
Status	  of	  current	  efforts	  and	  future	  needs	  in	  detectors	  
Simon	  Bandler:	  	  X-‐ray	  Astrophysics	  Laboratory	  at	  NASA/GSFC	  

•  Sensor technologies – the good and the bad 

•  Who’s doing what ? 

•  State-of-the-art performance 

•  XMS instrument concepts 

•  Array size limits 

•  Getting to TRL-6 
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Thermal relaxation time: 

Thermal conductance PhysPAG/X-‐raySAG	  mee0ng	  2012	  



X-‐ray	  microcalorimeters	  capable	  of	  1	  eV	  energy	  resolu0on	  
S.H.	  Moseley,	  J.C.	  Mather,	  D.	  McCammon,	  J.	  Appl.	  Phys.	  56,	  1257	  	  (1984)	  	  
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Transi0on-‐edge	  Sensors	  

•  Superconductor	  biased	  in	  its	  transi0on	  	  
•  Low	  resistance	  allows	  read	  out	  with	  

SQUIDs	  
•  Tc	  =	  0.1	  K	  
•  Overhanging	  absorbers	  are	  several	  

microns	  thick	  
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Array absorbers :  
240 µm x 240 µm 

 0.7 µm Au & 6 µm Bi 

• Mn	  Kα1	  &	  Kα2	  x-‐rays	  at	  6	  keV	  from	  
an	  55Fe	  internal	  conversion	  source	  

• 	  Instrumental	  broadening	  
consistent	  with	  a	  gaussian	  response	  
with	  1.8	  eV	  resolu0on	  FWHM	  
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Current state-of-the-art 
32	  x	  32	  array	  with	  
300	  micron	  pixels	  
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TES – smaller pixels 

57	  µm	  pixel	  with	  30	  µs	  Gme	  constant	  

•  Suited	  to	  shorter	  focal	  lengths	  and/or	  higher	  spaGal	  resoluGon	  
•  FantasGc	  microcalorimeter	  energy	  resoluGon	  
•  Use	  of	  all-‐gold	  absorbers 	  	  -‐	  great	  for	  reliable	  fast	  thermaliza0on	  
•  Solid	  substrate	  design 	  	  -‐	  great	  for	  heat-‐sinking/low	  cross-‐talk	  
•  Use	  of	  mulGple	  designs	  on	  a	  single	  silicon	  chip	  	  

	  -‐	  no	  varia0on	  in	  back-‐etching	  /	  fabrica0on	  
	  -‐	  less	  complex	  focal	  plane	  assembly	  design	  

•  Through	  choice	  of	  Tc,	  can	  be	  opGmized	  for	  speed	  or	  resoluGon.	  

Small pitch transition-edge sensors with broadband high spectral 
resolution for solar physics 

spectral degradation for any stem type using 9.1 !m thick Au absorbers 
(!EFWHM = 2.3 eV)6. Since !EFWHM " C1/2 a reduction in absorber thickness is 
potentially beneficial, thus we fabricated a second set of devices with 4.5 !m 
thick Au. However the potential for athermal phonon loss for these thinner 
absorbers is increased.  

 
3. RESULTS AND DISCUSSION 

 
We have measured the spectral performance of two devices of each 

pixel type. Spectral measurements are made using a broadband x-ray source 
that fluoresces off different target materials. By selecting the appropriate 
materials we generate x-rays in the range 1.5 to 8.5 keV. A separate 55Fe 
electron capture source is used to provide Mn-K# x-rays.  
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Fig. 2. (Color online) (a) !EFWHM as a function of stem contact area (normalized to 
the total absorber area). (b) Measured spectra corresponding to Al-K#, (c) Mn-K# 
and (d) Cu-K#. For (b-d) the solid line is the best fit to data and the dashed line is 
natural line shape of the complex10,11. All 3 spectra are for a device of stem type (c). 

 
The measured !EFWHM is plotted in Fig. 2a as a function of the 

fractional stem contact area (relative to the total absorber area). Three 
energies were measured, Al-K# (1.5 keV), Mn-K# (5.9 keV) and Cu-K# 



PhysPAG/X-‐raySAG	  mee0ng	  2012	  

Mo0vated	  by	  solar	  
physics	  applica0ons:	  
•  32x32	  arrays	  	  
•  TES	  on	  75	  	  µm	  pitch	  
•  Absorber	  gold:	  	  
	  	  	  65µm	  x	  65	  µm	  x	  4.0	  µm	  
	  



ΔE	  ~	  0.9	  eV	  (FWHM)	  at	  1.5	  keV	  (Al-‐K)	   ΔE	  ~	  1.6	  eV	  (FWHM)	  at	  6	  keV	  (Mn-‐K)	  

•  	  Surpasses	  previous	  best	  at	  1.5	  keV	  
•  Low	  Tc	  pixel	  results	  match	  best	  resolu0on	  at	  6	  keV	  (u0lizing	  non-‐sta0onary	  noise	  analysis)	  
•  Count	  rate	  capability	  of	  a	  few	  10’s	  per	  second	  
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Multi Absorber TES “Hydras” - 1 TES, 4 absorbers 
– increase field of view for a fixed number of read-out channels 

S.J. Smith et al., Proc. SPIE, 2008. 

Exponential 
decay after 
spatially variant 
equilibration 
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Small	  Hydra	  Detectors	  
•  Close-‐packed	  2x2	  and	  3x3	  Hydras	  tested	  
•  n	  absorbers	  =>	  ΔEHydra	  ~	  n1/2	  ΔESingle	  Pixel	  

ΔESingle	  Pixel	  ~	  0.7	  eV	  
n	  =	  4,	  ΔEHydra	  ~	  1.4	  eV	  
n	  =	  9,	  ΔEHydra	  ~	  2.1	  eV	  

•  3x3	  array	  of	  65	  µm	  absorbers,	  5.0	  µm	  thick.	  	  
•  2.2	  eV	  -‐	  rms	  (FWHM)	  resolu0on	  at	  6	  keV	  !	  
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TES	  
The	  good:	  

•  Best	  documented	  energy	  resolu0on	  performance	  
•  Highly	  mul0plexable	  read-‐out	  (more	  later)	  
•  Highest	  TRL	  of	  all	  technologies	  with	  kilo-‐pixel	  poten0al	  
•  Large	  variety	  of	  pixel	  sizes	  possible	  

The	  bad:	  
•  Superconduc0ng	  leads	  ajached	  to	  TES	  produce	  long-‐range	  S-‐N-‐S	  junc0on	  	  

	  -‐	  Very	  interes0ng	  physics	  –	  J.E.	  Sadleir	  et	  al.,	  PRL	  104	  4	  (2010)	  0470032010,	  Phys.	  Rev.	  B.	  84	  (2011)	  184502	  
	  -‐	  But	  high	  sensi0vity	  to	  magne0c	  fields	  -‐	  >	  some	  non-‐uniformity	  and	  design	  complica0ons	  

	  	  

Junc0on-‐like	  Fraunhofer	  pajern	  in	  Ic(B)	  
=>	  Varia0ons	  in	  signal	  size	  and	  noise	  under	  bias	  



Paramagnetic sensor 
(MMC) coupled to SQUID 
magnetometer 

δM =
∂M

∂T
δT =

∂M

∂T

δE

C

no	  heat	  dissipated	  in	  the	  sensor	  
no	  galvanic	  contact	  to	  the	  sensor	  

Paramagne0c	  sensor:	  Au:Er	  

M ∝ 1
T

Magne0c	  Calorimeters	  (MMC)	  &	  Magne0c	  Penetra0on	  Thermometer	  (MPT)	  Microcalorimeters	  

PhysPAG/X-‐raySAG	  mee0ng	  2012	  



ΔEFWHM=	  2.3	  eV	  

!"#$%&'() *"+,-+).,-/0+-

1"-,0&#,2 !3,'+4/52Best	  magne0cally	  coupled	  calorimeter	  results	  at	  6	  keV:	  
MMC	  –	  Heidelberg,	  2011:	   MPT	  –	  GSFC,	  2011:	  

250	  µm	  absorb.,	  2.8	  µm	  thick	  Au,	  
supported	  on	  single	  3.5	  µm	  stems	  
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MMC	  /	  MPT	  
The	  good:	  

•  Poten0al	  for	  the	  very	  highest	  energy	  resolu0on	  	  
	  (no	  Johnson	  noise)	  

•  Non-‐dissipa0ve	  nature	  =>	  larger	  array	  sizes	  might	  be	  possible	  
•  Can	  be	  directly	  connected	  to	  metallic	  heat	  sink	  –	  	  reduc0on	  of	  

thermal	  crosstalk	  
The	  bad:	  
•  Hardest	  to	  technology	  to	  read	  out	  and	  mul0plex	  

	  



MKIDs	  
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Fig. 1. Left: The basic operation of an MKID, from [12]. (a) Photons with energy hν are ab-

sorbed in a superconducting film, producing a number of excitations, called quasiparticles.

(b) To sensitively measure these quasiparticles, the film is placed in a high frequency pla-

nar resonant circuit. The amplitude (c) and phase (d) of a microwave excitation signal sent

through the resonator. The change in the surface impedance of the film following a photon

absorption event pushes the resonance to lower frequency and changes its amplitude. If the

detector (resonator) is excited with a constant on-resonance microwave signal, the energy

of the absorbed photon can be determined by measuring the degree of phase and amplitude

shift. Right: The top panel shows the results the equivalent circuit of multiplexed MKIDs,

and the bottom panel shows microwave transmission data from actual MKIDs with very

accurate frequency spacing.

the supercurrent requires extracting the kinetic energy stored in the supercurrent, which yields

an extra inductance. This change can be accurately measured by placing this superconduct-

ing inductor in a lithographed resonator. A microwave probe signal is tuned near the resonant

frequency of the resonator, and any photons which are absorbed in the inductor will imprint

their signature as changes in phase and amplitude of the probe signal. Since the quality factor

Q of the resonators is high and their microwave transmission off resonance is nearly perfect,

multiplexing can be accomplished by tuning each pixel to a different resonant frequency with

lithography during device fabrication. This is accomplished by changing the total length of the

inductor with a “trombone section”, resulting in a lower inductance and therefore a higher res-

onant frequency. A comb of probe signals can be sent into the device, and room temperature

electronics can recover the changes in amplitude and phase without significant cross talk [12],

as shown in Figure 1.

MKIDs are extremely versatile, as most resonators with a superconductor as the inductor will

function as a MKID. We have decided to pursue a lumped element resonator design [19], shown

in Figure 2. The resonator itself consists of a 20 nm thick sub-stoichiometric titanium nitride

(TiNx) film [20], with the nitrogen content tuned with x < 1 such that the superconducting

transition temperature Tc is about 800 mK. Due to the long penetration depth of these films

(∼1000 nm) the surface inductance is an extremely high 90 pH/square, allowing a very compact

resonator fitting in a 100×100 µm square. Due to bandwidth limitations of our electronics we

use two feedlines to read out the array, each serving 512 resonators. The resonators are designed

to be separated by 2 MHz within a 4–5 GHz band.

To avoid crosstalk between pixels the inductors are made with a double meander design that
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shift. Right: The top panel shows the results the equivalent circuit of multiplexed MKIDs,

and the bottom panel shows microwave transmission data from actual MKIDs with very

accurate frequency spacing.

the supercurrent requires extracting the kinetic energy stored in the supercurrent, which yields

an extra inductance. This change can be accurately measured by placing this superconduct-

ing inductor in a lithographed resonator. A microwave probe signal is tuned near the resonant

frequency of the resonator, and any photons which are absorbed in the inductor will imprint

their signature as changes in phase and amplitude of the probe signal. Since the quality factor

Q of the resonators is high and their microwave transmission off resonance is nearly perfect,

multiplexing can be accomplished by tuning each pixel to a different resonant frequency with

lithography during device fabrication. This is accomplished by changing the total length of the

inductor with a “trombone section”, resulting in a lower inductance and therefore a higher res-

onant frequency. A comb of probe signals can be sent into the device, and room temperature

electronics can recover the changes in amplitude and phase without significant cross talk [12],

as shown in Figure 1.

MKIDs are extremely versatile, as most resonators with a superconductor as the inductor will

function as a MKID. We have decided to pursue a lumped element resonator design [19], shown

in Figure 2. The resonator itself consists of a 20 nm thick sub-stoichiometric titanium nitride

(TiNx) film [20], with the nitrogen content tuned with x < 1 such that the superconducting

transition temperature Tc is about 800 mK. Due to the long penetration depth of these films

(∼1000 nm) the surface inductance is an extremely high 90 pH/square, allowing a very compact

resonator fitting in a 100×100 µm square. Due to bandwidth limitations of our electronics we

use two feedlines to read out the array, each serving 512 resonators. The resonators are designed

to be separated by 2 MHz within a 4–5 GHz band.

To avoid crosstalk between pixels the inductors are made with a double meander design that
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through the resonator. The change in the surface impedance of the film following a photon

absorption event pushes the resonance to lower frequency and changes its amplitude. If the

detector (resonator) is excited with a constant on-resonance microwave signal, the energy

of the absorbed photon can be determined by measuring the degree of phase and amplitude

shift. Right: The top panel shows the results the equivalent circuit of multiplexed MKIDs,
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the supercurrent requires extracting the kinetic energy stored in the supercurrent, which yields

an extra inductance. This change can be accurately measured by placing this superconduct-

ing inductor in a lithographed resonator. A microwave probe signal is tuned near the resonant

frequency of the resonator, and any photons which are absorbed in the inductor will imprint

their signature as changes in phase and amplitude of the probe signal. Since the quality factor

Q of the resonators is high and their microwave transmission off resonance is nearly perfect,

multiplexing can be accomplished by tuning each pixel to a different resonant frequency with

lithography during device fabrication. This is accomplished by changing the total length of the

inductor with a “trombone section”, resulting in a lower inductance and therefore a higher res-

onant frequency. A comb of probe signals can be sent into the device, and room temperature

electronics can recover the changes in amplitude and phase without significant cross talk [12],

as shown in Figure 1.

MKIDs are extremely versatile, as most resonators with a superconductor as the inductor will

function as a MKID. We have decided to pursue a lumped element resonator design [19], shown

in Figure 2. The resonator itself consists of a 20 nm thick sub-stoichiometric titanium nitride

(TiNx) film [20], with the nitrogen content tuned with x < 1 such that the superconducting

transition temperature Tc is about 800 mK. Due to the long penetration depth of these films

(∼1000 nm) the surface inductance is an extremely high 90 pH/square, allowing a very compact

resonator fitting in a 100×100 µm square. Due to bandwidth limitations of our electronics we

use two feedlines to read out the array, each serving 512 resonators. The resonators are designed

to be separated by 2 MHz within a 4–5 GHz band.

To avoid crosstalk between pixels the inductors are made with a double meander design that
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!

The	  good:	  
•  Poten0ally	  the	  easiest	  technology	  to	  mul0plex	  with	  

microwave	  read-‐out	  
•  Investment	  taking	  place	  in	  infrared	  bolometer	  community	  

(JPL)	  
The	  bad:	  
•  High	  energy	  resolu0on	  is	  very	  difficult,	  especially	  at	  6	  keV	  
•  Read-‐out	  needs	  development	  of	  parametric	  amplifiers	  
•  Read-‐out	  electronics	  a	  long	  way	  from	  being	  flight	  qualified	  

–	  no	  near-‐term	  alterna0ve	  
•  Superconduc0ng	  absorbers	  are	  difficult	  

Best	  results	  achieved	  using	  posiGon-‐
sensiGve	  MKIDs	  	  ~	  60	  eV	  at	  6	  keV.	  
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Ongoing	  programs:	  
	  
ROSES-‐APRA	  supported	  basic	  research	  programs:	  
	  
•  GSFC	  TES	  development	  (Kilbourne)	  
•  NIST	  SQUID	  read-‐out	  and	  detector	  development	  (Irwin)	  
•  Brown/UMD/GSFC	  MMC/MPT	  development	  (Bandler)	  
•  Santa	  Barbara	  (supported	  by	  JPL)	  –	  MKID	  (Mazin)	  
•  Wisconsin/GSFC	   	  -‐	  rocket	  applica0on,	  XQC,	  filters	  -‐	  sor	  x-‐rays	  (McCammon)	  
•  MIT/GSFC/NIST 	   	  -‐	  rocket	  development,	  uX,	  -‐	  focused	  x-‐rays	  (Figueroa)	  
	  
IXO	  directed	  funding,	  	  ROSES-‐SAT	  funding	  ?	  
	  
•  GSFC	  /	  NIST	  (Kilbourne	  /	  Irwin)	  -‐	  reaching	  higher	  TRL	  with	  new	  technologies	  

Very	  difficult	  /	  almost	  impossible	  for	  new	  small	  groups	  to	  work	  independently	  of	  large	  
faciliGes.	  Encourage	  new	  University	  ScienGsts	  working	  together	  with	  larger	  labs.	  on	  
specific	  tasks.	  
	  
	  



Read-out: Time division multiplexing 

2	  x	  8	  mux	  readout	  of	  8x8	  array	  (250	  µm	  pixel)
ΔEFWHM=	  2.9	  eV	  

GSFC	  8	  x	  8	  array	  
NIST	  SQUID	  MUX	  readout	  

Calorimeter	  array	  
Interface	  chips	  

An0-‐alias	  filters	  +	  
TES	  bias	  resistors	  

SQUID	  
mul0plexers	  
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anticipate operating with much higher rates in the near
future.

We view the demonstration of U-CDM presented here
as important for two reasons. First, U-CDM chips are drop-
in compatible with existing 32-row TDM systems but have
higher performance. They offer an immediate path to the
kilopixel-scale arrays of high-resolution TES microcalorime-
ters desirable in applications like synchrotron science and
the proposed Athena satellite. Second, the U-CDM system
provides a bridge to the eventual development of I-CDM, in
which the rapid alternation of SQUID switches replaces
transformer windings as the mechanism for encoding TES
signals. An I-CDM multiplexer could scale to 100 detectors

per amplifier channel,9 eventually enabling even megapixel-
scale arrays.

NASA grant NNG09WF27I and an American Recovery
and Reinvestment Act Fellowship to J.F. supported this
work. Contribution of NIST, not subject to copyright.
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FIG. 4. (Color online) Mn Ka x-ray fluorescence spectra measured sepa-
rately by eight TES x-ray calorimeters read out with U-CDM. Spectra are
offset vertically for clarity. These data have been analyzed with corrected
Walsh codes and a linear arrival-time correction, and a Gaussian energy re-
solution has been fit, techniques described previously in Ref. 11. All detec-
tors have multiplexed energy resolution better than 3 eV except for TES
1*—the only detector subject to low-frequency noise pickup in the SQUID
amplifier chain. The U-CDM resolution matches or exceeds that found with
equivalent TESs read out by TDM.

FIG. 3. (Color online) The scaling of SQUID-amplifier noise in TDM and
U-CDM. Noise was measured at 85 mK, with TESs superconducting to
emphasize the amplifier noise (rather than TES noise) at high frequencies.
The Johnson-noise contribution from the TES shunt resistor dominates
below 1 kHz. The s¼L/R time constant of the shunt resistance and induct-
ance in the TES bias loop causes the Johnson noise to roll off above 100 Hz.
At high frequencies, the SQUID-amplifier noise is dominant. All measure-
ments used trow¼ 640 ns and a 2.5 MHz, one-pole RC filter before the digit-
izer. (a) Noise from a single SQUID channel, referred to the first-stage
SQUID, when read out with one, two, four, or eight TDM rows. Dotted lines
show the single-row, high-f noise level (0.37 lU0/HHz) multiplied by suc-
cessive powers of

ffiffiffi
2

p
. Due to aliasing, TDM amplifier noise grows with the

number of rows as
ffiffiffiffi
N

p
(see Ref. 7). (b) Noise in four- and eight-channel

CDM readout. The signals, which have not been demultiplexed via the
Walsh matrix, are referred to the first-stage SQUID. Lines are seen at the 60
Hz power line frequency and its harmonics. The dotted lines show the
CDM-4, high- f noise level (0.65 lU0/HHz) multiplied by 1 and

ffiffiffi
2

p
. As in

TDM, the aliased SQUID noise scales as
ffiffiffiffi
N

p
. (c) Demodulated noise,

referred to the TES current, in four- and eight-channel CDM. Both approach
19 pA/HHz at high frequencies. We omit the unswitched channel from the
average, making the 60 Hz line no longer visible.
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TES 3, 1, 2, then 4; the encoded pulse polarities, therefore,
reflect columns of Eq. (1) in the same order. The bottom
panel shows the reconstructed signal currents in the individ-
ual TESs over the same 20 ms.

Because the encoding matrices are defined by lithogra-
phy on the multiplexer chip, details of the inductor layout
and other on-chip sources of cross-talk produce unequal cou-
plings between the detectors and SQUIDs. The encoding
matrices given in Eqs. (1) and (2) are, therefore, only ideal-
izations; we have measured the true encodings to depart
from the ideal at the 1%–2% level in 4, 8, and 16-detector
CDM multiplexers. Measurements on a partial 32-detector
multiplexer suggest its non-uniformity will be at the same
level. A correction computed in offline analysis11 can reduce
this imbalance to levels below 0.1%. Corrected decoding
matrices are used for all U-CDM data in this letter. We find
this correction to be stable over at least several weeks, allow-
ing it to be measured once and then applied in real-time data
analysis. The demodulation requires computation scaling as
N2 per data sample for N multiplexed detectors. Our experi-
ence shows that the computational burden will not prevent
scaling the technique up to at least N! 100.

A further linear arrival-time correction is applied,11

though it makes no significant difference in the present
observations. At higher N, where the time between succes-
sive samples grows longer, the correction would help by
reducing the dependence of demodulated pulse shapes on the
arrival time. The correction will also be important to reduce

cross-talk effects in future data sets with larger N and with
higher photon rates.

In a TDM channel of N detectors, the wide-band SQUID
amplifier noise level (at fixed sampling rate) scales as

ffiffiffiffi
N

p

due to aliasing (Figure 3(a)). The relation between the detec-
tor current noise INamp(TES) and SQUID flux noise UNamp(SQ1)

in TDM is7

INampðTESÞ ¼ UNampðSQ1Þ
ffiffiffiffiffiffiffi
pN

p
=Min: (3)

For large N, the coupling mutual inductance Min of the TES
signal to the SQ1 amplifier must be increased to compensate
for the higher amplifier noise. Min is limited on the high end
by the dynamic range of the SQ1 when tracking the steep
leading edge of photon pulses.

CDM has the advantage of sampling all detectors at all
times, while TDM samples each only 1/N of the time. This
means that amplifier bandwidth is used much more effi-
ciently in CDM. In practice, this works as follows. The
encoded SQ1 signals (Figure 3(b)) suffer the same

ffiffiffiffiffiffiffi
pN

p

multiplex disadvantage as in TDM. In decoding, however,
TES signals average coherently, while the N samples of am-
plifier noise average incoherently. The demodulated TES
signal and amplifier noise are, therefore, independent of mul-
tiplexing factor (Figure 3(c)). U-CDM thus allows Min to
remain low at large N without increasing the amplifier noise
as referred to TES current. Low mutual inductance, in turn,
increases the effective dynamic range of the SQUID ampli-
fiers and makes the system more robust with fast TESs and
in the face of high pulse rates.

Figure 4 shows Mn Ka fluorescence spectra measured
by eight TES x-ray detectors read out with U-CDM. All
detectors (besides the unswitched TES 1) achieved 3.0 eV
FWHM energy resolution or better at 5.9 keV. The mean re-
solution of 2.6 eV is better than the best previous multi-
plexed TES measurement at this energy.2 Count rates in
these data are low (approximately 5 Hz per detector), but we

FIG. 1. (Color online) A four-row implementation of code-division multi-
plexing by flux summation (U-CDM). The TESs are dc-biased and thus on
at all times. The current signal from TES j inductively couples to all four
first-stage SQUID amplifiers (SQ1) with coupling polarity defined by col-
umn j in the modulation matrix W4 (Eq. (1)). Oppositely oriented inductors
(red/bold) produce a negative coupling polarity. Each row of inductors
(shaded boxes) is transformer-coupled to one SQ1. Rows of SQ1s are oper-
ated with a standard TDM protocol (see Ref. 13): the rows are activated
sequentially via Iadk, so the signal from one SQ1 at a time passes to a
second-stage SQUID (SQ2). The output of SQ2 is routed to a 100-SQUID,
series-array amplifier and then to room-temperature electronics. To keep the
three-stage SQUID amplifier in its linear range, the multiplexer is run as a
flux-locked loop (Ref. 13). The series array output (SA-out) is digitally
sampled; a flux-feedback signal FB1 is then applied inductively to each SQ1
to maintain SA-out at a constant value.

FIG. 2. (Color online) Example raw and demodulated data from four detec-
tors in a single 20 ms period. (a) The raw, encoded outputs, Rk, from the
SQ1 in four-detector U-CDM (with vertical offsets for clarity). The SQ1 out-
puts correspond to rows 1–4 in Eq. (1). Manganese fluorescence x-rays
struck TESs 3, 1, 2, and 4 at 0, 5, 7, and 11 ms. (b) The same data demodu-
lated by application of W%1

4 to show the per-detector signal currents. The
signal-to-noise is too high for the noise to be seen in this example.
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Code	  division	  mul3plexing	  (CDM):	  

SGehl	  et	  al	  (2012)	  

Reason:	  Does	  not	  have	  “mul0plex	  disadvantage”	  that	  exists	  for	  TDM	  mul0plexing	  
⇒  Bejer	  energy	  resolu0on	  /	  greater	  engineering	  margin	  

How	  it	  works:	  
•	  Every	  detector	  pixel	  is	  sampled	  all	  of	  the	  0me	  
•	  Polarity	  of	  coupling	  to	  the	  SQUID	  switches	  between	  +1	  and	  -‐1	  in	  orthogonal	  pajern	  (Walsh	  matrix)	  
	  
CDM	  chips	  are	  drop-‐in	  compa0ble	  with	  exis0ng	  32-‐row	  TDM	  systems	  but	  have	  higher	  performance.	  
	   Circuit	  (flux	  coupled	  CDM):	   Promising	  first	  results	  from	  1x8	  CDM	  demonstraGon:	  
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Future	  Mul0plexed	  Read-‐out	  Technologies	  

PhysPAG/X-‐raySAG	  mee0ng	  2012	  

1.  Current	  steering	  CDM	  
•  Large	  number	  of	  pixels	  per	  amplifier	  
•  Fewer	  wires	  
•  Could	  lead	  to	  3-‐D	  geometries	  =>	  greater	  mul0plexing	  
•  Being	  developed	  first	  for	  bolometer	  applica0ons	  which	  require	  lower	  

currents	  (easier)	  
	  
	  
	  
	  
	  

2.	  Microwave	  readout	  
•  Longer	  term	  
•  Again	  being	  spear-‐headed	  by	  research	  for	  bolometer	  applica0ons	  

(easier)	  
•  Can	  be	  integrated	  with	  CDM	  concepts	  
•  Deciding	  when	  it	  is	  most	  efficient	  to	  begin	  a	  parallel	  effort	  	  for	  

	  microcalorimeters	  is	  key	  
	  -‐ 	  Many	  similar	  technical	  hurdles	  
	  -‐ 	  Some	  differences,	  depending	  upon	  technology	  	  
	   	   	  –	  MKIDs	  vs	  TESs	  vs	  MCCs	  

•  Need	  for	  flight	  qualified	  electronics	  and	  components	  is	  tricky	  
	   	  -‐	  Rapidly	  advancing	  field	  
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FIG. 2: The I-CDM multiplexer. (a) A schematic of a four-pixel I-CDM multiplexer. The currents through

all TES pixels (variable resistors in the figure) and their Nyquist inductors Lnyq are modulated in a Walsh

pattern and summed in parallel into the input coil of a SQUID. In the example state shown in the schematic,

TES pixels 1 and 4 are coupled to the SQUID with positive polarity, while TES pixels 2 and 3 are coupled

with negative polarity. A voltage bias is applied to the detectors by means of a current Ibias, which is injected

into the primary of a coupled inductor. Ibias induces a voltage U(t) on the secondary of the inductor. (b)

A periodic bias current ramp Ibias chosen to bias TES 1 at zero voltage, and TES 2-4 at ≈ 38 nV. (c) The

induced voltage levels U(t) on the secondary. (d) The induced voltage V (t) on the series combination of

TES 3 and its Nyquist inductor Lnyq (e) The voltage across TES 3, which is approximately constant except

for a 0.16 % rms ripple.

series of voltage levels U(t) on the secondary of the coupled coil (Fig. 2c). The polarity of the

coupling between each pixel and the bias signal U(t) is modulated in a Walsh code. Figure 2d

shows the modulated voltage bias across the series combination of TES 3 and its Nyquist inductor,

V (TES3+Lnyq), for pixel 3. In the four-pixel example in Fig. 2, the vector of average voltages V

seen by the four TES pixels is V i = ∑Wi jUj/4 (summed over j=1..4), where Wi j is the 4×4 Walsh

matrix and Uj is the value of the voltage U(t) for each pixel during the four Walsh periods. The

voltage across the TES itself stays approximately constant because the impedance of Lnyq is large

5

101

Figure 9.6: Each input channel of the Microwave SQUID Multiplexer can be fed by the output of a low-

bandwidth multiplexer, e.g. a Code-Division Multiplexer.

Hybrid multiplexing of SQUIDs has been previously considered[93]. The complexity of combining

two technologies is outweighed by the fact that we need not push the limits of either technology. The low-

frequency multiplexing technology that seems to fit the Microwave SQUID Multiplexer best is a form of

Code-Division Multiplexing with current-steering and binary addressing.

9.5.2.1 CDMA

This promising Code-Division Multiple Access (CDMA) scheme consists of SQUID switches steering

TES current through inductors that couple with opposite polarity to the microwave SQUID. The SQUID

switches allow rapid inversion of the flux signal from any TES. A Walsh code of inversions (Figure 9.7)

provides a basis set that allows complete reconstruction of the input signals.

The code-division pre-multiplexer[53] can have very low power dissipation per pixel, on the order of

the power dissipated in the TES bias circuit. It does not suffer the noise aliasing weakness of Time-Division

Multiplexing, allowing larger multiplexing factors. Finally, because the switches are SQUIDs and therefore

selected with flux modulo Φ0, it can use a binary addressing scheme to further reduce the wirecount.

11

A natural first thought is the simple inclusion of TESs in the microwave resonant circuit (Figure 1.9).

Unfortunately, TESs do not retain their sensitivity in microwave resonant circuits with a HEMT amplifier

because of the mismatch between the input noise temperature of the HEMT (TN ≈ 5 K) and the output

noise temperature of the TESs (TN ≈ 2Tc ≈ 200 mK). We therefore use SQUIDs to provide gain between

the TESs and the resonators sufficent to elevate the TES noise above the HEMT noise.

The Microwave SQUID Multiplexer couples SQUIDs to superconducting microwave resonators (Fig-

ure 1.10). An early device[62] used dc-SQUIDs to modulate the Q of the resonators, but current devices

use the change in inductance of dissipationless rf SQUIDs to modulate the resonance frequencies[63][64].

The magnetic flux in thousands of SQUIDs, each modulating a distinct microwave resonance, can then be

measured with a pair of coaxial cables.

Figure 1.10: Schematic of a three-pixel device with rf SQUIDs providing gain between TESs and microwave

resonators. A common flux-bias line is used to linearize all the SQUIDs (Sections 2.6, 6.3.4 and 8.2.4).

By contrast with MKIDs, the Microwave SQUID Multiplexer allows independent optimization of the

multiplexer and detectors and use of the same multiplexer design with many different detectors. The SQUID

amplifier enables modulation of the detector signal to avoid low-frequency noise in the resonators and HEMT.

Finally, the Microwave SQUID Multiplexer does not degrade the sensitivity of the TES detectors, making it



Reference design array layout (IXO/XMS) 
Central, core array: 
 

•  40x40 array of Individual TES  
 – one absorber/TES  

•  2 arcmin FOV 

•  2.5 eV resolution (FWHM) 

•  < 300 µsec time constant 

Outer, extended array 

•  4 absorbers/TES 

•  Extends array to 52 x 52 pixels 
for a total of 2176 readout 
channels 

•  5.0 arcmin FOV 

•  < 10 eV resolution 

•  ~ 2 msec time constant 
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First	  AXSIO	  XMS	  Array	  Concept	  
Main	  array:	  
	  

§  40	  x	  40	  	  pixels,	  	  6”	  each	  
§  4.0	  arcmin	  FOV	  
§  300	  µm	  pixels	  
§  3	  eV	  resolu0on	  (FWHM)	  
§  80%	  event	  throughput	  at	  50	  cps/pixel	  

Inner	  point	  source	  array	  (PSA):	  
	  

•  24	  x	  24	  pixels,	  1.5”	  each	  
•  36	  arcsec	  FOV	  
•  2	  eV	  resolu0on	  (FWHM)	  
•  80%	  event	  throughput	  at	  300	  cps/pixel	  

2140	  TESs	  (68	  readout	  columns)	  
Same	  as	  IXO	  
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XMS	  Array	  Concept	  
Main	  array	  –	  single	  silicon	  carrier	  chip:	  

§  40	  x	  40	  pixels,	  hole	  in	  middle:	  4	  x	  4	  pixels	  	  
§  Pixels:	  6”	  each,	  300	  µm	  
§  4.0	  arcmin	  FOV	  
§  Shaded	  region:	  

§  16x40	  –	  single	  pixels	  
§  <	  3	  eV	  resolu0on	  (FWHM)	  
§  50	  cps	  capability,	  80%	  throughput	  
§  624	  TESs	  

§  Outer	  envelope	  –	  4x4	  Hydra	  
§  <	  6	  eV	  resolu0on	  (FWHM)	  
§  10	  cps	  per	  pixel	  capability	  80%	  throughput	  
§  240	  TESs	  	  	  (6x40	  each	  side)	  

	  
Point	  source	  array	  (PSA):	  

•  16	  x	  16	  pixels,	  1.5”	  each,	  75	  µm	  
•  24	  arcsec	  FOV	  
•  2	  eV	  resolu0on	  (FWHM)	  
•  80%	  event	  throughput	  at	  300	  cps/pixel	  
•  256	  TESs	  

Total	  =	  1120	  TESs	  

1.6’	  
0.4’	  

Streamlined	  (current)	  AXSIO	  concept,	  “N-‐Cal”	  concept	  
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4.0’	  



•  10	  m	  focal	  length	  (40	  m)	  
•  Inner	  array:	  

–  40x40	  array	  of	  high	  count-‐rate	  pixels	  (150	  cps)	  
–  Angular	  resolu0on	  ~1’,	  2’	  FOV	  
–  3”	  pixels	  -‐	  over-‐sampling	  point	  spread	  func0on	  	  
–  150	  um	  pitch,	  145	  um	  x	  145	  um	  x	  4.5	  um	  pixels	  
–  (or	  600	  um	  x	  600	  um	  pixels)	  
–  ΔE<	  2.5	  eV	  [FWHM]	  

•  Outer	  array:	  
–  20x20	  TESs,	  each	  2x2	  Hydra	  
–  8’	  FOV,	  12”	  pixels	  
–  600	  um	  pitch	  between	  absorbers	  
–  ΔE<	  10	  eV	  [FWHM]	  
–  Old	  IXO	  outer	  array	  hydra	  design	  
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EPE
The Extreme Physics Explorer
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1.5	  eV	  FWHM	  requirement,	  0.5	  eV	  goal	  
2.5”	  single	  pixels	  (50	  µm)	  
12x12	  array	  –	  30”x30”	  

3.0	  eV	  FWHM	  requirement,	  1.5	  eV	  goal	  
2.5”	  pixels	  (50	  µm)	  in	  3x3	  hydras	  
20x20	  hydra,	  60x60	  pixels,	  2.5’x2.5’	  

4.0	  eV	  FWHM	  requirement,	  2.0	  eV	  goal	  
5”	  pixels	  (100	  µm)	  in	  3x3	  hydras	  
32x32	  hydra,	  96x96	  array	  –	  8’x8’	  

~	  1	  eV	  up	  to	  3	  keV	  
~	  4	  eV	  at	  6	  keV	  
	  	  	  -‐	  data	  

~	  2	  eV	  for	  all	  energies	  
	  	  	  	  up	  to	  7	  keV	  
	  	  	  -‐	  es0mate	  

~	  3	  eV	  for	  all	  energies	  
	  	  	  	  up	  to	  7	  keV	  
	  	  	  	  -‐	  data	  

Shorter	  focal	  length	  
+	  high	  angular	  resolu0on	  

=>	   Small	  pixels	  
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4	  m	  focal	  length,	  small	  pixels	  
Local	  length:	  4m	  
Angular	  resolu0on:	  5”	  
FOV:	  8’	  x8’	  
	  
Different	  design	  types	  in	  different	  regions	  
on	  a	  single	  wafer	  substrate	  
	  
12k	  pixels,	  with	  only	  1344	  TESs	  read-‐out	  !	  

“Sahara”	  -‐	  Spectral	  Analysis	  with	  High	  Angular	  Resolu0on	  Astronomy	  -‐	  (Mushotzky	  et	  al.)	  



	   	   	   	   	  SMART-‐X	  	  
“Square	  Meter,	  Arcsecond	  Resolu0on	  X-‐ray	  Telescope”	  
	  

SMART-X,

“Square Meter,
Arcsecond Resolution

X-ray Telescope”

Amission concept for a 2.3 m2 e�ective area, 0.5′′ angular resolution X-ray telescope,
with 5′ FOV, 1′′ pixel size microcalorimeter, 22′ FOV imager, and high-througput gratings.

submitted by Alexey Vikhlinin
Smithsonian Astrophysical Observatory

617-495-7044, avikhlinin@cfa.harvard.edu

on behalf of the SMART-X team at
SAO, PSU, MIT, GSFC, MSFC, JHU, Stanford, U.Waterloo, Rutgers, NIST

in response to NNH11ZDA018L

•  2.3	  m2	  effec0ve	  area,	  10	  m	  FL,	  0.5ʹ′ʹ′	  angular	  resolu0on	  X-‐ray	  telescope	  
•  5ʹ′	  FOV,	  1ʹ′ʹ′	  pixel	  size	  microcalorimeter	  
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Microcalorimeter:	  
	  
•  5’	  x	  5’	  
•  50	  µm	  (1”)	  pixels	  -‐	  90k	  pixels	  !	  
•  <	  5	  eV	  energy	  resolu0on	  
•  4x4	  or	  5x5	  Hydras	  
•  Max.	  20	  cps/TES	  count-‐rate	  capability	  
•  Mul0plex	  64-‐128	  TESs	  (CDM	  mul0plexing	  assumed)	  
•  Same	  number	  of	  read-‐out	  channels	  as	  AXSIO	  !	  



For	  the	  60	  m	  focal	  length,	  	  
0.1”	  pixels	  =>	  30	  µm	  pixels	  	  
	  
3’x3’	  =>	  1800x1800	  array	  of	  0.1”	  pixels	  

	  	  	  	  	  =>	  3.24	  x	  106	  pixels	  	  

•  324,000	  posi0on	  sensi0ve	  calorimeters	  
•  	  3x3,	  2x5,	  4x4	  Hydras	  (10	  absorbers	  per	  TES	  previously	  assumed)	  
•  Microwave	  mul0plexing	  of	  SQUIDs	  
•  8	  HEMT	  amplifiers	  
•  Just	  ~	  24	  coax	  cables	  
•  1265	  RF	  SQUIDs	  mul0plexed	  on	  each	  HEMT	  amplifier	  
•  Code	  division	  mul0plexing	  –	  32	  TESs	  per	  SQUID	  readout	  

Distant	  future	  ……????	  
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Observatory	  with	  100	  m2	  Effective	  Area	  
and	  0.1”	  angular	  resolution	  	  



50	  mK	  focal	  
plane	  assembly	  

PhysPAG/X-‐raySAG	  mee0ng	  2012	  

What	  limits	  number	  of	  pixels?	  	  
	  
1.  Number	  of	  amplifier	  channels	  (MUXed	  read-‐out)	  -‐>	  

electronics	  cost	  &	  power	  
2.  Size	  /	  mass	  of	  FPA	  -‐	  ability	  to	  withstand	  launch	  loads,	  

magne0c	  shielding	  
3.  Easy	  ajachment	  of	  pixels	  within	  plausible	  size	  

	  	  (wire-‐bonding) 	  -‐>	  bump-‐bonding	  etc.	  
4.  Number	  of	  stripline	  wires	  between	  pixels	  	  

	  -‐	  in	  planar	  geometries	  (goes	  as	  n/4	  for	  nxn	  array)	  
5.	  	  	  	  Complexity	  of	  wire	  rou0ng	  through	  connec0ons	  
6.  Thermal	  management	  of	  power	  from	  pixels	  and	  read-‐out	  
7.  Use	  of	  Hydras	  etc.	  
8.	  	  	  	  Count	  rate	  requirement	  

Somewhere	  between	  1k	  -‐	  100k	  pixels	  with	  technology	  under	  
development,	  depending	  on	  details	  of	  what	  is	  required.	  	  



PhysPAG/X-‐raySAG	  mee0ng	  2012	  

TRL6	  :	  Integrated	  detector	  system	  	  
•  Mul0plexed	  (6x32)	  read-‐out	  of	  por0on	  of	  full	  composite	  focal	  plane	  array	  	  

	  -‐	  128	  different	  single-‐TES	  pixels	  in	  a	  40x40	  core	  array	  	  	  
	  -‐	  64	  mul0-‐absorber	  TES	  (256	  0.6-‐mm	  pixels)	  of	  a	  full-‐sized	  outer	  array	  	  	  
	  -‐	  Par0cle-‐veto	  integrated	  into	  the	  test	  set-‐up	  

•  Electrical	  and	  thermal	  interconnects	  and	  staging	  approach	  flight-‐worthy	  design	  



PhysPAG/X-‐raySAG	  mee0ng	  2012	  

Working	  towards	  1	  mm	  x	  1	  mm	  pixels	  with	  ~	  1	  eV	  energy	  resolu0on	  up	  to	  1	  keV	  
	  

-‐  XQC	  
-‐  DIOS	  
-‐  ORIGIN	  /	  Xenia	  



GeSng	  to	  TRL-‐6	  vs.	  new	  capabili3es	  
	  
Where	  to	  put	  the	  emphasis	  -‐	  size/	  count	  rate	  ?	  	  
•  250-‐300	  um	  pixels	  ?	  

	   	   	  -‐	  bismuth	  
	   	   	  -‐	  membranes	  

•  Smaller	  pixels	  /	  Hydras	  -‐	  where	  calorimeters	  "work"	  bejer	  ?	  
•  Larger	  pixels	  1mmx1mm	  and	  above,	  ~	  1eV	  res.	  –	  WHIM	  ?	  
•  Read-‐out	  ?	  
•  FPA	  TRL	  ?	  
•  Moving	  towards	  <	  1eV	  ?	  
•  Highest	  count-‐rates	  ?	  

What	  array	  size	  should	  we	  me	  aiming	  for	  ?	  
	  
Astro-‐H 	  36	  pixels	  	  =>	  1k	  …..or	  4k	  ………	  or	  10k	  ……..	  or	  100	  k	  ?	  
	  
	  

	   	   	   	  We	  welcome	  your	  feedback	  on	  emphasis	  !	  
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Conclusions	  
•  Developing/op0mizing	  a	  variety	  of	  pixel	  designs	  for	  future	  microcalorimeter	  array	  types	  

–  Ground-‐breaking	  performance;	  steady,	  consistent	  progress	  
–  New	  detector	  ideas	  regularly	  developed	  
–  Increasing	  TRL	  of	  exis0ng	  technologies	  
–  Moving	  towards	  larger	  arrays	  
	  

•  Thank	  you	  	  X-‐ray	  community	  
–  Microcalorimeter	  scien0sts	  fortunate	  to	  have	  had	  consistent	  funding	  for	  a	  large	  number	  of	  years	  
–  Has	  maintained	  well-‐defined	  goals	  to	  jus0fy	  development	  programs	  	  

•  Strong	  teams	  of	  X-‐ray	  Microcalorimeter	  technologists	  supported	  in	  the	  US	  
–  Strong	  scien0fic	  teams	  built	  by	  Rich	  Kelley,	  Caroline	  Kilbourne,	  Kent	  Irwin,	  Scoj	  Porter	  and	  many	  others	  	  
–  Consistently	  lead	  the	  world	  in	  majority	  of	  the	  key	  areas	  
–  Responsive	  to	  new	  opportuni0es	  to	  work	  with	  X-‐ray	  scien0sts	  throughout	  the	  US	  
–  Embrace	  opportuni0es	  for	  interna0onal	  collabora0on,	  as	  desired	  by	  X-‐ray	  community	  
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Let’s	  build	  a	  mission	  !	  


