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Suggested	Lynx	microcalorimeter	requirements	
for	ini6al	study		

•  Pixel	size:		1”	
•  Field-of-View:	At	least	5’	x	5’	
•  Energy	resoluLon	[FWHM]:		<	5	eV	
•  Count	rate	capability:	<	1	count	per	second	per	pixel	
•  For	a	focal	length	of	opLc	of	10	m,	1”	corresponds		
		to	50	µm	pixels	

	
	 							5’	field-of-view	with	1”	pixels	requires	a	nominal	 		
	 	 	 	300	x	300	array	=>	90,000	pixels	



Transition-edge Sensor microcalorimeter basics: 

Superconductor	voltage-biased	
	in	its	transiLon		
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“Small-pixel”	TES	microcalorimeter	
design	:	on	solid	substrate	

Fine pitch transition-edge sensor X-ray microcalorimeters with 0.7 eV energy
resolution at 1.5 keV
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We have developed arrays of X-ray microcalorimeters on a 50-µm pitch that utilize transition-edge sensors
(TESs). 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 0.7 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 full characterization of this device including
thermal conductance to the heat bath, heat capacity, 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. 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 superconducting-to-normal
transition temperature (T

c

) by the vertical proximity ef-
fect4 to approximately 0.1 K at very low excitation cur-
rent (⌧ 1 µA). Measured critical current (I

c

) of the TES
as a function of temperature is shown in Fig. 1(c). The
TES behaves as a superconducting weak-link between the
Nb leads and exhibits superconductivity above 120 mK,
far beyond its intrinsic transition temperature, due to the
longitudinal proximity e↵ect5.

When biased within the sharp transition, the resistance
of the TES becomes highly sensitive to a small temper-
ature change, making it a very sensitive thermometer.
The circuit for biasing and reading out the TES is shown
in Fig. 1(d). A constant current I

b

is applied to the
TES and an input coil (L) of a DC-SQUID in parallel
with a shunt resistor (R

s

= 0.2 m⌦). When an X-ray
stops in the absorber, its energy raises the temperature

a)NASA Postdoctoral Program Fellow at Goddard Space Flight
Center, administered by ORAU through a contract with NASA.
E-mail: sangjun.lee@nasa.gov
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FIG. 1. (Color online) (a) SEM image of the array. (b)

Schematic diagram (not to scale). The absorber on the lower-

left pixel is removed for clarity. (c) Measured Ic versus tem-

perature. (d) Read-out circuit diagram.

of the TES that is in a strong thermal coupling with the
absorber, and the TES returns to its quiescent temper-
ature 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 current change in the
TES induced by the resistance change.
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. Such a geome-
try prevents absorbers from shunting the current flowing
through the TESs, and also allows for space for leads to
route, which otherwise would require large gap between

Absorber:	Gold	

Bias	Leads	

Lynx requires pixels on small pitch 



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 



Hybrid	array	designs	
with	small	pixels:		

Outer tier 100 µm 3x3 hydra 
 

Inner tier 50 µm 3x3 hydra 
 

Core array 50 µm single pixel 



20’	

5’	

1’	 0.5’	

Enhancement	op6on	3:	
Extended	array	
-  5”	pixels	
-  Up	to	2	keV	
-  ~	1	eV,	5	cps/5”	
-  Read-out	has	63%	more	channels	
-  Hydras	with	1”	pixels	possible,	but	

read-out	~5	Lmes	as	hard	as	5”	pixels,	
and	implies	1.4	mega-pixels!	

Main	array	
-  1”	pixels,	5’	FOV	
-  ~	3	eV,	20	cps/hydra	(5”)	
-  up	to	7	keV	(higher	energy	range	

in	different	operaLng	mode).		

Enhancement	op6on	1(a):	
High-res	inner	array	
-  0.5”	pixels,	1’	FOV	
-  ~	1.5	eV,	20	cps/hydra-25	(2.5”)	
-  up	to	7	keV		
-  48%	harder	to	read-out	

Enhancement	op6on	2:	
High	res.	array	
-  1”	pixels,	30”	FOV	
-  0.3-0.4	eV	(up	to	~	0.75	keV)	
-  Non-linear	signal	analysis	will	

determine	energy	resoluLon	up	
to	2	keV	

-  Count	rate	~		75	cps/1”	
-  25%	harder	to	read-out	

Enhancement	op6on	1(b):	
High-res	inner	array	
-  0.5”	pixels,	1’	FOV	
-  ~	2	eV,	50	cps/hydra-4	(1”)	
-  up	to	7	keV	(?)	
-  many	Lmes	harder	to	read-out	
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Sketch of Focal Plane 

Source: adapted from sketch 
provided by Alexey 

Looking down onto the focal 
plane, along the optical axis. 

20cm 
diameter 
vacuum 
enclosure, 
20 cm 
high. 

42 cm from 
optical axis 

30 cm 
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Gratings readout is not on 
translation stage 

Input x-ray 
window 

Note: calorimeter dewar is 
about 1 meter high, 75 cm 
diameter. X-ray focus is in 
the middle. 

Calorimeter 
dewar 

7 x 7 cm 
CMOS 

Schematic of focal plane layout (TBR): 
Schematic of focal plane layout: 



Out of date block diagram  
– needs to be updated for microwave read-out, 
continuous ADR, & potentially multiple cryocoolers. 

Calorimeter	Front	
End	Elec	(FEE)	

(Parallel	chains	for	each	
half	of	the	FPA)	

Calorimeter	Digital	
Electronics	&	Event	
Processing	(DEEP)	

	

	
Cryocooler	

Drive	
Electronics	

ADR	Control	
Electronics	
(ADRC)	

LHP	
condenser	

Cryocooler	

cold	head	

X-rays	

Filter	wheel,	MXRS,	&	Mechanism	

Main	Electronic	Box	
	

-  LVPS	
-  Power	Switching	&	DistribuLon	(PDU)	
-  Single	Board	Computer	(SBC)	
-  Digital	I/O	
-  Housekeeping	(analog	input)	
-  FW	Stepper	Drive	

S/C	C&DH	
Cryostat	

Vent	door		
(not	required	for	
mission	success)	

S/C	Power	

Science	Data	

(S/C	one-Lme	actuaLon)	

ADR	Stage	2		(0.6K)	

ADR	Stage	1	

ADR	Stage	3	(1.3K)	

0.6-1.0	K	

4.5	K	

50	mK	

18	K	(1/3	of	blanket	mass	here)	

75	K	(2/3	of	blanket	mass	here)	

260-300	K	

AnLco	detector	

Microcalorimeter	

HEMTs	
&	maybe		
para	-amps	

filters	

Microwave	SQUID	
mulLplexer	

Aperture	Door	
w/	redundant	

release	

FPA	

MXRS HV Drive
(redundant)	

Aperture	
Cylinder	&	
op	htr	

Op	
Htrs	

Ground	servicing	ports	

Flying-GSE	µvalve	

Subassembly		

	
Cryocooler	

Drive	
Electronics	

Redundant	

Subassy		

Heat	Pipe	to	
radiator	

Cryocooler	Compressors	

MulLple	
LocaLons	

S/C	furnished	
survival	power	

Lynx	Block	Diagram:	



X-ray	µ-calorimeter	array	

Typical X-ray Microcalorimeter Instrumentation 
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What	are	the	tallest	poles	for	making	larger	microcalorimeter	
instruments	such	as	are	desired	for	Lynx?		
	

1.   Development	and	fabrica6on	of	read-out	
-  Large	number	of	TESs	to	read	out	within	the	system	constraints	
	

2.	Fabrica6on	of	arrays		
	-	Complexity	of	fabricaLng	arrays	with	sufficient	number	of	pixels,	good	enough	energy	

resoluLon,	small	enough	pitch,	sufficient	heat-sinking,	and	reliable	wiring	to	amplifiers.	
	

3.	Cryogenics	
	-	AccommodaLng	heat	loads	from	low	temp.	read-out	&	wiring	–	SQUIDs	and	HEMTs.	

	

4.	Hydra	design	
	-		DiscriminaLon	between	pixels	of	X-ray	events	Hydras	down	to	very	low	energies.	

	
5.	High	throughput	filters	

	-	Many	X-rays	<	1	keV,	where	IR	blocking	filter	transmission	affected	by	filters.	
	

5.	Ease	of	calibra6on.	
	

6.	Adequate	high-yield	contacts		
	-	Bump	bonding	between	detector	chip	&	low-temperature	read-out.		
	

7.	Flight	qualified	room	temperature	electronics		
	-	Power	load/cost	from	large	number	of	electronics	channels	-	ASICs	

	

8.	Complexity	of	FPA	design,	and	integra6on	of	GHz	technologies.	
	-	Flex	designs,	coax	designs,	packaging,	connectors	



Possible	Lynx	CAN	topics:	

•  Cryostats	&	Cryocoolers	
•  AdiabaLc	demagneLzaLon	refrigerators	

•  Technology	for	efficient	IR/opLcal/UV	blocking	filters	with	
maximum	sov	(E	~	0.2	keV)	X-ray	transmission	

•  Low-noise,	low-power	High	Electron	Mobility	Transistors	

•  Parametric	amplifiers	
•  MulL-channel	GHz	cabling	and	packaging	

•  ApplicaLon-specific	integrated	circuits	(ASICs)	
	



Cryostats	&	Cryocoolers	
	
•  Cryostats	need	to	minimize	of	mass/power/cost	&	have	high	

reliability.	
	-	Feasibility	of	puwng	graLngs	detector	as	close	to	on-axis		
				as	possible.		
	-	Could	the	edge	of	graLngs	read-out	be	~	42	cm	from	central		
				opLcal	axis?		

	
•  Cryocoolers:	

	-	How	much	redundancy	is	required?		
	-	How	much	does	redundancy	add	to	reliability?		
	-	If	more	than	one,	how	many	required	in	to	conLnue	

operaLon	if	one	fails?	
	-	Cooling	power	likely	needed	~	10-40	mW	at	~	4K	(TBR)	

	
	
	

Adiaba6c	Demagne6za6on	Refrigerators	-	ADR’s	
	

•  ConLnuous	ADRs	needed	capable	of		~	5	uW	of	cooling		
						at	50	mK,	with	next	heat-sink	at	300	mK-2K.	

		
	=>	2.5	uW	available	of	cooling	power	at	50	mK	



OVCS	filter	

x-
ra
ys
	

Astro-H SXS Dewar optical blocking filters

DMS	filter	

IVCS	filter	DA	Lid	filter	CTS	filter	
14	

IR/UV/OpLcal	blocking	Filters	–	would	like	much	bexer	than	Astro-H!	



Si	filter	mesh	filters	needed	

15	



Need	to	try	to	develop	thinner	filters	to	increase	soY-band	
x-ray	transmission	

•  Astro-H	SXS:			
–  5	filters,	385	Al	/	488	poly,	3	Si	meshes	

•  XQC	Sounding	Rocket:		
–  6	filters,	120	Al	/	270	poly,	4	meshes	

•  Athena	XIFU	(baseline):	
–  5	filters,	150	Al	/	225	poly,	5	meshes	

•  Lynx?		
–  Large	diameter	–	arrays	could	be	6	cm	x	6	cm!	
–  Each	filter	~10nm	Al	/	20	nm	poly.	Limited	by	~few	nm-thick	oxide	on	filters;	challenge	

fabricaLon	experts	to	inhibit	oxidaLon	so	we	can	use	thinner	Al.		
–  5	or	more	filters,	50nm	Al	/	100	nm	poly	
–  Use	Al	meshes	?		
–  Waveguide	Cutoff	Filters	

•  3-to-1	raLo	explored	at	GSFC	
•  ½-to-1	raLo	explored	at	U	Wisconsin		
•  Easier	for	low	T,	but	300K	radiaLon	is	difficult	
	

•  Low-Temperature	FW	with	baffling?	
–  At	1–4K	stage,	use	stepper	motor	with	superconducLng	leads	
–  Would	need	>15cm	diameter	clearance	for	FW,	since	filter	diameter	would	need	to	be	~6	cm	

diameter	
16	



Read-out		-		Microwave	(GHz)	SQUID	Resonators	

HEMT	
amplifier	
(High-electron-
mobility	transistor)	

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

•

•



RF	flex	circuit	cabling	for	Lynx	

Goal:	High-density,	low-loss,	low		thermal	
conduc6vity	RF	lines	
	
Superconduc6ng	flex	circuits	offer	path	to	
density	and	thermal	requirements	

Rev.	Sci.	Inst.	83,	086105	(2012)	High-frequency	connectorized	transmission	flex	
	

	Technology	 Heat	load	per	conductor	(nW)	

4	K	to	.6	K	 2	K	to	.6	K	 .6	K	to	.05	K	

.085	NbTi	coax	 7600	 950	 30	

.047	NbTi	coax	 2100	 270	 8.5	

PhBr	microstrip	 630	 150	 15	

SnPb-plated	PhBr	
microstrip	

≤6000	 ≤500	 ≤30	

NbTi	microstrip	 180	 28	 1.8	

Ti6Al4V	microstrip	 140	 38	 2.0	

•  Goal:	Flexible	4-8	GHz	
transmission	lines	that	connects	
50	mK	TES	to	2-4	K	HEMTs	

•  Typically	use	semi-rigid	
miniature	superconducLng	coax	
cables	with	SMA	connectors	à	
limits	number	of	read-out	
channels	

•  Must	limit	heat	inflow	into	the	
50	mK	detector	to	a	few	
microwaxs	

	



RF	connectoriza6on	
•  Low	temperature	operaLon	needed	
•  High	density	needed	
•  Rugged	
•  Integrated	with	mulLple	coaxial	wwires/flex	

•  Spring	contacts?	
•  Integrated	with	flexes?	



Commercial	HEMTs	sufficient	for	many	
applicaLons	
Example:	Low	Noise	Factory	HEMT		

•  Compact	(25	x	21	x	3.5	mm)	and	
stackable	

•  Noise	temperature	<	2	K	
•  40	dB	gain	over	4-8	GHz	
•  4	mW	power	dissipaLon		
•  3	stages	at	4	K	
•  Can	make	lower	power	HEMTs?	
•  Different	stages	at	different	temps?	

	
	
	

Packages	is	mulLple	HEMTs	desirable	
•  Example	of	4	K	module	with	mulLple	

HEMTs	shown	right.	
•  Very	low	power	Parametric	Amplifiers	

suitable	for	typical		microwave	SQUID	
powers	also	an	opLon.	

HEMTs		for	Lynx	



ASICs		for	Lynx	

ASICs
Digital and Mixed-Signal
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Digital and Mixed-Signal custom, 
semi-custom, off-the-shelf designs 
with Cobham Gaisler IP

Guaranteed radiation performance

QML-V, QML-Q, QML-Y, military, 
medical, industrial grades

Category 1A Trusted Accreditation

          Cobham Semiconductor Solutions 
Cobham.com/HiRel

FEATURES 
� Cobham UT90nHBD ASIC offering 
� RHBD multi-Vt cell and IO library 
� Compatible with Virtex-5QV 1752LGA CN/CF 

package 
� Multiple pre-defined die frames and package 

substrates supporting up to 50 million equivalent 
2-nand gates 

� :ith AlSiC heat sink, Theta -C �0.15 CÛ/: 
� Support for MIL-STD-123 screened 0402 

decoupling capacitors 
� Support for solder columns 
� Proven development methodology using existing 

QML ceramic  
� Daisy chain package available for board 

development 
� SEU / Soft Error Immune 3.125Gbps SERDES IP, 

pin for pin, protocol compatible with Virtex-5QV, 
up to 32 SERDES RX/TX lanes 

� Commercial and SEE hardened memory 
compilers  

OPERATIONAL ENVIRONMENT 
� Temperature Range: -55°C to +125°C 
� Total Ionizing Dose: 100 krad(Si) 
� SEL Immune: <110MeV-cm2/mg 
� SET Rate: 5.3x10-3 events/device-day 

APPLICATIONS 
� QML-Y FPGA to ASIC conversions 
� QML-Y System on Chip (SoC) ASICs 
� Commercial and Military Space products 

INTRODUCTION 
FPGA’s allow for fast prototype time, but are expensive 
flight parts that have degraded speed performance over 
an ASIC solution.  Cobham’s ASIC solution allows you to 
port your FPGA design into an ASIC in record time using 
our pin-compatible package and FPGA conversion 
framework.  Our ASIC’s offer cost savings over your 
current FPGA, contain up to 5x the functionality of a 
single Virtex-5QV, with enhanced speed performance.  

The UT1752FC FPGA-to-ASIC product provides a path to 
create a Virtex-5QV FPGA pin-for-pin and functionally 
equivalent QML Class-Y 90nm ASIC. The UT1752FC 
FPGA-to-ASIC product consists of five elements:  
- Pre-defined set of Cobham UT90nHBD ASIC die frames 
with existing ceramic 1752 LGA substrates 
- QML certified UT90nHBD ASIC development 
methodology 
- QML Class Y certified flip-chip assembly flow with 
support for AlSiC heat sink, MIL-PRF-123 0402 
capacitors, and solder column attach 
- Pre-defined production test and burn-in hardware 
- 1752 LGA daisy chain package with solder column 
option 

Application Specific Integrated Circuit (ASIC)

UT1752FC FPGA-to-ASIC
Product Brief 
Cobham.com/HiRel 
September 1, 2016 

The most important thing we build is trust 
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•  Need	rad-hard,	high-performance,	low-power	
ASICs	to	read	out	large	array	of	GHz	HEMTs	

•  Including	DACs,	ADCs,	FPGAs	
•  What	will	be	available	10	years	from	now?	
•  Need	to	esLmate	performance/cost/power	etc.	


