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► Magnetic susceptibility

► Current-sensing noise thermometer  CSNT

► Cross-correlated current noise thermometer C3NT

► Magnetic flux fluctuation thermometer MFFT

► Shot-noise thermometer
First SQUID-based noise thermometer in 1971

rf-SQUID

Thermometry at Low Temperatures

testet and demonstrated for: 1.4 K < T< 4 K.
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quantum corrections

thermal voltage fluctuations across a conductor

can be neclegted since
(T ˃ 100 µK, f ˂ 1 kHz)

John Bertrand "Bert" Johnson

1927

Harry Nyquist

1928

(predicted by A. Einstein 1905)
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power spectral density

Noise thermometer

Thermometry at Low Temperatures
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current noise

Finite bandwidth due to reactance iωL:

Coil = one degree of freedom, thus

For R ~ mW even at T ~ 1 mK large, compared to 
SQUID current sensitivity

Current-sensing noise thermometer

Thermometry at Low Temperatures
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current noise

Finite bandwidth due to reactance iωL:

Coil = one degree of freedom, thus

For R ~ mW even at T ~ 1 mK large, compared to 
SQUID current sensitivity

Current-sensing noise thermometer

Thermometry at Low Temperatures



WS 22/23

160

Readout

Thermometry at Low Temperatures
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1 K

300 µK

3He melting curve thermometer (PTB), Pt-NMR 
and calibrated resistance thermometers

► lowest noise power corresponds to:     T = 300 µK

► Decoupling caused  by parasitic heat flow of few pW through the 0.3 mW resistor

Thermometry at Low Temperatures
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C3NT

Cross-Correlated Current Noise Thermometer

Bulk
 Silve

r

Nb pads

dc-SQUID

5µ
WNb bonds

Thermometry at Low Temperatures
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Readout with Cross-Correlation

Channel 1:

Channel 2:

Cross Correlation:

Auto Correlation

if
pairwise uncorrelated

Spectral Power Density via Wiener-Khinchin Theorem 

► signal measured in two channels

► suppression of uncorrelated amplifier
noise by cross-correlation

Thermometry at Low Temperatures
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► no change of spectral form

► agreement between thermometers better than 0.3% after 35 s

► deviations purely of statistical nature

Noise spectra at different temperatures C3NT vs MFFT

Thermometry at Low Temperatures



WS 22/23

165

Statistical uncertainty vs measurement time

Expected statistical uncertainty:

measuring time
bandwidth

Deviations between C3NT and MFFT

Thermometry at Low Temperatures
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flux noise

Z = R(w) + iwL(w)

Noise source :  

Gold cylinder Æ 2 mm
purity > 99,999%,  RRR = 110

Magnetic Flux Fluctuation Thermometer

Thermometry at Low Temperatures
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► spectral shape independent of temperature !

► SQUID noise corresponds to TN = 150 µK

► linear temperature dependence of noise power TS ~F

SΦ vs temperature fix point scaleNoise spectra at different temperatures

Thermometry at Low Temperatures
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SQUID magnetometer

PTB

Copper noise 

source  RRR = 100

► Johnson noise is inductively read out with gradiometric 
waggon-wheel dc-SQUID.

► Tolerates an enormous parasitic heat load; even the dc-SQUID 
(100pW) can be heat sunk through the thermometer.

► Commercial version calibrated by PTB  available from Magnicon

MFFT without flux transformer

Thermometry at Low Temperatures
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Thermometry at Low Temperatures
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Problem: 
noise amplitudes become very small

Requirements for noise source: 
high conductivity à large signal
low conductivity à wide bandwidth
constant conductivity at low temperatures

high purity copper (5N), 
free of Kondo-impurities
additional heat treatment to release hydrogen
à very high conductivity (RRR ~1000)

optimizing the RRR by cold working

à cut-off frequency ~ 100 Hz

Noise thermometry at ultralow temperatures

Thermometry at Low Temperatures
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Spectral power density: after cross-correlation

TS ~F

► spectral shape the same at all temperatures  à R and L are constant
► spectral power density proportional to T over five orders of magnitude in temperature
► calibrated against fix point thermometer and 195Pt

Thermometry at Low Temperatures
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For the measurement of magnetic flux the SQUIDs are operated in FLL mode. By using PTB 
SQUID current sensors [9] there are two ways to form the feedback loop for FLL operation. The 
common feedback directly into the SQUID (gray current path in figure 1) functions independently of 
the properties of the input circuit but has the disadvantage that the flux transfer from the detection 
coils into the SQUID becomes frequency dependent. The reason is the frequency dependent 
inductance of the detection coil due to the skin effect in the temperature sensor, affecting the total 
inductance of the input circuit. As the SQUID input circuit is superconducting, feedback can also be 
applied to it by means of the integrated feedback transformer. This feedback scheme has the advantage 
that interaction between both detection coils and between detection coils and temperature sensor is 
suppressed within the FLL bandwidth. Hence this FLL scheme is favored for the pMFFT. 

 

³

Rf,1 VFLL,1

Ical

Lin,1

Mfin,1

Min,1
Mf,1

³

Rf,2 VFLL,2

Lin,2

Mfin,2

Min,2
Mf,2

SQUID Sensor #1

SQUID Sensor #2

Temperature Sensor

Detection Coils

Calibration Coil

#2

#1

FLL SQUID
Electronics #2

FLL SQUID
Electronics #1

)D,2

)D,1

 

Figure 1. Schematic of the correlation-based pMFFT readout. The feedback (via Mfin) is into the 
superconducting detection coils using the feedback transformer integrated in the SQUID sensors. An 
alternative feedback path (gray colour) into the SQUID inductance is available for test purposes. 

2.3.  Theoretical model for the pMFFT and design calculations 
In [10] the PSD S) was calculated that is caused by the TMFN of an infinite conducting slab in a 
detection coil of contour c. Simplifications were possible for planar contours parallel to the slab, i.e. if 
c = c(x, y, z) is at constant height z above the surface of the slab. We have extended this approach to 
calculate the CPSD caused by the TMFN in a system of two planar coils, c1 and c2. Following [10] we 
obtain 

                                                                       
 
        (3) 

with 

                           
,                          

,   j = 1, 2  (4) 

                  
 ,                                                       ,  (5) 

           ,            ,        
  

,        
  

,          ,        . (6) 

Accordingly, zj, (j = 1, 2) is the height of the contour cj above the surface of the conducting slab, 

which has the electrical conductivity V, magnetic permeability µ and a thickness of t. The integral IA 
describes the eddy current distribution in the slab, whereas the geometry of the contours cj is 
completely contained in the path integrals Ix(cj) and Iy(cj). For c1 = c2 the CPSD (3) is equal to the PSD 
derived in [10]. While S12 is generally complex its real part, Re(S12), contains the desired CPSD. 

3

p-MFFT for Metrology applications

Signal calculation with result of calibrations
1 3

Journal of Low Temperature Physics 

temperature range, no overheating or thermal decoupling effects have been observed 
and temperatures down to T = 400 μK were measured with the MFFT-1 thermom-
eter [67].

A special variant of the integrated MFFT was introduced by Kirste et al. in 2014 
[50] called p-MFFT. This version of an MFFT has several new additions to the con-
cept specifically for use as a primary thermometer for metrology applications. Both 
the sensor and the coil geometry were optimized to enable practicable analytical 
modeling. In addition, it has a separate calibration coil which allows the electrical 
resistivity of the temperature sensor and the flux-to-voltage calibration coefficients 
of the two SQUID gradiometer channels to be determined independently of each 
other.

A photo of this device is shown in Fig. 17. It consists of a massive high-purity 
copper cylinder, having a residual resistivity ratio RRR  of about 100. The cylinder 
is thinned in the middle section from both sides to form a 2 mm thin plate with 
lateral dimensions of 13mm × 18mm that is used as a noise-generating sensor. In 
the center part, a blue silicon chip is visible that carries two planar gradiometric 
detection coils for the flux noise and is mounted face down parallel to the cop-
per flat. A similar silicon chip having a planar gradiometric calibration coil is 

(a) (b)

Fig. 16  a Power spectral density of flux noise measured with the MFFT-1 thermometer at different tem-
peratures as a function of frequency. b Temperatures obtained from the MFFT-1 thermometer in relative 
primary mode in comparison to the temperature scales PLTS-2000 and ITS-90. The solid line represents 
a linear fit. The green arrow indicates the reference temperature for the MFFT-1 calibration at 15.5 mK 
(after [67]) (Color figure online)

Fig. 17  Photo of the p-MFFT sensor (after [13]) (Color figure online)
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Readout and with cross-correlation and calibration scheme
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mounted face down on the opposite side of the copper flat. Detection and calibra-
tion coils have similar geometries and both chips reside on a small rim that sepa-
rates them from the copper flat by 100 μm and 50 μm , respectively. At both ends 
of the detection chip, a printed circuit board is located that is equipped with a 
current-sensing dc-SQUID.

A schematic diagram of the readout circuit of the p-MFFT is depicted in Fig. 18. 
There are two detection coils that are read out individually by two current-sensing 
SQUIDs. At room temperature, each SQUID sensor is connected to an FLL (flux-
locked loop) electronics, and the output voltages of both channels are read out 
simultaneously by a spectrum analyzer. As mentioned a calibration coil is located 
on the other side of the temperature sensor. By feeding a known direct or alternat-
ing current into the calibration coil, a calculable magnetic flux can be generated in 
the detection coils. In the case of direct current, this coil is used to determine the 
ratio between the magnetic flux in the detection coils and the output voltage of the 
SQUID electronics. In the case of alternating current, this arrangement allows one 
to determine the electrical conductivity of the temperature sensor.

The cross-correlation of the signals is realized for the p-MFFT in the follow-
ing way: Together with the superconducting input coils of two almost identical 
SQUID current sensors, the detection coils form superconducting flux transform-
ers. In this way, the thermal noise signals from which the temperature is deter-
mined are fully correlated in the two SQUID sensors. Both channels are read 
independently, and a two-channel data acquisition system is used to digitize the 
SQUID output signals. The contributions of amplifier noise should therefore ide-
ally occur completely uncorrelated in the output signals. However, it should be 
noted that both SQUID sensors are inductively coupled via the flux transform-
ers, which means that any coupling between the input coils of the SQUIDs and 
their feedback coils leads to a certain correlation of the nominally uncorrelated 
amplifier noise contributions. With appropriate dimensioning, this coupling can 
be made very small and the cross-correlation of the SQUID signals to determine 
the temperature drastically reduces the effect of amplifier noise.

Fig. 18  Readout scheme of the p-MFFT thermometer (after [50]) (Color figure online)
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Noise power density vs frequency deviations between p-MFFT and PLT-2000 
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Particle Detection

► Dark matter searches

► Nuclear physics: Gamma spectroscopy

► Atomic physics: X-ray spectroscopy

► Cosmic microwave background

► Radiation metrology 

► Mass spectrometry

► Neutrino mass determination

1.1g of silicon as absorber

iridium thermometer. Operated at 135mK,
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First SQUID-based cryogenic particle detector  1989:  Cd-TES

Transition curve α-spectrum

Particle Detection



WS 22/23

177

Materials   Mo/Cu
Ir/Au  
W      

R

T

self regulated working point

low impendence

Main applications:

X-ray and g-ray spectroscopy
CMB measurements
dark matter detection
neutrino physics
mm-wave astronomy
material analysis
...

Superconducting Transition Edge Sensors (TES)

Particle Detection
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Electrothermal feedback

I

RL

V

R

equivalent circuit 

L

thermal differential equation 

electrical differential equation 

sensor and absorber heat capacity

power flowing to bath
Joule power dissipation

signal power

TES resistor
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Realizations

sources or the bias current of the TES itself; hence, it is
reasonable to consider the still more complicated R I T B( , , )
surface. The resistance surface depends on the underlying
physics of the resistive transition and, in particular, on the
resistance mechanism. Significant progress has been made in
the last decade understanding the resistance mechanism of
TESs and this work is reviewed in section 5. With expressions
for R I T( , ), it becomes possible to evaluate TES performance
under more realistic conditions where absorbed photons
produce large temperature and resistance excursions.

A photograph of a TES sensor is shown in figure 2(a).
The interdigitated structures on top of the TES are additional
normal metal films whose presence regulates current flow and
helps to control the transition width and device noise [10, 11].
Prior to the introduction of normal metal structures, broad-
band noise whose amplitude exceeded the expected nonlinear
Johnson noise was commonly observed in TESs. With these
structures, noise levels near the nonlinear Johnson limit are

routinely but not always achieved. The physical origin of the
so-called excess or unexplained noise remains unclear but its
dependencies have been heavily studied [12, 13].

Other thermal sensing structures include heavily-doped
semiconductors whose resistance continues to depend on
temperature in the cryogenic regime and thin films with
temperature-dependent magnetic properties. While not the
focus of this article, these devices deserve brief mention.
Semiconducting detectors have achieved good resolution
levels for x-ray and gamma-ray spectroscopy [14, 15] but
lower values of the logarithmic derivative of resistance with
temperature typically produce inferior resolution and speed
compared to TESs. Further, the absence of a multiplexing
scheme has limited x-ray and gamma-ray arrays to tens of
devices. Magnetic sensors have achieved resolution values
comparable to TESs and may achieve better resolution in the
future [16]. However, multiplexing these devices is more

Figure 2. (a) On the left, micrograph of a TES for gamma-ray spectroscopy. Superconducting molybdenum leads contact the left and right
sides of a molybdenum-copper bilayer TES at the center. Interdigitated normal films are added to the TES. A network of normal films
connects the TES to horse-shoe shaped epoxy posts. A bulk absorber is later attached to the top of the posts. Energy leaving the absorber is
conducted to the TES through the normal layer. All these thin-film components are located on top of a relieved SiN membrane that appears
dark green in the photo. On the right, micrograph of an array of such TESs. Bulk superconducting tin absorbers have been attached to some
sensors in the array. Reprinted with permission from [40]. Copyright 2012, AIP Publishing LLC. (b) On the left, micrograph of an 32 × 32
array of x-ray TES sensors with overhanging absorbers. On the right, a zoomed view of a few of the TESs from this array. The sensing
bilayer is hidden by an elevated 242 × 242 μm thin-film bismuth absorber. The absorber contacts the TES in the T-shaped region only. The
details of these overhanging absorbers is described in Iyomoto et al [41]. Photographs courtesy of Caroline Kilbourne, NASA Goddard Space
Flight Center.
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Fig. 3 (Color online) Gain
calibration for a 35 µm (red)
TES of stem type (c). The
markers correspond to the
known energies used to fit the
calibration line. Also shown is a
calibration curve for a 140 µm
device (solid blue) measured up
to 3.5 keV [15] and extrapolated
to 6 keV (dashed). Both devices
have C ≈ 0.1 pJ/K and
TC ≈ 0.1 K (under bias) but
show very different measured
linearity

consistently measured to be 1.2–1.4 eV across all designs. Thus intrinsic detector
noise sources are not associated with the observed correlation at Mn-Kα. These re-
sults are strongly indicative of athermal phonon loss. At 6 keV the attenuation length
in Au is 1.2 µm whereas at 1.5 keV it is 0.25 µm. We calculate only 0.01% of X-rays
are stopped in the bottom 50% of the absorber at 1.5 keV but this rises to 13.5% at
6 keV and the potential for athermal phonon loss is significantly increased. At 1.5 keV
none of the pixel types showed strong evidence of degradation from athermal phonon
loss. Despite the poor resolution at 6 keV for device types (a) and (b), devices (c) with
∼1.6% stem contact area have unprecedented spectral resolution. The best "EFWHM
obtained was 1.26±0.03 eV at Al-Kα, 1.58±0.07 eV at Mn-Kα and 1.96±0.08 eV
at Cu-Kα (see Figs. 2b–2d). For these devices the athermal phonon loss is not thought
to be significant.

Presented in Fig. 3 is a measured gain calibration curve for a single device of stem
type (c). This is the optimally filtered energy (using an optimal filter generated from
average Al-Kα X-rays) as a function of the known calibration energy. Also plotted
is the measured gain curve for a 140 µm Mo/Au TES with similar heat capacity
(C(100 mK) = 110 fJ/K) reported in Ref. [15]. Despite the comparable C the gain
scale is very different. This can be understood by considering the different R(T , I )

transition characteristics between the devices of different sizes. The time evolution
of the change in TES resistance "R(t) after photon absorption, can be used as an
indicator of the detector linearity and in the limit of low inductance is expressed as:

"R(t) = α

(
1 − β

1 + β

)
R

T

E

C
e− t

τ , (1)

where α = (∂ lnR/∂ lnT ) and β = (∂ lnR/∂ ln I ) and are parameterizations of the
R(T , I ) transition at the operating current I and temperature T . τ is the electro-
thermal decay time. Thus, all other terms being equal, an increase in β or a decrease
in α will have the effect of reducing "R and increasing the device dynamic range
and linearity. Figure 4a shows a plot of α versus β for 4 different 35 µm devices
reported here. The data is measured between ∼ 2% and ∼60% R/RN for all devices
(where RN ∼ 10 m& is the normal state resistance). Also shown are data for a single
140 µm device [16]. The data uses the same measurement and analysis techniques
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