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1 Part 1 – Physical background

1.1 Introduction
This part of the document gives input to the software required to analyse the noise spectra of the TES detectors within EURECA. This is done by giving the formula for the various noise sources as well as some examples of available fits to real TES-data. The formula presented are developed for the case that the absorber-TES coupling has a finite conductivity GTES. In the limit of large conductivity the formulas presented below are consistent with those from Irwin and Hilton (2005).
1.2 Parameters
The performance of TES detectors is limited by various sources of noise, which will be described below. To be able to describe these noise sources we have to define the various parameters decribing them.
TES – parameters

CABS (T0)

Heat capacity (J/K) of the absorber at the biaspoint

CTES (T0)

Heat capacity of the TES (J/K) at the bias point

GTES 


Heat conductance (W/K) between TES and absorber

R(T0)


TES resistance at biaspoint

αT ≡ (T0/R0) (dR/dT)
Thermal coefficient of resistance of TES transition at biaspoint

αI ≡ (I0/R0) (dR/dI) 
Current coeffecient of resistance of TES at biaspoint

G (T0)


Dynamic conductance sensor to heat bath

V0


Bias voltage over TES

I0


Bias current through TES

M


The excess noise parameter of the TES.

Bias – parameters

T0


Temperature of sensor at biaspoint

TBATH


Temperature of bath

RSHUNT

Shunt resistance of bias circuit

TSHUNT


Temperature of shunt resistor

RSERIES

Series resistance in bias circuit

TSERIES

Temperature of series resistance

LBIAS


Inductance in bias circuit (LIN of SQUID + L of LC filter)

1.3 parameter DESCRIPTION
Heat Capacity

The heat capacities of absorber CABS (T0) and TES CTES (T0) are normaly calculated on the basis of device geometry and material used. These values can potentially be improved by detailed analysis of pulse decay times and measured complex impedances of the TES.

Heat Conductance GTES of the TES

This parameter is in principle roughly equal to LN.TC/RN with LN = 24.5 10-9 the Lorentz number, TC the TES transition tempererature, and RN the TES normal resistance.  

Heat Conductance G (T0)
The heat conductance to the bath is described by P = K (T0n – TBATHn) with n ≈ 3.5 for the present TES and K a parameter depending on the pixel geometry. Depending on applications the pixel geometery is tuned to P in the range of 1 – 20 pW. Given the above formula G (T0) = n. K. T0n-1.

TES – transition parameters

The values for R(T0), αT ≡ (T0/R0) (dR/dT), and αI ≡ (I0/R0) (dR/dI) can be derived from measurements. The first two parameters can be quite well derived from a carefull analysis of I – V measurements. The value for αI can only be derived from fitting of noise spectra or from analysis of complex impedance measurements.

Bias parameters
The values for I0, V0, T0 also come from measurements. This requires an R(T) measurement to determice the transition temperature TC of the TES, and I – V measurements.
1.4 NOISE EQUATIONS

The noise equations given are for a system with the thermal connections shown in Fig. 1 and electrical connection shown in Fig. 2.
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In the thermal scheme it is assumed that the thermal transport to the bath is between the bath and absorber, which is roughly the case because most e-ph coupling in the TES takes place in the absorber. Furthermore it is assumed that the absorber contacts the TES in its middle. The electrical scheme is drawn for the AC-bias case. In case of DC-bias the capacitance CBIAS is not present and LBIAS becomes LIN of the SQUID. For noise calculations we also will have to define the temperature of the shunt and the series resistance.
We first define a set of intermediate relations which will later be used to calculate the noise sources. The relations contain complex numbers, but the only relevant output is the absolute value of these complex numbers.  It tacitly is assumed that the resulting current noise spectral densities are always the absolute values of the complex numbers.
The total impedance of the bias circuit as seen by the TES equals:
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Under DC-bias 2LBIAS = LIN with LIN the inductance of the SQUID input. In case of AC-bias LBIAS is equal to the total inductance in the bias circuit. 
Furthermore, we define some more intermediate relations:
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Starting from these relations, we can calculate the contribution of all independent noise terms. Each noise term is expressed as function of frequency, in units of current noise spectral density [A/√Hz]
a. Johnson noise of TES
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 with ξ(αI) = 1 or 1 + 2.αI. The last value takes into account non-equilibrium thermodynamics (see Irwin and Hilton). So the TES Johnson current noise at the input of the SQUID equals:
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(1)
b. Johnson noise of shunt resistor
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. So the Shunt induced noise current spectral density equals:
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(2)
c. Series resistor
These formula are equal to that for the shunt by replace ment of RSHUNT by RSERIES and TSHUNT  by TSERIES.
d. Phonon noise from the TES

Two noise sources do contribute to the phonon noise of the TES. The 1st one is the noise over the link to the bath, i.e.:
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 with γ ≈ 0.5 when T0 >> TBATH , which is the case for normal TES operation.
The 2nd noise term is realted to the thermal conductance in the TES and given by:
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With these two noise terms the noise currents at the SQUID are:

From this general formula the two noise terms can be calculated, i.e.:
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(3) , and
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(4)

It is assumed that these two noise sources are independent and therefore have to be added quadratically.

e. Excess noise
TES seem to suffer quite significantly from excess noise. All the data taken sofar seem to indicate that the noise spectrum for the excess noise equals that of the TES Johnson noise. So the NIST group (J. Ullom) proposed to describe the excess noise in units of Johnson noise, i.e. M = VEX_TES/VJO_TES. Analysis of data at SRON has shown that the excess noise can described by a white voltage source in the bias circuit, which seems to be independent on bias position, magnetic field, etc. Given that condition means that 
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f. SQUID noise

The noise of the SQUID can be translated to a noise current iN in A/√Hz at the input of the SQUID. Typical numbers are 5 pA/√Hz

g. Total noise

The total current noise spectral density can be calculated by taking the square root of the squared sum of all independent terms.

1.5 Noise examples
In this section we give some noise examples, demonstrating the influence of certain parameters. For this case we parameterize the R(T) curve by the relation
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One of our sensors can nicely be described by RN = 0.14 Ω, TC = 105 mK, and ΔT =0.35 mK. The R(T) and Alpha(T) are shown in fig.3.
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Fig.3: Modelled R(T) and Alpha(T). The values are relatively close to measured values.

[image: image19.wmf]10

100

1

.

10

3

1

.

10

4

1

.

10

5

1

.

10

6

1

.

10

13

1

.

10

12

1

.

10

11

1

.

10

10

Frequency (Hz)

Noise current (A/root(HZ))

I

sum

f

(

)

I

ph_gh

f

(

)

I

ph_gtesh

f

(

)

I

jo_tes

f

(

)

I

EX_TES

f

(

)

I

jo_shunt

f

(

)

I

sq

f

(

)

f


Fig. 4: Noise contributions at a biaspoint of 0.1 RN. In this case the noise above 1.6 kHz is dominated by excess noise (dashed blue line), while the phonon noise from the absorber-TES coupling is about 2x the Johnson noise. At low frequencies the spectrum is totally dominated by the phonon noise from the link to the bath.
Making use of these data we can calculate some noise spectra for the device. Lets 1st bias on about 10% of the transition. The most important paramters here are:

R0 = 0.014, I0 = 2.18 10-5, G = 2.25 10-10, alpha = 90, T0 = 0.104, CABS = 1 10-13, CTES = 7.6 10-14, Tshunt = 50 mK We have used alphaI = 2, and ξ(αI) = 1. The heat link to the bath is set at 6.9 pW, and the excess noise voltage VEX_TES = 1.2 10-12 V/√Hz. Given those values the noise contributions are shown in fig. 4.

Similarly we show the noise spectrum in the middle of the transition. In that case the most important parameters are:
R0 = 0.07, I0 = 9.93 10-6, G = 2.3 10-10, alpha = 180, T0 = 0.105, CABS = 1 10-13, CTES = 5.7 10-14. We have used alphaI = 0.5. The calculated noise contributions are plotted in fig.5
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Fig. 5: Noise3 contributions in the middle of the transition. In this case the spectrum above 4 kHz is dominated by thermal fluctuations between absorber and TES. 
Important features for fitting are obviously the noise levels, but also the frequency cutt-off values for the various components. One of the parameters having quite some influence on the high frequency cutt-off is the parameter alphaI. This parameter has either to come from complex impedance measurements or from fitting of the high frequency end of the noise spectra.
1.6 Summary

This part of the document gives the noise components of a TES micro-calorimeter. These values should be used to analyze the measured noise spectra from such devices. Since only the total noise spectrum is measured it is kind of hard to fix all the various noise contributions. A powerfull way to work on this is to get as many of the TES parameters from analysis of I - V curves and complex impedance. In that case only very few free parameters will be left.
2 Part 2 – Translation into software requirements
2.1 Introduction

The noise models are used to compare the measured noise spectrum for a bias point in the TES to the known noise sources. The models express the amplitude of the known noise sources, based on estimated or measured TES parameters. 
The models can be used in two ways. First, the noise levels can be calculated from a set of tabulated (fixed) input parameters. Secondly, the models can be used to derive one ore more input parameters by adjusting iteratively one or more input parameters followed by a comparison of the output of the model  with the measured spectra, until the model shows the best resemblance to the model. This procedure is commonly referred to as fitting the model to the data.
The models described in this document are only applicable to DC biased sensor data, or demultiplexed AC biased data. Models for multiplexed data are still under development.

2.2 Required functions
A separate function is required for each noise source, to make fitting for each individual noise source possible.  Each function calculates the current noise spectral density as function of frequency, using a set of input parameters as defined in section 1.2. Apart from these functions, a wrapper function is required which calculates square root of the quadratic sum of all contributions. 
The input parameters can be read from a FITS file, which should contain all TES parameters. The bias circuit parameters might be read from a different FITS file, as they are a property of the setup an independent of the TES. 

The creation of the files with input parameters should be done either manually with the aid of a (GUI) script, or it could be the result of a query to a TES parameter database. At this stage this is not important, and it is outside the scope of these functions.
Using command line parameters it should possible to override the input file parameters, and to turn off specific noise sources. 

The output is a FITS file which contains all noise contributions as function of frequency, and the quadratic sum as function of frequency in case of the summing function. The header should contain the input parameters. 
Another relevant output number is the RMS noise value, this is the square root of the quadratic sum of the current noise spectral density. This is just a single number.

2.3 Auxillary functions
In order to make automated adjustment of the input parameters to a certain output (i.e. fitting) possible, an function is required which is comparatable with the mpfitfun function in  IDL. This means that we need a function which contains a minimization procedure to fit an arbitrary function to a data set. 

2.4 Combination with measured data
Combination of the output of these functions with data in other files can probably be handled best by some standard routines, as the measured data will not always be available during a model calculation.
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Fig.2 Electerical Scheme of TES
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Fig.1: ThermalScheme of TES
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