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Outline
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• Optical transition-edge sensor

• Complex impedance of fast TES (0.2 – 5 µs fall-time)
• Impedance measurements at high frequency (up to 20 MHz)
• a, b, time constant, and energy resolution
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Optical transition-edge sensor
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E = 0.8 – 3 eV

Small heat capacity

∆𝑇 =
𝐸
𝐶

fast recovery time

Celectron

Cphonon

- Ti/Au bilayer (20 / 10 nm)
- Small heat capacity : 5 µm✕ 5 µm
- Fast recovery time : 0.2 µs (Tc = 360 mK), 4 µs (170 mK)

TES not released - dielectric layer underneath
Cooled by electron-phonon thermal coupling

Tc

Tbath=100 mK

𝑃 ∝ 𝑇() − 𝑇+,-.)
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Applications
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Niwa et al. Scientific Reports 7 (2017) 45660.

Daiji Fukuda, Friday 
Microscopy imagingOptical TES can resolve energy and photon number.

- Quantum information
Short pulse recovery time and efficiency 〜 100%

98±1% at 850 eV D. Fukuda et al., Opt. Exp. 19 (2012) 870.

- Biological imaging
Extremely low dark counts and high energy resolution

Typically DEFWHM = 0.1 - 0.2 eV at 0.8 eV

What limits energy resolution?

DE = 0.15 eV

Spectrum of pulsed laser
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Applications – biological imaging
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Niwa et al. Scientific Reports 7 (2017) 45660.

Daiji Fukuda, Friday 
Microscopy imaging

color red green purple
𝜆 [nm] 780 550 380
E [eV] 1.6 2.3 3.3
∆𝐸 [eV] 0.15 0.15 0.15
∆𝜆 [nm] 75 38 18

𝜆 [nm]500 600

38 nm
2.48 eV 2.07 eV

Energy resolution 〜 constant.
∆𝜆 increases as wavelength is longer.

RGB imaging is doable.
Significant amount of leakage existing.
Need higher energy resolution. 
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Energy resolution
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∆𝐸 = 2.36 4𝑘7𝑇(8𝐶/𝛼	 𝑛(1 + 2𝛽)/2
��

How far is energy resolution of optical TESes from theoretical limit?

Theoretical limit

𝑍DEF(𝜔) = 𝑅DEF 1 + 𝛽 +
𝑅DEFℒ
1 − ℒ

2 + 𝛽
1 + 𝑖𝜔𝜏L/(1 − ℒ)

Complex impedance

Assume simple thermal model ← Optical TES doesn’t have absorber.
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Complex impedance
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𝑍DEF(𝜔) = 𝑅DEF 1 + 𝛽 +
𝑅DEFℒ
1 − ℒ

2 + 𝛽
1 + 𝑖𝜔𝜏L/(1 − ℒ)

Fast response
→ Measure impedance at high frequency

Challenge
→ Parasitic impedance in circuit
→ impedance mismatch
→ hard to build appropriate circuit model
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Transfer function
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Rbias

RTES

Vin(w)
Lsq

VTES(w)

Circuit model

VTES(w) = F(w)Vin(w)

Transfer function

K. Kinnunen Ph.D. thesis
Significant deviation observed above 〜 1MHz

At w >> 1/tTES, complex impedance is independent of frequency,

ZTES(𝜔 → ∞) = RTES(1+b).
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Corrected transfer function at high frequency
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RTES/Rn = 0.8 RTES/Rn = 0.2

Re(ZTES)
Im(ZTES)

20%

80%

Corrected
transfer
function

At high RTES/Rn where TES is slow,
fit ZTES to Zmeasured(w < 0.05 MHz)
Use data points at low frequency 
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Complex impedance
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Rn : normal resistance
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Temperature / current sensitivity
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Temperature sensitivity

𝛼 =
𝑇

𝑅DEF
𝜕𝑅DEF
𝜕𝑇 P

Q

Current sensivity

𝛽 =
𝐼

𝑅DEF
𝜕𝑅DEF
𝜕𝐼 P

D
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Temperature sensitivity
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𝛼 =
𝑇

𝑅DEF
𝜕𝑅DEF
𝜕𝑇 P

QS(TUV-.

Temperature sensitivity

Temperature sensitivity
calculated from IV curve

𝛼QW =
𝑇

𝑅DEF
𝑑𝑅DEF
𝑑𝑇

=
𝐺𝑇
𝑃

𝑑𝑉
𝑑𝐼 − 𝑅DEF
𝑑𝑉
𝑑𝐼 + 𝑅DEF

=
2𝛼 + 𝐺𝑇𝑃 𝛽
2 + 𝛽aIV can be calculated from IV curve.

a and b from complex impedance.

K. Kinnunen Ph.D. thesis
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Time constant
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𝜏DEF =
𝐶
𝐺

1 + 𝛽 + 𝑅+[,V/𝑅DEF

1 + 𝛽 + 𝑅+[,V𝑅DEF
+ (1 − 𝑅+[,V𝑅DEF

)ℒ

Photon signal
Ti
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Energy resolution
measurements vs theoretical limit

14

∆𝐸 = 2.36 4𝑘7𝑇(8𝐶/𝛼	 𝑛(1 + 2𝛽)/2
��

MeasurementsTheoretical limit
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Ultra fast TES
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RTES/Rn = 65 % RTES/Rn = 25 %

Time constant = 0.2 µs
Significant deviation from simple model at bias point for photon detection (0.1 Rn)
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Summary
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u Unique features of optical TES are
Fast recovery time : 0.2 – 4 µs
No absorber or additional heat capacity : 

simple thermal model

u Complex impedance measurements at high frequency up to 20 MHz
Showed new correction method

Agreed with temperature sensitivity calculated from IV curve. 
time constant of photon signals.

u Measured ∆E ≥ 5× theoretical limit.
We will investigate excess noise.

u Ultra fast TES (0.2 µs)
Need to consider new thermal model
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Structure
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