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Presenter
Presentation Notes
My presentation includes four parts. I will firstly introduce what’s Johnson noise and what’s Johnson noise thermometry, and then focus on the technology breakthroughs that have made it possible to perform absolute measurements with Johnson noise thermometry, and thus to determine the Boltzmann constant. Follow that I will briefly review different implementations and applications. Finally there is a brief summary.  
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B random thermal motion of electrons in a conductor
causes both electrical resistance and a fluctuating

voltage
E predicted by Einstein in 1906, measured by Johnson in
1927, and theoretically described by Nyquist in 1928

E fluctuation-dissipation theorem



Presenter
Presentation Notes
Johnson noise is a fundamental representation of temperature caused by the random thermal motion of electrons in all conductors. The effect was firstly predicted by Einstein in his 1906 study on Brownian motion, measured by Johnson in 1927, and theoretically described by Nyquist in 1928. Nyquist’s equation is a form of the more fundamental fluctuation-dissipation theorem. According to the theorem, the fluctuating voltage signal is a noise signal, with the power spectral density S_R given by Eq.(1), and can be approximated to better than 110^-6 by Eq.(2) for frequencies below 1 MHz and temperatures above 25 K. The noise power is only dependent on the thermodynamic temperature T, the resistance R of the sensor, and the measurement bandwidth delta f. 
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_ Johnson noise Thermodynamic
thermometer temperature

E Pros:
- pure electronic measurement of thermodynamic temperature
- immune from chemical and mechanical changes in the material properties
- periodic calibration is not necessary

E Cons:
- extremely small voltage, 100 ohm, 273K, ~1.2nV/NHz (amplify by 105)
- random, very long time integration (¢~1/0t) (weeks or months)
- distributed over wide bandwidths (6~1/0Df) (a few hundred kHz)


Presenter
Presentation Notes
The fundamental nature of Johnson noise allows the construction of a temperature measurement system that gives true thermodynamic temperature by measuring the fluctuating voltage noise.
Johnson noise thermometry (JNT) is a pure electronic measurement, immune from chemical and mechanical changes in the material properties of the sensor, and thus does not require periodic calibration. 
However, the noise voltage is extremely small, random, and distributed over very wide bandwidths. It is a challenge to (1) amplify the ~1 μVrms noise by factor of ~10^5 while maintaining the relative accuracy of the signals at levels approaching 110^-6, (2) define the system bandwidth accurately with purely analog electronics, and (3) accumulate enough data with very long integration period, typically of many weeks or months, and large bandwidths of a few hundred kHz while maintaining the required signal accuracy. 
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H. Brixy, Nucl. Instrum. Methods, 97, 75-80 (1971)

E four wire connection defines the source impedance
eliminates uncorrelated noise by cross-correlation
eliminates the effect of amplifier gain drift by switching

Impossible to match both the noise power and frequency response
affected by electronic nonlinearity or narrow bandwidth
relative measurement, uncertainty limited to 10


Presenter
Presentation Notes
The most successful JNT technology for the medium- and high-temperature ranges is the switched-input correlator pioneered by Brixy for application in nuclear reactors. With the technology, we can well define the source impedance by the four-wire connection, eliminate uncorrelated noise in the lead wires and preamplifiers by cross-correlation, and eliminate the effect of amplifier gain drifts by frequently switching between the sensing noise and reference noise sources. However, it still suffers difficulties. It is impossible to match the noise power and impedance (frequency response) simultaneously for the different noise sources, as well as the impedances between the transmission lines. Such noise thermometers tend to be limited by electronic nonlinearity or narrow bandwidths. The relative uncertainty is limited to the order of 10^-5. Furthermore, it is a relative measurement of the thermodynamic temperature but not absolute. 
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Presenter
Presentation Notes
In principle, JNT should be able to measure  absolute thermodynamic temperature.
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E primary gas thermometry limited by non-ideal properties of real gas

B JNT uses electron gas

E pure electronic approach, attracting increasing interest

Joachim Fischer, Metrologia 52 S364, 2015


Presenter
Presentation Notes
Currently, primary thermometry techniques that can be used to absolutely determine the Boltzmann constant include acoustic gas thermometry (AGT), dielectric constant gas thermometry (DCGT), and Doppler broadening thermometry (DBT). All of these primary gas thermometry techniques are limited by the non-ideal properties of real gases. In contrast, as a purely electronic approach to primary thermometry, Johnson noise thermometry uses an electron gas,  and for this reason, is an appealing alternative to the different primary gas thermometry methods. Noise thermometry is attracting increasing interest as we anticipate the redefinition of the kelvin in 2018. 
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To achieve 10 ppm in kg determination:

B 5 additional connections for calibration

E keep the temperature of all electronics constant within 0.02 K
E measure the divider factors with uncertainty less than 0.5 ppm
B accumulate data for more than 1 year!
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Presentation Notes
Storm performed early attempt to measure the Boltzmann constant with JNT. The idea is also based on a switched correlator. He used an ohmic voltage divider as thermal noise source, and used high precision DC and AC voltage sources, combined with voltage standard and high precision thermal converter to calibrate the electronics. The system and the calibration process are indeed very complicated and very demanding. To achieve a determination of k with 10 ppm, the temperature of analog part of electronics was required to be constant within 0.02 K, the divider factors had to be measured over a wide bandwidth with an uncertainty of less than 0.5 ppm, and data had to be accumulated for about 1 year! The attempt was finally unsuccessful. 
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control in science and industry, vol 6, 993 (1992)
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Presentation Notes
Two technology breakthroughs changed the landscape.
The first came with the introduction of sufficiently fast and accurate analog-to-digital converters to JNT, firstly introduced by Brixy. In combination with digital signal processing, fast ADCs made it possible to process the signals in the frequency domain where Electromagnetic interference EMI could be identified and the thermometer bandwidths could be defined accurately. 
This figure explains the frequency domain cross-correlation. The signal from each channel consists of the correlated thermal noise voltage and the uncorrelated noise voltage. By calculating the cross correlation (conjugation of one signal, and multiplication), the correlated thermal noise voltage appear only in real part, while the uncorrelated noises remain a vector. If we accumulate multiple samples, the thermal noise voltage power integrates in proportional to N, while the uncorrelated noise power integrates, like a random walk, in proportional to the square root of N.   
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Presentation Notes
The second and most significant breakthrough was the development of ac-Josephson voltage synthesizers by Samuel Benz and Clark Hamilton of NIST. 
The key point is that when a current pulse with amplitude and phase noise drives the Josephson junctions, the output voltage pulse is quantized, the area of time integral is always fundamental constant of h/2e. With this effect, it is practical to synthesize arbitrary waveforms with quantum accuracy and calculable power spectral density.    
This made it possible to generate quantum-accurate pseudo-random noise with both power spectral density and source impedance closely matched to that of the thermal noise. 
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Presentation Notes
John Martinis of NIST was the first to suggest operating the noise thermometer as a comparator by comparing the thermal noise to the closely matched quantum voltage noise. This principle dramatically reduces problems with linearity and accuracy of the electronics, and also makes it possible to measure the Boltzmann constant in terms of fundamental constants. 
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Presentation Notes
With this idea, after more then 10 years’ effort, NIST reported the first electronic measurement of the Boltzmann constant with relative uncertainty of 12 ppm in 2011. 
After that, NIM started a collaboration with NIST to build a duplicate system to reproduce the result and pursue a lower uncertainty. Our latest measurement resulted in a relative uncertainty of 3.9 ppm. Note that the CCT (Consultative Committee for Thermometry) requires at least two methods with relative uncertainty of less than 3 ppm in order to progress with the proposed the kelvin redefinition in 2018. 
NIST (National Institute of Standards and Technology), NMIJ (National Metrology Institute of Japan) and NIM (National Institute of Metrology) are now pursuing even lower uncertainty.  Our NIST colleagues presented their latest results with the two channel correlator yesterday afternoon, so in the next few slides I will introduce how we got here and what’s next with the NIM system. 
(Other acronyms in the figure: AGT for acoustic gas thermometry, RIGH for reflex index gas thermometry, JNT for Johnson noise thermometry, LNE for Laboratoire commun de métrologie, NPL for National Physical Laboratory, INRIM for Istituto Nazionale di Ricerca Metrologica, and CODATA for the Committee on Data for Science and Technology)
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Presentation Notes
The construction of the NIM system adopts the design pioneered by NIST with some variations. At the input there are two noise sources. The first is a resistor maintained in a triple point of water (WTP) cell, producing Johnson noise with a power-spectral density S_R, determined by a resistance with traceability to the quantum Hall resistance, and temperature traceable to the current definition of the kelvin, triple point of water . The second is the QVNS, producing a pseudo-random noise with calculable power spectral density S_Q that with traceability to quantum Josephson voltage. The system is normally operated with the power spectral densities closely matched S_Q=S_R. The two correlator channels alternately amplify, filter, and sample the respective noise signals, which are then digitized by the ADCs, Fourier transformed, and cross-correlated in software. Since the bandwidth of the system is defined digitally and is the same in the two configurations, the ratio of the power spectral densities S_R/S_Q then determines the Boltzmann constant in terms of fundamental constants. 
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E underground screened room

E shielding with aluminum and
high-permeability nickle-alloy boxes

E powered by batteries

E eliminate ground loop
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Measured spectra of the synthesized quantum noise waveform
with (upper) and without (lower) observable EMI, blue green, and
red are auto-correlation in each channel, and correlation spectra,
respectively, and black ~ is the synthesized tones.
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Presentation Notes
To determine the Boltzmann constant, there are indeed lots of critical requirements. Here I will give you some examples. 

Firstly, very good shielding and grounding are necessary because EMI adversely affects the measurements. The whole system is housed in a large underground screened room, and the switching circuit, the amplifier chains, and the ADCs are all mounted in separate aluminum boxes and powered by lithium-ion batteries. Whole of the electronics is then placed in a mu-metal box. The ground connections are carefully arranged to eliminate any ground loops. With these precautions, no EMI signals can be observed in our measurement.
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Secondly, the non-linearity in the various amplifier stages, filters, and ADCs accumulates to introduce significant errors in the noise-power measurement. For example, the left-hand figures show that with an all-tone QVNS waveform, nonlinear distortion will affect the accuracy of the synthesized tones, causes the saturation of statistical uncertainty, while with odd-tone waveform, the distortion locate between synthesized tones, the saturation is gone.
To reduce the effect of nonlinearity, it is necessary that (i) the power spectral densities of the QVNS and thermal noise are the same, (ii) that the QVNS produce a signal that closely approximates the Gaussian distribution of the thermal noise, and (iii) the uncorrelated noise powers in each channel for the two measurements are also the same. 
One of the advantage of QVNS is that we can change the voltage without changing any other parameters to measure the effects of the nonlinearity. Our measurement of k with different QVNS signal shows that with 1% noise power mismatch, the error is about 0.4 ppm. In practice, the noise power match was better than this.
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B insert trimming inductance and capacitance to match the transmission lines
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Presentation Notes
The most important effect comes from the different frequency responses of the lead wires connecting the thermal noise and QVNS sources to the correlator. Not only closely matched noise powers and source impedances, but also closely matched transmission line impedances are necessary to reduce the frequency dependent errors from slightly different transfer functions for the thermal and QVNS signals. 

In a practical measurement, the match is achieved by inserting small resistors into the leads to match both the power and impedance of the noise sources, and small trimming inductances and capacitances to match the frequency responses of the transmission lines.


power /a. u.

power /a. u.
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Presentation Notes
This figure shows the noise power spectra from a measurement with integration period of about 20 hours, where you can see the auto-correlated power spectra, colored in green and blue for each channel, and the correlated noise power spectra colored in red. 45 such measurements were accumulated and compared in the right figure.  
The upper one shows the relative differences of the auto- and cross-correlated noise-power spectra between the QVNS and the sense resistor. 
It can be seen that the two auto-correlation spectra are matched to better than 5 parts in ten to three within the 1.2 MHz bandwidth, this is required to match uncorrelated noise powers.
The cross-correlation noise spectra are matched to better than 1 part in ten to three. 
The lower figure shows the noise power ratio, we can see it is flat up to about 800 kHz, and then decrease fast with increasing frequency, which is arising from the remaining mismatch of the transmission lines and some other effects.
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By limiting the bandwidth we can certainly ensure the mismatch effects are small, and this was the approach adopted with most conventional noise thermometers. However, we always want to maximize the bandwidth to reduce the statistical uncertainty. Fortunately, the mismatch effects can be modeled and corrected by least-squares fitting the noise-power-ratio spectrum with an even-order polynomial. Only even order terms are included because that the transmission line are short enough to be modeled by lumped components. The fitting correction dramatically increases the bandwidth. The cost is that the uncertainty in the fitted value of SR/SQ increases with the number of fitted parameters. It therefore adds an additional complication in the compromise between uncertainty, bandwidth, and the complexity of the fitting model. There is some degree of ambiguity in the choice of both the order of the model and the bandwidth.
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One of our NIST colleagues, Kevin Coakley, performed an additional analysis of our data. The key idea is to select the optimal polynomial model with a cross-validation method that estimates the selection probability for different models, and to estimate the conditional uncertainty in a way that accounts for both random and systematic effects associated with the imperfect knowledge of the model with a re-sampling method. 

As you can see from this contour figure, the uncertainty depends on both the fitting order and bandwidths. The white part of the plot is between 9 and 10 ppm and  is dominated by the statistical contribution of the noise. The black part is larger than 10 ppm and dominated by the systematic uncertainty due to spectral mismatch effects. The dark blue valley is the lowest uncertainty region with uncertainty between 3 and 4 ppm. We chose the lowest uncertainty in the vicinity of the valley, 4th order and 575 kHz.    
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B (Kg-Kg2010) / k2010 = +1.8x 106

Component u/1076
Statistical 3.2
Correction Model ambiguity 1.8
Dielectric losses 1.0
EMI 0.4
Nonlinearity 0.1

R measurement 0.53
TPW 0.35
QVNS waveform 0.1
u.(kg) 3.9

Qu et al., Metrologia 52 S242 (2015)
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Here is the final uncertainty budget.
The most significant terms are from statistical (noise variance) and the model ambiguity, as explained on the previous slide, which contribute 3.2 and 1.8 ppm, respectively.
Other terms include the uncertainty arising from ……
The combined relative uncertainty is 3.9 ppm.  
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In pursuing a lower uncertainty, we are now trying to resolve some new problems. First, when we fitted our 45 measurements with the optimal polynomial model and bandwidths to get 45 individual values of the Boltzmann constant, the results show moderate and strong evidences for bandwidths of 575 kHz and 1250 KHz, respectively, that the measurement results have a weak drifting trend. This indicates possible instability in our measurement. We don’t have a definite explanation yet but suspect that is caused by instability of the stray inductance and capacitance in the connecting leads due to temperature change in the liquid helium dewar for the QVNS. Second, we also found that the stray inductance of the transmission lines dependent on both frequency and temperature due to skin effect, which makes it impractical to match them between the two noise sources since they experience different temperature. Both problems could probably be solved by using thin coaxial cables made of low-TCR materials. 
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Problems to solve:
E match source impedance to the transmission line characteristic impedance
E four channel system to halve the measurement time (NIST)

Uncertainty limitation?
E fundamental limitation?
B practical limitation
- bandwidth
- time (1000 h for 3 ppm, 1 year for 1 ppm!)
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Third, our new analysis show that matching the source impedance to the characteristic impedance of the connecting leads is helpful to maximize the bandwidth and the flatness of the power-spectral ratio. Finally, our NIST colleagues are now developing a four channel system to halve the measurement time. With these improvements, we anticipate a determination of k with relative uncertainty of 3 ppm with 600 kHz bandwidth and 1000 hours integration.

You may ask why 3 ppm, but not 1 ppm? Is there any fundamental limitation? I think there must be some fundamental limitations, but we don’t see it at ppm level. However, we do have some practical limitations. The first is the bandwidths limitation due to some systematic effects, e. g., the series resistance of the cable, the input voltage noise and input current noise correlation, and all the other mismatch factors, which are all easily to be modeled at only low frequency range, when we go to higher frequency, the ratio spectrum model will be too complicated. Another practical limitation is still the long measurement period. To get one ppm, 10 times as much data are necessary, and that means more than one year integration for a single determination, which is just impractical. 
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Once the unit, kelvin, is redefined, it will be interesting to perform T-T90 measurements at higher temperature with JNT. Frank Elder et al. at PTB performed noise temperature measurements at different fixed point temperatures of Zn, Ag, Cu and up to the melting point of palladium by using another thermal noise source as reference, with relative uncertainty of ~0.01% achieved. Another NIST colleague, Weston Tew, has demonstrated relative uncertainties of 0.004% up to 800 K with a noise thermometer using the quantum voltage noise as reference. Colleagues at PTB, and NIM are also planning to perform T-T90 investigations above room temperature with the quantum voltage noise as reference.

Below 600 K, acoustic gas thermometry has achieved very low uncertainty, so that JNT is not competitive in this range. However, for higher temperatures up to 1000 K, JNT could be competitive because that it is relatively simple with simple and small corrections only due to mismatch of the time constants, while AGT has relative large and complex physical corrections due to higher resonant frequencies and boundary layer effects. For radiation thermometry, the uncertainty is limited to tens of millikelvin in the temperature range. Above that point, the leakage and dielectric loss effects are so large for the JNT. 
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Besides the switch correlated JNT system, there are several different implementations had been developed. 
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In 1971, Kamper and Zimmermann proposed and demonstrated the technique of noise thermometry based on superconducting quantum interference devices (SQUIDs), which was later developed as a low temperature standard. To date, two types of DC-SQUID based precision noise thermometry have been developed. One named the current sensor noise thermometer directly measures the noise current or its power spectral density, and the other named magnetic field fluctuation thermometer measures the magnetic field fluctuation caused by the sensor with cross-correlation method. The later is used to determine the thermodynamic temperature in range from 5 K down to 1 mK at PTB. 
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E the noise amplitude is determined by a capacitor

B resistance measurement is not necessary

E inductively coupling allows non-contact measurement
B steel industry
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Different from the typical JNT that measures the noise voltage and resistance of the sensor, Pepper and Brown developed a tuned-RLC noise thermometer, which uses a capacitor and an inductor to load the sense resistor to form a RLC low pass filter. Sine the equivalent noise bandwidth of the circuit is 1/4RC, the noise voltage power simplifies to <V^2> = kT/C. Thus the noise amplitude is determined by a capacitor located at the input to the preamplifier and resistance measurement is not necessary. 

With this concept, people can construct inductive JNT, where inductively coupling of the Johnson noise allows non contact measurement of the temperature, which was proposed to be use in steel industry where hot steel can be used as sensor.
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B combine noise and
thermocouple thermometry

B proposed by Brixy for use
in nuclear plant or space
satellite power system

B calibration in situ

E recently demonstrated up to
1450 °C at PTB

E uncertainty of 0.1% under
lab conditions, and double
under industrial conditions
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An innovative application of noise thermometry for nuclear plant or space satellite power system was proposed by both Brixy and Shepard to combine noise thermometry and thermocouple thermometry. By using thermocouple pairs for the leads to the sensor, noise thermometry provides a means to calibrate the thermocouples in situ. This dual sensor approach overcomes the limitations associated with the long measurement time of noise thermometers and the drifts associated with the high temperature thermocouples. Recently, Frank Edler et al at PTB has demonstrated this self-validation concept with combined thermocouple-noise sensors up to 1450 C under both laboratory and industrial conditions with uncertainty of 0.1~0.2%. 
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E single sensor, fast resistance mode or slow noise thermometry mode
E continuous AC signal is used to calibrate
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Similar to the dual noise-thermocouple thermometer, ORNL developed dual noise-resistance thermometer for application in nuclear plant, which contains only one resistor as the sensor, but can work in fast response resistance thermometer mode, or slow response noise thermometer mode to realize self calibration. A continuous AC signal is used to calibrate the amplifier gain and overall spectral response. 
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E inject precision current as calibration signal
E 5 kW sensor, 1MHz bandwidth
E standard deviation 0.14°C at 20 °C
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Recently, Paul Bramley of Metrosol constructed a prototype of practical noise thermometer in which a precision current source is used to inject a current into the measurement system as calibration signal. Sine the calibration signal and Johnson noise experience exactly the same frequency response, the sensing resistance and the bandwidth can be greatly increased. A standard deviation of 0.14 C at 20 C has been demonstrated. 
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E remaining challenges: strong EMI, harsh environments

B rapid progress of electronics made it viable for industry

E suited for high-temperature, high accuracy applications:
- next generation of nuclear power plant (~850 °C)
- emission controls (0.1 °C @ ~850 °C)
- aerospace (satellite with significant solar exposure, ionizing radiation)

- high value manufacture (turbine, technical ceramics)
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All of these different implementations indicate the possibility of practical JNT for industrial applications.
Although there remain challenges, rapid progress of the electronics, such as increased bandwidths of amplifiers and the speed and accuracy of ADCs, will soon make JNT more and more viable /practical for industry.
The fundamental nature of JNT made it best suited for high-T high accuracy applications, especially for difficult environments where recalibration is not practical. 

Possible applications include safety-critical areas such as:  the fourth generation of nuclear power plant and emission controls, where high temperature measurements up to ~850 degree are required, aerospace where satellites must operate with significant solar exposure and an exposure to a continuous flux of ionizing particles, and in some high-value manufacturing areas such as annealing of turbine blades and manufacture of technical ceramics.
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E purely electronic approach, appealing alternative to other
primary thermometry

E technology breakthroughs (switch correlator, ADC, QVNS)
made it possible to contribute to the redefinition of kelvin

E could be competitive with AGT and radiation thermometry in
range of 600 K - 1000 K

B different implementations have been demonstrated under lab
conditions, cover temperature from millikelvin to over 1500 °C

E high temperature, high accuracy applications in industry
becoming more practical
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In summary,
As a purely electronic approach to primary thermometry, Johnson noise thermometry is an appealing alternative to other forms of primary thermometry, and is attracting increasing interest. 
The technology breakthroughs of the switched correlator, fast and accurate ADCs combined with digital signal processing, and the development of the QVNS, have made it possible to contribute to the redefinition of Kelvin in terms of Boltzmann constant in 2018. Moreover, noise thermometry could be competitive with acoustic and radiation thermometry in the difficult temperature range of 600 K to 1000 K. 
A variety of different JNT implementations have been developed and well demonstrated under lab conditions to cover temperature ranges from a few millikelvin to over 1500 C. With rapid progress of the electronics, more practical JNT can be developed and find their applications in industry, especially for high temperature, high accuracy applications in difficult environments where recalibration is not practical.
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Thanks for your attention!
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