiconductor manufacturing processes refrigeration
is required to reduce the temperature of the object being
cooled from an initial temperature in the range of 250 to
300° C. such as a chuck used in processing semiconductor
wafers, or any other such device. When closed loop refrig-
eration systems are utilized to cool the hot semiconductor
objects, the extra heat load imposes a serious constraint on
the process as it is necessary in such processes to deal with
the hot gas that returns to the closed loop system as the
initially very hot object cools

Since the systems described in U.S. Pat. Nos. 6,105,388,
6,041,621 and 6,301,923 are concerned with the production
of industrial gases from an ambient temperature gas source,
these systems are directed to and only address the basic
refrigeration function. Such systems do not provide multi-
cycle integrated temperature modification and are unable to
handle heat exchange media returning from a hot external
heat load heat exchanger.

Prior closed loop refrigeration processes do not recognize
or resolve the problem of managing returning gas at high
temperatures. Therefore, the arrangement of components
described in the prior art would fail to function as needed for
the processes just described.

Industrial processes intended for continuous running must
address the potential for leaks to assure that the system may
continually operate over long periods of time even during
the occurrence of minor leaks that cause a loss of gas.

Thus, there is a need in the industry for a chilling process
that is capable of cooling an initially hot object, that does not
require the provision of large amounts of cooling fluid, that
does not exhaust spent coolant fluid to the atmosphere and
that provides for the replenishment of small quantities of
make-up heat exchange medium as required.

It is therefore an object of the invention to provide a
closed-loop gas chiller system, thereby providing a means to
recirculate chilled gas and eliminate the costly need to
constantly replenish the total flow of chilled gas supplied to
the customer-installed external heat load heat exchanger,
such as a chuck used in processing semiconductor wafers, or
any such device

It is another object of the invention to use a gas rather than
a liquid as a cooling medium in a closed-loop system.
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It is yet another object of the invention to eliminate the
exhaust vent that over time may accumulate a frost buildup.

It is yet another object of the invention to eliminate hot
gas being exhausted into the manufacturing environment,
such as a clean room, during the bakeout process.

It is yet another object of the invention to manage the post
bakeout high temperature gas returning from the hot external
heat load heat exchanger without adversely affecting the
primary loop refrigeration system.

It is yet another object of the invention to eliminate the
need for a large-capacity supply line for maintaining suffi-
cient gas pressure and flow rate within a large-scale open-
loop process, utilizing multiple customer-installed external
heat load heat exchangers.

It is yet another object of the invention to have an
automatic make up of circulating gas to replenish the gas lost
in the system due to leaks, to maintain the desired operating
pressures on the suction and discharge side of a secondary
loop gas, to allow for contraction and expansion of gas due
to variation in the gas temperature, and to provide a con-
tinuous operation.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic diagram of an ultra-low tempera-
ture, dual compressor, recirculating, gas chilling system that
uses a mixed-refrigerant refrigeration system in combination
with a closed-loop gas secondary refrigeration loop in
accordance with the invention.

SUMMARY OF THE INVENTION

This application describes cooling by means of an inte-
grated system utilizing a closed loop gas stream, in which
heat is added to or removed from the gas stream as the
temperature of an object or fluid of interest is modified.

The present invention comprises an integrated process for
management of the heat requirements of a semiconductor
manufacturing or like process and apparatus for the practice
of such integrated process.

The integrated process comprises a three cycle tempera-
ture modification regime in which 1] an external heat load
heat exchanger present in a vacuum environment is heated
to high temperatures to remove impurities in the heat
exchanger, 2] the heat exchanger is cooled to or near
ambient after removal of such impurities; and 3] the tem-
perature of the heat exchanger is reduced to a temperature in
the range of -50 to -150° C.

The apparatus for accomplishing the integrated process
comprises an ultra-low temperature, dual-compressor, recir-
culating, refrigeration system which includes a closed-loop
mixed-refrigerant primary refrigeration system in combina-
tion with a closed-loop gas secondary refrigeration loop. The
gas used in the secondary refrigeration loop is any dry gas
with a dew point below -100° C., such as helium or
nitrogen.

FIG. 1 is a schematic diagram of an ultra-low tempera-
ture, dual-compressor, recirculating, refrigeration system in
accordance with the invention.

The refrigeration process of the primary refrigeration
system includes a series of heat exchangers with a phase
separator interposed between them. FIG. 1 shows one phase
separator; preferentially there is more than one.

In a supply flow path, refrigerant flowing into the supply
inlet of the refrigeration process feeds the first heat
exchanger, whose outlet subsequently feeds a supply inlet of
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the phase separator. The flow continues through the addi-
tional heat exchangers whose outlet subsequently feeds a
refrigerant supply line.

The refrigerant exiting the supply flow path of the refrig-
eration process via the refrigerant supply line is high-
pressure refrigerant and expands through a flow-metering
device (FMD). The refrigerant exiting the outlet of the FMD
is low pressure, low temperature refrigerant, typically
between -50 and -150° C. The FMD closes the loop back
to a return flow path of the refrigeration process by con-
necting directly to a return inlet of the first of a series of heat
exchanges. The liquid fraction removed by the phase sepa-
rator is expanded to low pressure by another FMD and is
then blended with the low-pressure refrigerant flowing from
the return side of one the heat exchangers. A return outlet of
the last heat exchanger subsequently feeds the compressor
suction line via the return outlet of the refrigeration process.

In more elaborate auto-refrigerating cascade systems
additional stages of separation may be employed in the
refrigeration process, as described by Missimer and Forrest.

The refrigeration process also includes an inlet feeding a
secondary flow path through the refrigeration process. The
inlet feeds a secondary flow inlet of the first of a series of
heat exchangers. A secondary flow outlet of the last of the
series of heat exchangers feeds a gas feed line.

The inlet and the evaporator feed line provide functional
coupling between the primary refrigeration system and the
secondary refrigeration loop.

All elements of the primary refrigeration system are
mechanically and/or hydraulically connected.

The primary refrigeration system is an ultra-low tempera-
ture refrigeration system; its basic operation, which is the
removal and relocation of heat, is well known in the art. It
comprises a compressor, a condenser, a filter drier and the
refrigeration process, which has an internal refrigerant flow
path from high to low pressure.

The refrigerant flowing in the supply side is progressively
cooled as it passes through a series of heat exchangers. This
progression produces very cold refrigerant, typically
between -50 and -150° C., at high pressure that is fed
directly back into the return side of the refrigeration process
via the FMD. Due to the heat transfer from the supply side
to the return side of the heat exchangers, and within the
refrigeration process, the refrigerant flowing in the return
side is progressively warmed via the action of the series of
heat exchangers, finally producing low-pressure refrigerant
gas feeding the compressor via the suction line.

In a preferred embodiment, the primary refrigeration
system uses a nonflammable, chlorine-free, nontoxic,
mixed-refrigerant blend.

The secondary refrigeration loop includes a gas compres-
sor, preferably one suitable for use with any dry gas with a
dew point below -100° C., such as helium or nitrogen The
compressor may conveniently be a commercially available
reciprocating compressor, rotary compressor, screw com-
pressor, or scroll compressor.

The discharge gas stream from the compressor is con-
nected to an after-cooler. The outlet of the after-cooler feeds
a conventional oil separator that separates the oil from the
discharge gas stream and returns the oil to the suction side
of the compressor. The mass flow from the oil separator,
minus the oil removed, feeds an adsorber.

The adsorber may conveniently be a charcoal adsorber or
a molecular sieve. The adsorber removes any remaining
traces of oil in the discharge gas stream. The adsorber is
connected to a supply inlet of a recuperative heat exchanger.
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A supply outlet of the recuperative heat exchanger is con-
nected to an inlet of a conventional water-cooled heat
exchanger.

A heater for controlling the temperature of the gas stream
leaving the recuperative heat exchanger is optionally inter-
posed in the line between the supply outlet of the recupera-
tive heat exchanger to the inlet of the heat exchanger.

The outlet of the heat exchanger is connected to the
secondary flow path within the refrigeration process of the
primary refrigeration system via the inlet.

In systems without the optional heat exchanger and
optional in-line electric heater the recuperative heat
exchanger is connected to the secondary flow path within the
refrigeration process of the primary refrigeration system via
the inlet. The evaporator feed line from the primary refrig-
eration system connects to an inlet of a customer-installed
external heat load heat exchanger.

An outlet of the customer-installed external heat load heat
exchanger feeds a return inlet of the recuperative heat
exchanger via a return line. A return outlet of the recupera-
tive heat exchanger subsequently feeds the suction side of
the compressor via a suction line. As the gas stream flows
from the return outlet of the recuperative heat exchanger to
the pressure regulator it is exposed to an optional in-line
electric heater that is used for controlling the temperature of
the gas stream entering the compressor.

DETAILED DESCRIPTION OF THIS
INVENTION

FIG. 1 is a schematic diagram of an ultra-low tempera-
ture, dual-compressor, recirculating, refrigeration system
100 in accordance with the invention. The refrigeration
system 100 includes a closed-loop mixed-refrigerant pri-
mary refrigeration system 110 in combination with a closed-
loop gas secondary refrigeration loop 112, where the gas
used in the secondary refrigeration loop 112 is, for example,
any dry gas with a dew point below —100° C., such as helium
or nitrogen. The gas does not condense at the operating
temperatures and pressures.

The primary refrigeration system 110 includes a conven-
tional refrigeration compressor 114 that takes low-pressure
refrigerant gas and compresses it to high-pressure, high-
temperature gas that is fed to a conventional condenser 116,
which is the part of the primary refrigeration system 110
where the heat is rejected by condensation. As the hot gas
travels through condenser 116, it is cooled by air or water
passing through or over it. As the hot gas refrigerant cools,
drops of liquid refrigerant form within its coil. Eventually,
when the gas reaches the outlet of condenser 116, it has
condensed partially; that is, liquid and vapor refrigerant are
present. In order for condenser 116 to function correctly, the
air or water passing through or over the condenser 116 must
be cooler than the working fluid of the primary refrigeration
system 110. The condenser 116 subsequently feeds a filter
drier 118 that adsorbs system contaminants, such as water,
which can create acids, and provides physical filtration. The
refrigerant from filter drier 118 then feeds a supply inlet 120
of a refrigeration process 122.

A return outlet 124 of the refrigeration process 122 closes
the loop by connecting back to the suction side of the
compressor 114 via a suction line 126. Furthermore, con-
nected to the suction line 126 may be a conventional
expansion tank 128, which serves as a reservoir that accom-
modates increased refrigerant volume caused by evaporation
and expansion of refrigerant gas due to heating. For
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example, when the primary refrigeration system 110 is off,
refrigerant vapor enters the expansion tank 128.

FIG. 1 illustrates an exemplary refrigeration process 122.
The refrigeration process 122 is any refrigeration system or
process, such as a single-refrigerant system, a mixed-refrig-
erant system, normal refrigeration processes, an individual
stage of a cascade refrigeration processes, an auto-refriger-
ating cascade cycle, or a Klimenko cycle. For the purposes
of illustration in this disclosure, the refrigeration process
122 is a simplified version of an auto-refrigerating cascade
cycle that is also described by Klimenko. Alternatively,
however, the refrigeration process 122 may be the Polycold
system (i.e., auto-refrigerating cascade process), APD Cryo-
genics system with single expansion device (i.e., a single
stage cryocooler having no phase separation, U.S. Pat. No.
5,441,658), Missimer type cycle (i.e., an auto-refrigerating
cascade, Missimer U.S. Pat. No. 3,768,273), or Klimenko
type (i.e., a single-phase separator system). Additionally, the
refrigeration process 122 may be variations on these pro-
cesses, such as described in Forrest patent 4,597,267 and
Missimer U.S. Pat. No. 4,535,597, or any very low-tem-
perature refrigeration process with zero, one, or more than
one stages of phase separation. A further reference for
low-temperature and very low-temperature refrigeration can
be found in Chapter 39 of the 1998 ASHRAE Refrigeration
Handbook produced by the American Society of Heating,
Refrigeration, and Air Conditioning Engineering. In addi-
tion to the number of phase separators used, the number of
heat exchangers and the number of internal throttle devices
used can be increased or decreased in various arrangements
as appropriate for the specific application.

The refrigeration process 122 of the primary refrigeration
system 110 includes a heat exchanger 130, a phase separator
132, a heat exchanger 134, and a heat exchanger 136. The
heat exchanger 130, the heat exchanger 134, and the heat
exchanger 136 are devices that are well known in the
industry for transferring the heat of one substance to another.
The phase separator 132 is a device that is well known in the
industry for separating the refrigerant liquid and vapor
phases. FIG. 1 shows one phase separator, however, typi-
cally there may be more than one.

In a supply flow path, refrigerant flowing into the supply
inlet 120 of the refrigeration process 122 feeds a supply inlet
of the heat exchanger 130. A supply outlet of the heat
exchanger 130 subsequently feeds a supply inlet of the phase
separator 132. A supply outlet of the phase separator 132
subsequently feeds a supply inlet of the heat exchanger 134.
A supply outlet of the heat exchanger 134 subsequently
feeds a supply inlet of the heat exchanger 136. A supply
outlet of the heat exchanger 136 subsequently feeds a
refrigerant supply line 137. The refrigerant exiting the
supply flow path of the refrigeration process 122 via the
refrigerant supply line 137 is high-pressure refrigerant and
expands through a flow-metering device (FMD) 138. The
refrigerant exiting the outlet of the FMD 138 is low pressure,
low temperature refrigerant, typically between -50 and 150°
C. The FMD 138 closes the loop back to a return flow path
of the refrigeration process 122 by connecting directly to a
return inlet of the heat exchanger 136. A return outlet of the
heat exchanger 136 subsequently feeds a return inlet of the
heat exchanger 134. The liquid fraction removed by the
phase separator 132 is expanded to low pressure by another
(FMD) 139. The FMDs 138 and 139 are flow metering
devices, such as a capillary tubes, orifices, proportional
valves with feedback, or any restrictive elements that control
flow. Refrigerant flows from the FMD 139 and is then
blended with the low-pressure refrigerant flowing from the
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return side of the heat exchanger 136 to a return inlet of the
heat exchanger 134. This mixed flow feeds a return inlet of
the heat exchanger 134. A return outlet of the heat exchanger
134 subsequently feeds a return inlet of the heat exchanger
130. A return outlet of the heat exchanger 130 subsequently
feeds the compressor suction line 126 via the return outlet
124 of the refrigeration process 122. In more elaborate
auto-refrigerating cascade systems additional stages of sepa-
ration may be employed in the refrigeration process 122, as
described by Missimer and Forrest.

Finally, the refrigeration process 122 includes an inlet 140
feeding a secondary flow path through the refrigeration
process 122. The inlet 140 feeds a secondary flow inlet of the
heat exchanger 130. A secondary flow outlet of the heat
exchanger 130 subsequently feeds a secondary flow inlet of
the heat exchanger 134. A secondary flow outlet of the heat
exchanger 134 subsequently feeds a secondary flow inlet of
the heat exchanger 136. A secondary flow outlet of the heat
exchanger 136 subsequently feeds an evaporator feed line
142. The inlet 140 and the evaporator feed line 142 provide
functional coupling between the primary refrigeration sys-
tem 110 and the secondary refrigeration loop 112 that is
described in detail below.

All elements of the primary refrigeration system 110 are
mechanically and/or hydraulically connected.

The primary refrigeration system 110 is an ultra-low
temperature refrigeration system and its basic operation,
which is the removal and relocation of heat, is well known
in the art. Referring to FIG. 1, the operation of the primary
refrigeration system 110 is summarized as follows. Hot,
high-pressure gas exits the compressor 114 and travels
through the condenser 116, where it is cooled by air or water
passing through or over it. When the gas reaches the outlet
of the condenser 116, it has condensed partially and is a
mixture of liquid and vapor refrigerant. The liquid and vapor
refrigerant exiting the condenser 116 flows through the filter
drier 118 and then feeds the supply side of the refrigeration
process 122, which has an internal refrigerant flow path from
high to low pressure. The refrigerant flowing in the supply
side is progressively cooled as it passes through first the heat
exchanger 130, then the heat exchanger 134, and finally
through the heat exchanger 136. This progression produces
ultra-low temperature refrigerant, typically between -50 and
-150° C., at low pressure that is fed directly back into the
return side of the refrigeration process 122 via the FMD 138.
Due to the heat transfer from the supply side to the return
side of the heat exchangers 130, 134, and 136 within the
refrigeration process 122, the refrigerant flowing in the
return side is progressively warmed via the action of first the
heat exchanger 136, then the heat exchanger 134, and finally
the heat exchanger 130. Finally, the low-pressure refrigerant
gas feeds the compressor 114 via the suction line 126.

In a preferred embodiment, the primary refrigeration
system 110 uses a nonflammable, chlorine-free, nontoxic,
mixed-refrigerant blend that is suitable for use with an
ultra-low temperature throttle-cycle refrigeration system or
process of various configurations, such as a mixed-refriger-
ant system, an auto-refrigerating cascade cycle, a Klemenko
cycle, or a single expansion device system. The nonflam-
mable, chlorine-free, nontoxic, mixed-refrigerant blends are
described in U.S. Provisional Application No. 60/214,562
filed Jul. 1, 2001.

With continuing reference to FIG. 1, the secondary refrig-
eration loop 112 includes a gas compressor 144 that takes
low-pressure gas and compresses it to high-pressure, high-
temperature gas. The compressor 144 is preferably one
suitable for use with any dry gas with a dew point below
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-100° C., such as helium or nitrogen. Compressor 144 may
conveniently be a commercially available reciprocating
compressor, rotary compressor, screw compressor, or scroll
compressor, one example being a scroll compressor manu-
factured by Copeland Corporation as described in Wether-
stone, et al., U.S. Pat. No. 6,017,205. These compressors are
oil lubricated and removal of oil from the gas stream is a
critical aspect of the design.

The discharge gas stream from the compressor 144 feeds
an after-cooler 146 that is a conventional air-cooled or
water-cooled heat exchanger for removing the heat of com-
pression from the compressed gas that is exiting the com-
pressor 144. The outlet of the after-cooler 146 feeds a
conventional oil separator 148 that separates the oil from the
discharge gas stream and returns the oil to the suction side
of the compressor 144. The mass flow from the oil separator
148, minus the oil removed, feeds an adsorber 150.

The adsorber 150 may conveniently be a charcoal
adsorber or a molecular sieve originally designed for helium
but which was found to work well for nitrogen in this
application. The adsorber 150 removes any remaining traces
of oil in the discharge gas stream, such that the gas stream
exiting the adsorber 150 is very clean. More specifically, the
oil concentration level in the discharge gas stream is brought
to the minimum tolerable value, which could be as low as
1.0-10.0 parts per billion (ppm) or lower.

The clean gas stream exits the adsorber 150 and subse-
quently feeds a supply inlet of a recuperative heat exchanger
152, which is a heat exchanger device that is well known in
the industry for transferring the heat of one substance to
another. A supply outlet of the recuperative heat exchanger
152 then optionally feeds an inlet of a conventional water-
cooled heat exchanger 156.

As the gas stream flows from the supply outlet of the
recuperative heat exchanger 152 to the inlet of the heat
exchanger 156 it is optionally exposed to heater 154 for
controlling the temperature of the gas stream leaving the
recuperative heat exchanger 152. Optional heater 154 is a
conventional in-line electric heater, such as one manufac-
tured by the Omega Company. The outlet of the heat
exchanger 156 then feeds the secondary flow path within the
refrigeration process 122 of the primary refrigeration system
110 via the inlet 140.

In systems without the optional heat exchanger 156 and
optional in-line electric heater 154 the gas leaves the recu-
perative heat exchanger 152 and then feeds the secondary
flow path within the refrigeration process 122 of the primary
refrigeration system 110 via the inlet 140. The evaporator
feed line 142 from the primary refrigeration system 110
connects to an inlet of a customer-installed external heat
load heat exchanger 158.

The customer-installed external heat load heat exchanger
158 is a external heat load heat exchanger or any surface to
be cooled, such as a wafer chuck. An external heat load heat
exchanger refers to a thermal interface from which heat is
removed from an object or fluid and transferred to a cooling
media. In some cases the object cooled is a metallic element.
The source of heat for this metallic element could be a
plasma deposition process or other physical vapor deposi-
tion processes, a fluid flowing over the metallic element, or
electric heat, or the initial temperature of the metallic
element. In practice, these various heat sources may be
present in any combination. Further, the object cooled need
not be made of metal. The only requirements are that the
element provide safe containment of the closed loop gas,
which is typically under pressure, provide an adequate flow
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path, and sufficient thermal interface with the object being
cooled to support heat transfer at the required rate.

An outlet of the customer-installed external heat load heat
exchanger 158 feeds a return inlet of the recuperative heat
exchanger 152 via a return line 160. The refrigerant supply
and return lines connecting to the customer-installed exter-
nal heat load heat exchanger 158 are insulated lines, such as
vacuum jacketed lines. A return outlet of the recuperative
heat exchanger 152 subsequently feeds the suction side of
the compressor 144 via a suction line 164. Disposed in series
in the suction line 164 between the recuperative heat
exchanger 152 and the compressor 144 is a suction accu-
mulator tank 162 that subsequently feeds an optional con-
ventional pressure regulator 168. As the gas stream flows
from the return outlet of the recuperative heat exchanger 152
to the pressure regulator 168 it is exposed to an optional
in-line electric heater 166 that is used for controlling the
temperature of the gas stream entering the compressor 144.

The suction accumulator tank 162 is a conventional
suction accumulator that dampens any pressure fluctuations
due to gas density variation, thereby minimizing the pres-
sure variation on the suction side of the compressor 144. The
optional heater 166 is a conventional electric in-line heater
such as made by the Omega Company.

A solenoid valve 170, whose outlet is connected to the
suction line 164, serves as a fill port for charging the
secondary refrigeration loop 112. An inlet of the solenoid
valve 170 is connected to a gas source (not shown). An inlet
of a solenoid valve 172, which is an optional element, is
connected to the flow line between the outlet of the heat
exchanger 156 and the inlet 140 of the refrigeration process
122. The optional solenoid valve 172 serves as a venting port
for the secondary refrigeration loop 112. The solenoid valve
170 and the optional solenoid valve 172 are conventional
solenoid on/off valves, such as Sporlan valves.

A conventional pressure switch (PS) 174 is disposed at the
supply outlet of the recuperative heat exchanger 152, a
conventional PS 178 is disposed at the inlet of the compres-
sor 144, an optional conventional temperature switch (TS)
180 is disposed downstream of the heater 154, and an
optional conventional TS 182 is disposed downstream of the
heater 166.

Except for the temperature switches, all elements of the
secondary refrigeration loop 112 are mechanically and/or
hydraulically connected.

Those skilled in the art will appreciate that a control/
safety circuit (not shown) provides control to, and receives
feedback from, a plurality of control devices disposed within
the refrigeration system 100, such as pressure and tempera-
ture switches. The PS 174, the PS 178, the TS 180, and the
TS 182 are examples of such devices. However, there are
many other sensing devices disposed within the refrigeration
system 100, which are for simplicity not shown in FIG. 1.
Pressure switches, including the PS 174, and the PS 178, are
typically pneumatically connected, whereas temperature
switches, including the TS 180 and the TS 182, are typically
thermally coupled to the flow lines within the refrigeration
system 100. The controls from the control/safety circuit are
electrical in nature. Likewise, the feedback from the various
sensing devices to the control/safety circuit is electrical in
nature.

Having described the refrigeration system components
and their relationship to one another, we now describe the
operation of the system. The refrigeration system 100 is
characterized by three modes of operation:
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(1) Normal cooling mode—in which the customer-in-
stalled external heat load heat exchanger 158 is cooled
continuously to a temperature of between —-80 and —150° C.;

(2) Bakeout mode—in which the customer-installed
external heat load heat exchanger 158 is heated via a heater
(not shown) to a temperature of between +200 and +350° C.;
and

(3) Post-bake cooling mode—in which the customer-
installed external heat load heat exchanger 158 is gradually
cooled from the bakeout temperature to the normal cooling
mode temperature of between —80 and -150° C.

Normal Cooling Mode: With reference to FIG. 1, the
secondary refrigeration loop 112 is initially charged via a gas
source (not shown) feeding the solenoid valve 170, whose
outlet feeds the suction side of the compressor 144 after
passing through the pressure regulator 168. The PS 178
senses the gas pressure upstream of the pressure regulator
168 and controls the solenoid valve 170. When the pressure
reaches the set value of the PS 178 the solenoid valve 170
closes. The pressure regulator 168 ensures that a certain
desired pressure at the suction side of the compressor 144 is
maintained.

The gas is compressed via the compressor 144 to a
discharge pressure that is typically in the range of 100 to 400
psi, where the pressure limit is determined by the connecting
lines of the customer-installed external heat load heat
exchanger 158. A main design consideration is that the
compression ratio for the compressor 144 is properly
matched for the gas being pumped so that excessive dis-
charge temperatures in the compressor 144 are avoided.

The high-pressure gas stream flows from the compressor
144 to the after-cooler 146, which subsequently removes the
heat of compression from the compressed gas that is exiting
the compressor 144, thereby cooling the gas stream to a
temperature typically between 25 and 40° C. In addition, the
heat of compression may also be removed by an oil flow
circulating through the after-cooler 146.

The gas stream then flows through the oil separator 148
and the adsorber 150, which remove any remaining traces of
oil in the gas stream, such that the gas steam exiting the
adsorber 150 is very clean. The gas stream then enters the
recuperative heat exchanger 152 that provides further cool-
ing to the gas stream via the cold gas returning from the
customer-installed external heat load heat exchanger 158. As
a result, the gas stream exiting the supply outlet of the
recuperative heat exchanger 152 is typically between -30
and +30° C. The optional heater 154 installed downstream
of the recuperative heat exchanger 152 ensures the tempera-
ture of the gas entering the optional heat exchanger 156 is
warm enough not to freeze the water circulating on the other
side of the heat exchanger 156.

The gas stream then flows into the refrigeration process
122 of the primary refrigeration system 110 where it is
progressively cooled to ultra-low temperatures via the sec-
ondary flow path of first the heat exchanger 130, then the
heat exchanger 134, and finally the heat exchanger 136,
thereby exiting the refrigeration process 122 via the evapo-
rator feed line 142 having been cooled to a temperature of
between -80 to -150° C.

This cold gas then enters the customer-installed external
heat load heat exchanger 158 and proceeds to flow within the
customer-installed external heat load heat exchanger 158 via
a predetermined flow pattern such that a uniform surface
temperature is achieved. Due to the flowing action within the
customer-installed external heat load heat exchanger 158,
heat is transferred to the cold gas as it passes through the
customer-installed external heat load heat exchanger 158
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and subsequently exits the customer-installed external heat
load heat exchanger 158 at a temperature of between -30
and -140° C.

The gas stream then enters the return side of the recu-
perative heat exchanger 152, thereby providing cooling to
the supply side, as mentioned above. By contrast, this gas
flowing in the return side of the recuperative heat exchanger
152 is warmed by picking up the heat rejected by the
high-pressure gas flowing in the supply side of the recu-
perative heat exchanger 152. As a result, the gas leaving the
recuperative heat exchanger 152 and subsequently feeding
the suction side of the compressor 144 via the suction
accumulator tank 162 and the suction line 164 is at a
temperature of between -40 and +50° C.

The gas flowing in the suction line 164 is further warmed
by the heater 166 under the control of TS 182 to a tempera-
ture that satisfies the input requirements of the compressor
144. The pressure at the suction side of the compressor 144
is typically between 2 and 100 psi, it is important that this
pressure not drop below zero psi. The secondary refrigera-
tion loop 112 is thus operating in a closed-loop fashion,
thereby recirculating the full volume of refrigerant gas.

Bakeout Mode: The primary refrigeration system 110 and
the secondary refrigeration loop 112 are turned off by
deactivating the compressor 114 and the compressor 144,
respectively. As a result, there is no gas flow during the
bakeout mode. During bakeout mode the customer-installed
external heat load heat exchanger 158 is heated via a heater
(not shown) to a temperature between +50 and +350° C.

Post-bake Cooling Mode: Upon completion of the bake-
out process, the customer-installed external heat load heat
exchanger 158 must be restored from a high temperature of
up to +350° C. to its normal cold temperature of between
-80 to —150° C. as rapidly as possible without experiencing
thermal shock. To optimize this cool-down period, refriger-
ant gas is pumped through the customer-installed external
heat load heat exchanger 158 by activating the compressor
144 of the secondary refrigeration loop 112. Initially, the
compressor 114 of the primary refrigeration system 110
remains off so that the customer-installed external heat load
heat exchanger 158 will not experience thermal shock due to
sudden exposure to the ultra-low temperatures produced by
the primary refrigeration system 110. The gas now supplied
to the customer-installed external heat load heat exchanger
158 by the secondary refrigeration loop 112 only is at a
temperature of between +30 and +300° C. Initially, the
temperature of the gas leaving the customer-installed exter-
nal heat load heat exchanger 158 is as high as +350° C. but
over time this temperature is gradually reduced due to the
cooling action of the gas flowing in the secondary refrig-
eration loop 112.

More specifically, the hot gas returning from the cus-
tomer-installed external heat load heat exchanger 158 is
cooled in the recuperative heat exchanger 152, as the heat
rejected by the hot gas is picked up by the counter flow gas
entering heat exchanger 152 at ambient temperature. As a
result, the temperature of high-pressure gas leaving the
recuperative heat exchanger 152 could rise above 100° C.;
thus it is necessary to further cool this gas steam. Conse-
quently, the optional heater 154 is deactivated during the
post-baked cooling mode and the optional heat exchanger
156 is activated.

Once the customer-installed external heat load heat
exchanger 158 is cooled to between ambient and +50° C. the
primary refrigeration system 110 is turned on by activating
the compressor 114, thereby further cooling the gas entering
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the customer-installed external heat load heat exchanger 158
to the normal operating temperature of between -80 to
-150° C.

During the post-bake cooling mode it may be necessary to
control the temperature differences of the two gas streams of
the recuperative heat exchanger 152. Since the gas flow rate
in each of the streams affects the temperature difference
between each stream, the temperature difference can be
controlled by having differing gas flow rates in each of the
two streams within the recuperative heat exchanger 152.
However, in a closed-loop system these two flow rates are
inherently equal. Therefore, to achieve a means to control
the temperature differences of the two gas streams of the
recuperative heat exchanger 152, a way to create an imbal-
anced flow rate between the two streams has been provided
in accordance with the invention. The flow rates in each
stream of the recuperative heat exchanger 152 can be varied
by venting part of the high-pressure flow stream after it
leaves the heat exchanger 156 via the solenoid valve 172. In
this way the gas is exhausted from the high-pressure flow
stream and consequently not returned to the secondary
refrigeration loop 112, thereby creating a flow imbalance
between the supply and return side of the loop. Typically,
this process takes place once a week and lasts for a few
minutes. A loss of gas due to venting is insignificantly
compared to an open-loop system.

In order to keep the total volumetric flow constant at the
suction inlet of the compressor 144 the amount of gas vented
must be made up. This is accomplished by the PS 178
sensing that the gas pressure upstream of the pressure
regulator 168 has fallen below its set value and subsequently
opening the solenoid valve 170 and letting fresh gas enter
the secondary refrigeration loop 112. The flexibility of
venting part of the flow during the post-bake cooling mode
allows the maximum temperature of the gas entering the
suction inlet of the compressor 114 to be limited.

In any of the throe operating modes, the gas pressure of
the suction line 164 in the secondary refrigeration loop 112
is continuously monitored and in the event of a gas leak the
secondary refrigeration loop 112 is automatically replen-
ished with gas. Upon sensing a pressure deficiency in the
secondary refrigeration loop via the PS 178, the solenoid
valve 170 is automatically opened and the gas is replenished.
When the pressure reaches the set value of the PS 178, the
solenoid valve 170 is automatically closed.

In general, the PS 174, the PS 178, the TS 180, and the TS
182 are controls necessary to operate the refrigeration sys-
tem 100 during the three different modes. The PS 178 senses
the gas pressure upstream of the suction port of the com-
pressor 144. The PS 174 senses the high-pressure stream
downstream of the compressor 144 after the adsorber 150.
When the pressure goes below the value set at the PS 178 for
the low-pressure side upstream of the suction port of the
compressor 144, the solenoid valve 170 opens and gas from
the source is introduced into the suction side of the com-
pressor 144 so that the compressor does not shut off. This
ensures that the pressure in the recirculating gas loop never
goes below the set value or into vacuum. The PS 174 on the
discharge side of the gas loop ensures that the compressor
144 is deactivated when the pressure exceeds the value set
on the PS 174. The PS 174 also insures that the limits of the
connecting lines of the customer-installed external heat load
heat exchanger 158 are not exceeded. Similarly, the TS 180
and the TS 182 accurately control the temperature of the two
gas streams of the recuperative heat exchanger 152, as
described earlier.
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In a first embodiment in accordance with the invention,
the optional heat exchangers and heaters 154, 156, and 166
are not used. In this embodiment the recuperative heat
exchanger 152 provides the means of protecting the gas
compressor 144 from receiving gas that is beyond its design
limits.

In the cool mode, the heat exchanger 152 warms the
returning cold gas to a temperature that is typically between
-40 C and +20° C. The warm end of this range is dictated
mainly by the sizing of heat exchanger 152, the heat load on
the heat exchanger 152, and the temperature of the gas
exiting the after-cooler 146, which is in turn determined by
the temperature of the media receiving heat rejected by the
after-cooler 146. The high-pressure gas exiting the adsorber
150 is cooled in the heat exchanger 152 by the cold low
pressure gas returning from the customer-installed heat load
heat exchanger 158. The cooling of the high-pressure gas
exiting heat exchanger 152 reduces the thermal load on the
refrigeration process 122.

In the post bakeout mode, the heat exchanger 152 cools
the hot gas returning from customer-installed beat load heat
exchanger 158 to a temperature that is typically between +50
C and +25° C. The cold end of this range is dictated mainly
by the sizing of heat exchanger 152, the heat load on the heat
exchanger 152, and the temperature of the gas exiting the
after-cooler 146, which is in turn determined by the tem-
perature of the media receiving heat rejected by the after-
cooler 146.

The preferred sizing of the heat exchanger 152 is such that
the heat exchanger 152 is not fully effective. That is, the heat
exchanger 152 is somewhat undersized such that the hot gas
entering the heat exchanger 152 is only partially cooled
down by the high-pressure gas stream and does not fully
reach the temperature of the high-pressure gas entering the
heat exchanger 152. Typically, the low-pressure stream of
hot gas exits between 5 and 30 degrees warmer than the inlet
temperature of the high-pressure gas stream. In this manner
some of the heat returning from the customer-installed
external heat load heat exchanger 158 is passed to the gas
compressor 144 and ultimately to the after-cooler 146, from
which it can be rejected to the environment and removed
from the system. In addition, the flow of the high-pressure
gas stream that has absorbed the heat from the low-pressure
gas returning from the customer-installed heat load heat
exchanger 158 flows through the refrigeration process 122,
which provides a means to remove some of the heat from the
high-pressure gas stream.

In this embodiment the primary refrigeration process 110
is turned off during the post bakeout process and serves as
a mass that absorbs heat from the gas stream. The net
removal of heat from the customer-installed external heat
load heat exchanger 158 reduces its temperature, which in
turn reduces the temperature of the low-pressure gas enter-
ing the heat exchanger 152, and consequently lowers the
temperature of the high-pressure gas exiting the heat
exchanger 152. Once the temperature of the high-pressure
gas exiting the heat exchanger 152 reaches an acceptable
level, typically around room temperature, the refrigeration
process 122 can be activated. Depending on the specifics of
the system, this threshold temperature may be higher
depending on the refrigeration capacity of the refrigeration
process 122.

In a second embodiment in accordance with the invention,
a three-way valve, or two one-way valves (not shown), is
added at the high-pressure outlet of the heat exchanger 152.
This valve controls the flow of high-pressure gas and acts to
select whether the high-pressure gas feeds directly into the
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refrigeration process 122 or whether the high-pressure gas
bypasses around the refrigeration process 122. If the high-
pressure gas is selected to bypass the refrigeration process,
the high-pressure gas may connect to the gas supply line 142
between the refrigeration process 122 and the customer-
installed external heat load heat exchanger 158. In this
embodiment, the high-pressure gas exiting the heat
exchanger 152 bypasses the refrigeration process 122 when-
ever the high-pressure gas exits heat exchanger 152 above a
predetermined temperature, for example, above ambient
temperature.

In a third embodiment in accordance with the invention,
the heat exchangers 154, 156 and 164 are used to assure that
the gas entering the gas compressor 144 and the refrigeration
process 122 are within design limits.

In the cool mode, the heat exchanger 152 warms the cold
gas returning from the customer-installed heat load heat
exchanger 158 by cooling the high-pressure gas stream that
enters the heat exchanger 152 from the adsorber 150. The
low-pressure gas exiting the heat exchanger 152 is heated as
needed by an electric heater 166 to achieve the required inlet
temperature to the gas compressor 144. The high-pressure
gas cooled by the heat exchanger 152 is heated by the
electric heater 154 and is further regulated by the heat
exchanger 156. However, under normal operation, no sig-
nificant heat transfer occurs. The heat exchanger 156
exchanges heat with a media such as water, a water/glycol
mixture, or similar heat transfer media.

In the post bakeout mode, hot gas returning from the
customer-installed external heat load heat exchanger 158 is
cooled by the heat exchanger 152. The heater 166 is not
activated since it is not necessary to heat the gas exiting the
heat exchanger 152. The high-pressure gas is heated by the
heat exchanger 152. The electric heater 154 is not activated
since heating the high-pressure gas is not required. Heat is
removed from the high-pressure gas by the heat exchanger
156.

A portion of the high-pressure gas exiting the heat
exchanger 156 is vented to atmosphere by the valve 172.
This has the effect of reducing the flow of gas to the
customer-installed external heat load heat exchanger 158
and subsequently improving the ability of the heat
exchanger 152 to cool the low-pressure gas returning from
the customer-installed heat load heat exchanger 158 since
there is a greater flow of room-temperature high-pressure
gas than low-pressure returning hot gas. This has the effect
of improving the effectiveness of heat exchanger 152. In this
embodiment, a high effectiveness of the heat exchanger 152
is preferred, in contrast to the first embodiment. The reduced
flow rate of returning gas is made up by new gas entering
from the solenoid valve 170. The mixing of this room
temperature gas further cools the gas returning from heat
exchanger 152.

In a fourth embodiment in accordance with the invention,
the heater 154 and the heat exchangers 152 and 156 are not
used, and the heater 166 is replaced with a heat exchanger
166. The heat exchanger 166 exchanges heat with water, a
water/glycol mixture, or similar heat transfer medium that is
near room temperature. The heat exchanger 166 regulates
the temperature of low-pressure gas returning from the
customer-installed heat load heat exchanger 158.

The temperature of the low-pressure gas leaving the heat
exchanger 166 is around room temperature. Since the tem-
perature of the low-pressure gas can be either below freezing
or above the normal boiling point of various cooling fluids
before entering this heat exchanger 166, the heat exchanger
166 is designed to operate with a minimum flow to assure
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that the cooling fluid will not freeze or boil. Preferably, a
flow switch is used to sense the fluid flow.

If the flow of the cooling fluid falls below an acceptable
limit the flow switch turns off the gas compressor 144 to
present a freeze-out or boiling condition. Alternately, a
temperature sensor may be used instead of a flow sensor.

In a fifth embodiment in accordance with the invention,
any significant loss of gas from the refrigeration system 100
is sensed and is replenished with new gas. A change in the
switch position of the pressure switch 178 occurs if the
suction pressure of gas compressor 144 drops below a
predetermined level. The pressure switch 178 may be used
to activate the valve 170, which opens to allow new gas into
the refrigeration system 100 until the suction pressure
sensed by pressure switch 178 reaches a predetermined
level, causing the switch position of the pressure switch 178
to change and the valve 170 to close.

In an alternative arrangement, the pressure switch 178 is
replaced by a pressure sensor such as a pressure transducer
that produces a signal sensed by a controller and used to
activate a relay that in turn controls the valve 170. Alter-
nately, the valve 170 may be installed in the field by the
customer. In this case, the manufactured unit merely has a
connection point at which new gas can be added during
operation. Similarly, the pressure switch 178 is added in the
field as well.

An additional feature of this embodiment is a provision to
allow additional gas to be added to the secondary refrigera-
tion loop 112 to assure that an appropriate gas charge is
installed in the secondary refrigeration loop 112. Typical
supply pressure of gasses such as nitrogen is typically no
greater than 80 psi. The gas is charged into the secondary
refrigeration loop 112 with the secondary gas compressor
144 switched off. The maximum pressure the secondary
refrigeration loop 112 can be charged to is the typical facility
supply pressure of 80 psi.

When the gas compressor 144 is switched on, the suction
pressure drops below the value set on the pressure switch
178, which in turn activates the solenoid valve 170 and
enables gas to be drawn into the suction side of the gas
compressor 144. When the correct amount of gas is drawn
into the secondary refrigeration loop, the pressure switch
178 deactivates the solenoid valve 170 and the gas supply
into the secondary refrigeration loop is cut off. Thus, the
auto make-up capability facilitates drawing additional gas
into the secondary refrigeration loop 112 and enables an
optimum amount of gas to be introduced into the secondary
refrigeration loop 112.

When the gas compressor 144 is switched off the static
balance pressure may be cater than the supply pressure of 80
psi typically available in the facilities. Without auto make-
up ability it would be necessary to have high-pressure gas
bottles to charge the secondary refrigeration loop 112 to an
appropriate pressure level and thus, the inconvenience of
carrying high-pressure gas bottles in the facility is avoided.

In a sixth embodiment in accordance with the invention,
the secondary refrigeration loop 112 may include alternative
compressor types in place of the gas compressor 144. More
specifically, the secondary refrigeration loop 112 may
include a refrigeration compressor, such as the compressor
114 of the primary refrigeration system 110, in place of the
gas compressor 144. The secondary refrigeration loop 112
may include an oil-less compressor instead of the gas
compressor 144.

In a seventh embodiment in accordance with the inven-
tion, the recuperative heat exchanger 152 of the secondary
refrigeration loop 112 may be replace by two water-cooled
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heat exchangers identical to heat exchanger 156. In this case,
a first water-cooled heat exchanger is inserted into the
high-pressure gas supply line downstream of the adsorber
150 in place of the recuperative heat exchanger 152. Simi-
larly, a second water-cooled heat exchanger is inserted into
the return line 160 upstream of the suction accumulator tank
162 in place of the recuperative heat exchanger 152. In this
case, the water temperature of the two water-cooled heat
exchangers is such that freezing or boiling is prevented
depending on the operating mode. Furthermore, the gas
temperature achieved will be maintained close to the water
temperature.

What is claimed is:

1. A process of using an ultra-low temperature closed-
loop recirculating gas chilling system for reducing the
temperature of an object or fluid from a temperature in the
range of from about +50° C. to about +350° C. to a
temperature in the range of from about -30° C. to about
-150° C., the process comprising:

providing an object or fluid at a temperature in the range
of from about +50° C. to about +350° C. in a sealed
external heat exchanger in fluid connection with a
closed loop chilling system itself comprising a primary
refrigeration system and a secondary gas coolant sys-
tem;

a. wherein the primary refrigeration system comprises,
in series fluid connection, a compressor, a condenser,
at least one heat exchanger, and at least one flow
metering device;

b. wherein the secondary gas coolant system comprises,
in fluid connection, a compressor, an aftercooler, and
a means to protect the compressor from excessively
low or high temperatures;

c. wherein the primary refrigeration system and sec-
ondary gas coolant system are indirectly connected
by an outlet line from the secondary gas coolant
system to a secondary inlet of the at least one heat
exchanger of the primary refrigeration system;

d. wherein the secondary outlet line from the at least
one heat exchanger of the primary refrigeration
system is in fluid connection with the sealed external
heat exchanger containing the object or fluid to be
chilled; and

e. wherein the sealed external heat exchanger is in fluid
connection with the means to protect the compressor
from excessively low or high temperatures in the
secondary gas coolant system;

and actuating at least one of the primary refrigeration
system and the secondary refrigeration system to
reduce the temperature of the object or fluid being
cooled to a temperature in the range of from about -30°
C. to about -150° C.

2. An ultra-low temperature closed-loop recirculating gas
chilling system capable of reducing the temperature of an
object or fluid from a temperature in the range of from about
+50° C. to about +350° C. to a temperature in the range of
from about -30° C. to about —150° C., the system compris-
ing:

a primary refrigeration system comprising, in series fluid
connection, a compressor, a condenser, at least one heat
exchanger, and at least one flow metering device;

a secondary gas coolant system comprising, in fluid
connection, a compressor, an aftercooler, and a means
to protect the compressor from excessively low or high
temperatures,

the primary refrigeration system and secondary gas cool-
ant system being indirectly connected by an outlet line
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from the secondary gas coolant system to a secondary
inlet of the at least one heat exchanger of the primary
refrigeration system;

the secondary outlet line from the at least one heat
exchanger of the primary refrigeration system being in
fluid connection with a sealed external heat exchanger
containing the object or fluid to be chilled; and

the sealed external heat exchanger being in fluid connec-
tion with the means to protect the compressor from
excessively low or high temperatures in the secondary
gas coolant system.

3. The process of claim 1 wherein the object or fluid being
cooled is a semiconductor chuck or a fluid for flowing
through a semiconductor chuck.

4. The process of claim 1 wherein the means to protect the
compressor of the secondary gas coolant system from exces-
sively low or high temperatures is selected from the group
consisting of at least one of:

a) a gas-to-gas recuperative heat exchanger in which high
pressure gas downstream of the aftercooler exchanges
heat with low pressure gas prior to its entry to the
compressor;

b) a gas-to-liquid cooled heat exchanger in which an
external liquid exchanges heat with low pressure gas
prior to its entry to the compressor; and

¢) a heat exchanger that adds heat to low pressure gas
prior to entry to the compressor.

5. The process of claim 1 further comprising:

using a gas-to-gas heat exchanger, exchanging heat
between the gas stream exiting the aftercooler and gas
returning from the external heat exchanger.

6. The process of claim 1 wherein the closed loop chilling
system further comprises a liquid-cooled heat exchanger
placed between the external heat exchanger and the inlet of
the compressor of the secondary gas coolant system.

7. The process of claim 6 wherein the liquid-cooled heat
exchanger is a water-cooled heat exchanger.

8. The process of claim 1 wherein the closed loop chilling
system further comprises a heater placed on a return line for
returning cold gas.

9. The process of claim 1 wherein each compressor is
selected from the group consisting of a reciprocating com-
pressor, a rotary compressor, a sScrew compressor or a scroll
compressor.

10. The process of claim 9 wherein at least one compres-
sor is a scroll compressor.

11. The process of claim 1 wherein the closed loop
chilling system further comprises a solenoid valve for
replenishing lost coolant gas when a pressure deficiency
exists in a secondary refrigeration loop.

12. The process of claim 1 wherein the closed loop
chilling system further comprises a control system for
replenishing lost coolant gas when a pressure deficiency
exists in a secondary refrigeration loop.

13. The process of claim 1 wherein the closed loop
chilling system further comprises a valve at the high pres-
sure outlet of at least one heat exchanger to select whether
gas feeds directly into a refrigeration process or bypasses the
refrigeration process.

14. The process of claim 1 wherein the refrigerant com-
prises a nonflammable, chlorine-free, nontoxic mixed refrig-
erant blend.

15. The process of claim 1, further comprising:

actuating the secondary refrigeration system to reduce the
temperature of the object or fluid being cooled to a
temperature in the range of ambient to +50° C.; and
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when the temperature of the object or fluid being cooled
reaches a temperature below +50° C., actuating the
primary refrigeration system to reduce the temperature
of the objector fluid being cooled to a temperature in
the range of from about -30° C. to about -150° C.

16. The system of claim 2 wherein the object or fluid
being cooled is a semiconductor chuck or fluid for flowing
through a semiconductor chuck.

17. The system of claim 2, wherein the means to protect
the compressor of the secondary gas coolant system from
excessively low or high temperatures is selected from the
group consisting of at least one of:

a) a gas-to-gas recuperative heat exchanger in which high
pressure gas downstream of the aftercooler exchanges
heat with low pressure gas prior to its entry to the
compressor;

b) a gas-to-liquid cooled heat exchanger in which an
external liquid exchanges heat with low pressure gas
prior to its entry to the compressor; and

¢) a heat exchanger that adds heat to low pressure gas
prior to entry to the compressor.

18. The system of claim 2, further comprising a gas-to-gas
heat exchanger, that exchanges heat between the gas stream
exiting the aftercooler and gas returning from the external
heat exchanger.

19. The system of claim 2, further comprising a liquid-
cooled heat exchanger placed between the external heat
exchanger and the inlet of the compressor of the secondary
gas coolant system.
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20. The system of claim 19 wherein the liquid-cooled heat
exchanger is a water- cooled heat exchanger.

21. The system of claim 2, further comprising a heater
placed on a return line for returning cold gas.

22. The system of claim 2, wherein each compressor is
selected from the group consisting of a reciprocating com-
pressor, a rotary compressor, a sScrew compressor or a scroll
compressor.

23. The system of claim 22, wherein at least one com-
pressor is a scroll compressor.

24. The system of claim 2, further comprising a solenoid
valve for replenishing lost coolant gas when a pressure
deficiency exists in a secondary refrigeration loop.

25. The system of claim 2, further comprising a control
system for replenishing lost coolant gas when a pressure
deficiency exists in a secondary refrigeration loop.

26. The system of claim 2, further comprising a valve at
the high pressure outlet of at least one heat exchanger to
select whether gas feeds directly into a refrigeration process
or bypasses the refrigeration process.

27. The system of claim 2, wherein the refrigerant com-
prises a nonflammable, chlorine-free, nontoxic mixed refrig-
erant blend.



