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Overview	

•  The	Lynx	Instrument	Complement	

•  Instrument	requirements	&	specificaUons	

•  Instrument	Technology	Development		
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Lynx	ConfiguraUon	
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Science Instrument Module 
•  X-ray Grating Spectrometer 

Readout 
•  High-Definition X-ray Imager 
•  Lynx X-ray Micro-calorimeter Credit:	MSFC	ACO		
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Science	Instrument	AccommodaUon	

HDXI µCalorimeter 

OPG 

Looking forward from below ISIM  Looking aft  from mirror 

HDXI 

.635 m 2.5 m 

2.5 m 

•  Translation table (gray) positions either LXM or HDXI at focus 
•  XGS readout mounted on stationary bench (blue)   
•  4 observing configurations: (HDXI or LXM)  x (w/ or w/o grating in beam) 

XGS readout 

LXM 

Table 
Motion 
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Lynx	X-ray	GraUng	Spectrometer	(XGS)	

•  GraUng	Array	mounted	just	aW	of	
the	X-ray	Mirror	Assembly	
–  Actuated	in/out	of	opUcal	path	
–  Two	viable	graUng	technologies	:		

Off-plane	reflecUon	graUngs	(OPG)	
CriUcal-angle	transmission	graUngs	(CAT)	

•  Key	science	
–  AbsorpUon	spectroscopy	of	AGN	

•  DistribuUon	of	hot	baryons	
–  WHIM	
–  GalacUc	halos	

•  GalacUc	feedback	
–  Stellar	spectroscopy	
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XGS	performance	requirements	

XGS	System	 Requirement	 Science	Drivers	
Energy	range	 0.2	–	2.0	keV	 Cover	K-shell	transiUons	of	key	

elements	from	C	to	Si,	plus	Fe	L-shell	

EffecDve	area	 4000	cm2	@	600	eV	 AbsorpUon	line	spectroscopy	of	OVII/
OVIII	lines	

Spectral	resolving	power	 5000	@	600	eV	 Resolve	thermal	width	in	nearby	
galaxy	halos;	Stellar	spectroscopy	

Line	spread	funcDon	width	 1	arcsec	 Spectral	resolving	power	

XGS	Readout	
Pixel	size	 16	µm	x	16	µm		 Spectral	resolving	power	

Noise	 <	4	e-	 Low-energy	QE	

Energy	resoluDon	 80	eV	@	277	eV	 Order	separaUon	
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XGS	ConfiguraUon	

Resources	
w/	margin	

XGS-OPG	 XGS-CAT	

XGS	Power	(W)	 117	 165	

XGS	Mass	(kg)	
			GraUng	Arrays	
			Readout	

181	
115	
		66	

120	
49	
71	

GraDng	Arrays	(x4,	240°	total)	

GraDngs	Retracted	 GraDngs	Inserted	

View	from	ab,	
graDngs	inserted	
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XGS	Technology	Development	

•  CriUcal	technology	is	high-efficiency,	high-resoluUon	X-ray	graUng		
array	

•  Two	viable	technologies	(OPG	and	CAT)	both	judged	TRL	4	by	
NASA/PCOS	(2017	Program	Annual	Technology	Report)	

•  Technology	maturaUon	path	includes	assembly	and	alignment	of	
mulUple	individual	graUng	facets	into	brassboard	’arrays’	and	
demonstraUon	of		expected	performance	

•  Required	developments	include	
–  Improved	graUng	facet	fabricaUon	to	ensure	period	uniformity,	

adequate	diffracUon	efficiency	and	resoluUon	
–  Advanced	alignment		and	metrology	techniques	
–  Assessments	of	resource	requirements	of	each	graUng	technology,	

including	diffracUon	efficiency,	alignment	tolerances,	thermal	control	
requirements	and	readout	system	complexity	
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High-DefiniUon	X-ray	Imager	(HDXI)	

Lynx	Science	Pillars		
•  The	Dawn	of	Black	Holes	
•  The	Invisible	Drivers	of	Galaxy	Forma;on	and	

Evolu;on	
•  The	EnergeUc	Side	of	Stellar	EvoluUon	and	

Stellar	Ecosystems	

SensiDvity	of	deep	Survey	with	Lynx	HDXI	

Gas	Temperature	of	Merging	Galaxies	in	
IllustrisTNG	simulaDon	

Lynx	High-Defini5on	X-ray	Imager		
Large	area	focal	plane	of	advanced		silicon		sensors	
•  21	sensors	with	22’x22’	FOV	
•  16	µm/0.3”	pixels	to	oversample	PSF	
•  Curved	focal	plane	to	match	Rowland	circle	–	beper	than	1”	

imaging	over	300	arcmin2	
•  High	frame	rate	and	low	read	noise	to	maximize	low	energy	

(<0.5	keV)	QE	

See	Krab	et	al.	poster	



HDXI	Performance	requirements	
and	goals	HDXI Parameter Requirement  Science Drivers Notes 

Energy Range 0.3 – 10  keV Sensitivity to high-z sources   
Field of view 22  x 22 arcmin  Deep Survey efficiency  

R200 for nearby galaxies 
Pixel size  16 x 16 µm Pt. source sensitivity 

Resolve AGN from group emission 
Read noise  ≤ 4 e- Low-energy detection efficiency Derived 
Energy Resolution 
(FWHM) 

~70 eV @ 300 eV  Low-energy detection efficiency 
 

Full-field count-rate 
capability 

  
8000 ct s-1 

No dead time for bright diffuse 
sources (e.g. Perseus or Cas A) 

Frame Rate  
Full-field  
Window mode 

(20”x20”) 

  
> 100 frames s-1 

> 10000 windows s-1 

Maximize low-energy throughput 
Minimize background 

Derived 

From	the	STM:	
•  DetecUon	of	104	

MSolar	BHs	to	z~10	
–	detect	sources	
with	flux	7x10-20	
ergs	cm2	s-1		

•  Direct	imaging	of	
hot	gas	in	galaxy	
haloes	–	reach	
10%	accuracy	for	
thermodynamic	
parameters	to	0.5	
R200	
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HDXI	Instrument	
ConfiguraUon	
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HDXI	ConfiguraUon	
Block	Diagram	 Detector	Housing	Concept	

Resources	

Power	(W)	 175	

Mass	(kg)	
			Detector	Assy	
			Electronics	

48	
36	
12	

Detector	array	
21	1k	x	1k	sensors		

Filter	Assembly	
(includes	cal.	source)	

Door	&		
actuator	

Credit:	GSFC	IDL		



HDXI	Technology	Development	

3%Different%Sensors%Approaches
• Monolithic%CMOS%Active%Pixel%Sensor

• Single%Si%wafer%used%for%both%photon%
detection%and%read%out%electronics

• Sarnoff/SAO

• Hybrid%CMOS%Active%Pixel%Sensor
• Multiple%bonded% layers,%with%detection% layer%
optimized%for%photon% detection% and%readout%
circuitry%layer%optimized%independently

• Teledyne/PSU

• Digital%CCD%with%CMOS%readout
• CCD%Si%sensor%with%multiple%parallel%readout%
ports%and%digitization%on.chip

• LL/MIT%

Active&Pixel&Sensor&Architectures&

�  Monolithic&
�  Single&Si&wafer&used&for&photon&detection&

and&readout&circuitry&
�  Sarnoff&and&MPE&
�  Good&energy&resolution&
�  Hybrid&
�  Multiple&layers&optimized&for&photon&

detection,&readout,&etc.&
�  MIT/LL&and&Teledyne&&

Chandra/ACIS 

Swift/XRT 

Sarnoff 

Teledyne 

Approved for public release, distribution unlimited 

Active&Pixel&Sensor&Architectures&

�  Monolithic&
�  Single&Si&wafer&used&for&photon&detection&

and&readout&circuitry&
�  Sarnoff&and&MPE&
�  Good&energy&resolution&
�  Hybrid&
�  Multiple&layers&optimized&for&photon&

detection,&readout,&etc.&
�  MIT/LL&and&Teledyne&&

Chandra/ACIS 

Swift/XRT 

Sarnoff 

Teledyne 

Approved for public release, distribution unlimited 

22 mm

512 x 512
8µm pixel

CCID85A B C

D E F

Primary	technology	development	required	
for	HDXI	is	sensor	technology.		Three	
technologies	currently	being	developed	–	
each	meets	some	of	the	requirements	but	
none	presently	meet	all.	

AddiUonal	technical	and	engineering	development	
required	in	three	areas:	
•  Driver	ASICs	

•  Depending	on	sensor	technology	chosen	for	
flight,	a	custom	ASIC	may	need	to	be	
developed	to	clock	sensors	

•  FPGA/Event	RecogniUon	processors	
•  Event	recogniUon	will	be	done	in	radiaUon	

tolerant	FPGAs	with	sufficient	processing	
power	to	keep	up	with	large	(>2	Gpix	s-1)	
data	rate	from	sensors.		Requires	
development	of	flight	firmware	and	soWware	

•  OpUcal	blocking	filters	
•  Large	area,	thin	unsupported	opUcal	blocking	

filters	(Al	on	polyimide)	need	to	demonstrate	
sufficient	mechanical	and	thermal	stability	
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Lynx	X-ray	Microcalorimeter	(LXM)	

Microcalorimeter	
array,	read	out	
using	mulUplexed	
microwave	SQUID	
resonators.		

What’s	inside:	
Cooling	to	50	mK	

Shielded	focal	
plane	assembly	

Credits:	MSFC	ACO	
GSFC/Bandler/IDL		
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5’	

Main	Array	
-  1”	pixels,	5’	FOV,	

50	µm	pixels	
-  ΔE	=	3	eV	
-  Up	to	7	keV		
-  86,400	pixels	

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

25	µm	pixels	
-  ΔE	=		1.5	eV	
-  Up	to	7	keV		
-  12,800	pixels	

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

50	µm	pixels	
-  ΔE	=	0.3	eV			
-  Up	to		0.8	keV	
-  3,600	pixels	

LXM	Array	Layout	

Will	spa;ally	and	spectrally	
resolve	starburst-driven	winds	
in	low-redshiF	galaxies		

Will	study	metallicity	in	
galaxy	clusters	to	z=3	as	a	
probe	of	galaxy	forma;on	
processes	near	the	peak	of	
cosmic	star	forma;on		

Will	study	plasma	physics	
effects	related	to	dissipa;on	
of	energy	from	ac;ve	galac;c	
nucleus	(AGN)	ouPlows.		
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Key	LXM	Requirements	



LXM	Resource	Requirements	

Resources	

Power	(W)	 ~1800	

Mass	(kg)	 ~500	

Credits:	MSFC	ACO	GSFC/Bandler/IDL		
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Photograph	of	8x8	array	of	5x4	
“hydras”	with	pixels	on	50	µm	
pitch	(3.4	eV	at	5.4	keV	–	Cr	Kα)	

9,216	pixel	array,	fully	wired	
within	array	(32	x	32	array	of	
3	x	3	hydras)	

Need	to	develop		very	large	format	arrays,	e.g.	using	“Hydras”	

Photogr
aph	of	
8x8	
array	of	
5x4	
hydras	
(3.4	eV	
at	5.4	
keV	–	Cr	
Ka)	

LXM	Technology	Development	

Example	of	a	fully	wired	10,000	pixel	array	
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9,216	pixel	array,	fully	wired	
within	array	(32	x	32	array	of	
3	x	3	hydras)	

Need	to	develop	mulDplexed	
read-out	technology	

Photogr
aph	of	
8x8	
array	of	
5x4	
hydras	
(3.4	eV	
at	5.4	
keV	–	Cr	
Ka)	

Circuit	diagram	for	high-resoluUon	X-ray	
microcalorimeter	readout	using	
microwave	SQUID	mulUplexing	

Title Suppressed Due to Excessive Length 5

Nyquist chipTES chip
Nano connector

uMUX chip

TES biasFlux ramp signal

1 cmMicrowave feedline

G10 clip

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

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

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

3 Measurement results

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

Technology Development for Microwave SQUID Multiplexing

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

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

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

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

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

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

p
f dependence on frequency, making it dominate

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

The SQUIDs also provide the gain needed to boost the signals and the noise of the detectors above the
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Technology Development for Microwave SQUID Multiplexing

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

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

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

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

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

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

p
f dependence on frequency, making it dominate

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

The SQUIDs also provide the gain needed to boost the signals and the noise of the detectors above the
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Microwave	SQUID	resonator	chips:	

LXM	Technology	Development	
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Summary	
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Lynx	Instruments	will	provide	extraordinary	capabiliUes:	
Lynx	X-ray	Microcalorimeter:	

•  High	spectral	resoluUon	imaging	spectroscopy	over	a	the	full		
Lynx	passband	(	R	≳1000,	0.3	-1	0	keV)	

•  Micro-calorimeter	resoluUon	(3	eV)	over	a	wide		(5’)	field	
High-DefiniUon	X-ray	Imager:	

•  Sub-arcsecond	imaging	spectroscopy	over	a	very	wide	field											
(r	>	10’)	over	the	full	Lynx	passband	

•  Excellent	soW	(E<	1	keV)	response	and	rapid	readout	
X-ray	GraUng	Spectrometer:	

•  Very	high-resoluUon	(R	~	4000	)	&	throughput	(4000	cm2)	
spectroscopy,	simultaneous	with	LXM	or	HDXI	imaging	



Backup	
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Back-up	–	if	needed	
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Power	Requirements	
Source Launch Cruise Science Safe Hold Survival 

  (W) (W) (W) (W) (W) 

Payloads         
Microcalorimeter 14 434 4193 434 14 
HDXI 0 213 7 7 7 
XGS 0 190 190 7 7 
Mirror Heater 525 1356 1356 1356 593 
Optical Bench Heaters 0 0 0 0 0 
Totals (Payloads) 539 2193 5746 1804 621 

Source Launch Cruise Science Safe Hold Survival 
  (W) (W) (W) (W) (W) 

Spacecraft         
Avionics 0 1079.4 1079.4 1079.4 394.8 
GN&C 0 420 420 420 0 
Propulsion 0 509.6 509.6 509.6 0 
Mechanisms 0 0 210 210 0 
Thermal 140 140 140 140 140 
Totals 140 2149 2359 2359 534.8 

621 + 535 = 1156W  
(Battery Pwr for 1 Hr) 

5746 + 2359 = 8105W  
(Max Pwr) 
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