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Outline

● What is a TES?

○ How is a TES different from other beamline detectors?

○ Why would I want to use a TES spectrometer?

● Current Status of TES Instruments

○ Instruments deployed to beamlines 

○ Examples of photon science with TESs

● Microwave SQUID Multiplexing

○ Why do we need another multiplexing scheme?

○ How does it work?

○ What are the practical limits

● What are the prospects for TES spectrometers?

○ What currently limits arrays size?

○ What are the prospects for larger arrays?

○ Where should we put more effort?
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For x-ray science, a TES is used as a microcalorimeter
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For x-ray science, a TES is used as a microcalorimeter
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Why use a microcalorimeter?
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1. Microcalorimeters are efficient: 

we choose a material with high stopping power for x-rays

X-rays 0.1-20 keV: thin bismuth Gamma rays >20 keV: bulk tin



Why use a microcalorimeter?

7

2. Microcalorimeters can have excellent energy resolution: 

No fundamental “physics” limit to resolution

must be kept at cryogenic temperatures (~100 mK)

Temperature changes are μK - mK: need highly sensitive thermometer



Transition-edge sensor: a superconducting thin film used as a thermometer
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Resistance is a steep function of 

temperature in the superconducting 

to normal transition region

Apply a voltage to bias the TES into 

its transition region



ΔR ∝ ΔT: TES turns temperature pulses into current pulse
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ΔR ∝ ΔT: TES turns temperature pulses into current pulse,

until it runs out of the superconducitng transistion
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If ΔT > transition width, the 

TES is no longer sensitive to 

changes in temperature

⟹ we can tune the TES design 

to match the desired energy 

range

max ΔT



How to make a TES
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SiNx membrane

Si

substrate
125 - 300 μm
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From a TES pixel to a full spectrometer
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Arrays: more sensors means 

more photons, large solid angle

1
 m



Using a TES array as a spectrometer
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1. Calibration: need to tie pulse height to a known energy, so we measure a series 

of known energies to make a “ruler”

Ti Kα

Cr Kα

Fe Kα

Cu Kα

Ti Kα

Cr Kα

Fe Kα

Cu Kα



Using a TES array as a spectrometer
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2. Measure signal: when a sensor absorbs an x-ray, you get: 

energy, arrival time, and location (which pixel in the array)
1. energy

3. location in array

sample
array of 240 TES pixels

beam



Why use a TES for photon science?
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Each TES pixel in an array is an independent, broadband energy-dispersive spectrometer

low-E TES array measuring 0-1.2 keV 

emission lines simultaneously

high-E array measuring 4.5 - 8 keV 

emission lines simultaneously



Why use a TES for photon science?
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A large array of TESs makes a versatile area detector: 

sum signal for statistics, or use the pixels individually

Mn Kα, sum of 30 TES pixels



Why use a TES for photon science?
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TES throughput can be 100x 

higher than wavelength-dispersive 

instruments

TES energy resolution is 10-100x 

better than typical energy 

dispersive detectors

Enables:

lower concentrations, dilute 

solutions, lower doses, etc.

Example: 240 pixel TES spectrometer, 16-crystal von Hamos at LCLS (Alonso-Mori et al, 2012)

Uhlig et. al., Journal of Synchrotron Radiation, 22 (3), 766 (2015)
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TES spectrometers are doing science around the world

Doriese et al, Rev. Sci. Instr. 88, 053108 (2017)



For more details see:
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Examples of photon science with TESs
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● XES

○ NSLS U7A - Explosive compounds at NSLS 

○ NIST laser facility -Time-resolved work on 

iron tris bipy

● XAS

○ NSLS U7A - In fluorescence mode PFY-XAS 

○ NIST laser facility - in transmission mode –

time resolved studies of ferrioxalate

● RIXS

○ SSRL 10-1 - See talk next session by Sang 

Jun Lee

● RSXS

○ APS BL 29ID – high-Tc superconductors

○ Demonstration planed for SSRL 13-3



Examples of photon science with TESs
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● XES

○ NSLS U7A - Explosive compounds at NSLS 

○ NIST laser facility -Time-resolved work on 

iron tris bipy

● XAS

○ NSLS U7A - In fluorescence mode PFY-XAS 

○ NIST laser facility - in transmission mode –

time resolved studies of ferrioxalate

● RIXS

○ SSRL 10-1 - See talk next session by Sang 

Jun Lee

● RSXS

○ APS BL 29ID – high-Tc superconductors

○ Demonstration planed for SSRL 13-3

water jet plasma source:

~106 photons/sec  at output focus

L. Miaja-Avila et al, Struc. Dyn. 2, 024301 (2015)



Time-resolved x-ray spectroscopy on a table-top at NIST
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water jet plasma source:

~106 photons/sec  at output focus

L. Miaja-Avila et al, Struc. Dyn. 2, 024301 (2015)

Optical pump duration: 50 fs - 1.3 ps

X-ray probe energy: 1.5 - 15 keV

Probe beam diameter: 70 μm

overall time resolution: 1.7 - 2.6 ps 



Time-resolved x-ray spectroscopy on a table-top at NIST
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Measure lifetime of high-spin state in Iron-

tris bipyridine:

Static XES of Fe compounds in different spin 

states shows spectral differences in Kβ emission

Spin state of sample is determined by fitting 

to linear combinations of literature curves 

for varying pump/probe time delays

Data taken at NIST with TES spectrometer

Time delay = 3 ps

L. Miaja-Avila et al, 

Phys Rev X (2016)



Time-resolved x-ray spectroscopy on a table-top at NIST
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High-spin state lifetime = 566 ± 100 ps
L. Miaja-Avila et al, Phys Rev X (2016)

Agrees with synchrotron measurement 

(Haldrup et al, 2012), which required 

104 more photons

Time resolution < 6 ps, 

10x better than synchrotron

Measure Kα, Kβ, simultaneously



Examples of photon science with TESs

25

● XES

○ NSLS U7A - Explosive compounds at NSLS 

○ NIST laser facility -Time-resolved work on 

iron tris bipy

● XAS

○ NSLS U7A - In fluorescence mode PFY-XAS

○ NIST laser facility - in transmission mode –

time resolved studies of ferrioxalate

● RIXS

○ SSRL 10-1 - See talk next session by Sang 

Jun Lee

● RSXS

○ APS BL 29ID – high-Tc superconductors

○ Demonstration planed for SSRL 13-3

Commissioned late 2011

240-pixel TES array

ΔE ~ 2.5 eV

Will return to NSLS-II in summer 2018



PFY-XAS at NSLS U7A
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Carbon-edge absorption spectroscopy:

octadecyltrichlorosilane (OTS) 0.7% C by 

mass in porous microparticulate SiO2

Emission collected 

simultaneously from 

200 eV to 1400 eV by 

TES array

Beamline monochromator scanned from 

265 eV to 327 eV (across C edge)

Doriese et al, RSI (2017)



PFY-XAS at NSLS U7A
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Doriese et al, RSI (2017)



Examples of photon science with TESs
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● XES

○ NSLS U7A - Explosive compounds at NSLS 

○ NIST laser facility -Time-resolved work on 

iron tris bipy

● XAS

○ NSLS U7A - In fluorescence mode PFY-XAS 

○ NIST laser facility - in transmission mode –

time resolved studies of ferrioxalate

● RIXS

○ SSRL 10-1 - See talk next session by Sang 

Jun Lee

● RSXS

○ APS BL 29ID – high-Tc superconductors

○ Demonstration planed for SSRL 13-3

240 TES pixels

~1.5 eV energy resolution



Why use a TES for photon science?

● Microcalorimeters

○ Good energy resolution – resolving 

powers in the thousands at 100 mK

○ Broad energy coverage – usually an 

order of magnitude in energy

○ Low background noise

● Pixelated arrays of TES microcalorimeters

○ High collecting area for weak signals

○ High photon throughput for strong signals
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TES readout in currently deployed x-ray spectrometers
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Each 

colored 

block is 1 

pixel

Time-Division SQUID Multiplexing Architecture



How much further can we take TDM?
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11.3 cm

Building a 960 pixel demo for the X-IFU 

instrument on the Athena satellite mission

Flexible interconnects to move TES 

signals around the corner to MUX chips 

Readout 24 columns by 40 rows

Size determined by space needed to wire 

bound to flexible interconnects

X-IFU planned to have ≈4000 TESs

Plan to use bump bonding to shrink size 

needed to make connections

Main difficulties for bigger arrays:

1. heat load

2. packaging

3. bandwidth!



It is all about the bandwidth
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11.3 cm

Building a 960 pixel demo for the X-IFU 

instrument on the Athena satellite mission

Flexible interconnects to move TES 

signals around the corner to MUX chips 

Readout 24 columns by 40 rows

Size determined by space needed to wire 

bound to flexible interconnects

X-IFU planned to have ≈4000 TESs

Plan to use bump bonding to shrink size 

needed to make connections

Main difficulties in bigger arrays:

1. heat load

2. packaging

3. bandwidth!



Bandwidth Tradeoffs: It’s all about the bandwidth
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Bandwidth

Energy 
Resolution

Dynamic 
Range

Number of 
sensors

Speed

TESs times constants of

10 µs are achievable

Resolution can be improved by reducing T and C

but readout noise must go down

Energy range can be increased

But pulses get harder to track

More sensors could be packed

on the same wires

Why we focus on TESs compared 

to other low temperature detectors?

Answer: Its flexibility to make these 

tradeoffs!



It is all about the analog bandwidth!
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From Wikimedia Commons, the free media repository



Cartoon picture of microwave readout
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• Each sensor is a radio station.  An amplifier with enough 

bandwidth can measure all of them, at once.

• Sensor response is encoded in the modulation of a carrier 

tone similar to AM and FM 



Microwave SQUID multiplexing: readout for next generation instruments
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Microwave SQUID multiplexing: readout for next generation instruments
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End-to-end demonstration of microwave readout
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RF-SQUID response

128 resonators128 synthesized tones

package with g-ray sensors



Readout Electronics for microwave SQUID multiplexing
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● Generate carriers at baseband using a DAC

● Mix carriers up to resonator frequencies

● Multiplexer translates the sensor signal into a 

phase modulation of the microwave carrier

● Mix carriers back down to the baseband 

frequencies

● Digitize the signals using ADCs

● Separate carriers in firmware

● Demodulate phase modulation in firmware

● Send time stream from each channel to a 

computer for triggering and data processing  



End-to-end demonstrations of microwave readout
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• 1 GHz of controlled bandwidth per output channel, 100x more than previous 

readout technologies

• undegraded readout of ~100 g-ray sensors per cable

<ΔE> =  55 eV at 97 

keV

some sensor data streams coadded spectra from ~100 sensors



End-to-end demonstrations of microwave readout
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• 100 channel x-ray demonstration

• Used an old TES array that had an “experimental” pixel design with an intrinsic resolution of  2eV FWHM

• All 100 channels readout with 2 coax and 2 twisted pairs

• Achieved resolution of 2 eV consistent with non-multiplexed resolution



Readout Electronics Under Development

● ROACH2

○ Open source platform developed by CASPER, a consortium of radio astronomers

○ DAC and ADCs developed in collaboration with MKID community

○ Used in our microwave MUX demos and those of our collaborators

○ Fermilab has built a new DAC/ADC board with more bandwidth for MKIDS – Could provide 4 

times more readout bandwidth for TESs

● SMURF Electronics

○ Under development at SLAC for both bolometer for CMB measurements and for 

microcalorimeters for TES instrument for LCLS-II

○ Based on ATCA crate, standardized SLAC architecture

● Commercial Platforms

○ Hardware has significant overlap with industries doing software defined radio and modern 

radar applications using fast DACs and ADCs interfaced to cutting-edge FPGAs

○ Leverages larger industry efforts to push ADCs to higher speeds at high bit depth

○ NIST currently developing firmware on platform from Abaco with 8 DACs and ADCs at 1 GS/s
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APS hard X-ray TES spectrometer
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 Design and fabrication of two 100-pixel arrays for X-ray photons between 2-20 keV:

• One for high energy resolution: < 10 eV at low count rate ~ 100 counts/s per pixel.

• One for high count rate with moderate energy resolution: ~ 20 eV, aimed to explore 

the tradeoff between speed and resolution.

• Ultimate goals: pilot XAFS and XES experiments.

 Mo/Cu TESs:

 Low resistivity (square R ~ 10 mOhm), compatible with Microwave MUX SQUID 

readout chips developed at NIST: one set for high resolution (~ 300 KHz 

resonators) one set for high speed (3 MHz resonators).

 TC~ 100 mK, with the possibility of aiming to lower TC for improved energy 

resolution thanks to the very low temperatures reachable by the cryostat.

 Electroplated Bi/Au absorbers for high stopping power at low added heat capacity 

(i.e. high energy resolution).

 Helium-3 backed, single stage ADR (Adiabatic Demagnetization Refrigerator)

 Base temperature < 30 mK.

 >200 hour no-load regulation at 100 mK.

 12 inches port with short snout.



Plans for upcoming instruments using 𝛍MUX
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gate valve

open
Interaction

Point

compressed

bellows

granite slab

splash shieldBe filter

Horizontal Dilution

Refrigerator

50K 3K
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0

m
K
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0

0
m
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1K

TVA

Pulse Tube

1,000 pixel array at 0.5 eV resolution, upgradable to 10,000 pixels

TES Spectrometer for LCLS-II



Microsnouts for near term kilopixel arrays
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4 Dale Li1 et al.

wire bond 

Microwave  
Feed Line 

3D	wirebonding	

connector	miniaturiza; on	wire bond 

250 pixel 
TES Array 

(a)	 (b)	

(c)	

Fig. 2 (a) The “micro-snout” assembly consists of a 20 mm⇥ 20 mm TES array mounted on top of a well-
thermalized block. Microwave SQUID resonator chips are then placed around the four sides of the block,
with possible intermediate chips for additional wiring or tuning of inductances. (b) Threedimensional wiring
bonding with aspecialized robotic jig enables theelimination of morecumbersomeand spaceconsuming flex
cables. (c) Miniature connectors for TES bias, SQUID bias, and microwave readout are mounted to the base
of the block and routed with specialized PCB elements. (Color figureonline.)

4 Micro-Snout Assembly

The micro-snout assembly allows closer packing of multiple sub-arrays, resulting in higher

pixel density overall. 250 TES pixels are arranged on a 20 mm⇥ 20 mm silicon chip. Fig-

ure 2(a) shows a schematic of a single micro-snout assembly with a 250 pixel TES array

mounted to the top with 0-90 brass screws. A special robotic stage allows the entire micro-

snout to rotateabout an adjustableaxisset to run along theedgebetween two adjacent faces.

Controlled rotation of this robotic stage enables wire bonding from the TES array to the in-

puts to themicroresonator SQUID array on theadjacent surface in threedimensionswithout

theneed for flexiblesuperconducting cables. A close-up of thethreedimensional bonding is

shown in Fig. 2(b). The microresonator SQUID arrays feature a single microwave feed line

that addressesall the resonatorswith unique tones at once. An additional three-dimensional

bond can beused to extend amicrowave feed line from onemicroresonator SQUID array to

another on an adjacent faceof themicro-snout provided that each resonator from thediffer-

ent arrays are designed to respond at unique frequencies. The TES bias lines, SQUID flux

bias lines, and themicrowavefeed arethen routed to thebottom of themicro-snout at minia-

turized connectors shown in Fig. 2(c) including miniaturized coaxial connectors operating

at microwave frequencies, and aDC connection for twisted pair lines.

Because these sensors are at cryogenic temperatures, thermal isolation is important for

operation of the TES array while still allowing X-ray photons to reach the sensors[10] . Fig-

ure 3 shows a windowing scheme where each micro-snout has a set of infrared blocking

windows made from free standing aluminum (⇠100 nm thick) followed by a commercial

aluminized vacuum window that can tolerate a pressure differential of 1 atmosphere. The

vacuum window is at room temperature (300 K), while the infrared blocking windows will

sit at 50 K, 4 K, and 1 K to coincidewith thefirst and second stagesof thepulsetubeand the



Microsnouts for near term kilopixel arrays
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TES X-Ray Spectrometer at SLAC LCLS-II 3

5
0
	m

m
	

120	mm	

67
	m
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(a)	 (b)	

Fig. 1 (a) A “snout” assembly currently installed in SLAC’s SSRL beamline 10-1 endstation. 240 TES x-
ray pixels readout by TDM SQUIDs. (b) Plan for SLAC’s LCLS-II TES Spectrometer “micro-snout” array
package. Four 250 pixel subarrays to make up 1,000 total pixels at 0.5 eV energy resolution. Readout by
microwave SQUID microresonators with specialized tone-tracking electronics from SLAC. (Color figure
online.)

whereTESbias linesare individually bonded to aflexiblesuperconducting aluminum cable.

This cable then brings the bias lines down to inductive interfaces and then to individual

SQUIDs in the time domain multiplexed (TDM) scheme[10] . Finally, each of these SQUID

channels are bonded to copper traces and connected with nano-D connectors at the base of

the snout. Figure 1(b) shows a schematic for the LCLS-II TES X-ray spectrometer snout

package. We have miniaturized the snout sub-package into “micro-snouts” arranged in a

two-by-two grid. Details of the micro-snout assembly are in section §4. With this tighter

arrangement of micro-snouts both the filling-factor of the pixels as well as the total solid

angle issubstantially increased resulting in even higher photon collection efficiency, though

thepixels themselves remain thesame size.

Futureimprovementsincreasethepixel count beyond1,000 initial pixelstowards10,000

that could tile the 120 mm diameter collection area. To increase the pixel count beyond

10,000 pixels would require an increase in thebore diameter, which would require a signif-

icant change in vacuum components, but isotherwise feasible.

The TES pixels for the LCLS instrument will be designed to have a characteristic fall

time of less than 100 microseconds and an energy resolution of 0.5 eV. Methods for litho-

graphically controlling TES pixel speed with fall times less than 100 us have been devel-

oped[19] . Recent demonstrations have combined these lithographic speed-controlling fea-

tures with geometric optimization of the sensor shape to independently control the device

current and critical current to optimize the resolution. These devices have achieved 1.0 eV

resolution at 1.25 keV with 80 us characteristic fall time[20] . These studies suggest that the

challenging specifications for the soft X-ray LCLS arrays can be realized with device fine-

tuning to optimize the heat capacity, current and critical current in the device, combined

with lower temperatures for the sensor. Lowering the critical temperature of the TES im-

proves the energy resolution since DE µ
p

kBTEmax, where DE is the energy resolution,

kB is Boltzmann’s constant, T is the temperature, and Emax is the deposited energy of the

incident photon[7] .

240 TESs readout with TDM 1024 TESs readout with µMUX

TDM “snout” “microsnouts”



How do we get to 10’s of thousands of pixels?
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Compact T
ES arra

y
Bump bond pads

Superconducting

flexible cable

26 m
m

6.2 mm

20 m
m

Wire bond pads

Attachment 
screws

Connectio
n to

microwave 

SQUIDs

prototype superconducting flexible cable
proposed 1260 TES “nan-snout”



How do we get to 10’s of thousands of pixels?

compact 1260 TES chip with bump bond pads



How do we get to 10’s of thousands of pixels?
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⍉90mm

⍉60mm

256 TESs per microsnout

4 microsnouts

1024 TESs

1260 TESs per microsnout

8 microsnouts

10,080 TESs



How do we get to 100’s of thousands of pixels?
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1,260 pixels per nano-snout

272 nano-snout

342,720 pixels

270 mm diameter



How do we get to 100’s of thousands of pixels?
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• Utilize wafer scale flip chip bonding

• Micromachine apertures into 6 inch or larger wafer

• Wire routing between readout and TES chips on back side of aperture wafer

• Flip chip bond TES chips and microwave MUX chips to aperture wafer

• Microwave MUX feedline and a few dc connections on outer perimeter of aperture 

wafer wire bonded to PCB and microwave launch boards



Under-resourced areas of development

● Lack real-time software or firmware

○ Large amounts of data produced very quickly by large arrays

○ Microcalorimeter data is typically analyzed offline

○ Need real time feedback and advanced data pipelines

● Need bigger X-ray windows and filters

○ Commercially available windows (25 mm) and  IR filters (17 mm) limit packaging

○ Multiple windows planned for 1,000 pixel LCLS-II, need a better solution for upgrade

● Readout is currently expensive

○ Price per bandwidth likely to be cost driver for larger arrays

○ Prices are coming down with effort

○ Potential to leverage advances from commercial markets, i.e. integrated FPGA and ADCs

● Detector packaging is challenging

○ Wire bonding takes up too much real estate

○ Bump bonded flexible cable likely suitable for ten to hundred thousand pixels

○ Wafer bonding is promising

○ Prospects for in-focal plane readout

■ makes design and fabrication harder

■ could significantly effect yield
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What can we reasonably expect in the future?
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Deployed Under

Construction

5 years out 10 years out 

“prediction”

# of TESs 250 1000 10,000 100,000

Total Area 8 mm2 32 mm2 320 mm2 3,200 mm2

Time Constant 1 ms 100 µs 100 µs 10 µs

Max Throughput 25 kcps 1 Mcps 10 Mcps 1,000 Mcps

Total Bandwidth 4 GHz 16 GHz 80 GHz 800 GHz

Bandwidth / cable 4 GHz 4 GHz 8 GHz 12 GHz

# cables 2 8 20 134

Temperature FWHM @ 1 keV FWHM @ 6 keV FWHM@ 200 keV

100 mK 1 eV 2 eV 50 eV

50 mK 0.5 eV 1 eV 25 eV

Typical energy resolution at 100 mK and predicted resolution at 25 mK

Predicted scaling for speed and # number of TESs
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