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State-­‐of-­‐the-­‐art	
  kilo-­‐pixel	
  arrays	
  of	
  TES-­‐based	
  X-­‐ray	
  microcalorimeters	
  
•  LeA:	
  1024	
  pixel	
  array	
  on	
  300	
  µm	
  pitch	
  
•  Right:	
  1024	
  pixel	
  array	
  on	
  75	
  µm	
  pitch	
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TransiKon-­‐edge	
  Sensor	
  microcalorimeter	
  basics:	
  

Superconductor	
  voltage-­‐biased	
  
	
  in	
  its	
  transiKon	
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140 µm 
Metal	
  stripes	
  for	
  
noise	
  miKgaKon	
  

Bias 
lead 

Membrane	
  

TES:	
  	
  Mo	
  (50	
  nm)	
  /	
  Au	
  (225	
  nm)	
  	
  
Tc	
  ~	
  0.1	
  K	
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Current state-of-the-art: 

32	
  x	
  32	
  array	
  with	
  
300	
  micron	
  pixels	
  

•  Photograph	
  and	
  micrograph	
  images	
  	
  of	
  a	
  prototype	
  32x32	
  array,	
  
•  300	
  µm	
  pixels	
  –	
  of	
  standard	
  pixel	
  type	
  for	
  AXSIO	
  	
  
•  Absorbers:	
  Bi	
  (4.2	
  µm)	
  Au	
  (1.2	
  µm)	
  	
  
•  Athena+	
  to	
  baseline	
  ~	
  3600	
  standard	
  single	
  pixels	
  on	
  250	
  µm	
  pitch	
  (5’	
  FOV)	
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300	
  µm	
  pixels	
  in	
  32	
  x	
  32	
  array	
  achieved	
  
expected	
  energy	
  resoluKon	
  at	
  1.5	
  	
  keV	
  

Older	
  250	
  µm	
  pixels	
  have	
  achieved	
  1.8	
  eV	
  
FWHM	
  energy	
  resoluKon	
  at	
  6	
  keV:	
  	
  

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

Spectrum	
  from	
  fluorescent	
  1.5	
  keV	
  Al	
  Kα	
  X-­‐rays	
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•  Small	
  size	
  =>	
  low	
  heat	
  capacity	
  =>	
  excellent	
  energy	
  resoluJon	
  

•  Use	
  of	
  all-­‐gold	
  absorbers	
  (C	
  not	
  too	
  high)	
  
	
  	
  -­‐>	
  great	
  for	
  reliable	
  fast	
  thermalizaJon	
  &	
  high	
  fill	
  factor	
  

•  High	
  Count	
  rate	
  capability	
  with	
  high	
  Tc	
  versions	
  
•  Solid	
  substrate	
  design 	
   	
  	
  

	
  	
  -­‐>	
  great	
  for	
  heat-­‐sinking/low	
  cross-­‐talk	
  
•  Low	
  sensiKvity	
  to	
  stray	
  power	
  	
  

Small	
  Pixel	
  Development	
  



Absorber:	
  Gold	
  

Bias	
  Leads	
  

•  Best	
  energy	
  resoluKon	
  detecKng	
  6	
  keV	
  x-­‐rays	
  with	
  an	
  energy	
  dispersive	
  detector	
  
•  High	
  count	
  rate	
  capability	
  	
  
•  More	
  demanding	
  read-­‐out	
  requirements	
  

Higher	
  Tc	
  Small	
  Pixels:	
  



Experimentally	
  verified	
  high	
  count-­‐rate	
  capability:	
  	
  
	
  2.6	
  eV	
  [FWHM]	
  at	
  6	
  keV	
  with	
  ~	
  400	
  cps	
  input	
  count-­‐rate	
  
	
  3.6	
  eV	
  [FWHM]	
  at	
  6	
  keV	
  with	
  ~	
  860	
  cps	
  input	
  count-­‐rate	
  

ResoluKon/throughput	
  analysis	
  ongoing	
  
Some	
  degradaKon	
  from	
  noise	
  at	
  low	
  frequencies	
  seen	
  
-­‐  can	
  be	
  reduced	
  with	
  more	
  chip	
  heat-­‐sinking	
  
-­‐  maybe	
  some	
  degradaKon	
  from	
  cross-­‐talk	
  /	
  source	
  gammas	
  
-­‐  astrophysical	
  high	
  count-­‐rate	
  sources	
  	
  
	
  	
  	
  	
  	
  	
  soAer	
  than	
  mono-­‐energeKc	
  6	
  keV	
  source	
  



First	
  sub-­‐eV	
  energy	
  resoluAon	
  result	
  for	
  an	
  
X-­‐ray	
  microcalorimeter	
  –	
  at	
  1.5	
  keV	
  
	
  	
  
•  	
  TES	
  on	
  75	
  micron	
  pitch	
  
	
  
•  Absorber:	
  65µm	
  x	
  65µm	
  x	
  5.0	
  µm	
  
	
  
•  Similar	
  signal	
  speeds	
  /	
  count	
  rate	
  capability	
  

to	
  standard	
  pixel	
  design	
  
	
  =>	
  similar	
  ability	
  to	
  mulKplex	
  this	
  pixel	
  type	
  
	
  =>	
  TRL	
  similar	
  to	
  standard	
  pixel	
  designs	
  

•  Athena+	
  to	
  include	
  10x10	
  sub-­‐array	
  of	
  this	
  
pixel	
  type	
  –	
  to	
  extend	
  up	
  to	
  ~	
  2	
  keV	
  

Lower	
  Tc	
  Small	
  Pixels:	
  



•  32x32	
  arrays	
  of	
  small	
  pixels	
  
•  TES	
  on	
  75	
  	
  µm	
  pitch	
  
•  Compact	
  stripline	
  wiring	
  on	
  4	
  µm	
  pitch	
  
•  Gold	
  absorbers	
  :	
  	
  65µm	
  x	
  65	
  µm	
  x	
  5.0	
  µm	
  

10	
  



Absorber	
  fabricaAon	
  progress	
  –	
  higher	
  filling	
  fracAon	
  

•  Prototype	
  absorber	
  array	
  with	
  9216	
  absorbers	
  (75	
  micron	
  pitch)	
  
	
  
•  4-­‐5	
  micron	
  gap	
  achieved	
  between	
  absorbers	
  (previously	
  10-­‐11	
  microns)	
  

Zoom	
  of	
  four	
  absorbers	
  
showing	
  4.2	
  µm	
  gap	
  	
  



Multi Absorber TES “Hydras” - 1 TES, 4 absorbers 
– increase field of view for a fixed number of read-out channels 

Exponential 
decay after 
spatially variant 
equilibration 
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Hydras	
  with	
  3x3	
  array	
  of	
  65	
  µm	
  
absorbers,	
  5.0	
  µm	
  thick	
  

ΔErms	
  =	
  2.4	
  eV	
  (FWHM)	
  at	
  6	
  keV,	
  Mn-Kα	



225	
  µm	
  



Three-­‐Aered	
  array	
  design:	
  

14	
  

Center:	
  12x12	
  array	
  	
  	
  
	
  -­‐	
  50	
  µm,	
  single	
  absorber	
  

	
  
2nd	
  Ker	
  –	
  48x48	
  array	
  	
  

	
  -­‐	
  50	
  µm,	
  9	
  absorber	
  Hydra	
  
	
  
3rd	
  Ker	
  –	
  48x48	
  array	
  
	
  	
  	
  	
  	
  	
  	
  	
  -­‐	
  100	
  µm,	
  9	
  absorber	
  Hydra	
  
	
  
TES	
  count:	
  576	
  
	
  
Pixel	
  count:	
  	
  4032	
  
over	
  4.8	
  mm	
  square	
  
	
  



Wiring	
  density	
  and	
  rouAng:	
  

.	
  

15	
  

•  Stripline	
  wire	
  pitch:	
  4	
  µm	
  
•  Interface	
  between	
  single	
  pixel	
  and	
  9-­‐Hydra	
  
	
  	
  	
  	
  	
  	
  arrays	
  causes	
  complicaKons	
  in	
  wire	
  rouKng	
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2x2	
  Hydras	
  with	
  250	
  µm	
  absorbers:	


E	
  <	
  6	
  eV	
  FWHM	
  

•  2x3	
  Hydras	
  
•  Image	
  from	
  rear	
  surface	
  

	
  (	
  looking	
  through	
  membrane)	
  
•  300	
  µm	
  absorbers	
  	
  
•  ResoluKon:	
  5.4	
  eV	
  to	
  7.8	
  eV	
  

AXSIO	
  outer	
  array	
  –	
  at	
  least	
  4	
  absorbers	
  per	
  TES	
  



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	
  resoluKon	
  (FWHM)	
  
§  50	
  cps	
  capability,	
  80%	
  throughput	
  
§  624	
  TESs	
  

§  Outer	
  envelope	
  –	
  2x2	
  Hydra	
  
§  <	
  6	
  eV	
  resoluKon	
  (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	
  resoluKon	
  (FWHM)	
  
•  80%	
  event	
  throughput	
  at	
  300	
  cps/pixel	
  
•  256	
  TESs	
  

Total	
  =	
  1120	
  TESs	
  

1.6’	
  
0.4’	
  

AXSIO	
  concept	
  /	
  “N-­‐Cal”	
  concept	
  –	
  streamlined	
  TES	
  number	
  

X-­‐ray	
  Sag,	
  Monterey,	
  2013	
  	
  

4.0’	
  



AnA-­‐Coincidence	
  Detector	
  

cosmic	
  rays,	
  secondary	
  electrons,	
  protons	
  

anK-­‐co	
  

microcalorimeter	
  
array	
  

Needed	
  to	
  reject	
  background	
  interacKons	
  

•  TES:	
  250	
  µm	
  x	
  2	
  µm	
  	
  
•  Each	
  TES	
  connected	
  to	
  10	
  (Al)	
  phonon	
  collecKon	
  fins	
  300	
  µm	
  x	
  50	
  µm.	
  
•  InteracKon	
  in	
  silicon	
  anK-­‐co	
  crystal	
  	
  

	
  -­‐>	
  ballisKc	
  phonons	
  	
  
	
  -­‐>	
  breaking	
  cooper	
  pairs	
  in	
  fins	
  on	
  surface	
  	
  

	
  	
  	
  	
   	
  -­‐>	
  diffusion	
  to	
  TES	
  to	
  produce	
  signal	
  
•  Technology	
  approach	
  based	
  on	
  dark	
  maxer	
  detector.	
  

Si	
  
Al	
  fin	
  

Current	
  
TES	
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•  121	
  TESs	
  on	
  11x11	
  grid,	
  each	
  250	
  µm	
  x	
  2	
  µm,	
  each	
  	
  
•  Connected	
  in	
  parallel	
  to	
  a	
  single	
  SQUID	
  readout.	
  	
  
•  Chip	
  1.5	
  cm	
  x	
  1.9	
  cm	
  x	
  0.3	
  mm	
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•  Successful	
  fabricaKon	
  and	
  operaKon.	
  
•  Signal	
  decay	
  Kmes	
  <	
  50	
  µs.	
  
•  SensiKvity	
  threshold	
  below	
  1	
  keV	
  

-­‐	
  well	
  below	
  level	
  of	
  minimum	
  ionizing	
  parKcles	
  (~120	
  keV).	
  



Paramagnetic sensor 
(MMC) coupled to SQUID 
magnetometer 

�M =
@M

@T
�T =

@M

@T

�E

C

ParamagneKc	
  sensor:	
  Au:Er	
  

M / 1
T

MagneAc	
  Calorimeters	
  (MMC)	
  &	
  MagneAc	
  PenetraAon	
  Thermometer	
  (MPT)	
  Microcalorimeters	
  



ΔEFWHM=	
  2.3	
  eV	
  

!"#$%&'()� 7".,/.)5,/0=./

4"/,=&#,> !-,'.60?>Best	
  magneKcally	
  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:	
  

•  PotenKal	
  for	
  the	
  very	
  highest	
  energy	
  resoluKon	
  	
  
	
  (no	
  Johnson	
  noise)	
  

•  Non-­‐dissipaKve	
  nature	
  =>	
  larger	
  array	
  sizes	
  
might	
  be	
  possible	
  

•  Can	
  be	
  directly	
  connected	
  to	
  metallic	
  heat	
  sink	
  
–	
  	
  reducKon	
  of	
  thermal	
  crosstalk	
  

The	
  bad:	
  
•  Hardest	
  to	
  technology	
  to	
  read	
  out	
  and	
  mulKplex	
  with	
  

a	
  non	
  microwave	
  read-­‐out	
  scheme	
  
	
  

	
  	
  	
  
Co

un
ts
	
  



MagCal	
  Hydras:	
  

Best	
  resoluKon	
  for	
  any	
  Hydra	
  detector	
  of	
  
“standard-­‐size”	
  at	
  6	
  keV	
  (GSFC)	
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the SQ1 this corresponds to 5.2
q

2k
B

T
c

Al

L
tot

1
M

in,1
= 0.05�0.

This is a significant variation but unlikely to be the dominant
contribution in our measurements.
b) A different amount of flux accumulated in the SQUID
loop during the temperature sweep. The variation of the total
amount of flux accumulated in the SQ1s for different pixels
depends not only on the uniformity of the temperature sensors,
but also on the uniformity of the total inductance of the readout
loop consisting of the MCC inductance LMCC, the inductance
of the input coil of the SQ1 Lin,1 and the stray inductances
Lstr. The flux generated in SQ1 for a given flux change in the
pickup loop LMCC is given by ��

SQ1

��
MCC

= M
is

L
MCC

+L
in,1+L

str

,
where Mis is the mutual inductance between the input coil and
the SQUID loop of SQ1. For our setup a variation of 0.5 nH
in stray inductance thus can lead to a variation in the flux
coupling factor of up to 10%. For a typical detector response
this can result in flux offsets in SQ1 of approximately 0.1�0

to 1,�0.
c) A residual magnetic field gradient across the SQUID loops
or across any other stray area within the experimental setup
can also lead to different working points on the V � �–
characteristics.
Focussing on b) and c), future designs will consider more de-
tailed aspects, e.g. moving to a novel type of SQ1s developed
at PTB [20] will result in a reduced field sensitivity by up
to a factor of 5. At the same time these SQUIDs feature a
lower input sensitivity and thus provide a wider linear regime
for choosing an adequate working point. Furthermore, a more
uniform pixel design especially regarding the stray inductance
by on chip leads will need to be considered.

While multiplexing four pixels, several X-ray spectra were
acquired. At a bath temperature of T = 52mK (600µV) the
best achieved int. NEP for one of the pixels was 6.1 eV at
an X-ray energy of 1.5 keV and 6.5 eV at an X-ray energy
of 5.9 keV. The spectral resolutions for both energies were
�EFWHM = (8.3± 0.2) eV and �EFWHM = (9.2± 0.2) eV,
respectively. All spectra showed some additional broadening
in the low energy part of the lines.

The same detector pixel was operated in the classical single
pixel mode and showed an int. NEP of 2.7 eV and 4.0 eV
for 1.5 keV and 5.9 keV X-rays, respectively. The respective
spectral resolutions were �EFWHM = (3.3 ± 0.1) eV and
�EFWHM = (4.4± 0.2) eV, where the spectra also exhibited
a tail towards the low energy side of the MnK↵ complex.

2) Noise performance and Scalability: AS we have dis-
cussed before the limiting noise source in case of MCCs
usually is the SQUID readout noise. As time domain mul-
tiplexing introduces aliased noise and this increased noise set
the limit for the first multiplexing results presented above,
the characterization of the noise performance of the system is
crucial to optimize the components and to find the ultimate
limitation of this approach. The results presented above show
a degradation of the system performance and suggests that
the white noise level of the SQMUX needs to be reduced
in order to reduce the multiplexing penalty. As the flux
noise of series SQUID scales as

p
1/NSQ, where NSQ is

the number of SQUIDs in the series array, increasing this
number allows the system performance to be improved. In a

second set of measurements we replaced the 16-SQUID series
array with a 64-SQUID series array to reduce the SQMUX
noise contribution by a factor of two. This setup did not
provide switching capabilities so effectively only one pixel
was read out, but utilized all other aspects of the multiplexing
readout scheme. In our measurements presented below, we
show that the SQ2 noise dominates and that we observe the
expected noise scaling behavior. Fig. 5 shows the integrated
NEP obtained as a function of NMux and shows that increasing
the number of multiplexed pixels from 2 to 16 only degrades
the integrated NEP from 3.7 eV to 5.1 eV. We conclude that
the 2nd stage SQUID noise is still the limiting noise source
and that the white noise level scales as expected. Consequently,
the integrated NEP scales as /

p
NMux (see fit in Fig.

5). The graph also includes results of detector modeling of
the integrated NEP (red triangles) using measured detector
properties and reasonable estimates for system parameters.
The good agreement with the modeled data provides further
confidence in the multiplexing concept. Note, that the MCC
devices that were tested did not show optimal sensitivity. Using
detector parameters that have shown to be achievable [13], we
can model the performance of a multiplexed detector system.

More predicted integrated NEP data are shown in Fig. 5 for
detectors operated at 50mK and read out with series arrays
with NSQ = 64. The open green circles represent results
assuming an absorber of dimensions 750 ⇥ 750 ⇥ 0.3µm3

made of gold, a thermal conductance to the bath of g =
1.25 nW/K, and a flux gain of G� = 1.0. The open black
squares represent results for an absorber of

p
1.5 smaller

area 500 ⇥ 500 ⇥ 0.3µm3 a five time lower thermal link
to bath of g = 0.25 nW/K and a flux gain of G� = 1.5
increasing the signal to noise ratio at low frequencies and
showing the potential of reaching the �EFWHM ' 1 eV even
at NMux = 16.

Fig. 5. Measured integrated NEP as a function of N
Mux

. Only one pixel
is physically connected. There is no switching but the pixel is only read out
for the fraction of the time that is associated with N

Mux

.

MCC	
  Ame	
  division	
  mulAplexing	
  now	
  demonstrated:	
  



•  The	
  Weiner	
  (opKmal)	
  filter	
  assumes:	
  
–  StaKonary	
  noise	
  (not	
  changing	
  through	
  pulse)	
  
–  Linear	
  response	
  (pulse	
  shape	
  same	
  for	
  all	
  

energies)	
  
•  Correct	
  for	
  correlaKons	
  of	
  filtered	
  pulse	
  height	
  with:	
  	
  

–  Pulse	
  arrival	
  Kme	
  (trigger	
  jixer)	
  
–  DC	
  TES	
  current	
  level	
  (“baseline”)	
  –	
  (temperature)	
  
–  DriAs	
  in	
  Kme	
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Signal	
  processing	
  techniques	
  

OpKmal	
  filtering:	
  



Signal	
  processing	
  techniques	
  

•  Non-­‐linear	
  gain	
  curve	
  
-­‐  Non-­‐linear	
  transiKon	
  curve	
  
-­‐  Non-­‐linear	
  read-­‐out	
  circuit	
  
	
   	
   	
  =>	
  Pulse	
  shape	
  changes	
  with	
  energy	
  

•  Non-­‐StaKonary	
  Noise	
  



OpKmal	
  filter	
  in	
  current	
  space:	
  	
  3.2	
  eV	
   Principal	
  component	
  analysis:	
  	
  1.6	
  eV	
  



Conclusions	
  
•  Developing/opKmizing	
  a	
  variety	
  of	
  pixel	
  designs	
  for	
  future	
  microcalorimeter	
  array	
  types	
  

–  Ground-­‐breaking	
  performance;	
  steady,	
  consistent	
  progress	
  
–  Moving	
  towards	
  larger	
  arrays	
  
	
  

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