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TEMPERATURE CONTROLLING
CRYOGENIC PACKAGE SYSTEM

spectrum, and bandstop ?lters are desirable because they
reject interfering signals in a narroW frequency spectrum.

FIELD OF THE INVENTION

various types of circuits from narroW band ?lters to systems

High temperature superconductor technology is used in
such as doWn converters.

This invention relates to a cryogenic package system, and
more speci?cally to a cryogenic package system for main
taining a high temperature superconductor circuit Within a

Along With the bene?ts of high temperature superconduc
tor circuits, there are also draWbacks. For example, minor
variations, ?uctuations, or deviations in the operating tem
perature have a direct impact on the performance of high

predetermined temperature range.
BACKGROUND OF THE INVENTION

10

The concept of maintaining a cryogenic environment
Within a predetermined temperature range through the use of
a heating or cooling element is knoWn in the art. In US. Pat.
No. 3,667,246, a cryogenic load is maintained at a prede

termined temperature range by regulating the temperature of
a coolant. In Us. Pat. No. 4,306,425, a biological object is
maintained at a predetermined temperature range by regu
lating the temperature of a metal receptacle. In Us. Pat. No.
4,712,607, biological material is maintained at a predeter
mined temperature range by regulating the temperature of a
space for receiving such materials. In US. Pat. No. 4,848,
093, the temperature in a cryogenic test chamber is main
tained at a predetermined temperature range by regulating
the temperature of a ?uid supplied to the test chamber by a
capillary tube. In US. Pat. No. 5,101,638, a magnetic ?eld
generator is maintained at a predetermined temperature
range by regulating the temperature of a thermal shield

15

The frequency response of high temperature supercon
20

25

30

range, there are certain applications that cannot tolerate such
a Wide temperature range, because these certain applications

35

ture sensitive.

circuit sWitches betWeen a state of normal resistivity and a

state of superconductivity.
Moreover, minor ?uctuations in the operating temperature
can shift the operating frequencies of certain high tempera
ture superconductor circuits, such as ?lters and resonators,

by several megahertZ (MHZ), adversely affecting the per

mined temperature range, Wherein the range of tolerance is
plus or minus 0.1 K, a range that is currently very difficult

ronment or materials surrounding the circuit. With many of
40

temperature superconductor circuit. These high temperature
superconductor circuits are very temperature sensitive,
although they do exhibit desirable properties When cooled to

the prior art cryogenic temperature control systems, the
relatively Wide temperature range that is precisely maintain
able is intolerably high for the proper operation of high

temperature superconductor circuits in certain high perfor

cryogenic temperatures. The term “high temperature” is
used as a relative term, and generally refers to temperatures
above 30 Kelvin (K), and more particularly, refers to tem

beloW their transition temperature. Furthermore, high tem
perature superconductor circuits are especially sensitive to
?uctuations in their operating temperature When they are
operating near their transition temperature, Which is the
temperature at Which a high temperature superconductor

to maintain using prior art cryogenic temperature control
systems that control the temperature of the cryogenic envi

depend on high performance circuits that are very tempera

An example of such a high performance circuit is a high

ductor circuits are sensitive to temperature ?uctuations far

formance of such high temperature superconductor circuits.
Thus, it is desirable to operate circuits implementing high
temperature superconductor materials Within a predeter

temperature of the cryogenic environment or materials sur

rounding the object. While this approach is suf?cient for
maintaining the object Within a relatively Wide temperature

The reason that high temperature superconductor circuits
are highly sensitive to temperature ?uctuations is due in part
to the temperature dependence of the critical current density,
Which de?nes the maximum current density that can be
carried before the superconductor material becomes resis
tive. Another factor is the temperature dependence of the

magnetic penetration depth.

surrounding the generator.
As disclosed by the prior art mentioned above, objects are
typically maintained Within a predetermined temperature
range by using a heating or cooling element to regulate the

temperature superconductor circuits.

45

mance applications.
Therefore, a better solution is needed for providing a

system and method for maintaining the object Within a
predetermined temperature range in a cryogenic
environment, Wherein the range of temperature ?uctuations

peratures above the boiling point of liquid nitrogen, Which
is approximately 77 K. To put Kelvins into a proper frame

Thus,
of reference,
even these
77 so
K called
is approximately
“high temperature”
320° Fahrenheit
superconduc
50

tor circuits operate at extremely cold temperatures that

is preferably less than 10.1 K, thereby alloWing certain high
performance temperature sensitive circuits to perform

Within operational speci?cations.

require highly specialiZed equipment and control techniques
for optimum performance.

SUMMARY OF THE INVENTION

Cryogenic operating temperatures are typically achieved
by using cryogenic coolants stored in deWars to cool the
environment surrounding the object. For high temperature

The cryogenic package system of the present invention
provides a novel con?guration for maintaining an object,

55

such as a high temperature superconductor circuit, Within a

superconductor circuits, the use of liquid nitrogen as a

narroW predetermined temperature range. The cryogenic
package system of the present invention integrates a high
temperature superconductor circuit and a heating element

cryogenic coolant provides an acceptable operating tem
perature of approximately 77 K, or —320° F.

One highly advantageous bene?t of high temperature

60

results in extremely selective and precise frequency
responses in resonant circuits. A result of this bene?cial
feature is that very narroW frequency bandpass, or bandstop,
?lters can be formed from high temperature superconductor
materials. In application, bandpass ?lters are desirable
because they provide more channels in a narroW frequency

directly onto a common substrate, and then controls the

heating element by monitoring the operating temperature of
the high temperature superconductor circuit itself, rather
than by merely monitoring the temperature of the cryogenic

superconductor circuits is their loW resistance. This property

environment or materials surrounding the high temperature
65

superconductor circuit. By regulating the operating tempera
ture of the circuit itself, the cryogenic temperature control
system has an improved ability to control the temperature

5,818,097
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?uctuations of the circuit With greater precision and With

ductivity. The ability to vary the thickness, cross-sectional

much shorter time constants.

area, and thermal conductivity of the thermal isolators serves
as a coarse method of adjusting the temperature gradient

In a preferred embodiment, the cryogenic package system

betWeen the cold head and the high temperature supercon

of the present invention comprises a control circuit, a
temperature sensor, and the heating element interacting in a

ductor circuit so as to minimiZe heat input from the heating

closed loop temperature control system. The temperature

element to the cold head, such that the heating element heat

sensor monitors the operating temperature of the high tem

is transferred more ef?ciently to the circuit rather than the
cold head.

perature superconductor circuit, and transmits this measured
temperature reading to the control circuit. Depending upon
Whether the operating temperature of the circuit needs to be

10

In a preferred embodiment of the cryogenic package
system of the present invention, the heating element is

raised or loWered, the control circuit activates or deactivates

formed from a thin ?lm resistor material. The resistor

the heating element accordingly. This in turn causes the

material comprises nichrome, tantalum nitride, or other
equivalent materials that function Well in cryogenic envi
ronments. A patterned thin ?lm heating element minimiZes

operating temperature of the circuit to be modi?ed, thereby
causing the temperature sensor to send updated temperature
readings to the control circuit. This feedback control process
maintains the operating temperature of the circuit Within an
acceptable range of approximately plus or minus 0.1 K of a

15

outgassing constraints, since no adhesives are used as in

conventional die attach methods.
Various elements on the substrate, such as the control

predetermined operating temperature.

circuit or the high temperature superconductor circuit, are

By placing the high temperature superconductor circuit

connected to the ambient environment by cables that are

and the heating element on a common substrate, the heating
element transfers its heat more ef?ciently to the circuit. If the

capable of transferring poWer and/or information. HoWever,

heating element is located far from the circuit, then the
heating element has to compete With and partially overcome
the cooling effect of a cold head in order to suf?ciently heat
the cryogenic environment surrounding the circuit in an

the cryogenic environment, thereby adding to the thermal
load of the cryogenic package system. Therefore, in a

these cables conduct heat from the ambient environment to

25

effort to raise the operating temperature of the circuit. As a

result, the typical approach of heating the surrounding
cryogenic environment of the object is less ef?cient than the
cryogenic package system of the present invention Which is
designed to heat the object more directly. This is especially
important When the cold head has a limited cooling capacity.
The predetermined operating temperature of the circuit is
preferably slightly higher than the temperature of the cold
head. In this Way, the heating element, being in communi
cation With the control circuit, can offset the cooling effect
of the cold head if the operating temperature is too loW, and
can turn off the heating element to let the cold head cool the

provide an improved cryogenic package system.
It is a further object of the present invention to provide a

cryogenic package system for a high temperature supercon
ductor circuit.

An additional object of the present invention is to provide
a cryogenic package system for a high temperature super
35

conductor circuit, Whereby the temperature of the high
temperature superconductor circuit is maintained Within a

predetermined temperature range by monitoring the tem
perature of the high temperature superconductor circuit

circuit if the operating temperature is too high.

itself.
Yet another object of the present invention is to provide a

By integrating the high temperature superconductor cir
cuit and heating element onto a common substrate, and by
placing the control circuit and temperature sensor in thermal

cryogenic package system for a high temperature supercon
ductor circuit, Whereby the temperature of the high tempera

proximity to the high temperature superconductor circuit,
thermal paths and thermal time constants are reduced

signi?cantly, thereby increasing heater response time While

preferred embodiment, a cable thermal strap is used to
transfer heat conducted by the cable aWay from the high
temperature circuit and to the cold head.
Accordingly, it is an object of the present invention to

45

decreasing heat input to the cold head Which reduces ef?
ciency. Moreover, the cool doWn time of the cryogenic

ture superconductor circuit is maintained at a predetermined
temperature With a range of temperature ?uctuations not to
eXceed 10.1 K.

Further objects and advantages of the present invention
Will become apparent from a consideration of the draWings

package system is also reduced as a result of the reduced

and ensuing description.

thermal mass of the substrate containing the high tempera
ture superconductor circuit and heating element. This alloWs
for an improved coarse temperature control of the high
temperature superconductor circuit, since there is less ther

embodiment of a cryogenic package system for a high

mal mass that the cold head needs to cool.

temperature superconductor circuit.

In addition, by placing the control circuit on the same
substrate as the high temperature superconductor circuit and

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is an elevational cutaWay vieW of a preferred

FIG. 2 is a top vieW of the cryogenic package system
55

heating element, instead of outside the cryogenic package
system, the cryogenic package system of the present inven

temperature control elements in block form.
FIG. 3 is a side cutaWay vieW of the cryogenic package

tion minimiZes the number of connections required betWeen

system shoWing the various layers comprising a substrate.

the cryogenic environment and an ambient, or room tem

FIG. 4 is schematic representation of a closed loop

perature (or non-cryogenic), environment that surrounds the
cryogenic environment. This reduces the conductive thermal
heat load that is conducted from the ambient environment
via control circuit connecting cables to the cold head. This
is critical to systems With limited cooling capabilities.
In a preferred embodiment, the substrate is placed in a
housing that is attached to a cold head via thermal isolators
of various thickness, cross-sectional area, and thermal con

shoWing the high temperature superconductor circuit and

temperature control system comprising the high temperature
superconductor circuit, a heating element, a temperature
sensor, and a comparator.

65

DETAILED DESCRIPTION OF A PREFERRED
EMBODIMENT

FIG. 1 shoWs a preferred embodiment of a temperature

controlled cryogenic package system 6 of the present inven

5,818,097
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tion. It is understood that, for illustrative purposes, the
various elements are not shoWn in proportion. A substrate 8

24 via a second electrical connection 40. The control circuit

24 comprises a third electrical connection 42 for alloWing
poWer and/or information to be transferred betWeen the
control circuit 24 in the cryogenic environment and various
components in the ambient environment. For eXample, a
bias signal from an ambient environment component to the
control circuit 24 in the cryogenic environment can be
transferred via the third electrical connection 42.

for receiving a high temperature superconductor circuit 10 is
placed Within a circuit housing 12, With the high temperature
superconductor circuit 10 being thermally isolated from the
circuit housing 12 by a circuit thermal isolator 14.
The circuit housing 12 containing the high temperature
superconductor circuit 10 is placed upon a cold head 16, also
knoWn as a cooling interface. The circuit housing 12 is

The substrate 8 has at least one via hole 44, shoWn

thermally isolated from the cold head 16 by a housing
thermal isolator 18. The cooling effect of the cold head 16
on the high temperature superconductor 10 can be controlled
by varying the thickness, cross-sectional area, and/or ther
mal conductivity of the circuit thermal isolater 14 and/or the

10

housing thermal isolator 18. In addition, heating the high

15

connected from the control circuit 24 on a top portion of the

substrate 8 to the heating element 22 (as shoWn in FIG. 1)
located on a bottom portion of the substrate 8.

temperature superconductor circuit 10 can be made more

ef?cient by reducing the amount of heat that is inputted to
the cold head 16 by directing the heat more speci?cally to

such as the control circuit 24, on the substrate 8 provides
certain bene?ts as discussed above. It is further understood

25

element 22, described as a resistor material 52, appears to be

ductor circuit 10. A control circuit 24 is placed on this

substrate 8 adjacent to the high temperature superconductor
circuit 10, and the control circuit 24 is capable of being in
electrical communication With the heating element 22 via a
?rst electrical connection 26. Although the control circuit 24
can be placed on another substrate in an ambient environ

circuit 10, by placing the control circuit 24 on the same
substrate 8 as the high temperature superconductor circuit 10
feWer connections betWeen the cryogenic environment and
the ambient environment are required (and thus feWer dis

that the various elements depicted in FIG. 3 are, for illus
trative purposes, not shoWn in realistic proportion. For
eXample, in FIG. 1, the heating element 22 appears to be an
attachment to the substrate 8, Whereas in FIG. 3, the heating

integral to the substrate 8. In a preferred embodiment, the
heating element 22, or resistor material 52, is integral to the
substrate 8.
In a preferred embodiment of the substrate 8, a gold
ground plane layer 48 is formed on a ?rst ceramic layer 50,

on the same substrate 8 as the high temperature supercon

ment separate from the high temperature superconductor

In FIG. 3, a preferred embodiment of the substrate 8 is
shoWn. It is understood that various elements, such as the

control circuit 24 (as shoWn in FIG. 1), can be placed in the
ambient environment separate from the substrate 8, but that
in a preferred embodiment, placement of certain elements,

the high temperature superconductor circuit 10.
Attached to the cold head 16 is a cooler cold ?nger 20,
Which in a preferred embodiment comprises a liquid nitro
gen reservoir, or another type of cooler, such as a Stirling
cycle cooler (not shoWn). The use of a cold ?nger to cool a
cold head is Well knoWn in the art, and is not discussed in
further detail herein.
In a preferred embodiment, a heating element 22 is placed

through the control circuit 24 in FIG. 2, that alloWs for the
?rst electrical connection 26 (as shoWn in FIG. 1) to be

35

and the high temperature superconductor circuit 10 is
formed on the gold ground plane layer 48. Formed on the
other side of the ?rst ceramic layer 50 is a layer of resistor
material 52 that serves as the heating element 22. The

resistor material 52 layer is coated With a passivation layer
54 to prevent shorting of the resistor material 52. Adjacent
to the high temperature superconductor circuit 10 is a second

ceramic layer 56 covered by a gold signal plane layer 58. A
third ceramic layer 60 is covered by a layer of Ni/Au 62, and
is formed on the gold signal plane 58 layer.
These layers provide protection and isolation for the high

continuities in environmental temperature exist), thereby
reducing the conduction of heat from the ambient environ
ment to the cryogenic environment. In a preferred
embodiment, only poWer connections are required.
A bondWire 28 is used to electrically connect the high

temperature superconductor circuit 10, as Well as an inter
temperature superconductor circuit 10 to a cable 30 via a 45 face path betWeen the high temperature superconductor
cable interface 32. The cable interface 32 provides a con
circuit 10 and elements outside of the cryogenic package
system 6, in a manner Well knoWn in the art.
nection from the cable 30 to the high temperature supercon
ductor circuit 10.
Constructing the substrate 8 from a material, such as

alumina or magnesium oXide, With high thermal

A cable thermal strap 34 is connected from the cable 30
to the cold head 16. The cable thermal strap 34 is used to
transfer most of the heat conducted by the cable 30 from the

conductivity, high modulus of elasticity, high dielectric

ambient environment to the cold head 16, rather than letting
the conducted heat dissipate into the cryogenic environment

e?ts:
reduces cool doWn time, (ii) provides a good
thermal path betWeen the heating element 22 and the high

constant, and minimiZed mass provides the folloWing ben

surrounding the high temperature superconductor circuit 10,

temperature superconductor circuit 10, (iii) takes advantage

temperature of the high temperature superconductor circuit

of eXisting manufacturing technologies, (iv) is a loWer-cost
alternative to machined packages, (v) reduces the time

10.
FIG. 2 is a top vieW of the cryogenic package system 6

expansion betWeen the high temperature superconductor

Which Would affect the stability of the desired operating

55

constant, and (vi) provides a matched coef?cient of thermal

shoWing the high temperature superconductor circuit 10 and
temperature control elements comprising the heating ele

circuit 10 and the cryogenic package system 6.

ment 22 (as shoWn in FIG. 1), the control circuit 24, and a
temperature sensor 38. The high temperature superconduc
tor circuit 10 is connected to the cable interface 32 (as shoWn
in FIG. 1) via the bondWire 28. The temperature sensor 38

temperature control system located on the substrate 8 com

FIG. 4 is schematic representation of a closed loop

prising the high temperature superconductor circuit 10, the
heating element 22, the temperature sensor 38, and the

control circuit 24. The control circuit 24 comprises a com
is placed in thermal proXimity With the high temperature 65 parator 66. A ?rst voltage source 63 generates a stable

superconductor circuit 10, and the temperature sensor 38 is
capable of being electrically connected to the control circuit

reference voltage 64, or signal, corresponding to a prede
termined temperature. The reference voltage 64 is provided

5,818,097
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as an input to a positive input of the comparator 66, and is

ductor circuit 10. The circuit temperature voltage 76 is

either a ?xed value or an adjustable value depending upon

ampli?ed by a second ampli?er 78, and the second ampli?er
78 outputs the ampli?ed circuit temperature voltage 80. The
ampli?ed circuit temperature voltage 80 is then, as discussed
above, provided as an input to the negative input of the
comparator 66.
While the above description contains many speci?cs,

the application. The value of the reference voltage 64 may
be adjusted to correspond to various different desired pre
determined temperatures. The comparator 66 compares the
reference voltage 64 With an ampli?ed circuit temperature
voltage 80 that is provided as an input to a negative input of
the comparator 66, and then the comparator 66 outputs an
error voltage 68 that represents the difference betWeen the
desired predetermined temperature and a sensed high tem

these should not be construed as limitations on the scope of

the invention, but rather as eXamples of preferred embodi
ments thereof. Many other variations are possible. For
eXample, the circuit thermal isolator 14 and the housing

perature superconductor circuit 10 temperature. A positive
or negative error voltage 68 is generated if the operating

thermal isolator 18 can be combined to form a single

temperature of the high temperature superconductor circuit
10 deviates from the predetermined temperature, and
approaches either the upper or loWer range of the predeter
mined temperature range. The design and response time of
the closed loop temperature control system is such that the

integrated thermal isolator unit. In addition, the circuit
housing 12 can be pivotally or removably eXtended over the
15

top of the high temperature superconductor circuit 10 to act
as a protective lid.

What is claimed is

temperature range Will not deviate by more than plus or

1. A temperature controlled cryogenic package system

minus 0.1 K from the predetermined temperature.
If the error voltage 68 is positive, meaning that the

comprising

temperature of the high temperature superconductor circuit

a substrate capable of receiving a high temperature super

10 is loWer than the desired predetermined temperature, the
error voltage 68 is ampli?ed by a ?rst ampli?er 70 in order
to drive sufficient current through the resistor material 52,

a temperature sensor in thermal proximity to the high

also referred to as the heating element 22. The current is
transferred from the control circuit 24 to the heating element

conductor circuit,
temperature superconductor circuit for sensing an oper
25

22 via the ?rst electrical connection 26, thereby causing the
heating element 22 to generate heat. In other Words, When
the cold head 16 (as shoWn in FIG. 1) begins to cool the high
temperature superconductor circuit 10 toWards the loWer
range of the predetermined temperature range, the closed

ating temperature of the high temperature supercon
ductor circuit,
a heating element formed on said substrate for heating the

high temperature superconductor circuit,
a control circuit placed on said substrate capable of

activating and deactivating said heating element in
response to an input from said temperature sensor,

loop temperature control system responds accordingly by

thereby maintaining said operating temperature of the

turning the heating element 22 on again. It is understood
that, depending upon the magnitude of the positive error
voltage 68, the amount of heat generated by the heating

high temperature superconductor circuit Within a tem
35

element 22 can be varied accordingly.

perature range having a maXimum deviation of 0.1 K
from a predetermined temperature,
said substrate comprising at least one via hole through

If the error voltage 68 is negative, meaning that the

said substrate for electrically connecting said heating

temperature of the high temperature superconductor circuit
10 is higher than the desired predetermined temperature,

element With said control circuit,
said control circuit comprising a comparator for compar
ing a temperature voltage from said temperature sensor

then the ?rst ampli?er 70 cuts off the current How to the

resistor material 52, thereby turning off the heating element
22 and alloWing the high temperature superconductor circuit

and a reference voltage from a voltage source, Wherein

said temperature voltage re?ects the operating tempera
ture of the high temperature superconductor circuit, and

10 to be cooled back doWn toWard the predetermined

temperature by the cold head 16 (as shoWn in FIG. 1).
Closed loop equilibrium is established When the ampli?ed
circuit temperature voltage 80 is equal to the reference

45

a circuit housing for receiving said substrate,
a cold head cooled by a cold ?nger for cooling the high

voltage 64 such that the error voltage 68 output from the
comparator 66 approaches Zero. This means that the sensed

temperature superconductor circuit,

temperature of the high temperature superconductor circuit
10 is equal to the predetermined temperature, and therefore,
the current How to the heating element 22 is cut off, thereby

turning off the heating element 22. The total loop gain of the
closed loop system is set to achieve a stable critically

damped temperature control system.
In a preferred embodiment, the temperature sensor 38
comprises a silicon junction transistor, or diode, biased With
a current source 72 that is poWered by a second voltage
source 74. Since the temperature sensor’s 38 junction volt
age 82 varies in a predictable manner With respect to the
temperature of the object that the temperature sensor 38 is

sensing, the temperature sensor 38 provides a changing

circuit temperature voltage 76 that corresponds to changes in
the sensed temperature of the high temperature supercon

said reference voltage re?ects the predetermined tem

perature.

55

a thermal isolator for thermally isolating the high tem
perature superconductor circuit from said cold head,
said circuit housing being connected to said cold head
via said thermal isolator, Wherein using a predeter
mined thermal impedance for said thermal isolator
alloWs for coarse temperature control of said operating

temperature,
a cable for transmitting information betWeen the high
temperature superconductor circuit and an ambient

environment, and
a cable thermal strap for transferring conducted ambient
heat from said ambient environment to said cold head.

