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FUNDAMENTALS FOR USAGE OF CRYOGENIC TEMPERATURE CONTROLLERS 

by 

Dr. John M. Swartz • Lake Shore Cryotronics Lawrence G. Rubin • MIT National Magnet Laboratory 
575 McCorkle Blvd. • Westerville, OH 43082 170 Albany St. • Cambridge, MA  02139 

 
I  INTRODUCTION 

Cryogenic temperature controllers have been available for years, but users often have an incomplete understanding of 
their operating principles and of the closed-loop interactions between the controller and the controlled low temperature 
environment. The object of this primer is to address this problem by presenting some fundamental and practical concepts 
of control at low temperatures. The so-called "three-mode" or "PID" controller, utilizing Proportional (gain), Integral 
(reset), and Derivative (rate) functions, will be discussed and examples given of its operation and adjustment. While the 
emphasis will be placed on analog control systems, the advantages and disadvantages of digital versus analog control 
will also be presented. 

II  CHARACTERISTICS OF CRYOGENIC TEMPERATURE CONTROL SYSTEMS 

The adjective "cryogenic" as applied to temperature control systems defines a set of conditions that distinguishes such 
systems from those for which the great majority of applications exist, i.e., industrial processes in which temperatures are 
above—and often well above—room temperature. There are at least five factors which crucially affect temperature 
control performance when one compares a cryogenic system with that existing inside a furnace, for example: 

1. The values of heat capacity (lower, Cp, and thermal conductivity (often higher, κ, are such that much shorter thermal 
time constants (τ α Cp/κ) are the rule at low temperatures. 

2. The temperature sensor used in a furnace is almost always one of a variety of thermocouples with sensitivities in the 
10-100uV/°C range. In the cryogenic regime, resistance thermometers (both metallic and semi-conductive), diode, 
and capacitance thermometers provide from one to three order-of-magnitude higher sensitivity. 

3. The heat input for furnaces is almost always derived from a line frequency source, and is controlled by relays, 
variable transformers, saturable reactors, or SCRs. Experiments performed in a cryostat usually involve low level 
signals, and hence require a low noise background. For that reason, ripple-free direct current, usually controlled by a 
series transistor bank, should be used to power the heater. 

4. As one traverses the cryogenic regime from the liquid helium range up towards room temperature, there can be quite 
large variations in both the thermal time constants and thermometer sensitivities. 

5. In the case of the furnace in which the load does not experience large endo- or exothermic reactions, the heat input 
required to maintain a set point temperature is approximately constant. This is because the heat loss through a fixed 
thermal conductance to the room temperature environment outside the furnace is also constant. However, there are 
cryogenic systems where the low temperature environment provided by, e.g., a surrounding cryogen such as a liquid 
helium or liquid nitrogen bath, may vary drastically as the level of the cryogen changes. In addition, the thermal 
conductance to the outside world is highly dependent on the gas pressure (vacuum) maintained in the cryostat. The 
resulting variations in "cooling power" will cause the heat input requirements to be anything but constant. A few 
cryogenic systems employ a controller cooling loop, but this type of system will not be discussed. 

Most of the difficulties in cryogenic control applications are associated with factors 4 and 5, where changes in parameters 
are involved. 
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2 Application Notes 

III  PROPORTIONAL CONTROL 

The block diagram in Figure 1 shows a systems in which 
only proportional control is being used. In this system, 
the desired control temperature setting (set point) is 
being compared to the sensor signal and the difference, 
or error signal (including polarity), is amplified within the 
controller. When the sensor temperature corresponds to 
the set point temperature (in voltage for a diode or 
resistance for a resistor), the sensor signal will be equal 
to, but opposite in polarity to the set point signal and the 
error signal will be zero. In older instruments, the set 
point is normally calibrated in millivolts or volts or 
resistance, corresponding to the sensor output signal. 
Most modern controllers have stored within them the 
appropriate voltage-temperature or resistance-
temperature sensor characteristic so that the set point 
can be calibrated directly in temperature. However, as 
discussed in Section VII, this convenience feature can 
compromise the resolution and accuracy of the 
controller. 

The output of the controller is dc power to a resistive 
heater, the output magnitude of which depends on the 
size and sign of the error signal, as well as on the gain 
of the deviation amplifier and the output power supply. 
Since the controller's power output state tracks the 
deviation amplifier output, it is evident that the power 
output is proportional to the magnitude of the error 
signal. In process control nomenclature, this response is 
described in terms of "proportional control". 

Let us examine the behavior of the sensor signal—set 
point—deviation circuit in a modern cryogenic 
controller, the Lake Shore Cryotronics Model DRC-82C. 
In figure 2, the amplifier output (deviation gain times 
error) is plotted against the error signal for two amplifier 
gains: Av = 100 and Av = 1000. "Gain" in this closed 
loop system refers not to the power gain, as in an audio 
amplifier, but is related to the maximum amount of error 
signal allowed before the controller is directed to 
produce full output power. The DRC-82C requires a 0 to 
8 volt signal from the deviation amplifier to drive the 
power output stage from zero-to-maximum. In Figure 2, 
For Av = 1000, there is a narrow band of error signals 
(0 to -8 mV) within which the proportional action occurs. 
This "proportional band" expands tenfold for Av = 100, 
and so on for lower gains; obviously, gain and 
proportional band are inversely related. Proportional 
band is expressed as a percentage of full scale range. 

Note that the proportional band in mV can be converted 
to temperature in kelvins if the sensitivity of the sensor 
in mV/K is known. As an example, suppose the sensor 
producing the error signal in Figure 2 had a sensitivity of 1 mV/K and the set point full scale range was 100 mV = 100 K. 
The proportional band would then be 8% (or 8 K) and 80% (or 80 K) for Av = 1000 and 100, respectively. In cryogenic 
applications, this terminology is less significant; gain, which is multiplicative, is usually more useful, since it is more easily 
understood by the user. 

The power output stage of a cryogenic controller may or may not have variable gain associated with it. If the controller 
has several output power stage ranged for example, 5, covering 5 orders of magnitude in power) as does the DRC-82C, 
then the controller output into a 50 ohm load and with a gain of 200 for 5 watts and 50 watts would have the response 
shown in figure 3. Note that the overall voltage and power gain of the controller is modified by changing the output power 
settings. 

 

FIGURE 1. Block diagram of Cryogenic Temperature Controller. Av is 
amplifier voltage gain.

 

FIGURE 2. Output plot of the deviation amplifier showing Proportional 

Bands for gain settings of 100 and 1000. For the DRC-82C, the 

maximum available gain is 1000. 

 

FIGURE 3. Output Power versus error signal in voltage or equivalent 
temperature of sensor for two different power settings: (A) corresponds 
to a sensor sensitivity of -50 mV/K; (B) corresponds to a sensor 
sensitivity of -2.5 mV/K. Note that the curves are linear in voltage, not 
power. 
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Application Notes 3 

To illustrate the effect of the sensor, in more detail, consider 
the idealized curve (Figure 4) for a Lake Shore silicon diode 
which has a nominal sensitivity of -50 mV/K below 30 kelvin 
and -2.5 mV/K above 30 kelvin. Figure 3 illustrates the effect 
of converting the voltage error signal (horizontal axis) to its 
equivalent temperature error for the two sensitivity regions of 
the silicon diode sensor. These curves introduce the 
concept of loop gain dP/dT (watts/kelvin), which includes the 
gain of the sensor as well as that of the deviation amplifier 
and power output stage. As the transition in temperature 
from above 30 kelvin to below 30 kelvin is made, the loop 
gain is increased by a factor of 20 because of the increased 
sensitivity of the silicon diode thermometer. Because of 
noise and thermal phase lag, the deviation amplifier gain will 
normally have to be reduced by the same factor so that the 
loop gain remains relatively constant. 

In order to maintain any desired temperature above that of 
the cryogen in a cryogenic system, of course  some level of 
heater power must be supplied by the controller. We have 
seen in Figures 2 and 3 that a non-zero temperature error signal is 
necessary to produce an output, and that the magnitude of the 
error—or temperature offset— is a function of the power output 
level and the loop gain. Let us demonstrate the nature of the offset, 
also called droop, with an example. 

Assume that a system sample block (the mass whose temperature 
is to be controlled) has a finite heat capacity, but that its thermal 
conductivity is infinite, as is the thermal conductance between the 
block and the sensor and heater. The result will be that the 
temperature within the block will be isothermal, no matter at what 
rate the block is heated or cooled. For the following discussion, 
ignore any noise associated with the system and assume that to 
control at 20 kelvin, the heating power required is 0.2 watts. 
Assume also that 50 watts of heater power is available, reducible in 
five steps of one decade each. Figure 5 shows the control offset for 
an amplifier gain of 100 and three output power settings which will 
deliver enough power to the system to balance the cooling power. 

The temperature offsets for a power level of 0.2 watts at 20 kelvin 
are easily calculated from Figures 2 and 4 for the three maximum 
power settings: 0.1 K for a 50 watt setting, 0.32 for a 5 watt setting, and 1.0 for the 0.5 watt setting. As expected, the 
temperature offsets become smaller as the loop gain increases. However, there are limits to this approach as we move 
from the idealized example to a real system. 

The Real World 

Unfortunately, the thermal conductivity within a system is not infinite, and both it and the heat capacity may vary by 
several orders of magnitude between 1 K and 300 K. Also, the controller, the sensor, the sensor leads, and the block 
may all have electrical noise. This noise is amplified by the controller; for a high enough amplifier gain setting, the output 
of the controller will become unstable and oscillate. In addition, the placement of the sensor with respect to the heater 
and the sensor construction and mounting itself introduce thermal lags. This is due to the finite thermal conductivity of the 
block and the thermal resistances between the heater, sensor and the block. These thermal lags introduce a phase shift 
between the controller output and the sensor, which will reduce even further the gain at  which the system will be stable. 

Therefore, the thermal block design is extremely important in the proper performance of any cryogenic system. No 
controller can make up for poor thermal design of the system, nor can good design overcome the inherent limiting 
properties of the materials and sensor packages which are currently available. 

 
FIGURE 4. Idealized curve for Lake Shore Cryotronics, Inc. DT-

500 Series silicon diode temperature sensors.  

 

FIGURE 5. Effect of output power setting on offset for a 

proportional controller only. 
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4 Application Notes 

Since the thermal conductivity of cryogenic materials is finite, good practice dictates that the controller power output be 
the same order of magnitude as the cooling power. If, for example, the cooling power is 0.2 watt, and 50 watts is 
available, a change in set point to a higher temperature outside the proportional band of the controller will dump 50 watts 
into the system block. Due to the thermal lag of the block, etc., a large temperature overshoot may occur, with the system 
stabilizing only after several oscillations. This thermal lag can easily be observed since the sensor temperature will 
continue to rise long after the output from the controller has been reduced to zero. The obvious way to reduce this effect 
is to limit the heater power to the system to, for example, 0.5 watts. This can readily be done with a controller such as the 
DRC-82C which has multiple maximum output power settings. The overshoot will therefore be smaller when the set point 
is changed and the system will stabilize much faster although the rate of temperature rise will be less. Because changing 
the power output setting affects the loop gain (dP/dT), it may be necessary to readjust the deviation amplifier gain 
(controller gain setting) for optimum control. It is normally good practice to determine the power requirements for one's 
system prior to or during the first experimental run. Some system manufacturers may have that information available and 
may possibly supply a power load curve with the system. 

Two other aspects of temperature control should be mentioned. First, ON-Off controllers are frequently encountered at 
room temperature and above. As the name implies, such systems have only two states: power on when the temperature 
is below the set point, and off when it is above. The proportional controller with excessive loop gain approximates this 
mode. Although ON-OFF controllers perform adequately with large furnaces, for example, they are generally 
unsatisfactory for cryogenic applications, because of the relatively short thermal time constants encountered at low 
temperatures. 

Secondly, some controllers, such as the DRC-82C, have a manually adjustable power output control. This control can be 
used in either of two modes: (1) open loop, with a manual adjust of heater power in place of the signal from the deviation 
amplifier and (2) automatic, where the adjustment is in addition to the controller's closed loop signal. Mode 1 is extremely 
helpful in set up procedures and in subsequently determining the power levels associated with the desired temperatures. 
In Mode 2, one can reduce and sometimes eliminate temperature offset by providing the required power without the need 
for a large error signal to drive the output stage. This latter method has a name—manual reset—and serves as an 
introduction to the next section on reset control. 

IV  PROPORTIONAL (GAIN) PLUS INTEGRAL (RESET) TEMPERATURE CONTROL 

The manual reset adjustment described above varies markedly with the temperature set point and with the often 
changing heater power demands of the system. Thus, it is normally neither convenient nor desirable to have to resort to 
such a means of eliminating temperature droop (offset). Instead, suppose a circuit could be added to the loop that would: 
(1) sense that there is a steady state offset signal within the proportional band; (2) make a bit-by-bit addition to the power 
output, proportional to the magnitude of the offset; and (3) continue the corrective action until the offset is reset to zero. 
The practical realization of this circuit is an integrator inserted between the deviation amplifier and the power stage. The 
origin of the interchangeable terms "integral" control and (automatic) "reset" is evident. 

How does a proportional-plus-integral controller behave in a cryogenic system? 

First, in the idealized case, let us again assume an infinite thermal conductivity, which results in zero thermal resistance 
between the sensor and the heater. The reset integrator continues to integrate until the error signal reaches zero, which 
stops the integral action, but keeps its output at the level corresponding to that needed by the power stage to overcome 
the droop. This output is now the only drive to the power stage since the proportional error signal has been forced to 
zero. No overshoot will occur since zero thermal resistance eliminates the thermal lag which is the cause of overshoot. 
The zero thermal time constant also means that any amount of reset will eventually force the system to zero error. 

Before we switch the discussion back to real systems, let us deal with the nomenclature and units involved in integral 
control. Automatic reset action can be expressed in terms of a time constant (minutes) or its inverse, reset rate (repeats 
per minute). The reset time constant is the time required—measured in minutes—for the reset circuit to integrate to full 
output with an input signal which is constant and equal to the proportional band error signal. The amount of reset action 
can also be measured in "repeats per minute", or the number of times which the integrator can integrate between zero 
and full output in a time period of one minute for the constant proportional band error signal. Thus, if the time constant 
were, say, two minutes, this is the same as saying that the reset circuitry repeats the proportional action in two minutes, 
or ½ repeats per minute. 

The term "reset windup" refers to a condition occurring in reset controller when an offset persists for a sufficiently long 
time. The integration of the error, with time, will cause the integrator to saturate or "windup" at maximum output and 
remain so until the control point is traversed. By the time this has happened, a large overshoot may have occurred. This 
problem can be prevented by disabling the reset action when controller response goes outside the proportional band. A 
controller such as the DRC-82C accomplishes this with an anti-reset windup (or reset inhibit) circuit. 
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The Real World Revisited 

Since a real cryogenic system has non-zero thermal resistance, the value of the reset is important in setup of the 
controller. The amount of reset desired is dependent on: (1) the time required for the control sensor to reach equilibrium 
once it enters the proportional band; and (2) the amount of output signal required from the reset action to overcome the 
cooling power of the cryogenic system. For example, assume that 50% output is required and the time to reach 
equilibrium is 3 seconds (.05 minutes). Therefore the repeats per minute is 10 and the time constant is 0.1 minutes. In 
actuality, this is not easy to determine without a few tries. Almost always, however, the time constant increases with 
increasing temperature so that if one is operating over a broad temperature range, finding the appropriate time constants 
for the two extremes will bracket the appropriate time constants within that temperature range. Once the correct time 
constant has been selected, the system should settle to its control set point within two or three time constants. If 
significant overshoot is still occurring, the system design should be carefully reviewed. 

V  ADDING DERIVATIVE (RATE) TO THE TEMPERATURE CONTROL LOOP 

If there is still an overshoot of the control temperature during transient changes of the set point within one's system, it can 
be significantly reduced by the addition of a third control function to the controller, called rate or derivative control. 

Normally, overshoot can be attributed to one of two causes: (1) the application of much more power than is required to 
maintain the system at its desired set point; or (2) the result of the thermal response relationships between the cooling 
power, the heating power, and the control sensor. The best solution to the first possibility is to reduce the available power 
as discussed previously. The second problem normally occurs with a large thermal mass, where response is slow and 
overshoot due to the thermal inertia of the system can be quite large. This overshoot is caused by the time lag between a 
change in output power and the control sensor sensing this change. In very large non-cryogenic systems this time lag 
can be 10-30 minutes. In cryogenic systems, it is usually less than a minute, even near room temperature. Consequently, 
placement of the control sensor with respect to the heater is extremely important in the design of a cryogenic system, as 
is the placement of both the heater and sensor with respect to the cooling power. 

Rate action can be achieved by means of a differentiator circuit which 
provides a signal proportional to the rate of temperature change, and 
which is subtracted from the proportional output signal. This reduces 
the effective overall amplifier gain driving the output power stage. The 
reduced gain effectively increases the proportional band of the 
controller. This slows down the rate of temperature rise and therefore 
allows more time for the block to stabilize. Consequently, the 
overshoot is substantially reduced or eliminated, depending on the 
magnitude of the thermal problem, as is indicated in Figure 6. 

The addition of rate is necessary only because of inherent thermal 
problems which cannot be substantially eliminated by improvements 
in thermal design. Also note that rate is effective only during the 
transition from one set point to another. Near or at the set point, rate 
has a destabilizing influence. It should therefore be normal practice to 
turn off the rate control when near the control point. 

The differentiator circuit should precede the reset integrator in the 
circuit so that the deviation and derivative signals acting on the integrator input will be just sufficient to create the proper 
reset value by the time the temperature reaches set point. In some cases, it is important for the rate circuit to precede the 
deviation amplifier as well, i.e., immediately following the sensor input. This would then prevent the rate circuit from 
operating on changes in the set point, such as in temperature seep applications. Fortunately, most sweeping is done 
slowly enough so as to be unaffected by typical rate time constants. 

To determine the rate control setting (in seconds) for a system, an abrupt increase in power is applied to the system 
while in equilibrium. The time delay is then observed to the start of the resulting temperature increase as indicated by the 
control sensor. This delay corresponds to the value to be set on the rate control. 

 

FIGURE 6. The effect of adding Rate to the control 
circuit to dynamically widen the proportional band and 
reduce the overshoot which would occur in its absence. 
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VI  SENSOR CONSIDERATIONS 

Sensor Gain Revisited: Since a controller will amplify input noise as well as sensor signal, it becomes important to 
consider sensor performance when designing a complete system. The Lake Shore DT-500 Series Sensors have a 
voltage-temperature characteristic which lend themselves to cryogenic temperature control use because of their high 
sensitivity at low temperatures (Figure 3). Coupled with this sensitivity is an extremely low noise-level which results, in 
part, from assembly techniques used for all DT-500 Sensors which comply with the relevant portions of MIL STD 750C. It 
is therefore possible to obtain short-term control at low temperatures which can approach 0.1 mK in specially designed 
systems such as the Lake Shore calibration facility. Even above 30 K, where the sensitivity is reduced by a factor of 20, 
short-term controllability is better than 2 mK. 

With diodes, there is no need for a sensor pre-amplifier, which would precede the set point control and deviation 
amplifier. However, in the case of resistance thermometers, including both semiconductor and metal types, a pre-
amplifier becomes necessary. In a dc measurement system, such as is used in the DRC-82C, it is sometimes possible to 
obtain temperature control stability with resistance thermometers superior to that obtainable with diodes. This requires a 
highly stable and adjustable constant current source in addition to a pre-amplifier designed for very low noise and drift. 
The choice of sensor is not at all obvious; it depends on many factors besides sensitivity, including sensor size, time 
response, power dissipation, magnetic field dependence and temperature range. In the less common case of cryogenic 
thermocouples, the very low sensitivity (10uV/K) requires quite large pre-amplifier gains and a stable reference junction 
arrangement. Thermocouples are sometimes used when sensor size or time response are more important than 
temperature stability and accuracy. At cryogenic temperatures, thermocouple accuracy does not approach that of a 
semiconductor diode or resistance thermometer when either are properly installed. 

VII  ANALOG VERSUS DIGITAL CONTROL 

In this day of computers, designing digital instrumentation with a microprocessor is definitely in vogue. In a digital control 
system, the sensor voltage is digitized by an analog-to-digital (AD) converter. The digitized temperature is then compared 
to the digital set point within the microprocessor and by means of an appropriate algorithm, the average power to the 
heater is adjusted. 

A converter with a 14 bit resolution (1 part in 16,384) enables the microprocessor to determine the temperature to 
approximately 4 mK at 4.2 kelvin using the diode sensor of Figure 2. In a system which is inherently stable, the control 
temperature stability can be no better than the temperature resolution of the AD converter (4 mK for this example). Cost-
effective AD converters with such resolution have sampling times in the half-second range. In the world of ovens, 
furnaces, and other large industrial processes which operate above room temperature, stable control can be maintained 
by digital systems updating temperature only once or twice a second. This is for the same reason that ON-OFF 
controllers are successful in these cases: the large thermal time constants of the controlled environments. 

However, as discussed in Section II, the time constants are much shorter in cryogenic systems, so much so that 
temperature can, and frequently does, change at a rate which exceeds the sampling frequency of a typical digital 
cryogenic controller (approximately 2 Hz). A good example is a mechanical refrigerator based on the Gifford-McMahon 
cycle. At 10 kelvin and below, these refrigerators, unloaded, often have a peak-to-peak variation in temperature which 
exceeds 1 kelvin at a nominal 3 Hz frequency. That variation represents an inherent disadvantage which is difficult for the 
all-digital system to overcome since the sampling rate is lower than the frequency of the temperature variation. The 
Sampling Theorem of Electrical Engineering implies that no sampled data control system can be stable unless it is 
sampled at a rate which exceeds at least twice the highest frequency variation within the system. 

Some designers of all-digital controllers for cryogenic temperatures appear to have overlooked this sampling rate 
problem. There are also examples of digital controller which fail to achieve optimum performance because of the design 
of their output stage: heater power is varied on a cyclical time-proportioning ON-OFF basis. This often introduces noise 
within the system which may interfere with the cryogenic experiment. 

An advantage that the microprocessor and its read-only memory provides for users of digital controllers is that of a direct 
reading (in temperature) set point and sensor readout. However, as noted in Section III, this feature may exact a price. In 
the real world, there is always an error due to lack of perfect conformity between the true sensor voltage- (or resistance-) 
temperature characteristic and the value actually stored in memory. This error will depend on the degree of non-linearity 
of the characteristic and on the amount of storage available. It is seldom cost-effective to keep the conformity error as 
small as the useful resolution of the controller system. Thus, in the 14-bit system referred to earlier in this section, its 4 
mK resolution would be swamped by, e.g., a conformity-limited 100 mK. Fortunately, in a controller such as the DRC-
82C, the user can select either a temperature or voltage (resistance) set point and readout. 

The choice between analog and digital controllers turns out to be not a choice at all but an optimum combination of the 
best features of each. True analog control provides a heater output that is a continuous function of the sensor signal, and 
so eliminates the sampled data problem. This analog control may be combined with digital circuitry for readout of sensors 
and power output, for setting the PID control parameters and for deriving the set point signal. This approach is used in 
most of the Lake Shore Cryotronics, Inc. controllers. 
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For Further Reading 

1. E. M. Forgan, "On the Use of Temperature Controllers in Cryogenics". Cryogenics 14 (1974), pp. 207-214. This is a 
cogent discussion of the interaction between the electrical and thermal response times in a typical cryogenic control 
system. The mathematical analyses are straightforward and relatively easy to follow. 

2. A series on "process Control" published in the journal, Measurement & Control, Part 3, "On/Off and Proportional 
Control", September 1984, pp. 165-170; Part 4, "Reset and Rate Control", October 1984, pp. 133-145; Part 5, 
"Selecting the Mode of Control", December 1984, pp. 132-136. Some of this material has appeared in "Principles of 
Temperature Control", available from Gulton Industries, West Division. Unlike reference 1, the discussion is not 
related to cryogenics but temperature control system principles are briefly and clearly explained. 

3. C. L. Pomernacki, "Micro Computer-Based Controller for Temperature Programming the Direct Inlet Probe of a High 
Resolution Mass Spectrometer", Review of Scientific Instruments, 48 (1977), pp. 1420-1427. 

4. W. M. Cash, E. E. Stansbury, C. F. Moore, and C. R. Brooks, "Application of a Digital Computer to Data Acquisition 
and Shield Temperature Control of a High-Temperature Adiabatic Calorimeter", Review of Scientific Instruments, 52 
(1981), pp. 895-901. 

5. R. B. Strem. B. K. Das, and S. C. Greer, "Digital Temperature Control and Measurement System", Review of 
Scientific Instruments, 52 (1981), pp. 1705-1708. 
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Standard Curve 10 
 

Standard Curve 10: Measurement Current = 10 µA ±0.05% 
 

T (K) Voltage 
dV/dT 

(mV/K) 
T (K) Voltage 

dV/dT 

(mV/K) 
T (K) Voltage 

dV/dT 

(mV/K) 

1.40 
1.60 
1.80 
2.00 
2.20 

2.40 
2.60 
2.80 
3.00 
3.20 

3.40 
3.60 
3.80 
4.00 
4.20 

4.40 
4.60 
4.80 
5.00 
5.50 

6.00 
6.50 
7.00 
7.50 
8.00 

8.50 
9.00 
9.50 
10.0 
10.5 

11.0 
11.5 
12.0 
12.5 
13.0 

13.5 
14.0 
14.5 
15.0 
15.5 

1.69812 
1.69521 
1.69177 
1.68786 
1.68352 

1.67880 
1.67376 
1.66845 
1.66292 
1.65721 

1.65134 
1.64529 
1.63905 
1.63263 
1.62602 

1.61920 
1.61220 
1.60506 
1.59782 
1.57928 

1.56027 
1.54097 
1.52166 
1.50272 
1.48443 

1.46700 
1.45048 
1.43488 
1.42013 
1.40615 

1.39287 
1.38021 
1.36809 
1.35647 
1.34530 

1.33453 
1.32412 
1.31403 
1.30422 
1.29464 

–13.1 
–15.9 
–18.4 
–20.7 
–22.7 

–24.4 
–25.9 
–27.1 
–28.1 
–29.0 

–29.8 
–30.7 
–31.6 
–32.7 
–33.6 

–34.6 
–35.4 
–36.0 
–36.5 
–37.6 

–38.4 
–38.7 
–38.4 
–37.3 
–35.8 

–34.0 
–32.1 
–30.3 
–28.7 
–27.2 

–25.9 
–24.8 
–23.7 
–22.8 
–21.9 

–21.2 
–20.5 
–19.9 
–19.4 
–18.9 

16.0 
16.5 
17.0 
17.5 
18.0 

18.5 
19.0 
19.5 
20.0 
21.0 

22.0 
23.0 
24.0 
25.0 
26.0 

27.0 
28.0 
29.0 
30.0 
32.0 

34.0 
36.0 
38.0 
40.0 
42.0 

44.0 
46.0 
48.0 
50.0 
52.0 

54.0 
56.0 
58.0 
60.0 
65.0 

70.0 
75.0 
80.0 
85.0 
90.0 

1.28527 
1.27607 
1.26702 
1.25810 
1.24928 

1.24053 
1.23184 
1.22314 
1.21440 
1.19645 

1.17705 
1.15558 
1.13598 
1.12463 
1.11896 

1.11517 
1.11212 
1.10945 
1.10702 
1.10263 

1.09864 
1.09490 
1.09131 
1.08781 
1.08436 

1.08093 
1.07748 
1.07402 
1.07053 
1.06700 

1.06346 
1.05988 
1.05629 
1.05267 
1.04353 

1.03425 
1.02482 
1.01525 
1.00552 
0.99565 

–18.6 
–18.2 
–18.0 
–17.7 
–17.6 

–17.4 
–17.4 
–17.4 
–17.6 
–18.5 

–20.6 
–21.7 
–15.9 
–7.72 
–4.34 

–3.34 
–2.82 
–2.53 
–2.34 
–2.08 

–1.92 
–1.83 
–1.77 
–1.74 
–1.72 

–1.72 
–1.73 
–1.74 
–1.75 
–1.77 

–1.78 
–1.79 
–1.80 
–1.81 
–1.84 

–1.87 
–1.91 
–1.93 
–1.96 
–1.99 

95.0 
100.0 
110.0 
120.0 
130.0 

140.0 
150.0 
160.0 
170.0 
180.0 

190.0 
200.0 
210.0 
220.0 
230.0 

240.0 
250.0 
260.0 
270.0 
280.0 

290.0 
300.0 
310.0 
320.0 
330.0 

340.0 
350.0 
360.0 
370.0 
380.0 

390.0 
400.0 
410.0 
420.0 
430.0 

440.0 
450.0 
460.0 
470.0 
475.0 

0.98564 
0.97550 
0.95487 
0.93383 
0.91243 

0.89072 
0.86873 
0.84650 
0.82404 
0.80138 

0.77855 
0.75554 
0.73238 
0.70908 
0.68564 

0.66208 
0.63841 
0.61465 
0.59080 
0.56690 

0.54294 
0.51892 
0.49484 
0.47069 
0.44647 

0.42221 
0.39783 
0.37337 
0.34881 
0.32416 

0.29941 
0.27456 
0.24963 
0.22463 
0.19961 

0.17464 
0.14985 
0.12547 
0.10191 
0.09062 

–2.02 
–2.04 
–2.08 
–2.12 
–2.16 

–2.19 
–2.21 
–2.24 
–2.26 
–2.28 

–2.29 
–2.31 
–2.32 
–2.34 
–2.35 

–2.36 
–2.37 
–2.38 
–2.39 
–2.39 

–2.40 
–2.40 
–2.41 
–2.42 
–2.42 

–2.43 
–2.44 
–2.45 
–2.46 
–2.47 

–2.48 
–2.49 
–2.50 
–2.50 
–2.50 

–2.49 
–2.46 
–2.41 
–2.30 
–2.22 

 

Lighter numbers indicate truncated portion of Standard Curve 10 corresponding to the reduced temperature range of 
DT-471 diode sensors. The 1.4 – 325 K portion of Curve 10 is applicable to the DT-450 miniature silicon diode sensor. 
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POLYNOMIAL REPRESENTATION 

Curve 10 can be expressed by a polynomial equation based on the Chebychev polynomials. Four separate ranges are 
required to accurately describe the curve. Table 1 lists the parameters for these ranges. The polynomials represent 
Curve 10 on the preceding page with RMS deviations of 10 mK. The Chebychev equation is: 

 

T x a t x
i i

i

n

( )= ( )
=
∑

0  

(1)

 
where T(x) = temperature in kelvin, ti(x) = a Chebychev polynomial, and ai = the Chebychev coefficient. The parameter x is 

a normalized variable given by:

 

x
V VL VU V

VU VL
=

−( )− −( )

−( )
 

(2)

 
where V = voltage and VL & VU = lower and upper limit of the voltage over the fit range. The Chebychev polynomials can 

be generated from the recursion relation:

 

t x xt x t x

t x t x x

i i i+ −( )= ( )− ( )

( )= ( )=

1 1

0 1

2

1,
 

(3)

 

Alternately, these polynomials are given by:
 

t x i x
i ( )= × ( ) cos arccos

 
(4)

 
The use of Chebychev polynomials is no more complicated than the use of the regular power series and they offer 
significant advantages in the actual fitting process. The first step is to transform the measured voltage into the normalized 
variable using Equation 2. Equation 1 is then used in combination with equations 3 and 4 to calculate the temperature. 
Programs 1 and 2 provide sample BASIC subroutines which will take the voltage and return the temperature T calculated 
from Chebychev fits. The subroutines assume the values VL and VU have been input along with the degree of the fit. The 
Chebychev coefficients are also assumed to be in any array A(0), A(1),..., A(idegree). 
 

An interesting property of the Chebychev fits is evident in the form of the Chebychev polynomial given in Equation 4. No 
term in Equation 1 will be greater than the absolute value of the coefficient. This property makes it easy to determine the 
contribution of each term to the temperature calculation and where to truncate the series if full accuracy is not required. 
℧℧

FUNCTION Chebychev (Z as double)as double

REM Evaluation of Chebychev series

X=((Z-ZL)-(ZU-Z))/(ZU-ZL)

Tc(0)=1

Tc(1)=X

T=A(0)+A(1)*X

FOR I=2 to Ubound(A())

Tc(I)=2*X*Tc(I-1)-Tc(I-2)

T=T+A(I)*Tc(I)

NEXT I

Chebychev=T

END FUNCTION

 FUNCTION Chebychev (Z as double)as double

REM Evaluation of Chebychev series

X=((Z-ZL)-(ZU-Z))/(ZU-ZL)

T=0

FOR I=0 to Ubound(A())

T=T+A(I)*COS(I*ARCCOS(X))

NEXT I

Chebychev=T

END FUNCTION

NOTE:

 

arccos arctanX
X

X

( )= −
−











π

2 1
2

 
 

Program 1. BASIC subroutine for evaluating the 
temperature T from the Chebychev series using 
Equations (1) and (3). An array Tc (idegree) should be 
dimensioned. See text for details. 

 
 

Program 2. BASIC subroutine for evaluating the 
temperature T from the Chebychev series using 
Equations (1) and (4). Double precision calculations are 
recommended. 

==

Table 1. Chebychev Fit Coefficients 

2.0 K to 12.0 K 12.0 K to 24.5 K 24.5 K to 100.0 K 100 K to 475 K 

VL = 1.32412 
VU = 1.69812 
A(0) = 7.556358 
A(1) = -5.917261 
A(2) = 0.237238 
A(3) = -0.334636 
A(4) = -0.058642 
A(5) = -0.019929 
A(6) = -0.020715 
A(7) = -0.014814 
A(8) = -0.008789 
A(9) = -0.008554 
A(10) = 0.039255 

VL = 1.32412 
VU = 1.69812 
A(0) = 17.304227 
A(1) = -7.894688 
A(2) = 0.453442 
A(3) = 0.002243 
A(4) = 0.158036 
A(5) = -0.193093 
A(6) = 0.155717 
A(7) = -0.085185 
A(8) = 0.078550 
A(9) = -0.018312 
A(10) = -0.116823 

VL = 1.32412 
VU = 1.69812 
A(0) = 71.818025 
A(1) = -53.799888 
A(2) = 1.669931 
A(3) = 2.314228 
A(4) = 1.566635 
A(5) = 0.723026 
A(6) = -0.149503 
A(7) = 0.046876 
A(8) = -0.388555 
A(9) = 0.056889 
A(10) = 0.015619 
A(11) = 0.058580 

VL = 1.32412 
VU = 1.69812 
A(0) = 287.756797 
A(1) = -194.144823 
A(2) = -3.837903 
A(3) = -1.318325 
A(4) = -0.109120 
A(5) = -0.393265 
A(6) = 0.146911 
A(7) = -0.111192 
A(8) = 0.028877 
A(9) = -0.029286 
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DT-470 SERIES TEMPERATURE SENSORS INSTALLATION AND OPERATION 

 
There are three aspects of using a temperature sensor which are critical to its optimum performance. The first involves 
the proper electrical and thermal installation of the connecting leads which run to the sensor, while the second aspect is 
the actual mounting of the sensor to the sample assembly. The final concern is the measurement electronics used for 
reading and recording temperature data from the sensor. 

CONNECTING LEADS 

Although the majority of the DT-470 series sensors are two lead devices, measurements should preferably be made 
using a four wire configuration to avoid all uncertainties associated with the lead resistance. This is done by using four 
connecting leads to the device and connecting the V+ and I+ leads to the anode and the V- and I- leads to the cathode 
as shown in Figure 1. The exact point at which the connecting leads are soldered to the device leads results in negligible 
temperature measurement uncertainties. 

In a two wire measurement configuration, the voltage connections (point A in Figure 1) are made near or at the current 
source so only two leads are actually connected to the device. Some loss in accuracy can be expected since the voltage 
measured at the voltmeter is the sum of the diode voltage and the voltage drop across the connecting leads. The exact 
temperature uncertainty will depend on the temperature range and lead resistance. For a 10 ohm lead resistance, the 
diode voltage will be offset by 0.1 mV which gives a negligible temperature error at liquid helium temperature but a 50mK 
error near liquid nitrogen temperature. Note the DI and CY adapter can be used only in a two wire configuration. 

An excessive heat flow through the connecting leads to any temperature sensor can create a situation where the active 
sensing element (for the DT-470 this is the diode chip) is at a different temperature than the sample to which the sensor 
is mounted. This is then reflected as a real temperature offset between what is measured and the true sample 
temperature. Such temperature errors can be eliminated by proper selection and installation of the connecting leads. 

In order to minimize any heat flow through the leads, the leads should be of small diameter and low thermal conductivity. 
Phosphor-bronze or manganin wire is commonly used in sizes 32 or 36 AWG. These wires have a fairly poor thermal 
conductivity yet the resistivities are not so large as to create any problems in four wire measurements. 

Lead wires should also be thermally anchored at several temperatures between room temperature and cryogenic 
temperatures to guarantee that heat is not being conducted through the leads to the sensor. A final thermal anchor at the 
sample itself is a good practice to assure thermal equilibrium between the sample and temperature sensor. Note that the 
CU, CY, BO, and DI mounting adapters serve as their own sample thermal anchor. 

If the connecting leads have only a thin insulation such as Formvar or other varnish type coating, a simple thermal 
anchor cn be made by winding the wires around a copper post or other thermal mass and bonding them in place with a 
thin layer of GE 7031 varnish. There are a variety of other ways in which thermal anchors can be fabricated and a 
number of guidelines which may be found in detail in the references given below. 

SENSOR MOUNTING 

General Comments 

Before installing the DT-470 sensor, identify which lead is the anode and which lead is the cathode by referring to the 
accompanying device drawings. Be sure that the lead identification remains clear even after installation of the sensor, 
and record the serial number and location. 

The procedure used to solder the connecting leads to the sensor leads is not very critical and there is very little danger in 
overheating the sensor, If for some reason the leads have to be cut short, they should be heat sunk with a copper clip or 
needle-nose pliers before soldering. Standard rosin core electronic solder (m.p. - 180 C) is suitable for most applications. 
Applications involving the use of the SD package up to 200° C will require a higher melting point solder. A 90% Pb 10% 
Sn solder has been used quite successfully with a rosin flux. 

For all adapters except the CY, CU, and DI, the leads are a gold-plated Kovar. Prolonged soldering times may cause the 
solder to creep up the gold plated leads as the solder and gold alloy. This is not detrimental to the device performance. 

When installing the sensor, make sure there are no shorts or leakage resistance between the leads or between the leads 
and ground. GE-7031 varnish or epoxy may soften varnish-type insulations so that high resistance shunts appear 
between wires if sufficient time for curing is not allowed. Teflon spaghetti tubing is useful for sliding over bare leads when 
the possibility of shorting exists. Also, avoid putting stress on the device leads and allow for the contractions that occur 
during cooling which could fracture a solder joint or lead if installed under tension at room temperature. 

The DT-470 sensor is designed for easy removal for recalibration checks or replacement and the following discussions 
for each of the adapters are geared in this direction. If semi-permanent mountings are desired, the use of Stycast epoxy 
can replace the use of Apieson N Grease. In all cases, the mounting of the sensor should be periodically inspected to 
verify that good thermal contact to the mounting surface is maintained. 
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DT-470-SD 

The SD version is the basic package for the DT-470 sensor line from which all 
other configurations are made using the appropriate adapter. The base of the 
device has a gold metallized surface and is the largest flat surface on the 
sensor. The base is electrically isolated from the sensing element and leads, 
and all thermal contact to the sensor must be made through the base. A thin 
braze joint around the sides of the SD package is electrically connected to the 
sensing element. Contact to the sides with any electrically conductive material 
must be avoided. When viewed with the base down and with leads towards the 
observer, the positive lead (anode) is on the right. 

For a removable mount, the Sd sensor can be3 held against the mounting surface with the CO adapter (see below) or 
similar clamping mechanism. Any method of clamping the sensor must avoid excessive pressure and should be 
designed so that thermal contractions or expansions do not loosen contact with the sensor. For uses restricted to below 
325 K, a thin layer of Apiezon N Grease should be used between the sensor and sample to enhance the thermal contact. 

The SD package can also be bonded with an epoxy such as Stycast. The sensor should be pressed firmly against the 
surface during curing to assure a thin epoxy layer and good thermal contact. The device may be removed in the future by 
using the appropriate epoxy stripper. 

The SD adpater can be soldered using a rosin flux (non-corrosive) if extreme care is exercised. First, tin the base of the 
sensor using a low wattage, temperature controlled soldering iron which will not exceed 200° C. Use only a minimal 
amount of solder. Tin the surface to which the sensor is to bonded and again avoid an excessive thickness of solder. 
Clean both the sensor and mounting surface of any residual flux. Next, re-heat the mounting surface to the melting point 
of the solder, press the device into position and allow the sensor to warm to the melting point of the solder. After both 
tinned surfaces have flowed together, remove the heat source and let the sample and sensor cool. Under no 
circumstance should the sensor be heated above 200° C and the solder must be limited to only the base of the sensor. 
Excess solder running up the sides of the SD package can create shorts. Repeated mounting and demounting of a 
soldered sensor may eventually cause wetting deterioration and ruin the thermal contact to the sensing element, 
although the nickel buffer layer should minimize these problems. 

CAUTION: The preferred method for mounting the SD sensor is either the CO adapter or bonding with epoxy. 
Lake Shore Cryotronics, Inc. will not warranty replace any device damaged by a user-designed clamp or 
damaged through solder mounting. 

DT-470-LR 

The gold-plated copper LR adapter is designed for insertion into a 1/8 inch diameter 
hole. A thin layer of Apiezon N Grease should be applied to the copper adapter 
before insertion. This eases installation at room temperature and enhances the 
thermal contact. 

DT-470-CU / DT-470-DI / DT-470-CY 

The gold-plated copper CU, DI, and CY 
adapters serve as both sensor and thermal 
anchor assembly. These adapters mount to a 
flat surface with a 4-40 brass screw. Avoid 
over-tightening the screw; use only enough 
force to firmly hold the sensor in place. A 
brass screw is recommended as the 
differential thermal contraction between the 
adapter and the screw causes the mounting 
assembly to tighten as opposed to loosen 
when the system cools. Apply a thin layer of 
Apiezon N Grease to enhance thermal contact 
between the adapter and mounting surface. 

The CU adapter has four color-coded leads: Red (I-), Green (V-), Clear (V+), and Blue )I+). The CY adapter has two 
color-coded leads: Yellow (+) and Green (-). The green lead on the DI adapter is the cathode. 

 

 

 

 
DT-470-CU / DT-470-DI  DT-470-CY  
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DT-470-ET / DT-470-MT 

   

DT-470-ET      DT-470-MT 

Both adapters are gold-plated copper hex head bolts with the SD package mounted in a slot on the adapter head. The 
ET adapter screws into a ¼ inch deep, 6-32 threaded hole while the MT adapter screws into a 6 mm deep, 3x0.5 mm 
threaded hole. Before assembly the threads should be lightly greased with Apiezon N Grease Do not over-tighten since 
the threads are copper and can be easily sheared. Finger tight should be sufficient. 

DT-470-BO 

The BO adapter should be mounted in the same manner as the CU. The BO adapter 
contains its own thermal anchor and is an epoxy free assembly. 

 

 

 

 

 

 

 

DT-470-CO 

The CO adapter is a spring-loaded clamp to attach the DT-470-SD package to a flat 
surface. It maintains pressure on the SD package as the temperature varies. First, 
remove the hold down cap which holds the three piece CO assembly together. The CO 
assembly should appear as shown in the accompanying drawings. Bolt the assembly 
into a 4-40 threaded hole. The stop on the brass screw should rest against the 
mounting surface and it also prevents over-compressing the spring. Lift the edge of the 
clip using a small pliers or screw driver. Slide the SD package into place underneath 
the clip and gently lower the clip onto the lid of the SD package. Note that a slot is cut 
underneath the clip to accept the SD package. Refer to the drawing for details. If the 
device is to be used only below 325 K, apply a layer of Apiezon N Grease between the 
SD package and mounting surface to enhance thermal contact. 
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FIGURE 1. Four-Wire Configuration for DT-470 Installation 
 

SENSOR OPERATION 

Temperature controllers and thermometer instrumentation manufactured by Lake Shore Cryotronics are designed to be 
directly compatible with the DT-470 sensor to give optimum performance and accuracy together with direct temperature 
readouts. Simply follow the instructions provided with the instrument concerning sensor connection and instrument 
operation. If a user-supplied current source, voltmeter, or other instrumentation are going to used with the DT-470 
sensor, special attention should be given to the following details. 

The DT-470 is designed to operate at a constant current of 10 microamperes while the voltage variation with temperature 
is monitored. Therefore, the accuracy of the temperature measurement depends directly onf the specifications of the 
current source and the voltmeter. A current source operating at the level of 10 ±0.01 microamperes (±0.1%) gives a 
nominal temperature uncertainty of 10 millikelvin (0.01 K) which is probably suitable for most applications The voltmeter 
resolution required can be estimated from the sensitivity (dV/Dt) of the DT-470: 

 Temperature (K) Sensitivity (mV/K) 
 305 2.4 
 77 1.9 
 4.2 33 

Multiplying the above sensitivity by the desired temperature resolution in kelvin will give the required voltage resolution in 
millivolts. 

The static impedance of the DT-470 sensor operating at a 10 microampere current is on the order of 100,000ohms. 
Therefore, the input impedance of the voltmeter must be significantly larger than this to avoid measurement errors. 
Voltmeters with input impedances of greater than 109 or 1010 ohms should be used. 

Good quality instrumentation must be used and all instrumentation and wiring should be properly grounded and shielded. 
Temperature measurement errors will result if there is excessive AC noise or ripple in the circuitry. Further details can be 
found in the article by Krause and Dodrill given in the references. 

NOTE: All materials mentioned which are used in sensor installation are available from Lake Shore Cryotronics, Inc. 
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MEASUREMENT SYSTEM INDUCED ERRORS IN DIODE THERMOMETRY 

by John K. Krause and Brad C. Dodrill 

 
Diode temperature sensors are capable of being used at the accuracy level of a few hundredths of a kelvin. However, in 
order to achieve this performance, proper measurement techniques must be used. Poorly shielded or improperly 
grounded measurement systems can introduce ac noise which will create an apparent shift in the dc voltage reading 
across a diode sensor. This results in a temperature measurement error which may approach several tenths of a kelvin. 
The presence of the ac noise in question is not obvious during normal usage and several quick tests are outlined to verify 
whether or not a noise problem exists. Experimental data and derivations from theoretical p-n junction characteristics are 
given which correlate the ac noise level with possible voltage/temperature measurement errors. These results can be 
used in estimating the accuracy and performance of a temperature measurement system. Several of the more common 
problems which introduce noise into diode circuitry are described. 

INTRODUCTION 

Current technological uses of temperature sensors require better calibration accuracies and better device performance 
than ever before. However, the assurance of an accurate temperature measurement does not stop with simply the 
sensor specifications. Just as critical is the instrumentation used with the sensor and the manner in which the 
instrumentation is used. This paper concentrates on identifying, verifying, and eliminating an often overlooked 
instrumentation or system-induced error in the use of diode temperature sensors. 

I.  PROBLEM DEFINITION 

Semiconductor diode temperature sensors have been in use for over 
20 years and, with the advantages they offer over resistance sensors 
or thermocouples for many applications, their popularity continues to 
increase. Diodes are operated at a constant current, typically 1, 10, or 
100 µA, while the voltage variation with temperature (V[T]) is 
monitored. The diode sensor has a useful temperature range from 
above room temperature to as low as 1 K, with reproducibilities to 
better than ±50 mK. Figure 1 shows the voltage variation with 
temperature for a typical silicon diode temperature sensor. 

An error arises in diode thermometry if the excitation current is not a 
true dc current but has an ac component superimposed on the dc. 
Although the ac component can be due to a poorly designed current 
supply, a more common source of the ac is noise induced in the 
measurement circuit. This noise can be introduced through improper 
shielding, improper electrical grounds, or ground loops. Currently 
available voltmeters have sufficient normal-mode rejection 
capabilities in their dc measurement modes that these noise effects 
can go completely unnoticed if they are not explicitly checked. The 
equivalent temperature error which may be caused by this problem is 
typically a few tenths of a kelvin, although an extreme case with a 4 K 
error has been observed. 

The effect of the ac noise appears as a shift in the dc voltage 
measurement due to the nonlinear current/voltage characteristics of 
the diode. An illustration of this effect is shown in Fig. 2 where an 
exaggerated IV curve is given. An induced ac noise current 
superimposed on the dc operating current (Idc) is shown along the 
current axis. The resulting voltage seen by the voltmeter is shown 
along the voltage axis. The nonlinear IV characteristics of the diode 
have caused a distortion in the ac voltage signal making it 
asymmetrical with respect to the voltage reading corresponding to Idc. 
When a voltmeter operating in a dc voltage mode reads this signal, 
the signal is processed (by integrating, filtering, etc.) to give an 
average dc voltage reading which will be lower than expected. The 
apparent temperature measurement will then be too high. Note that 
this voltage offset is due to induced currents in the total measuring 
system and is not simply a voltage pickup by the diode itself. An ac 
voltage superimposed symmetrically about the dc operating voltage 
of the diode would not cause a dc voltage offset. 

 

FIGURE 1. Voltage-temperature curve for a typical 
silicon diode temperature sensor at a constant current 
of 10 µA. 

 
FIGURE 2. IV curve for a silicon diode sensor showing 
effect of an induced ac current superimposed on the dc 
operating current Idc. The expected dc operating 
voltage is Vdc, which is shifted from the average voltage 
Vave indicated by the voltmeter in a dc measurement 
mode. 

Artisan Technology Group - Quality Instrumentation ... Guaranteed | (888) 88-SOURCE | www.artisantg.com



Lake Shore Cryotronics, Inc. 
 

 

Application Notes 15 

There are two simple techniques which can be used to test whether these errors might be present in a measuring 
system. The first is to connect a capacitor (about 10 µF) in parallel with the diode to act as a shunt for any ac noise 
currents. The capacitor must have low leakage current so as not to alter the dc current through the diode. The capacitor 
may also alter the time response of the measurement system, so allow sufficient time for the capacitor to charge and for 
the system to equilibrate. If the dc voltage reading across the diode increases with the addition of the capacitor, there are 
probably ac noise currents present. The second method simply involves measuring the ac voltage signal across the 
diode. Although an oscilloscope is often the logical choice for looking at ac signals, many do not have the sensitivity 
required and they often introduce unwanted grounds into the system and compound the problem. Most testing can be 
performed with the same digital voltmeter used to measure the dc voltage by simply selecting the ac voltage function. 
There should be no ac voltage across the diode. If there is, the data presented in the following sections can be used to 
estimate the potential error in the temperature measurement. 

II.  EXPERIMENTAL 

In order to quantify the effects of induced currents on silicon diode 
temperature sensors, the circuit of Fig. 3 was used to superimpose an 
ac current on the dc operating current. The dc current source was 
battery powered with currents selectable from < 1 µA to > 1 mA.. The 
signal generator could be varied in both amplitude and frequency. All 
voltage measurements were made with a Hewlett-Packard 3456A 
voltmeter in either the dc voltage mode or the ac (rms) voltage mode. 
The dc measurements were taken with an integration time of 10 
power line cycles without using the filtering options available on the 
voltmeter. The average of several readings was taken to reduce the 
measurement uncertainty. An oscilloscope was also used to double-
check and monitor signal frequency, shape, and distortion, but the 
oscilloscope was removed from the circuit when actual data were 
recorded. 

Data were recorded at the three dc current values of 1, 10, and 100 µA with the temperature stabilized at 305, 77, or 4.2 
K. At each temperature and dc current value, the dc voltage and the ac voltage across the diode were recorded as the 
amplitude and frequency of the signal generator were varied. The dc voltage reading across the 10 kΩ standard resistor 
was also monitored to verify that the dc component of the current remained constant to within 0.05%. In addition, the IV 
characteristic of the diode was measured at each temperature from 0.1 to 150 µA. 

Although detailed measurements were taken on only one diode, other diodes were randomly selected and spot checked 
at all three temperatures and frequencies to verify consistency with the measured data. The diodes tested were of the 
DT-500 series of Lake Shore Cryotronics, Inc. and have been in production long enough to have a substantial reliability 
and calibration history. 

III.  RESULTS AND DISCUSSION 

The data were analyzed by calculating a voltage offset ∆V. This offset is defined as the difference between the dc voltage 
reading across the diode when operated with an ac + dc current and the dc voltage reading when operated with a pure dc 
current (see Fig. 2). At first glance, the logical choice seems to be to examine the variation of this offset as a function of 
the ac current amplitude. However, the ac (rms) voltage across the diode was chosen instead for two reasons, the first of 
which is purely practical. In many circumstances, the ac voltage measurement can be made without any modifications to 
existing measurement systems, so laboratory checks can be quickly taken and compared directly to the data presented 
here to give an estimate of potential temperature errors. Second, in the calculations using the model presented below, 
one unknown parameter could be eliminated from the calculations by using the voltage across the diode instead of the 
current. 

Figures 4 and 5 give the offset voltage as a function of the ac (rms) voltage across the diode for dc currents of 1, 10, and 
100 µA with the ac current modulation at 60 Hz. The equivalent temperature error corresponding to the dc offset voltage 
is indicated along the right edge of the figure. Figures 6 and 7 give similar plots but at a fixed 10 µA dc current with the ac 
current modulation at 60, 1000, and 20,000 Hz. The magnitude of the dc offset voltages is consistent with what has been 
observed in measurement systems when corrective action has been taken to eliminate noise problems. Special note 
should be taken of the dc current independence in Fig. 4 and the frequency independence in Figs. 6 and 7. The data 
taken at 305 K have not been shown as the results are qualitatively very similar to the 77 K measurements and can be 
adequately described by the mathematical model which is presented below. 

One surprising aspect of the data acquisition was how well the signal processing in the voltmeter could hide even high ac 
levels in the dc measurement modes. For example, operating at 10 µA dc and 77 K with a rms noise level of 6 mV gives 
a dc voltage offset of about 1.5 mV, which is about a 0.6 K temperature error. When reading the voltage signal using the 
filtering and integrating capabilities of the HP 3456A, the dc voltage reading is stable to better than ±0.02 mV (8 mK). 

 

FIGURE 3. Measurement circuit schematic diagram. 
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This stability gives a deceptive view of exactly how accurate the 
temperature measurement really is and emphasizes the importance of 
checking all aspects of a measuring system. 

The measured offset voltages shown in Figs. 4 and 6 can be 
understood by using the well-known result from p-n junction theory: 

I = Is [exp(eV / nkT) - 1]   (1) 

where I = the forward current through the junction, Is = the reverse 
saturation current, e = the electron charge, V = the voltage across the 
junction, k = Boltzmann's constant, and T = the absolute temperature. n 
is a parameter depending on the location of the generation and 
recombination of the electrons and holes and typically has a value 
between 1 and 2. This expression for the IV characteristics of a p-n 
junction is valid from approximately 40 K to above 300 K for the silicon 
diodes discussed here. Below 40 K, a new conduction mechanism 
becomes dominant, suggesting the influence of impurity conduction, 
carrier freezeout, increased ohmic behavior of the bulk material, and p-
i-n diode type behavior.

1-6 

The only adjustable parameter in Eq. 1 which is necessary for the 
present analysis is the parameter n. This parameter can be determined 
quite easily from the IV characteristics of the silicon diode temperature 
sensor. The parameter Is is eliminated by normalizing the IV curve to an 
arbitrarily chosen point on the curve. The value of n = 1.8 was found to 
give a relatively good fit to the IV data for both 305 and 77 K and has 
been assumed in the present discussion.7 Equation (1) can now be 
solved for V(I): 

V(I) = (nkT / e)ln(I / Is + 1)   (2) 

Substituting a dc current with an ac modulation, Idc + Iac cosωt, the 
average voltage read by the voltmeter in the dc voltage mode can be 
calculated from: 

V
T

V I I t dtdc ac

T

= +z1 0
( cos )ω   (3) 

where T = the period of integration of the voltmeter or approximately 
2π/ω. Implied in this derivation is the assumption that ω is sufficiently 
small so that effects from diode capacitance (on the order of picofarads) 
can be ignored. 

On carrying out the integration of Eq. (3) and subtracting V(Idc), the dc 
offset voltage is: 
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where Iac ≤ Idc + Is. If a small signal (linear) model is used, the rms 
voltage across the diode can be easily related to Iac: 
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Evaluation of Eq. (5) and substitution back into (4) yields: 
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where 2(eVrms / nkT)
2
 ≤ 1 for a physical solution. Equation (6) predicts 

an offset voltage which is independent of both frequency and dc 
operating current and is shown plotted in Fig. 4 by the solid line. The 
agreement with the experimental measurements is quite good, verifying 
the overall picture as to the effect of induced currents on diode 
temperature sensors. The results recorded at 305 K are described 
equally well by Eq. (6). 

 

FIGURE 4. DC offset voltage as a function of rms 
ac voltage across a silicon diode temperature 
sensor operating at 77 K. The symbols represent 
data recorded at three different dc operating 
currents with a 60 Hz signal superimposed. The 
solid curve gives small signal model results while 
the dashed curve represents the extended 
calculations. Equivalent temperature errors are 
indicated along the right edge. 

 

FIGURE 5. DC offset voltage as a function of rms ac 
voltage across a silicon diode temperature sensor 
operating at 4.2 K. The symbols represent data 
recorded at three different dc operating currents with 
a 60 Hz signal superimposed. Equivalent 
temperature errors are indicated along the right 
edge. 
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The utilization of the small signal model has the advantage of being 
analytically simple. However, the model does not contain the nonlinearity 
inherent in the forward biased IV characteristics of a p-n junction. In an 

attempt to retain the non linear characteristics, V(Idc + Iac cosωt) was 
expanded in a Fourier series. The first term (constant term) is just the average 
dc voltage in Eq. (3) and is not seen by the voltmeter operating in an ac 
measurement mode. The remaining terms in the Fourier series can then be 
used to calculate the rms voltage which will be read by the voltmeter: 
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where an and bm are the Fourier coefficients. In order to evaluate the Fourier 
coefficients, V(I) was expanded in a power series around Idc. Sufficient terms 
were maintained in both the power series expansion and in Eq. (7) to give a 
second-order correction to Eq. (5): 
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Substitution of this result into Eq. (4) gives the 77 K offset voltages shown in 
Fig. 4 by the dashed line. Slightly better agreement with the experimental data 
is seen at the higher rms voltages. At 305 K, the two calculation methods are 
in even better agreement and a plot similar to Fig. 4 would show no 
difference. The details of the extended calculation have not been given as the 
mathematics is somewhat tedious, and the slight discrepancies between the 
small signal model and the extended model do not justify the added 
complexity. For all practical purposes, Eq. (6) can be reliably used above 40 
K. 

The physics of a p-n junction at 4.2 K is not clearly understood and attempts 
to correlate the present data by modeling low-temperature IV characteristic of 
a diode failed. If the diode does take on a p-i-n type behavior, the different 
curves shown in Fig. 5 for 1, 10, and 100 µA can possibly be understood in 
terms of the additional current-dependent terms in the IV curve.6 Another 
explanation for the significant offset voltage at 100 µA could be self-heating in 
the diode. If the diode is operated at too high a power level, the diode has a 
tendency to warm slightly above the surrounding environment. This will have 
the effect of distorting the IV curve in the direction of lower voltages at higher 
currents. This distortion will then increase the offset voltage. At 4.2 K, self-
Heating usually becomes a problem as the current approaches 100 µA. 

 

FIGURE 6. DC offset voltage as a function of 
rms ac voltage across a silicon diode 
temperature sensor operating at 77 K. The 
symbols represent data recorded at a 10 µA 
dc current with the ac current modulation at 
60, 1000, and 20,000 Hz. 

 

FIGURE 7. DC offset voltage as a function of 
rms ac voltage across a silicon diode 
temperature sensor operating at 77 K. The 
symbols represent data recorded at a 10 µA 
dc current with the ac current modulation at 
60, 1000, and 20,000 Hz. 
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IV.  CONCLUDING REMARKS 

Noise in any measurement circuit is undesirable and should be eliminated to as great an extent as possible. The first 
step is to electrically shield all instrumentation and wiring and use proper grounding techniques.

8
 Secondly, the diode 

measurement circuit should have a single circuit ground which is generally made at the voltmeter and which then 
requires a floating current source. The installation of the diode and its connecting leads should be done carefully to avoid 
introducing any unwanted circuit ground connections such as an electrical short to a cryostat. 

As a last resort, a "quick fix" can be used to eliminate much of the dc offset voltage with some degradation in the diode 
circuit performance. A good quality capacitor (low leakage) can be placed across the diode to shunt the induced ac 
currents similar to the test procedure used for identifying a noise problem. This is most easily done by connecting the 
capacitor across the input to the voltmeter. The size of the capacitor needed will depend on the frequency of the noise 
(generally related to the power line frequency of 60 Hz) and the dynamic impedance of the diode (on the order of a few 
thousand ohms at a 10 µA operating current). A capacitor in the range of 10 to 20 µF should reduce most noise effects to 
an acceptable level. However, because the capacitor increases the time constant in the circuit, a sluggish response 
should be expected. In switching operations, 30 seconds or more may be required for the circuit to stabilize. This "quick 
fix" is not meant as a substitute for proper measurement techniques, but in certain circumstances it may be useful. 

Note added in proof. The capacitance values given above are for the elimination of the effects of low-frequency noise 
such as 60 Hz. If high-frequency noise is a problem, an additional capacitor of lower capacitance value may be needed. 
The reason for this is because larger capacitors often have an associated inductance which limits their usefulness as a 
high-frequency shunt. 
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