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TES Detectors
A superconductive transition-edge sensor (TES) consists of a superconducting film operated in the narrow 
temperature region between the normal and superconducting state, where the electrical resistance varies 
between zero and its normal value.

• X-ray stopped in the absorber 
• temperature goes up (TES strongly coupled to the absorber) 
• temperature change leads to a resistance change (and the 

inductively coupled SQUID measures the corresponding current 
change in the TES) 

• Temperature returns to the quiescent temperature with a decay 
time constant determined by the thermal conductance between 
the TES and the heat bath

Lee et al. 2015, at Goddard
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Resolution
Morgan et al. (2016) at NIST: Code-division-multiplexing readout  
t = 5.12 µs, ∆t = 275 ns; FWHM of 2.8 eV (2.5 times better than Hitomi SXS)

applied to linearize the signal for a single SQUID channel is
applied only once per frame (Ntrow) as in TDM. However,
unlike in TDM all TESs are sampled at every row switch.
Once decoded, the TES signals average coherently while the
amplifier noise averages incoherently, eliminating the

!!!!
N
p

noise penalty.16

The schematic in Fig. 1 shows four of the 32 SQUID
channels on our U-CDM chip. Each SQUID channel consists
of a 6-SQUID series array that is coupled either positively or
negatively to each of the 32 TESs according to the require-
ment of the Walsh encoding. The SQUID channels are read
out sequentially by modulation of their biases on and off
with flux-actuated switches, an architecture first suggested
by Zappe.20 The overall system bandwidth is fOL! 6 MHz,
allowing the row switching time to be as short as 160 ns. The
signals from the 32 SQUID channels are then sent sequen-
tially to a SQUID series array, and finally to a room-
temperature preamplifier.

To reconstruct events, the raw data must be demodu-
lated by multiplication of the N channels of data produced
by the U-CDM system by the N"N inverse Walsh matrix
(W#1

N ) containing the coupling coefficients for each sensor to
each SQUID input (Fig. S1 in the supplementary material).
Departures from integer coupling (61) are observed on the
order of a few percent due to minor differences in coil geom-
etries across TES channels inherent in the chip architecture,
as well as various on-chip sources of crosstalk. This causes
spurious signals to appear in demodulated data streams for
TESs that did not observe an X-ray event. A correction to
the integer WN matrix can be computed21 to reduce this
effect to levels below 0.1%.

Fig. 2 shows a Mn Ka (5.9 keV) fluorescence spectrum
measured by 30 TES sensors read out through our 32-channel

U-CDM circuit. The TESs are 350 lm" 350 lm Mo/Cu
bilayers with a 2.5 lm thick bismuth layer added to increase
efficiency.22 Under the bias and magnetic field conditions used
for this demonstration, the sensors have an average inherent
resolution of 2.7 eV, with significant pixel-to-pixel variation.
Though 32 sensors were bonded to the CDM chip, one of these
became an open circuit during cooldown. The construction of
the Walsh matrix for encoding requires one TES to remain
unswitched, that is, it couples to all SQUID inputs in the same
direction. In the switched TESs, any sources of noise (such as
pickup of noise sources or gain variations in amplifier ele-
ments) that enter the amplifier chain after the switched

FIG. 1. A 4-channel example of a
CDM circuit. Bias to each SQUID
channel is controlled by applying
address current (Iad) to a flux-actuated
switch. A common feedback signal
(FB1) is applied to all channels.
Current signals from each TES are
coupled positively or negatively to
each SQUID channel.

FIG. 2. Mn Ka X-ray fluorescence spectrum measured by 30 TESs read out
by 32-channel U-CDM. The source produced approximately 0.3 counts per
second per TES. The data are well-fit by the intrinsic Mn Ka line shape23

with Gaussian broadening due to the energy resolution of the TESs of
2.77 6 0.02 eV FWHM.

112604-2 Morgan et al. Appl. Phys. Lett. 109, 112604 (2016)

IN increases sharply due to the large slew rates on the rising
edge of a pulse. For each SQUID channel, we compute the
derivative DIN at the i-th sample in a digitized event record
using 4 successive samples of that channel, each separated in
time by tframe ! 32trow

DIN;i ! ""IN;i#1 # IN;i$ % "IN;i%1 # IN;i%2$$=4tframe: (4)

We repeat this process for all 32 channels, multiplying IN by
%1 where appropriate to account for channels with negative
coupling polarities. We then combine the data by offsetting
each DIN in time by Ntrow. Fig. 4 shows DIN as a function of
time for 32 channels within two frames containing the arrival
of an X-ray. By fitting a model consisting of a flat baseline
and a linear rise, we determine the point at which the slope
of DIN is no longer zero and assign this point to be the arrival
time of the photon.

We applied this method to 10 000 Mn Ka fluorescence
events with randomly distributed arrival times from all 31
working TESs. First, we fit the data with two free parame-
ters: the slope of the linear rise and the location of the “knee”
that represents arrival time. Because the Mn Ka complex is
confined to a narrow energy range, all pulses have a similar
rising edge and we can fix the slope of the linear rise to the
mean value from the initial fit. We then re-fit the data with
the arrival time as the only free parameter. Using this itera-
tive method we find that the arrival times are uniformly dis-
tributed within a frame, as expected for events that arrive at
random (see Fig. 4 inset). We estimate the time resolution
we achieve using the mean uncertainty on the fitted arrival
times. This error is 275 ns FWHM, a factor of 19 times more
precise than the 5.12 ls frame time. Because the time resolu-
tion depends on the signal-to-noise ratio of the system it
could be improved in future systems by increasing the cou-
pling between the SQUID amplifiers and the TESs.

For broadband data, an X-ray source with multiple
known energies could be used to build up a calibration curve
consisting of the slope of the linear ramp as a function of
energy, similar to the energy calibration curves used for
microcalorimeter data.29 Without using this iterative fitting
process to fix the slope, our estimate of the arrival time
uncertainty is 380 ns FWHM.

In summary, we built a 32-channel flux-summed code-
division multiplexing chip and used it to read out 30 TESs
with 2.77 eV FWHM combined resolution at 5.9 keV. The
modulated data can be used to determine photon arrival time
to within 275 ns FWHM. The U-CDM chips are also “drop-
in compatible” with our existing TDM systems, including
SQUID series arrays, room temperature electronics, and data
acquisition systems. The noise performance and readout
speed achieved provide large margins for increasing the
number of rows per column and reading out faster sensors
without significantly degrading their energy resolution. This
flexibility makes CDM an excellent candidate for future
applications requiring large arrays of microcalorimeters.

See supplementary material for an example of signal
demodulation and details regarding the voltage-flux charac-
teristics and available linear range of the SQUID amplifiers
used in the CDM circuit.
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FIG. 4. Arrival time is determined by computing the derivative of the
SQUID current DIN in all 32 channels for two readout frames encapsulating
a photon arrival, then fitting a model (blue line) consisting of a flat baseline
plus a line with fixed slope. The “knee” in the fit is taken as the arrival time.
The plot shows DIN for two frames of data from the 32 SQUID channels
combined for a single X-ray event. The signal from each SQUID channel is
represented by a different colored point. 1-r error bars on the best fit are
shown as dashed lines. The inset shows the distribution of arrival times for
10 000 events.
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Mission concept initial baseline mission parameters: 
• Energy range: 0.5-15 keV  
• Energy resolution: finer than 1eV at 2keV (3eV at 6keV) 
• count rates up to 100 kHz 
• Timing capabilities: better than 1 μs  
• Type of optics: collector optics 
• effective area of at least 2000 cm2 at 6.4 keV 
• Orbit of satellite: Investigate Sun Synchronous, Low-Earth Orbit
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• Energy range: 0.5-10 keV (Iron K 6.4 keV) 
• Energy resolution: ∆E<1eV at 2keV, 3eV at 6keV  
• Count rates up to 10 kHz 
• Timing resolution: ∆t < 1 µs ≈ 0.02 G (10M⊙)/c3  
• Collector optics as NICER, effective area > 2000 cm2 

at 6.4 keV.  
• Orbit of satellite: Low-Earth Orbit 

Specs

Energy Range Energy 
resolution

Timing 
resolution Effective area

Colibrì 0.2 - 12 keV 3 eV @ 6.4 keV <1 μs > 2000 cm2 
@ 6.4 keV

NICER 0.2 - 12 keV 137 eV @ 6 keV <0.3 μs ~ 600 cm2 
@ 6 keV

XMM-Newton 0.1 - 15 keV 130 eV @ 6.5 
keV 300 μs ~ 700 cm2 

@ 6.4 keV

NuSTAR 3 - 79 keV 400 eV @ 6 keV 100 μs ~ 800 cm2 
@ 6.4 keV

Hitomi SXS 0.3 - 12 keV 7 eV @ 6 keV 5 μs ~ 210 cm2 
@ 6 keV

RXTE PCA 2 - 250 keV 1100 eV @ 6 keV 1 μs ~ 6000 cm2 
@ 6 keV

ATHENA X-IFU 0.2 - 12 keV 2.5 eV @ 6 keV 10 μs ~ 3000 cm2 
@ 6 keV
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Science - Black Holes 

• ︎Black Hole Reverberation Mapping 
• Quasi periodic oscillations 
• Black Hole Spectrscopy and winds 
• Warm Intergalatic Medium 
• Super Massive Black Hole Spin 
• Time variability of bright sources 
• Testing General Relativity with Black Holes
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Science - Neutron Stars 

• ︎Neutron Star Reverberation Mapping 
• Quasi periodic oscillations  
• Lines/Spectroscopy of Isolated Neutron stars: G21.5-0.9 Hitomi  
• Mass and Radius estimates with Pulse Profiles using NICER 

targets (Rotation powered pulsars, accretion powered 
millisecond period pulsars)  

• Thermonuclear Bursts  
•  Magnetars in outburst – Spectral Features 
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Hitomi

Hitomi Collaboration 2018 observations of G 1.5-0.9 for 165 ks 
with SXS. PSR J18331034 lies at the center of the SNR. 

Colibrì

Hitomi
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Stay tuned! 
www.colibri-telescope.ca

Reach out! 
PI: Jeremy Heyl, heyl@phas.ubc.ca 
Project Manager: Kelsey Hoffman, khoffman@ubishops.ca  
Project Scientist: Ilaria Caiazzo, ilariacaiazzo@phas.ubc.ca
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