
•  Programma'c	updates	–	Microcalorimeter	IWG	subgroup	
•  Technical	updates	
•  Trades	
•  Example	op'ons	
•  Discussion	of	Lynx	microcalorimeter	science	drivers	

Revealing	
the	

Invisible	
Universe	

Options for the Lynx X-ray 
microcalorimeter “Whiskers”

Lynx 4th face-to-face meeting
Huntsville, April 7th, 2017

Simon	Bandler	–	X-ray	microcalorimeter	group	at	NASA/GSFC	



New	Lynx	Microcalorimeter	IWG	sub-group	has	been	formed:	
	
1.  Simon	Bandler	-	GSFC	-	Co-chair	 	 	 	 	 	 	-	Detectors	
2.  Enectali	Figueroa-Feliciano	-	Northwestern	-	Co-chair	 	 	-	Detectors-science	interface	
3.  Joel	Ullom	–	NIST	 	 	 	 	 	 	 	 	 	-	Read-out	
4.  Dan	Swetz	–	NIST	 	 	 	 	 	 	 	 	 	-	Read-out	
5.  Vincent	Kotsubo	–	NIST	 	 	 	 	 	 	 	 	-	Cryogenics	
6.  Jeffrey	Olson	-	Lockheed	Mar'n	 	 	 	 	 	 	-	Cryogenics	
7. Megan	Eckart	–	GSFC	 	 	 	 	 	 	 	 	-	Read-out	
8.  Stephen	Smith	–	GSFC	 	 	 	 	 	 	 	 	-	Detectors	
9.  Kent	Irwin	–	Stanford	 	 	 	 	 	 	 	 	-	Read-out	
10. Mike	DiPirro	–	GSFC	 	 	 	 	 	 	 	 	-	Cryogenics	
11. Stephen	Kuenster	–	Stanford	 	 	 	 	 	 	 	-	Read-out	
12. Dan	McCammon	–	Wisconsin		 	 	 	 	 	 	-	Detectors	
13. Doug	Benne^	–	NIST	 	 	 	 	 	 	 	 	-	Read-out	
14. Kazuhiro	Sakai	–	GSFC	 	 	 	 	 	 	 	 	-	Read-out	and	data	processing	
15. Doug	Swartz	-	NASA/MSFC	 	 	 	 	 	 	 	-	Program	office	oversight	
16. Ben	Zeiger	–	Luxel		 	 	 	 	 	 	 	 	-	IR	blocking	filters	
17. Kevin	Ryu	-	MIT	Lincoln	Laboratories	 	 	 	 	 	-	Suppor'ng	technologies	



Telecon	schedule:	
	

1.  Introductory	telecon 	 	 	 	 	 	 	 	 	 				 	 	-	March	13th,	2017	
-	Introduc'ons	to	working	group	members	
	-	Overview	of	Lynx		
	-	Status	of	Lynx	requirements		
	-	What	are	the	tallest	poles?		
	-	Review	of	plans	for	this	IWG	sub-group	and	telecon	topics		

	

2.	Discussion	of	op'ons/capabili'es	of	the	microcalorimeter	focal	plane	array						 	 	 	 	–	April	5th,	2017					
				-	basic	detector	design	op'ons	&	parameters	needed	to	set	read-out	requirements		
				-	fabrica'on	approaches		
				Possible	sub-topic	that	may	require	separate	discussion/telecon:		
				-	telescope	poin'ng	and	dithering:	requirements		
				-	what	effec've	angular	resolu'on	is	possible	based	upon	use	of	dithering	techniques		
				-	other	spacecrah	requirements		

	 	 	 		

3.	Discussion	of	the	read-out	op'ons/capabili'es	 	 	 	 	 	 	 	 	 	–April	10-14th	
				-	CDM	op'on		
				-	microwave	SQUID	mul'plexer	op'on		
				-	other	read-out	op'ons		
				-	cryogenic	requirements		
				-	plan	for	Lynx	read-out	baseline		
				-	iden'fy	and	rank	tallest	poles	for	the	read-out		

	 	 		

4.	Poten'al	mechanical	designs	of	focal	plane	assembly	&	other	cryogenic	components. 	 	 		–		April	24-28th					
				-	magne'c	shielding	and	environment	requirements		
				-	FPA	design		
				-	amplifier	design		
				-	what	cabling	&	packaging	op'ons	exist/need	to	be	developed		
				-	what	is	the	basic	envelope	of	the	package		
				-	filters	



5.	Discussion	on	cryogenics	 	 	 	 	 	 	 	 	 	 	-	May	2017	
				-	basic	approach	op'ons	to	cryostat	design,	to	meet	read-out,	size	and	mass	requirements		
				-	how	much	redundancy	is	required?		
				-	review	of	Athena-X-IFU	cryostat	design,	IXO	cryostat	design,	as	well	as	cryostats	for	other	missions		
				-	basic	plan	for	the	number	of	cryogenic	models/systems	within	program		
				-	process	for	es'ma'ng	mass	and	cost		

	 	 		
6.	Flight	electronics	for	reading	out	instrument	detectors	&	data	processing.	 	 	-	May	2017	
				-	what	are	the	processing	requirements		
				-	how	to	adapt	to	ever	evolving	of	read-out	electronics	developments		
				-	ini'al	es'mates/thoughts	on	how	this	might	be	done		
				-	process	for	es'ma'ng	the	mass	and	power	of	the	electronics,	and	output	data	rates		

	 	 		
Other	ac'vi'es:		
	
7.	GSFC	Instrument	Design	Laboratory:	Wednesday	June	21st	->	Tuesday	June	27th	

	-	June	6th	–	Pre-work	mee'ng	
	-	all	welcome.	Please	contact	me	if	you	are	interested	in	par9cipa9ng!	
	-	feeds	into	current	Marshall	ACO	mission	study	ending	July	2017.	
	-	feeding	into	Decadal	studies	interim	report	at	end	of	2017.		

	
Later:	
8.	Establish	more	detailed	baseline	and	goal	instrument	requirements.		
9.	Develop	TRL	defini'ons	and	es'mate	of	'metable	for	evolving	to	TRL-6	by	PDR.		
10.	Develop	and	iterate	technology	development	plan.		

	 	Full	study	ends	in	2019	–	exact	dates	under	review	



Suggested	Lynx	microcalorimeter	requirements	
for	ini9al	study		

•  Pixel	size:		1”	
•  Field-of-View:	At	least	5’	x	5’	
•  Energy	resolu'on	[FWHM]:		<	5	eV	
•  Count	rate	capability:	<	1	count	per	second	per	pixel	
•  For	a	focal	length	of	op'c	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	



Current	rough	guess	at	improvements	most	desired	for	beCer	science	return	
for	Lynx	microcalorimeter:	
	
1.	Smaller	pixel	pitch	closer	to	~	0.5”	

	–	at	least	in	some	sub-region	of	0.5	–	1’,		
	-	preferably	in	whole	array	but	less	needed	in	out	regions	

	

2.	Be^er	energy	resolu'on	
	-	Making	the	smaller	pitch	Hydras	will	likely	improve		
				the	energy	resolu'on.	

	

3.	Improvement	in	filter	throughput	at	low	energies	(0.1	–	1	keV)	–	to	be^er	see	X-rays	
from	the	high	red-shih	Universe.		

	-	not	willing	to	sacrifice	area/response	1-10	keV.	
	-	F-number	of	telescope	is	~	3.3	

	
4.	Increasing	the	field	of	view	
	
5.	Increasing	dynamic	range	from	~	10	keV	to	~	15	keV		
					or	higher.	
	
6.	Being	able	to	accommodate	higher	count	rates		
			than	currently	assumed.	
	
	
	
	
	
	
	



Transi'on-edge	Sensor	microcalorimeter	basics:	

Superconductor	voltage-biased	
	in	its	transi'on		
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•  Slope	of	this	line	is	called	the	“slew	rate”	
•  Higher	slew	rates	are	harder	to	read	out		
							(require	more	bandwidth)		



Single pixel TESs under investigation – 25-35 µm pitch: 
10 x 10 Array on 35 micron pitch 

AMD September, 2015 

SOLAR-E Wafer #3 

0.5 Pm 2nd conductor patterned. 
Ready for continuity testing. 
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Image	(FIB)	of	7	um		TES:	

Fine pitch transition-edge sensor X-ray microcalorimeters with 0.75 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) 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 (T

ci

) 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 T

ci

, 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 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 is stopped in the ab-
sorber, its energy raises the temperature of the absorber

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. (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 T

0

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

12x12	array	of	pixels	on	50	um	pitch:	 32x32	array	of	pixels	on	75	um	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 

Also	works	with	MCCs	
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to the pulse rise time and requires more complex discrimination than a simple one-pole rise time 
estimator, which would result in degenerate position estimation. The absorbers are 50×50×4.2 
μm Au and the TES is 25×20 μm with TC ~ 80 mK. Figure 3 shows the measured average X-ray 
pulses shapes, which are very similar to the predicted shapes from the original design, verifying 
that the thermal model is a good performance predictor for these complex geometries. In order to 
determine event position we used two rise time metrics to characterize the pre-equilibration signal 
for every measured X-ray. Figure 3 also shows the rise time determined from the time interval 
between reaching 50% and 90% of the peak, as a function of that determined from 5-50%. To test 
the wide band spectral and position response we have carried out measurements using Cr-K (5.4 
keV) and Mn-K (6 keV) X-ray photons and in a separate acquisition we used Al-K (1.5 keV) and 
C (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. For the fastest cluster, there is some confusion between the 4 

Fig. 3: Upper left: Schematic layout of the thermal links of a 20-pixel hydra, showing the hierarchical structure of the links.  

Upper right: Theoretical pulse shapes expected for layout on left, color-coded to match the pixel colors in the schematic. 

Lower left: Plot of 5-50% rise time vs. 50-90% rise time measured from 20-pixel hydra. X-ray data is included from Cr-K 

(5.4 keV) and Mn-K (6 keV). The events are separated into distinctive groups. Lower right: Measured average pulse 

shapes, showing qualitative similarity with the models. 6
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Technical	updates:	20-absorber	TES	hydra	
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Model	 Data	

•  Qualita'vely	similar	pulse	shapes	compared	to	model.	

8x8	array	of	4x5	hydras		
=	1280	pixels		



6)	First	20-pixel	hydra	results	
•  The	absorbers	are	50×50×4.2	μm	

electroplated	Au.	
•  	<ΔEFWHM>	=	3.39	±	0.18	eV		

	at	Cr	(5.4	keV)	for	all	20	pixels.	
•  Used	2	rise-'me	metrics	to	

characterize	pre-equilibra'on	
signal.	

•  τrise1		=	5-50%	pulse	height		
•  τrise2		=	50-95%	pulse	height	

Rise	'me	vs	rise	'me	plot,	for	Cr	and	Mn	x-rays	

FWHM	=	3.44	+/-	0.06	eV	
Counts:	1747	

8x8	array	of	4x5	hydras		
=	1280	pixels		

Energy		[keV]	
5410																												5415																													5420																												5425																										5430	
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7)	First	20-pixel	hydra	results	
•  The	absorbers	are	50×50×4.2	μm	electroplated	Au.	
•  Used	2	rise-'me	metrics	to	characterize	pre-equilibra'on	signal.	

•  τrise1		=	5-50%	pulse	height		
•  τrise2		=	50-95%	pulse	height	

Rise	'me	vs	rise	'me	plot,	for	C	and	Al	x-rays	

Al-K	1.5	keV	
C-K	0.277	keV	

8x8	array	of	4x5	hydras		
=	1280	pixels		



TES	TES	

TES	TES	 TES	TES	

TES	TES	

~	45	um	

Pixel	pitch:	50	um	
Hydra	pitch:	250	um	

•  For	60x60	array	of	Hydras	=>	15	micro-strip			=>	pitch	of	~	2-3	µm	
•  Shrinking	pitch	a	factor	of	2	not	prac'cal	for	large	region	–	30	micro-strip	in	22.5	µm	region	

=>	Buried	wiring	then	desirable	
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Planarization is not required, only that the area of the test TES itself be flat and that the steps that 
the top Nb wiring layer must cover be no more extreme than the steps in our standard processing.

An alternate method of contacting the buried wiring would deposit the TES layers directly onto 
the exposed wiring at the top of the wiring stack.  To make a high critical current interface while 
maintaining excellent TES properties requires integration of a non-oxidizing (or tarnishing) inter-
mediate layer. At first, we would integrate this layer through an in situ ion clean of the Nb wiring 
followed by a deposition of candidate materials like TiN and MoN (which superconduct, do not 
oxidize, and act as diffusion barriers) through a liftoff hard mask (sacrificial layer of organic mate-
rial with patterned metal or oxide on top). Once we have proven that such a layer is compatible 
with high Ic connection to the TES layer, we can motivate the inclusion of this material as the pad 
material in the foundry-provided wiring stack.  This would  simplify the fabrication process, avoid-
ing the excess oxide layer needed to protect the TES in the first method, but would be a greater 
departure from the current process.  We propose to pursue both approaches.

One unknown in designing large arrays with buried multilayer wiring is how the wiring stack 
will behave thermally and mechanically.  Even though we do not plan to pass wires directly under 
the TES, it will sit on the stack of separate insulating layers put down to isolate the various metal 
layers.  In order to minimize thermal gradients and crosstalk, we need to couple each TES to the 
backside heat-sinking layer.  The schematic in Figure 6 is an approach that assumes we do not 
want to etch through the substrate wafer all the way to wiring stack, leaving that layered composite 
as a freestanding membrane, except for a small area around each TES.  Thus we portray it with a 
few-μm Si supporting layer below, as could be achieved with a timed back etch or use of silicon-
on-insulator (SOI) wafers. We will develop a process to remove the Si directly under each TES and 

Fig. 6: (top) Top view of hydra showing extent of thermal links branching out from TES, represented in purple.   The ab-

sorbers are transparent in this diagram for clarity.  The pixel pitch would be 25 - 50 μm.  (bottom) Sectioned side view 

(not to scale) showing the hydra circuit deposited atop layers of buried wiring.  GSFC will develop the interconnects to 

the buried wiring and the thermal sinking of each TES pixel.

Where	we	would	eventually	be	heading:	
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•  No	heat	dissipated	in	the	sensor	
•  No	electrical	Johnson	noise	
•  Performance	proper'es	based	upon		

	equilibrium	thermodynamics	

Paramagne'c	sensor:	Au:Er	
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Metallic	Magne9c	Calorimeters	(MMC)	



Buried	gold	layer	
Membrane	region	

Metal	heat		
link	&	via	 Meander	

MnKa					FWHM:		1.71	+/-	0.12	eV	

Counts:			
					5951	

Best	performance	observed	
in	0.25	mm	pixels:	

Magne9c	Calorimeter	results:	

•  T ≈ 32 mK
•  If  = 35 mA
•  Absorbers 250 x 250 x 3 µm – all gold
•  Very linear detectorMagCal	“hydras”	also	demonstrated	

and	under	development	for	Lynx.	



TESs	versus	MagCals	–	each	has	it’s	advantages	
	
MMCs:	
	

•  Poten'ally	be^er	energy	resolu'on	for	any	given	pixel	absorber	proper'es	
	

•  Very	good	linearity	and	well-behaved	curvature	versus	energy,	with	almost	no	
sensi'vity	to	external	magne'c	field	
			(=>	good	for	calibra'on	accuracy,	uniformity	etc.)	

	

•  No	heat	dissipated	within	array,	making	thermal	management	within	large	arrays	
easier	

	

•  No	electrical	connec'on	between	sensor	and	read-out	
-  Can	allow	design	of	metallic	thermal	link	to	heat	bath	

	(which	is	easier	to	control)	
	

•  Read-out	is	more	demanding	–	likely	requires	an	addi'onal	parametric	amplifier	per	
read-out	channel	

TESs	
	

•  Easier	to	read	out	
	

•  Higher	TRL	
	

•  TES	transi'on	proper'es	are	complicated,	and	somewhat	difficult	to	control	
-	Uniformity	and	calibra'on	could	be	more	difficult	



What	are	the	tallest	poles	for	making	larger	microcalorimeter	
instruments	such	as	are	desired	for	Lynx?		
	

1.	Being	able	to	read	out	the	large	number	of	TESs	within	the	constraints	of	cryogenics,	complexity,	
compa'bility	with	space-flight.	Hydras	=>	very	high	slew	rates.	
	

2.	Complexity	of	fabrica'ng	arrays	with	sufficient	number	of	pixels,	good	enough	energy	resolu'on,	
small	enough	pitch,	sufficient	heat-sinking,	and	reliable	wiring	to	amplifiers.	
	

3.	Heat	load	from	wiring	and	heat	generated	by	read-out	–	such	as	from	SQUIDs	and	HEMTs.	
	

4.	Being	able	to	discriminate	X-ray	events	in	many-absorber	Hydras	down	to	very	low	energies.	
	

5.	Ease	of	calibra'on.	
	

6.	How	to	make	sufficient	contacts	between	detector	chip	&	low-temperature	read-out	with		
					sufficiently	low	cross-talk?	

•  Wire-bonding	–		becomes	inconvenient	when	numbers	become	large	
•  Bump	bonding	–		reworkability	is	an	issue	
•  Flex	designs,	coax	designs	
	

7.	Flight	qualified	room	temperature	electronics	for	Lynx-scale	array.		
	-	Power	load/cost	from	large	number	of	electronics	channels		

	

8.	Complexity	of	FPA	design,	and	integra'on	of	GHz	technologies.	
	

9.	Pulse	processing	complexity	/	feasibility	
	

10.	Suspended	mass	at	50	mK	–	needs	to	be	sufficiently	small	to	keep	frequency	of	first	mechanical	
resonance	low.	
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Read-out:	CDM	or	microwave-SQUIDs	for	Lynx?	

•  If we assume “Hydra” approach, with ~ 25 absorbers per TES

⇒   the number of sensors needed to be read out (~3600) is the same as is 
currently proposed for the X-ray Integral Field Unit instrument on Athena 
(~3840)

But, read-out of each TES hydra is much harder than each X-IFU single-pixel!

•  Read-out properties will most likely drive the array capabilities

•  Read-out ultimately limited by:
–  Cryogenics (larger, more expensive cryostats, with more cryocoolers, 

will have more cooling power)
–  Success of read-out R&D – still evolving
–  Complexity of focal plane design and packaging of wiring/cables
–  Mass of 50 mK that will need to be launched



Microwave	(GHz)	SQUID	Resonators	are	advancing	rapidly,	have	the	most	
poten'al,	and	are	ready	to	become	baseline	read-out	for	Lynx	calorimeter	

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

•

•



NIST- Boulder developing microwave-SQUID multiplexed read-out for TESs. 
GSFC collaborating to demonstrate X-ray detectors reading TES & MCC microcalorimeter arrays 

S21	at	55mK	
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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. 



NIST:	Use	of	4	uwave	mul'plexer	chips:	a	survey	of	the	4	bands	of	nominally	132	total	
resonances,	with	bandwidth	suitable	for	microcalorimeters	

		

Ben	Mates,	Doug	Benne^,	Joel	Ullom,	Dan	Becker	et	al.	(2017)	



Magne'c	calorimeters	with	microwave	SQUID	read-out	



Read-out,	in	rough	numbers:	
	
•  Baseline:	3600	TESs	needed	to	be	read	out	
	
•  CDM	op'on:			~	100	channels	reading	out	~	40	TESs	each	

	 	 							-	similar	to	Athena	except	slew	rates	are	much	higher	for	hydras	
	 	 							-	Hydras	require	~1-2	A/s	slew	rate	and	~	20	pA/rt	Hz	noise	–	challenging	at	40	rows!	

	
•  Microwave	SQUID		op'on:	~	10	channels	reading	out	~	400	TESs	each	

	 	-	Bandpass	~	4-8	GHz	=>	4	GHz	BW	over	400	TES	
	 	 	 	=>	10	MHz	resonator	spacing	
	 	-	Hydras	might	require	~1-2	A/s	slew	rate	and	~	20	pA/rt	Hz	noise	–	challenging!	
	 	–	GSFC:	0.4	A/s	at	6	MHz	spacing,	NIST:	3A/s	at	18	MHz	spacing	
		

•  For	5’	field-of-view	with	0.5”	pixels	=>	40	channels	of	microwave	SQUIDs.	
	 	 	-	80	coax	lines	–	a	lot	–	new	flex	technologies	needed	at	low	temperatures.	

	
	
	
	
	
	
	

GSFC - 29
JSB 03/06/17

• Existing wafer-style fab of short and/or low frequency superconducting cables
– NIST, GSFC (with SBM), Auburn University, others
– LL could develop a similar process if desired

• Alternate approach: leverage commercial flex circuit process
– Standard process: foil + subtractive etch

• Ti6Al4V easier to etch than Nb/NbTi

– Sputter process
• Material selection restricted relative to foil process

RF flex circuits

Goal: High-density, low-loss, low  thermal 
conductivity RF lines

Superconducting flex circuits offer path 
to density and thermal requirements

Rev. Sci. Inst. 83, 086105 (2012)



What	about	power	from	~	10channels	of	HEMTs	at	~	4K?	
	
•  State	of	the	art	4.5	K	coolers	(JWST)	provide	~	50	mW	of	

cooling	power	with	single	cooler	
	 	=>	25	mW	of	cooling	power	available	
	 	=>	~20	mW	of	cooling	power	available	for		

•  If	4	mW/HEMT,	then	40	mW	for	10	tradi'onal	HEMT	
channels		
	 	–	cooling	at	~4	K	is	very	demanding!	
	 	-	mul'-stage	HEMTs	(1st	stage	at	4K,	next	stages		
	 				at	10-20	Kelvin)	could	dissipate	lower	power	

	
	
	
	
	

Adiaba9c	Demagne9za9on	Refrigerators	-	ADR’s	
	

•  Con'nuous	ADRs	will	be	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	
	 	-	needs	further	study,	but	should	be	sufficient	



Trades:	Pixel	size	

Angular	resolu'on:			1”	pixels	or	0.5”	pixels?	
	

•  0.5”	pixel	sizes	should	be	achievable	–	but	not	yet	demonstrated.	
	

•  Will	there	be	sufficient	number	counts	in	0.5”	pixels	to	do	spectroscopy,	or	will	pixel	
counts	simply	be	grouped	anyway?	

	

•  Is	the	only	benefit	due	to	removal	of	point	sources?	Is	this	sufficient	to	jus'fy	0.5”	
pixels?	Or	would	generally	twice	the	field-of-view	be	more	beneficial?	

	

•  Area	fill	factor	drops	as	for	smaller	pixels.	For	2	µm	gaps,	1”	pixels	=	92%,	0.5”=	85%.	
	

•  Would	a	sub-region	of	smaller	pixels	be	valuable?	
	

1’	

5’	

Note:	Dithering	can	help	angular	resoluBon,	up	to	angular	resoluBon	of	X-ray	opBc,	depending	
on	the	number	of	counts	(observaBon	Bme)	and	the	back-ground.					
					-	Requires	simulaBon	of	various	sources	



Trades:	Count	rate	

Averaged Pulse and Slew Rate

• Highest averaged pulse @ R/Rn = 10%


• Slew rate: 0.33 A/s
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 Channel 1 @ 10%

16

Thermal	decay	'me	τ	=	C/G	

•  20	counts/second/hydra	currently	assumed		
	-	with	80%	throughput	for	high	resolu'on	events	(other	20%	medium/low	res.)	

	

	 	=>	~	0.1	-	0.2	mCrab	for	the	uniform	array	(depends	on	final	area	of	op'c)	
	 	 	sufficient	to	image	most	of	the	brightest	known	extended	X-ray	sources.		

•  G	is	the	thermal	conductance	of	pixels	(hydras)	to	the	
heat	bath	

•  G	determines	the	decay	'mes.	
•  C.R.	approximately	propor'onal	to	G.	
•  Rise-'me	required	for	hydra	discrimina'on	scales	with	

decay	'me	(complicated).	
•  Slew	rate	is	propor'onal	to	G1.5	for	TESs.	

	=>	halving	the	count	rate	requirement	reduces	the		
		slew	rate	(b.w.)	required	by	a	factor	of	2.8	for	TESs	

10-300	cps/pixel	

0.8	cps/pixel	•  Do	we	need	this	count	rate	capability?	Higher?	Lower?	
•  What	frac'on	of	observa'ons	does	this	represent?	
•  Would	a	neutral	density	filter	and	longer	observa'on	'me	for	

few	higher	count	rate	sources	be	a	be^er	trade?	
•  Is	a	sub-region	for	point/small	sources	with	higher	count	

capability	desirable	(right)?	



Trades:	Energy	resolu9on	

•  For	an	NxN	hydra	of	pixels	of	size	LxL,	energy	resolu'on	scales	approximately	as	L	x	N	

•  ~	3	eV	should	be	possible	with	N=5	hydra,	and	L=50	µm	

•  ~	1	eV	is	possible	when	N	x	L	<	100	µm	–	i.e.	smaller	pixels,	fewer	absorbers	in	hydra	

•  ~0.5	eV	should	be	possible	when	N	x	L	<	50	µm.	

•  X-ray	QE	depends	on	absorber	thickness	t.	Energy	resolu'on	varies	as	t0.5.	
	
•  Cau'on	1:	Energy	range	for	best	energy	resolu'on	[linear	response]	typically	decreases	as	

pixel	size	decreases	(scaling	complicated).	

1	eV	1	eV	

2.5	eV	

4	eV	

CauBon	2:	
Generally	instruments	need	margins	on	energy	
resoluBon	requirements	
-	1.5	eV	requirement	might	need	a	1	eV	
detector	design	
-	Athena	X-IFU:	a	2	eV	detector	needed	for	a	
2.5	eV	requirement	



Trades:	Energy	range	

Energy	resolu'on	versus	energy	range	…........	
	
•  Mirror	effec've	area	and	microcalorimeter		
					quantum	efficiency	drops	above	7	keV		
	
•  Energy	range	of	TESs	and	MMCs	will	most		
					likely	be	limited	by	maximum	slew	rate	

[Without	read-out	considera'ons,	energy	range	of	MMCs	much	larger	than	TESs]	
		

•  Energy	range	of	TESs	can	always	be	extended	by	lowering	slew	rate,	by	opera'ng	
heat-sink	temperature	closer	to	Tc	and	opera'ng	with	a	lower	bias	current.		

	
•  Energy	range	of	MMCs	can	always	be	extended	by		
					opera'ng	with	lower	fields	or	by	opera'ng	at	higher		
					temperatures.	

	
•  In	either	case,	this	will	causes	degrada'on	in	energy		
					resolu'on	and	make	calibra'on	of	different	modes		
					more	complicated.	

	
•  Right	is	an	illustra've	example	of	how	the	energy		
						resolu'on	might	vary	as	a	func'on	of	energy	range,		
						by	increasing	the	bath	temperature.	

Tc	=	65	mK	



Examples	of	op'ons	for	Focal	plane	designs	
	
Op'on	1.	Baseline	

	 	Easiest	op'on	
	
	
	
	
	
	
	
	
Op'on	2.	12%	more	pixels	
	Up	to	(x4)	S.R.	increase	per	pixel	
=>	48%	harder	to	read	out	
	

		
	
	
	
Op'on	3.	All	0.5”	pixels:	4	'mes	as	many	pixels	
⇒ Up	to	16	'mes	harder	to	read	out	
					-	could	make	easier	(to	~4	'mes	harder	to	read	out)	by	degrading	FWHM	(1.5	eV	-	>	~2.5	eV)					
					–	more	complicated	trade	keeping	S.R.	constant	

5’	

1’	

5’	

•  5’	FOV	
•  1”	pixels	
•  FWHM:	5	eV	[3	eV]	
•  0.8	cps/pixel	

•  5’	FOV	
•  1”	pixels	in	outer	region	
•  0.5”	pixels	inner	1’	region	
•  FWHM:	3	eV	in	outer	region	
•  FWHM:	1.5	eV	in	inner	region	
•  0.8	cps/pixel	



Examples	-con'nued	
	
Op'on	4.	80%	harder	
																		to	read-out	
High	energy	response	(>2	keV)		
with	degraded	energy	resolu'on	
	
	
	
	
Op'on	5.	27%	harder		
																		to	read-out	

	 		
	
	
	
	
	
Op'on	6.		
High	count	rate	core	

	 	44	'mes	harder	
																		to	read-out!	
	
	
	
	
	
	

•  5’	FOV	
•  1”	pixels	in	outer	region	
•  1”	pixels	inner	1’	region	–	no	hydra	
•  FWHM:	3	eV	in	outer	region	
•  FWHM:	~2	eV	in	inner	region	
•  0.8	cps/pixel	–	outer	region	
•  10	cps/pixel	–	inner	region	

10’	

5’	

•  10’	FOV	
•  2”	pixels	in	outer	10’	region	(1	µm	gold)	
•  1”	pixels	inner	5’	region	(4	µm	gold)	
•  FWHM:	3	eV	in	outer	region	up	to	2	keV	
•  FWHM:	3	eV	in	inner	region	up	to	6	keV	
•  0.8	cps/pixel	in	inner	region	
•  0.4	cps/pixel	in	outer	region	

•  Same	as	op'on	2	except	3x3	
hydras	of	0.5”	pixels	in	inner	1’	

•  FWHM:	~1	eV	in	inner	1’	

5’	

1’	

5’	

1’	



Examples	-con'nued	
	
Op'on	7(a).		
The	“Joel	dream	version”	
63%	harder	to	read-out	
	
Compromise	7(b):	
12.5%	harder	for	10’	
outer	region	
	
	
	
	
	
	

20’	

5’	

•  20’	FOV	
•  5”	pixels	in	outer	10’	region	(0.5	µm	gold)	
•  1”	pixels	inner	5’	region	(4	µm	gold)	
•  FWHM:	~1	eV	in	outer	region	up	to	2	keV	

-	Pixel	size	is	250	um	x	250	um	x	0.5	µm	
•  FWHM:	3	eV	in	inner	region	up	to	6	keV	
•  20	cps/hydra	in	inner	region	
•  5	cps/5”	pixel	in	outer	region		
Addi'onal	read-out:		
x15	(area)	/8	(C.R.)	/3	(Energy	range)		
=	0.63	But:	

-  need	to	develop	new	(very	slow)	pixel	design	(requires	
membranes)	

								–	very	different	research	effort!	
-  compa'bility	within	hybrid	array,	high	density	wiring	

within	frames/mun'ns		
-  larger	FOV	will	require	larger	filters	(harder)	
-  larger	number	of	resonators	more	closely	packed	

(be^er	frequency	spacing	control),	lower	bandwidth	
(being	developed	for	IR)	

-  more	connec'ons	(bump	bonds)	from	detector	array	to	
read-out	

-  Thermal	management	within	array	much	more	
complicated	

-  Large	size	of	array	could	drive	required	fabrica'on	
effort	to	6”	wafers,	and	larger	(heavier)	focal	plane	
assembly	



Concluding	slide:	What	are	the	most	important	science	drivers	for	Lynx	X-ray	
microcalorimeter?	
	

	-	Which	observa'ons	are	the	most	important	to	model	to	determine	requirements?	
	

=>	Which	detector	properBes	do	we	need	to	focus	on	over	the	next	2	years	to	sufficiently	
improve	TRL	for	2020	Decadal	survey?	
	
Is	the	following	order	the	correct	order	of	priority?	
	
1.	Smaller	pixel	pitch	closer	to	~	0.5”	

	–	at	least	in	some	sub-region	of	0.5	–	1’,		
	-	preferably	in	whole	array	but	less	needed	in	out	regions	

	
2.	Be^er	energy	resolu'on	

	-	Making	the	smaller	pitch	Hydras	will	likely	improve		
				the	energy	resolu'on.	

	
3.	Improvement	in	filter	throughput	at	low	energies	(0.1	–	1	keV)	–	to	be^er	see	X-rays	from	the	high	red-shih	Universe.		

	-	not	willing	to	sacrifice	area/response	1-10	keV.	
	-	F-number	of	telescope	is	~	3.3	

	
4.	Increasing	the	field	of	view	
	
5.	Increasing	dynamic	range	from	~	10	keV	to	~	15	keV		
					or	higher.	
	
6.	Being	able	to	accommodate	higher	count	rates		
					than	currently	assumed.	



Backup	



10)	Modeled	20	pixel	hydra	for	lynx	
•  L	=	200nH	
•  6	keV,	dI/dt	=	5.4,	1.2,	0.80,	0.59	A/s	(1st	4	pixels)	

-  But	assume	first	pixel	is	removed,	and	its	heat	capacity	added	to	TES	sensor	
•  Trade-off	needs	to	be	studied	when	noise	model	fully	implemented.	

This	first	pixel	
wont	exist	

Maximum	slew	rate	for	
read-out	with	6	keV	energy	
range	=	1.2	A/s	


