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Motivation 
● Clear understanding of the physics of the ISM 

and CGM are key to solving many open 
astrophysical questions (missing metals and 
baryons)

● Significant diffuse hot gas close to 106K is 
observed both in the local ISM and beyond. 

● Bulk of the emission for such plasma is in 
narrow lines below 600 eV. 

● Need <2 eV spectral resolution and large area 
detection area: e.g. 256 pixels at 1 mm2 each

Model

● Require low C, high α, low β & 
M2. 

● A better understanding of the 
transition surface and 
“excess” noise would help. 
We need precise 
measurements!

Notional pixel design:
1mm2, 200 nm Au absorber
Cabs=1.0 pJ/K
Tbias=50mK, TTES=70mK
GTES=35pW/K, CTES=0.21pJ/K

See poster PA 218-235
(Dan McCammon et al.)
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Device under test
● 150 µm x 150 µm Mo/Cu TES

Tc ~ 75 mK
● Absorbers: 3.4 µm Bi (evaporated)
● ΔE at 1.25keV: 1.0 to 1.5eV (typical)
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Shapiro steps
ASC 2016:
Jack Sadleir, "Unexpected nonlinear effects in superconducting 
transition-edge sensors." (2016) 

Tilted washboard 
potential

Apply AC bias to device

or:
Apply AC bias to field coil
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Step size:



Mo/Cu - Mo leads

Determination of shunt resistance

See Yu Zhou et al.: "Mapping TES 
Temperature Sensitivity and Current Sensitivity 
as a Function of Temperature, Current, and 
Magnetic Field with IV Curve and Complex 
Admittance Measurements," (2017): 074503.

Rshunt = 256 uΩ

f = 311.245 kHz 

Rshunt = 251 uΩ

f = 311.581 kHz 

Rshunt = 251 uΩ

f = 263.436 kHz 

Mo/Au - Nb leadsMo/Cu - Mo leads

shunt resistor A shunt resistor B

height of 
Shapiro steps
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Measuring G
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RSHUNT and RTES independently fixed from Shapiro 
steps and IV curves.

1. Thevenized circuit accurately accounts for 
circuit strays

2. Complex impedances can be measured from 
ratios of SC and Normal transfer functions

3. Consistency check:

Fits with a single free parameter (inductance L) 
out to 250 kHz.

Thévenin circuit treatment

Lindeman, Mark A., et al. "Impedance measurements and modeling of a transition-edge-sensor 
calorimeter." Review of Scientific Instruments 75.5 (2004): 1283-1289.
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Thermal models
One-block basic model

Two-block hanging model

Irwin, K. D., and G. C. Hilton. "Cryogenic particle detection." Topics in Applied Physics 99 (2005): 63-149.

Maasilta, Ilari J. "Complex impedance, responsivity and noise of transition-edge sensors: Analytical 
solutions for two-and three-block thermal models." AIP Advances 2.4 (2012): 042110.

Figueroa-Feliciano, Enectali. "Complex microcalorimeter models and their application to position-sensitive 
detectors." Journal of Applied Physics 99.11 (2006): 114513.

Multi-body models easily 
numerically solved using the matrix 
method (E. Figueroa-Feliciano) 9



Measuring 
complex 
admittance

I0 , R0, T0 are determined by fitting 
local cubic splines of TES IV sweeps 
at bias points used in taking TFs 3.
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Free fit parameters: 
1. α - (vary within 5% of DC 

value)
2. β - (vary within 5% of high f 

limit)
3. Cτes - (seed value of Gτtes)

Fixed: G, R0, T0, P0

Fit results: single body model
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Eliminated a lot of the systematics from 
residuals compared to the one-body 
model -- Better estimation of fall time.

3.
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 %

 

Complex admittance fits: 2 body model
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The extra ~10% 
C of the hanging 
body can be 
attributed to 
bismuth absorber 
on top of gold

Fit results: 2-body model
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Current noise: single body model
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Current noise: 2 body model (no 1+M2)

Two-body model correctly predicts bump at 500 
Hz, corresponding to 1/τabs_TES . Excess seen at 
10kHz has shape of TES Johnson noise.

1/τabs_TES

JohnsonShunt

TFNTES,abs

JohnsonTES

TFNTES,bath

Individual noise components
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Excess Noise
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It just works!



Pulse shape in the small signal limit

Obtain pulse shape in small signal limit

Photon number resolution gives absolute 
pulse energy calibration

see poster #338
(Felix Jaeckel et al.) 17



Bunches of 3 eV photons made by the laser 
pulser form pulse templates
Note: This is not a fit but a prediction of 
pulse shape using derived parameters from 
TF fits. 

Photon pulses
In high loop-gain limit,
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Basic model doesn’t fit 
pulses very well 
(10x worse on residuals)



Complex impedance with multitone lock-in

Measure complex impedance across the transition 
surface quickly and efficiently (Mark Lindeman 2008)

•Excite with Vbias = VDC+ ∑iAisin(ωit) and demodulate Vsquid at all 
ωi of interest

•We do it in real time with DAQ & software lock-in on a PC
(~ 20 frequencies simultaneously)

•Final lock-in LP filtering using non-causal forward-backward 
filter to avoid phase shifts

•Sweep bias and keep other parameters fixed

•Record accurate DC level to track bias point

IV curves agree
-> AC power not too high!
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Measured and fit 50,000 TF overnight to produce detailed maps of α, β, Rtes vs applied magnetic field and 
operating temperature
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Conclusions
1. Shapiro steps give repeatable, high accuracy determination of shunt resistance.
2. Thevenin equivalent circuit method results in accurate impedance measurements.
3. Small signal pulses (e.g. photon pulser) help inform thermal model.
4. Devices investigated here described well by two-body model does a good job.
5. More work remains to be done to fully close the loop.
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BACKUP
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Transfer functions are recorded 
at fixed TBASE but varying VBIAS to 
drive TESs from 3.7% RN to 25% 
RN

TES: TES2
Model: 
two-body
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Variables: α, β, Cτes

Fixed: G
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