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Lynx X-ray Microcalorimeter

~ 100,000 pixels!



5’

Main Array
- 1” pixels, 5’ FOV, 50 

µm pixels, hydra-25
- DE = 3 eV
- Up to 7 keV
- 86,400 pixels

Enhanced Main Array:
- 0.5” pixels, 1’ FOV, 

25 µm pixels, 
hydra-25

- DE =  2.0 eV
- Up to 7 keV
- 12,800 pixels

Ultra-Hi-Res Array
- 1” pixels, 1’ FOV, 50 

µm single pixels
- DE = 0.4 eV
- Up to  0.8 keV
- 3,600 pixels

• Will spatially & spectrally 

resolve starburst-driven 

winds in low-redshift galaxies 

• Study of metallicity in galaxy 

clusters to z=3 as probe of 

galaxy formation processes near 

peak of cosmic star formation

• Determine effects of AGN 

energy feedback on ISM &

determine physical state of gas 

near SMBH sphere of influence 

in nearby galaxies 

• Study of plasma physics 

effects related to dissipation 

of energy from AGN outflows. 

LXM Focal Plane Layout
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We have developed arrays of X-ray microcalorimeters on a 50-µm pitch that utilize transition-edge sensors
(TESs) as the sensor for measuring the temperature rise when X-rays are absorbed. An array of this type
of pixel is ideal for the study of point sources on future large-area X-ray telescopes. The pixels have gold
absorbers with dimensions 45⇥ 45⇥ 4.2 µm3. We measured an energy resolution of 0.75 eV full width at half
maximum (FWHM) for Al K↵ complex, which is the best resolution to date using a non-dispersive detector
at this energy. We describe our full characterization of this device including its heat capacity, its thermal
conductance to the heat bath, and the temperature and current sensitivity of the transition, and discuss the
potential for improved performance of the detector.

PACS numbers: Valid PACS appear here
Keywords: Transition-edge sensor (TES), Al K↵ spectrum, detector characterization

I. INTRODUCTION

We are developing small-pixel X-ray microcalorime-
ters based on superconducting transition-edge sensors
(TESs)1 for astrophysics and solar physics2. Such an
array can achieve extremely high energy resolution with
relatively high count-rate capability, allowing us to study
some of the brightest X-ray sources in the sky3.

The close-packed array we tested consists of 12 ⇥ 12
pixels, and each pixel consists of a TES and an X-ray
absorber as shown in Fig. 1(a),(b). The TES is a bilayer
of superconducting Mo and normal metal Au with thick-
nesses of 53 nm and 253 nm, respectively, and an area of
28⇥26 µm2, contacted at each end by Nb leads. The ge-
ometry was chosen to tune its intrinsic superconducting-
to-normal transition temperature (Tci) by the vertical
proximity e↵ect4. The TES behaves as a superconduct-
ing weak-link between the Nb leads and exhibited super-
conductivity above 120 mK, far beyond its Tci, due to
the longitudinal proximity e↵ect5.

When biased within the transition between the normal
and superconducting states, the resistance of the TES
becomes highly sensitive to small temperature changes,
making it a very sensitive thermometer. The bias cir-
cuit for reading out the TES is shown in Fig. 1(c). A
constant current Ib is applied to the TES and an input
coil (L) of a DC-SQUID, in parallel with a shunt resistor
(Rs = 0.2 m⌦). When an X-ray is stopped in the ab-
sorber, its energy raises the temperature of the absorber
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FIG. 1. (a) Schematic diagram of the microcalorimeters (not
to scale). The absorber on the lower-left pixel is removed for
clarity. (b) SEM image of the array. (c) Read-out circuit
diagram.

and the TES that is strongly coupled to the absorber, be-
fore returning to the quiescent temperature T0 through
the relatively weak thermal conductance between the
TES and the substrate. The temperature change leads
to a resistance change, and the inductively coupled DC-
SQUID measures the corresponding current change in the
TES.

Each absorber is cantilevered 5 µm above a TES from
a small region of contact (“stem”) at the center of the
TES, forming a “mushroom” geometry. This geometry
prevents the absorbers from shunting the current flow-
ing through the TESs, and also allows space for leads
to route, while maintaining a high areal fill-factor within
the array. Each absorber has an area of 45 ⇥ 45 µm2,
and the gap between two adjacent absorbers is 5 µm,
providing 82% areal coverage. The thickness of each ab-
sorber is 4.2 ± 0.1 µm, designed to have high quantum
e�ciency up to 6 keV. The area of the stem is 1% of the
absorber hood area, chosen to minimize the loss of ather-
mal phonons into the substrate that can cause spectral
broadening of the detector6, while maintaining a strong

Gold absorber: 45 µm x 45 µm x 4.2 µm, Tc ≈ 60 mK under bias

• Energy resolution = 0.70 eV [FWHM] at 1.5 keV

• Best achievable resolution at low energies with this design ~ 0.4 eV
•

• S.-J. Lee et al., Appl. Phys. Lett. 107, 223503 (2015)

• For Ultra Hi-Res array, absorber 4 times thinner = > 2 times better energy resolution.

=>  < 0.4 eV possible

Ultra-Hi-Res Array Development
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TESs, and also allows space for leads to route, while
maintaining a high area fill-factor within the array. Each
absorber has an area of 45⇥45 µm2, and the gap between
two adjacent absorbers is 5 µm, providing 82% areal cov-
erage. The thickness of each absorber is 4.2±0.1 µm, de-
signed to have high quantum e�ciency up to 6 keV. The
area of the stem is 1% of the absorber hood area, cho-
sen to be very small to minimize the position-dependent
loss of athermal phonons into the substrate following an
X-ray event that can cause spectral broadening of the
detector8, while maintaining a strong thermal coupling
between the TES and the absorber to make the detector
response to X-rays su�ciently fast.

We fabricated the microcalorimeters on a solid silicon
substrate to provide su�cient thermal conductance be-
tween the TES and the substrate to have decay time con-
stants of less than 1 ms. To minimize thermal cross-talk
between pixels, there is a heat-sinking layer embedded
within the surface9. The heat-sinking layer is 3-µm thick
copper sandwiched by thin layers of metal that are di↵u-
sion barriers for the copper. One of these layers is MoN,
which is a superconductor and so creates a superconduct-
ing plane underneath the TES. This heat-sinking layer is
covered by SiO2 layer to provide electrical insulation.

II. LOW ENERGY X-RAY SPECTRUM

To determine the bias current, Ib, that resulted in
the best performance, we measured the detector re-
sponse to X-rays and the noise spectral density at dif-
ferent bias points. We measured the detector response
by irradiating the microcalorimeter array with soft X-
rays from a commercial X-ray source10 outside the cryo-
stat, where characteristic X-rays are produced by high-
voltage-accelerated electrons stopping at the anode (tar-
get). An Al target with a 2.5-kV voltage was used to
produce primarily fluorescent Al K↵ X-rays, and also X-
rays from C, Mg, and Si due to impurities in the target
and contaminants on its surface. These additional lines
allowed us to investigate the linearity of the detector re-
sponse as a function of energy.

A small change in the TES temperature due to absorp-
tion of an X-ray of energy EX induces a change of TES
current �I = IbRs

Rs+R0
� IbRs

Rs+R0+�R = IbRs
Rs+R0

· �R
Rs+R0+�R ,

where R0 is the quiescent resistance of the TES, and
�R is the change of TES resistance. �R is nearly pro-
portional to EX due to a relatively linear dependence of
TES resistance on the temperature within the transition.
Traditionally, the current signal �I is used to determine
EX in most TES microcalorimeters that operate under
the condition R0 � Rs and R0 � �R3, which results
in �I /⇠ �R /⇠ EX. For a linear detector, optimal filter-
ing will provide the best signal-to-noise if the noise of
the device is stationary during the pulses11. Since our
TES is operated very low in the transition where R0,
Rs, and �R are of the same scale as shown in Fig. 2(a),
the optimally filtered signal in terms of current (�I) as a
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FIG. 2. (a) An average pulse for Al K↵ X-ray in resistance.
Inset : magnification of the pulse region within the red box.
(b) Energy calibration curve obtained from the optimally fil-
tered analysis of current and resistance signal (symbols) and
their corresponding fits (solid lines). (c) Measured energy
spectrum of Al K↵ complex (black). The red curve is the
best fit to the spectrum and the blue curve is the line shape
used. Inset : Full-range X-ray spectrum. The broad back-
ground is due to Bremsstrahlung continuum X-rays from the
source; the low-energy cuto↵ near 1 keV is due to absorp-
tion from optical blocking filters between the source and the
detector.

function of energy is highly non-linear as depicted as the
blue curve in Fig. 2(b). This also makes the noise in the
current signal non-stationary, and thus other data pro-
cessing approaches have the potential to achieve better
energy resolution.
We have used optimal filtering of �R to determine EX

instead of optimal filtering of �I because �R is more lin-
ear with energy than �I for our detector. �R can easily
be calculated from the measured �I using the known val-
ues of Ib, Rs, and R0. As a result, the detector response
is much more linear, as shown in Fig. 2(b).
The two fundamental sources of noise in a resistive mi-

crocalorimeter are the temperature dependent thermal
fluctuation noise between the microcalorimeter and the
substrate (phonon noise) and the Johnson noise11. In an
ideal resistive microcalorimeter, the signal and phonon
noise have the same spectral shape, thus the resolution
is determined by the bandwidth over which the phonon
noise dominates the Johnson noise. Converting the cur-
rent signal to a resistance change linearizes both the
impulse response and the phonon noise, relegating non-
stationary noise to the frequencies where the signal-to-
noise ratio is already diminished.
The integrated noise equivalent power (NEP) provides

0.70 ± 0.03 e FWHM



Multi Absorber TES “Hydras” - 1 TES, 4 absorbers

Exponential 
decay after 
spatially variant 
equilibration

Also works with MCCs



Hydras with 3x3 array of 65 µm absorbers, 5.0 µm thick

DErms = 2.4 eV (FWHM) 
at 6 keV, Mn-Ka

225 µm



96x96 array (9216 pixels) - fully wired within array – absorbers on 75 µm pitch
- 32x32 array of 3x3 Hydras

Main Array Development: 10 Kilo-pixel array fabricated 
with 3x3 hydras



assuming a Gaussian instrument response. Also shown (d) are the individual pixel spectra and energy resolution for 
the Mn-Kα measurement. Each pixel is vertically offset by 80 counts.  
 
The 4-pixel design demonstrated ΔEFWHM = 1.4 eV ± xxx eV at Al-Kα and ΔEFWHM = 2.2 eV ± xxx eV 
Mn-Kα. [show any data here for 4 pixel hydra?] For comparison, measurements on single pixel devices 
from the same fabricated wafer have demonstrated resolution as good as ΔEFWHM = 0.87 ± 0.03 eV at Al-
Kα, and ΔEFWHM = 1.56 ± 0.13 eV. The energy resolution between the different pixel types does not 
simply scale as the expected from difference in heat capacities (ΔE ∝ √C). We attribute this to the very 
low C of the single pixel devices resulting in non-linearity and degraded resolution even at Al-Kα. 
Whereas the higher total heat capacity of 4 and 9-pixel hydras resulted in improved linearity and thus 
energy resolution, when compared to that predicted from a simple √C dependency. 
 
IV. Preliminary 20-pixel hydra design and performance 
Recently, we extended these designs to develop the first prototype 20-pixel hydras. Here we report on the 
preliminary results from a single device from this first design iteration, which is a precursor to new 
devices that will be optimized specifically for the currently envisaged Lynx microcalorimeter array. With 
more than about 9 absorbers, it becomes less feasible to make a direct thermal link from each absorber to 
the TES. Thus we have developed a hierarchical structure using trunks and branches that make it easier to 
design, layout, and achieve uniform spacing of the absorber conductances. In this first design iteration 
there were 5 groups of 4 absorbers, where each group was individually thermally coupled to the TES. 
Figure 6 shows a schematic layout of the device as well as optical images of a uniform 8x8 array of 
hydras. The position and energy resolution optimization philosophy is essentially the same as for the 9-
pixel designs however this more complex thermal model adds an additional characteristic pole to the 
pulse rise time and thus requires more complex discrimination algorithm than a simple one-pole rise time 
estimator (which would result in degenerate position estimation). Each pixel is on a 50 µm pitch with 
absorber dimensions of 45×45×4.2 µm Au and the TES is 25×20 µm with TC ~ 80 mK. An individual 
hydra then measures 250 µm × 200 µm.  
(a)      (b) 

  
Figure 6. a) Schematic of a prototype 20-pixel hydra design showing hierarchical structure of the internal links. 
Each of the 5 groups of 4 pixels are shaded in a different color. b) Photograph of an 8x8 array of 20-pixel hydras 
(1280 total pixels). The zoom-in shows the 20 pixels of a single hydra. 
 
 
 
 
 
 

250	μm	

assuming a Gaussian instrument response. Also shown (d) are the individual pixel spectra and energy resolution for 
the Mn-Kα measurement. Each pixel is vertically offset by 80 counts.  
 
The 4-pixel design demonstrated ΔEFWHM = 1.4 eV ± xxx eV at Al-Kα and ΔEFWHM = 2.2 eV ± xxx eV 
Mn-Kα. [show any data here for 4 pixel hydra?] For comparison, measurements on single pixel devices 
from the same fabricated wafer have demonstrated resolution as good as ΔEFWHM = 0.87 ± 0.03 eV at Al-
Kα, and ΔEFWHM = 1.56 ± 0.13 eV. The energy resolution between the different pixel types does not 
simply scale as the expected from difference in heat capacities (ΔE ∝ √C). We attribute this to the very 
low C of the single pixel devices resulting in non-linearity and degraded resolution even at Al-Kα. 
Whereas the higher total heat capacity of 4 and 9-pixel hydras resulted in improved linearity and thus 
energy resolution, when compared to that predicted from a simple √C dependency. 
 
IV. Preliminary 20-pixel hydra design and performance 
Recently, we extended these designs to develop the first prototype 20-pixel hydras. Here we report on the 
preliminary results from a single device from this first design iteration, which is a precursor to new 
devices that will be optimized specifically for the currently envisaged Lynx microcalorimeter array. With 
more than about 9 absorbers, it becomes less feasible to make a direct thermal link from each absorber to 
the TES. Thus we have developed a hierarchical structure using trunks and branches that make it easier to 
design, layout, and achieve uniform spacing of the absorber conductances. In this first design iteration 
there were 5 groups of 4 absorbers, where each group was individually thermally coupled to the TES. 
Figure 6 shows a schematic layout of the device as well as optical images of a uniform 8x8 array of 
hydras. The position and energy resolution optimization philosophy is essentially the same as for the 9-
pixel designs however this more complex thermal model adds an additional characteristic pole to the 
pulse rise time and thus requires more complex discrimination algorithm than a simple one-pole rise time 
estimator (which would result in degenerate position estimation). Each pixel is on a 50 µm pitch with 
absorber dimensions of 45×45×4.2 µm Au and the TES is 25×20 µm with TC ~ 80 mK. An individual 
hydra then measures 250 µm × 200 µm.  
(a)      (b) 

  
Figure 6. a) Schematic of a prototype 20-pixel hydra design showing hierarchical structure of the internal links. 
Each of the 5 groups of 4 pixels are shaded in a different color. b) Photograph of an 8x8 array of 20-pixel hydras 
(1280 total pixels). The zoom-in shows the 20 pixels of a single hydra. 
 
 
 
 
 
 

250	μm	

Main Array Development: 20 Absorber Hydras

determined from 5-50%. To test the wide band spectral and position response we have carried out 
measurements using Cr-Kα (5.4 keV) and Mn-Kα (6 keV) x-ray photons and in a separate acquisition we 
used Al-Kα (1.5 keV) and C-Kα (277 eV) x-rays. For energies > 1.5 keV the majority of pixels are very 
well separated using the two rise time metrics. At 277 eV there was some position confusion between 
pixels with the most similar characteristic pulse shapes (rise-time nearest-neighbors). For the fastest 
group, there is some confusion between the 4 pixels even at the higher energies. Our data acquisition 
system was limited to a maximum sample rate of 2.5 MS/s, with record lengths of 3.3 ms. Because the 
pulses have very fast ~ µs rise times but relatively slow decay times of τfall = 1.7 ms, pulse shape 
measurements were not well sampled over the fast rising edges of the pulses and the pulse shapes were 
truncated by the short record length (equivalent to ~ 2τfall). The fastest pulses only have ~ 4 samples over 
the leading edge of the pulse to evaluate the rise time, thus the position confusion is likely a result of 
under-sampling combined with non-linearity of the pulse shape with energy. Alternative position 
discrimination techniques such as χ2 template matching, that uses the full pre-equilibration signal to 
determine position have not been studied for these designs but may ultimately be a better method. 
Alternatively, adjustments to the thermal link strengths may be required to better separate these pixels. 
We have measured the spectral resolution using a channel-cut crystal monochromator set-up for Cr-Kα1 x-
rays (5.4 keV), which has an intrinsic line-width of less than 0.5 eV [ref]. The measured spectral 
resolution at Cr-Kα was very encouraging, showing ΔEFWHM = 3.38±0.20 eV for the rms of all 20-pixels 
(the individual values ranged from 3.06±0.03 eV to 3.73±0.03 eV). Figure 8 shows the combined 
spectrum for all 20 pixels (totaling ~ 65,000 events), which gave a best-fit energy resolution of ΔEFWHM = 
3.360±0.006 eV, consistent with rms of the individual pixels. These results are already comparable to the 
preliminary Lynx microcalorimeter resolution goal of ~ 3 eV. We estimate that the shorter than typical 
record lengths used in this experiment may account for ~ 0.5 eV degradation in resolution, suggesting that 
a result below 3 eV could be possible for a fully optimized measurement. Although this performance was 
measured in a hydra with 20% fewer pixels than the Lynx design goal, by adjusting the absorber 
thickness we can make a 25-pixel version with the same total heat capacity and, thus, the same expected 
resolution. 

 
Figure 8. Combined spectrum for all 20 hydra pixels for Cr-Kα1 x-rays. A Gaussian fit to energy histogram gives 
ΔEFWHM = 3.360±0.006 eV, consistent with the rms of individual pixels. 
 
 
V. Summary and conclusions 
 
Key points to highlight: 

- First small pixel miniaturized hydras performance verification 
- Thermal properties link, Gb, understood and qualitatively described my models. 
- Prototype 20-pixel results, important proof of concept result for Lynx 

• Combined spectrum from all 20 hydra pixels for 
Cr Ka1 X-rays give DE = 3.36 eV (FWHM).

• Also showed good performance for 1.5 keV and 
277 eV X-rays, where most pixel populations 
could still relatively easily be discriminated 
from rise-time.



	

Enhanced Main Array

• Will require pixels on a 25 µm pitch.
• Below is an example of a 10 x 10 array of pixels on a 35 µm pitch. 
• Each absorber cantilevered above substrate on a single 1 micron diameter “stem”

	

A.M. Datesman et al., "Reduced-Scale Transition-Edge Sensor Detectors for Solar and X-ray Astrophysics", 
IEEE Transactions on Applied Superconductivity, Volume: 27, Issue: 4, June 2017. 



40x40 Ultra-Hi-Res Array
50 µm pitch TES

40x40 Main Array
250 µm pitch TES
25-hydra

LXM prototype chip

Alignment
Marks 60x60 50 µm single 

absorber pixels

20x20 Enhanced Main array
125 µm pitch TES
25-hydra

• About two thirds of the full sized LXM array
• This is a TES microcalorimeter version, MMC one also being 

developed and currently being fabricated.

LXM Prototype arrays using TESs

• High-yield, high-density, buried 
multi-layered wiring underneath 
pixels (MIT/LL).

• Superconducting microstrip wiring & 
ground planes integrated 

Þ Hydras pixels easily fabricated on  
nice flat surface



8” wafers, currently being cored 
down into 4” wafers

LXM Prototype arrays using TESs



• Circuit diagram for high-resolution X-
ray microcalorimeter readout using 
microwave SQUID multiplexing

Title Suppressed Due to Excessive Length 5

Nyquist chipTES chip
Nano connector

uMUX chip

TES biasFlux ramp signal

1 cmMicrowave feedline

G10 clip

Fig. 3 Sample box without lid. It contains a microwave SQUID multiplexer chip, a TES microcalorimeter
array, and a Nyquist chip with inductors and resistors for the TES bias circuit. A 6-pin nano connector is used
to supply a DC bias to the TESs and the flux-ramp signal for the SQUIDs. The connector cables are fixed
with Stycast epoxy in a sidewall pocket.

ity of C⇠1.1 pJ/K at Tc. With a conventional single-channel DC SQUID readout using a
flux-locked loop we measured 2 pixels from this representative chip and obtained spectral
performance of DEFWHM=2.6± 0.1 eV and 3.5± 0.1 eV at 5.9 keV, significantly broader
than the 2.1 eV predicted for each pixel based on the measured signal size and noise. The
Nyquist chip has shunt resistors with Rs=0.2 mW and Nyquist inductors of LN=200 nH, the
latter designed to slow the pulse rise time and thus relax the slew-rate requirement on the
readout.

The microwave SQUID multiplexing chip was fabricated by NIST. The 33 resonators
are designed to have resonance frequencies of ⇠ 5.7�6.0 GHz and bandwidths of 300 kHz.
The resonators are grouped into two bands: resonators within each band are separated by
6 MHz and there is a 20 MHz gap between the two bands. Of the 33 resonators, one has
a ‘dark’ SQUID that does not connect to a TES. The other 32 resonators are coupled to
TES detectors. The measured resonator quality factors are Q⇠13,500 (Qc⇠14,500, Qi⇠1.5-
2⇥105).

3 Measurement results

For our initial demonstration we set the LO frequency at 5.75 GHz, lower than all of the
resonator center frequencies. The microwave drive power at the chip was ⇡ �70 dBm and
the flux-ramp signal was a fFR=125 kHz sawtooth wave with peak-to-peak amplitude of
255 µA, tuned to produce ⇠3F0 per flux-ramp period; we used 2 of the 3F0 to demodulate
the signal. The bath temperature was 55 mK and a common TES bias of 500 µA was applied
to bias the TESs at R/Rn⇠15%.

Technology Development for Microwave SQUID Multiplexing

Figure 3: a) A schematic representation showing just three channels of a microwave SQUID multiplexing circuit with TESs. b) A
photograph of a 33-channel µMUX chip. c) A close-up photograph showing a quarter-wave microwave resonator capacitively
coupled to a feedline (right) and terminated with an rf-SQUID (left).
during each timestep the signals from all dc-biased TESs are summed with equal weight but different polarity
patterns [Karasik 2001]. In F-CDM [Stiehl 2012], the current signals from N microcalorimeters are passively
summed in N different SQUIDs with different coupling polarities. We have tested a 32-channel F-CDM
circuit with an array of TES x-ray microcalorimeters of inherent energy resolution from 2.4–3.0 eV FWHM,
and obtained an energy resolution of the co-added spectrum of 2.77 eV at Mn Ka (5.9 keV) [Morgan 2016].
While CDM eliminates the aliasing penalty of TDM, it does not ease the bandwidth limit.

For non-hydra x-ray microcalorimeters, all three techniques can provide a path to arrays of 103 pixels, and
all three techniques are under consideration for the ATHENA X-IFU, an approximately 4,000-pixel array
scheduled to launch in 2028. However, due to the scale of the LXM array (>150,000 pixels), more readout
bandwidth is needed than TDM, CDM, or FDM can reasonably provide. To perform the electrical mul-
tiplexing required for the LXM, a new multiplexing technique, microwave SQUID multiplexing, is required.

2.3 Principles of microwave SQUID multiplexing
Microwave multiplexing significantly increases the available bandwidth by moving the carrier signals

into the gigahertz regime. The Microwave SQUID Multiplexer (µMUX) [Mates 2008,Mates 2011b] divides
the 4-8 GHz of bandwidth available in a commercial High Electron-Mobility Transistor (HEMT) amplifier
among input channels of high-Q superconducting microwave resonators coupled to a common feedline,
in a similar approach to that of Microwave Kinetic Inductance Detectors (MKIDs) [Day 2003].

A microwave SQUID multiplexer uses rf-SQUIDs inductively coupled to cryogenic sensors (e.g. TESs)
to modulate the frequency of microwave resonators (Figure 3). By coupling these resonators to a common
microwave feedline with each resonator designed to resonate at a different frequency, we can read out all the
sensors simultaneously. A microwave tone placed on one resonance measures its frequency shift and thus
its detector signal; a superposition of microwave tones, one for each resonator, can measure all detectors.

The microwave SQUID multiplexer exhibits noise from two primary sources: two-level-system (TLS)
noise [Gao 2008] and HEMT amplifier noise. The TLS noise arises from the switching of two-level systems
with electric dipole moments, coupled to the resonator cavity. As these systems change state they change
the effective electrical length of the resonator and therefore produce resonance-frequency noise. The power
spectral density of this noise exhibits a characteristic 1/

p
f dependence on frequency, making it dominate

signals close to the carrier. The HEMT is a broadband noise source and can be described simply by a noise
temperature, typically TN ⇡3 K. Because the TLS noise falls off with frequency, the HEMT noise dominates
farther from the frequency of the microwave carrier. We modulate the SQUIDs to ensure the signal appears
in the range where the TLS noise is sub-dominant.

The SQUIDs also provide the gain needed to boost the signals and the noise of the detectors above the
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Technology Development for Microwave SQUID Multiplexing
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A microwave SQUID multiplexer uses rf-SQUIDs inductively coupled to cryogenic sensors (e.g. TESs)
to modulate the frequency of microwave resonators (Figure 3). By coupling these resonators to a common
microwave feedline with each resonator designed to resonate at a different frequency, we can read out all the
sensors simultaneously. A microwave tone placed on one resonance measures its frequency shift and thus
its detector signal; a superposition of microwave tones, one for each resonator, can measure all detectors.

The microwave SQUID multiplexer exhibits noise from two primary sources: two-level-system (TLS)
noise [Gao 2008] and HEMT amplifier noise. The TLS noise arises from the switching of two-level systems
with electric dipole moments, coupled to the resonator cavity. As these systems change state they change
the effective electrical length of the resonator and therefore produce resonance-frequency noise. The power
spectral density of this noise exhibits a characteristic 1/

p
f dependence on frequency, making it dominate

signals close to the carrier. The HEMT is a broadband noise source and can be described simply by a noise
temperature, typically TN ⇡3 K. Because the TLS noise falls off with frequency, the HEMT noise dominates
farther from the frequency of the microwave carrier. We modulate the SQUIDs to ensure the signal appears
in the range where the TLS noise is sub-dominant.

The SQUIDs also provide the gain needed to boost the signals and the noise of the detectors above the

4

Microwave SQUID resonator chips 
developed at NIST:

• TESs couple to unique microwave 
resonator

• SQUIDs built into microwave 
resonator

• Current in input coil modulates 
resonance frequency

Microwave SQUID Multiplexing



S21	at	55mK	

5.75 5.8 5.85 5.9 5.95
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Reduced	a/enua1on	
inside	dewar	compared		
to	previous	runs	 expected?	

6

• Measuring 32 TES multiplexed at GSFC through resonators spaced 
by 6 MHz, with frequencies around ~ 5.5 GHz

• Now achieved ~ 2.67 eV [FWHM] at 6 keV, with integrated
NEP  = 2.58 eV. Max. slew rate ~ 0.4 A/s.

obscos  Mar. 14, 2012  Justus A. Brevik 3

µMUX

TES
(~300 mK)

circuit

rf SQUID

common
flux ramp

HEMT
amp

(~6 K)
microwave
resonators

microwave
synthesizer

SQUID response

resonance response

fixed probe frequency

read out 100s - 1000s of TESs with 2 coax + 4 dc wires

demo chip:  35 resonances 5.35 - 5.65 GHz

•

•

SOA: Spacing of resonators can be ~ 2 MHz.
• 128 resonators with a 6 MHz spacing.
• Now demonstrated with 128 microcalorimeters

attached with no degradation of performance.

Microwave SQUID Multiplexing



B aselined, 
January 2018

N IST 3A/s w ith  spacing w ith  0 .5  M s/s, 2  M H z B W => 10  M H z best 
resonator spacing

Tc=65 m K

A rrays FoV

Pixel 
size Thickness D E

# of 
sensors H ydra # of p ixels

M ax slew  
rate for 

m ax E Energy

Sam p. 
rate Res.

#  of 
res. M argin

# of 
H EM Ts

Round 
up

arc-
m in um FW H M factor A/s range M H z spacing

at m ax 
energy

(keV ) (M H z)

M ain array
5'

5x5  hydras
1"

4.0 3  eV 3,456 25 86,400 1.2 6 0.5 10 400 2.5 8.6 10

Enhanced M ain  
Array 1'

5x5  hydras
0.5"

4.0 1.5  eV 576 25 14,400 5 6 2 40 100 2.4 5.8 6

U ltra-H i-Res Array
1'

Single  p ixe ls
1"

1.0 0.3  eV 3,600 1 3,600 0.85 1 0.3 6 667 2.1 5.4 6

M ax #  
H EM Ts "on" 16

Total #  of 
H EM Ts 22

Total 7 ,632 104,400 Total coaxes 44

Enhancem ent option  to  be considered later

Extended array
20'

Single  p ixe l
5" 0.

5 1  eV 54,000 1 54,000 7.168 2 2.8 56 71 2.3 5.9 6

V2: 2  eV Extended 
Array

20' Single  or 2x2  
hydra

5" or 
10" 0.

5 2  eV 13,500 1 or 4 0 .056 2 0.9 1.78 2,250 9.5 6.0 6

LXM Focal Plane Layout



• 4 temperature stages (55 mK / 4 K / 20 K / 300 K)


• Split HEMT to 4K (1st only or 1st/2nd) and 20K (2nd/3rd or 3rd only)


• Split 4GHz bandwidth to four 1GHz bandwidth blocks


• 1GHz BW block consists of LO, I/Q modulator, I/Q demodulator, baseband 
amplifiers, dual-channel 1Gsps DAC and dual-channel 1Gsps ADC


• Use 1 or 2 FPGA/ASIC to handle four 1GHz BW blocks

Readout Chain

3

55 mK 4 K 20 K 300 K

Virtex-5Q
(VSX240T)

ADC
12-bit

1GSPS

DAC
12-bit

1GSPS
I/Q Modulator

R I
L

R I
L

50Ω

I/Q Demodulator
R I

L

R I
L

50Ω

1GHz BW Block

ADC
12-bit

1GSPS

DAC
12-bit

1GSPS
I/Q Modulator

R I
L

R I
L

50Ω

I/Q Demodulator
R I

L

R I
L

50Ω

1GHz BW Block

ADC
12-bit

1GSPS

DAC
12-bit

1GSPS
I/Q Modulator

R I
L

R I
L

50Ω

I/Q Demodulator
R I

L

R I
L

50Ω

1GHz BW Block

ADC
12-bit

1GSPS

DAC
16-bit

1GSPS
I/Q Modulator

R I
L

R I
L

50Ω

I/Q Demodulator
R I

L

R I
L

50Ω

1GHz BW Block

Virtex-5Q
(VFX130T/
VFX200T)

-3 dB-10 dB NbTi

NbTi HEMT
1st/2nd

HEMT
3rd +26 dB

x4

x1-2

Read-out Chain

2-stage HEMT at 4.5 K, ~ 1 mW/HEMT with low enough noise temp. and sufficient gain



LXM block diagram
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Lynx Telescope Internal Configuration

Magnetic Broom

12 m
2.85 m

4.5 m

Spacecraft Bus

Focal 
Plane

Optical Cone

10 m
9.475 m

Grating Readout
(not on translation table)

Translation Table
• Micro-Calorimeter
• High Definition X-Ray Imager (HDXI)

Lynx telescope basic design
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Lynx Translation Table Configuration

Micro-Calorimeter Dewar

HDXI Electronics

Optical Bench

Translation Table Motion

Micro-Calorimeter Electronics

Translation Table
ISIM Mounting Plate

Micro-Calorimeter Cryo-Cooler

XGS Radiators

Translation Table Enclosure 
(and Radiators) not shown

Aft View

LXM on Translation Table
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Lynx Translation Table Configuration

Micro-Calorimeter Dewar

HDXI Detector AssemblyMicro-Calorimeter Filter Assembly

Translation Table

ISIM Mounting Plate

XGS Readout

Translation Table Motion

XGS Readout Electronics

HDXI Filter Assembly

Internal View
LXM on Translation Table



Support struts

Cryocooler – 4-stage pulse tube cooler

GHz signals in/out

Multi-stage continuous adiabatic 
demagnetization refrigerator

4.5K Support ring

Focal plane assembly

Aperture assembly
(series of infrared blocking filters)

Inside the cryostat
Diameter
= 70 cm

Length
= 143.2 cm



Rotatable filter “paddles”

HDX
I

Filter wheel and calibration sources



Notional Focal Plane Assembly Design

Cryoperm shield

Niobium shield

• Thrust cones (T300, 3 layers, 0.68 mm thick) 
to support lowest temp. stages

• Mech. analysis – will survive launch loads, no buckling

Focal plane array – 10 m to optics



4-Stage Stirling-Type Pulse Tube Cryocooler currently 
baselined for design purposes

• 4-Stage Cryocooler: 
• 4.5K (50 mW)

• 15K (65 mW)
• 40K (180 mW)
• 80K (3.6 W) 

• Mass: ~23 kg (Compressor ~ 16 kg)

• Heat pipes to remove compressor & cold head 
heat dissipation

(255 K)

• Vibration (<100Hz): ~ 10mN with soft mounting
• Electronics: 

Power available: 800+ W, Power needed: 507 W
Reliability > 98.5%

Cryocooler:
TRL-4
Electronics: 
TRL-5



5-stage Adiabatic Demagnetization Refrigerator

Stage Details T range Max Avg
cooling power*

Nom Avg
cooling power

Avg heat 
rejection

Peak heat 
rejection

5 150 g GLF, 3 T 1.35-4.6 K 1.41 mW 1.00 mW 4.0 mW ~20 mW

4 200 g CPA, 2 T 0.54-1.5 K
0.27-1.5 K

0.66 mW
0.30 mW

0.25 mW
0.05 mW

0.68 mW
0.31 mW

3 60 g GLF, 1 T 0.6 K 0.31 mW 0.25 mW 0.25 mW

2 100 g CPA, 0.5 T 0.045-0.3 K 0.012 mW 0.006 mW 0.050 mW

1 100 g CPA, 0.1 T 0.05 K 0.012 mW 0.006 mW 0.006 mW

Meets cooling requirements (3 µW @ 0.05 K, 124 µW @ 0.6 K) with required 100% margin

0.05 K
Heat
Load

Continuous
 First stage

.05 K

0.6 K

4 K
Heat
Sink

.54-1.5 K
.27-1.5K

Second
stage

Continuous
Third stage

1.35-4.6 K

Fourth
stage

heat switch

.045-
.3 K

Fifth
stage

0.6 K
Heat
Load salt pillmagnet



LXM	Development	Milestones	

Life-Cycle	
Phases	

Life-Cycle	Gates	

Project	Life-Cycle		
Reviews	

Pre-Phase	A:			
Concept	Studies	

Phase	A:		Concept	&	
Tech	Development	

Phase	B:		Prelim.	Design	&	
Tech	Completion	

MCR	

8/1/24	

KDP-B	

11/1/26	

KDP-C	

10/1/28	

SRR	

7/1/26	

PDR	

7/1/28	

KDP-A		

10/1/24	

SOTA	

TRL:	3-4	

03/18	

TRL	5	
• X-ray	testing	of	focal	plane	assembly	that	

includes	a	hybrid	array	of	all	required	pixel	

types	with	required	wiring	scale,	heat	sinking,	

and	performance;	readout	of	required	pixel	
types	with	required	density	of	resonators;	

and	appropriate	HEMT	architecture	with	

cabling.	

• Assembly	includes	cryogenic	system	and	

realistic	support	structure.	

• X-ray	test	demonstrates	feasibility	of	
achieving	Lynx	performance	requirements	in	

simulated	operational	environment.	

TRL	6	
• Critical	environmental	

and	X-ray	test	of	a	

scalable	flight-like	

assembly	that	
demonstrates	that		Lynx	

requirements	are	met.		

TRL3	
• Analytical	studies	and	lab	
demonstrations	that	indicate	

proof	of	concept	include	

characterizing	and	validating	
multi-pixel	TES-detectors	

relevant	to	Lynx	requirements	

and	pixel	arrays.	

• Demonstrate	feasibility	of	

readout	architecture.	

TRL	4	
• Demonstrate	the	required	performance	

(pitch,	energy	resolution,	energy	range)	

with	appropriate	wiring	density	for	all	

pixel	types	
• Demonstrate	required	microwave	SQUID	

circuitry	with	appropriate	noise,	and	

resonator	widths	and	spacings.	

• Demonstrate	basic	functionality	of	the	

HEMT	amplifier	architecture	

• Demonstrate	large-size	thin-film	filters	
with	high	transmission	above	0.2	keV	

• Focal	plane	assembly	
Technology	
Drivers	

• Sensor	Arrays	&	Readout	

Total Mass Estimate: 468 kg - Cryostat: 164 kg - Harnesses: 34 kg
- Electronics boxes: 146 kg - Thermal: 72 kg

- Other:  52 kg

Total Power Estimate: 1,832 W 

Cost: CBE~ $380M (FY20), just completing second round of costing.

LXM Development Milestones



1. Simon Bandler - GSFC - Co-chair 
2. Enectali Figueroa-Feliciano - Northwestern - Co-chair 
3. Kazuhiro Sakai – GSFC 
4. Megan Eckart – GSFC 
5. Stephen Smith – GSFC 
6. Wonsik Yoon – GSFC
7. Mike DiPirro – GSFC 
8. Joel Ullom – NIST 
9. Doug Bennett – NIST 
10.Dan Swetz – NIST 
11.Ben Mates – NIST
12. Kent Irwin – Stanford 
13. Jeffrey Olson - Lockheed Martin 
14. Dan McCammon – Wisconsin 
15. Doug Swartz - NASA/MSFC 
16. Ben Zeiger – Luxel
17. Kevin Ryu - MIT Lincoln Labs. 

Conclusions / Co-authors from the Lynx IWG 
LXM sub-group

• The LXM instrument has a well-established baseline design.
• Technology development is advancing rapidly.
• Meeting of LXM requirements appears very feasible on required time-line.



Back-up



Detailed parts of FPA design:
Side panels with:
(1) Microwave SQUID resonator 
multiplexing chips for reading out the 
TESs
(2) Shunt/nyquist inductors chips for 
TES bias circuit

Nyquist
inductor Resonators



Lynx 3 main science pillars
2. THE INVISIBLE DRIVERS OF GALAXY 

FORMATION AND EVOLUTION

• Lynx will map hot gas around galaxies and in 

Cosmic Web. 

• The assembly, growth, and state of visible 

matter in cosmic structures is largely driven 

by violent processes that produce and 

disperse large amounts of energy & metals 

into surrounding medium as hot ionized 

baryons. 

• Will characterize all significant modes of 

energy feedback including:

BH feedback:

• spectro-imaging of SMBH spheres of influence
• density diagnostics in AGN winds
• extended narrow emission line regions
• AGN-inflated bubbles in elliptical galaxies
• plasma physics

Galactic winds feedback:

• Spatially and spectrally resolve hot  phase of 
galactic winds


