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Talk Overview

* Why Sounding Rockets? Why TESs? Why Micro-X?

e Qverview of the Micro-X Instrument

* Flight 1 (2018) and the first TES operation in space

* Flight 2 (2022) and the first TES astrophysics
* Measuring the supernova remnant Cas A

* TESs for x-ray space observatories of the future
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Why Sounding Rockets?

e Sub-orbital rocket flight lasting only 15 minutes e
* Orders of magnitude cheaper than a proper space N
observatory ' B, \

* Five-minute observation window above 160 km
to measure X-rays
* More x-rays than a months long balloon flight

Altitude, kilometers

Expended stages are dropped.

* Recoverable and reusable payload
e 2018: First operation of TES+SQUIDs in space

e 2022: First astrophysical data collection with
TESs+SQUIDs in space
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Intro to Microcalorimeters

X-ray

Absorber

Thermometer

Weak thermal link

{Cold Bath: 75 mKJ
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Intro to Microcalorimeters

Pulse height « x-ray energy

X-ray Temp

Absorber

Thermometer

.
---
-“‘
““
s
““
---
.
.
)

Weak thermal link . Time

{Cold Bath: 75 mKJ
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Intro to Microcalorimeters

Pulse height « x-ray energy

X-ray Temp
Transition Edge Sensors!
T 4
Absorber " | L.
* Highly sensitive thermometers for Thermometer "
microcalorimeters

Weak thermal link Time

* Low resistance change measured

by SQUID 5
* SQUID multiplexing to read out Cold Bath: 75 mK =

large TES arrays E®]

g,

0 -— x : . :
100 110 120 130 140
Temperature (mK)
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TES for X-ray Astronomy

Sl ’\/\’ :\-. A ]
* High energy resolution spectra S ol [ ]
from diffuse x-ray sources Pl 1
* CCDs have excellent spatial § -
resolution, but moderate
energy resolution S ¢ Si S Ca
05 1 2 &
Energy (keV)

12/12/2023 Josh Fuhrman @ SLAC FPD Seminar 7




TES for X-ray Astronomy

100
T
T
Pt
3

* High energy resolution spectra
from diffuse x-ray sources

* CCDs have excellent spatial
resolution, but moderate
energy resolution

10

Counts s~' keV-!
1
—

0.1

Si S Ca

0.5 T l1 2 I ‘ 5
Energy (keV)

* Grating spectroscopy works
best for point sources or small,
bright features within diffuse
objects

) “!‘," " 4 Fe

Chandra HEG + ACIS-S DOI 10.1086/507481
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TES for X-ray Astronomy
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* High energy resolution spectra
from diffuse x-ray sources
* CCDs have excellent spatial

resolution, but moderate
energy resolution
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* Grating spectroscopy works
best for point sources or small,
bright features within diffuse
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* Microcalorimeters:

* X-ray spectroscopy of diffuse
sources

* Optimizable for a wide variety
of applications
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Micro-X Instrument

Flight and Telemetry Micro-X Black Brant

Systems Instrument Terrier First Stage

Second Stage

Shutter Door

Electronics Cryostat with Optical Bench X-ray Mirror
Detector Array
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Micro-X TES Array
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Micro-X TES Array

Absorber Standoffs Perforations in membrane =

TES thermometer SiNa Membrane Weak thermal link Au/Bi Absorber

(yellow)

Back-Etched Silicon Wafer
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Micro-X Cryostat

LNA stacks

- / Forward vibration damping

Pump line .y, | , .
E> 20 L Heat switch

Thermal shields
Superconducting magnet

Liquid helium tank

G10 structural tubes i > mgll) —— Vacuum enclosure

Aft vibration damping \ £ :
I\

FEA with detector array

Filters
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Micro-X Optics

Optical bench

Permanent
reference flat

Central
bore
Stiffeners l 9/\'
Magnetic \y
brooms X : —
: -ray mirror
Ek'” X-ray mirror y Removable
umpers reference flat
Nominal
With 5 pm Ice

102

Aeff [em?]

10t —A ‘
0.1 0.2 0.3 0.4 05 06 07 0809 1
Energy [keV]
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Micro-X Instrument Overview

The Micro-X Instrument

Science Observation 300 s

Bandpass 0.2—-2.5keV

Field of View 11.8 arcmin

X-Ray Optics Collecting area: 300 cm? @ 1 keV

Focal Length: 2.1 m
Half Power Diameter: 2.4 arcmin

Microcalorimeter Array 128 TES Pixels operated at 75 mK
Pixel pitch: 600 um (59 arcsec per pixel)
8x16 SQUID TDM Readout
5-10 eV Resolution @ 1 keV

Cryogenics ADR hold time: >6 hours at 75 mK
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The Micro-X
First Flight
(2018)




Intro to SQUIDs

e Superconducting and inherently “quantum” electronic devices
* Incredibly sensitive magnetometers
* Acts as a flux-to-voltage transformer

* Has a period flux to voltage relationship, or “V-¢”
* Results from a combination of flux quantization and Josephson tunneling
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.. Column A Column B
| ntrO tO SQU | DS EE —SQ2 flux bias —
é:j SA flux bl:’S ‘ (
W ey Y Ve

o
(=]

)

v
I
'__\AAAAJ—

* Used to read out TES signals with several ——
advantages S

* Easily impedance matched to the very small TES

resistance [ ,

series arr. SQ
)

AAN

S

G

* Amplifies the signal at cryogenic temperatures to be =
read by room temperature electronics < £ 2 %TES

* Can be “locked” in a flux-locked-loop (FLL) to E Row 1 ; 1‘1‘ . vLL
linearize the output signal and measure signals > 1 ';‘ on ﬂ |—| /?fdl\ J 0 ey . 1\:
flux quantum = D Q Q |

¢ off %

I

* Very high bandwidth — can create multiplexed

readout schemes to measure large arrays of TESs | " 5
with fewer wires Rn %!sh TES*! : TES
. - Minl ) VMER
= on L2 , J}/(\»« | ,J’fx 5
z L[| [<CD— Q1 =7 sQ1 =
oot % o X
Mg— - AN— -
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@ Powered flight ® Close LHe valve and shutter door
@ Start ADR regulation (® Atmospheric re-entry

® Open LHe valve and shutter door (@ Parachute descent

(@ Science observation (aperture valve open)

Launch .@ @ @ Impact

SQUID Unlocking sl e T

XA Live Pix

XB Live Pix

 Due to an ACS failure, the rocket tumbled during the o IL e
first flight 16 1

Iig

« SQUIDs initially locked with the TESs at 75mK
* Some SQUIDs proceeded to drift in and out of lock - - . |
during the science observation period :

YA Live Pix
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YB Live Pix
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YC Live Pix

o
m|

il

i
IS

YD Live Pix

0 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750
Time [seconds from launch at t = 0]
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@ Powered flight ® Close LHe valve and shutter door

@ Start ADR regulation (® Atmospheric re-entry
® Open LHe valve and shutter door (@ Parachute descent
(@ Science observation (aperture valve open)
Launch .@ @ @ Impact
. . | |
x
I l [
2
-
<
x
0
16

XB Live Pix

* Hypothesis: SQUIDs responding to changing o IL e
orientation in Earth’s magnetic field 16 )]

Iig

XC Live Pix

* Questions:

* What is the unlocking mechanism? L1 -
* Why do the two detector sides (X and Y) respond : l L\

g

XD Live Pix

oLy

differently? 0

* Why do pixels tend to lock/unlock as a column?

YA Live Pix

* Can we explain all the observed pathologies?

YB Live Pix
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YC Live Pix
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YD Live Pix

0 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750
Time [seconds from launch at t = 0]

12/12/2023 Josh Fuhrman @ SLAC FPD Seminar 22




Magnetic Shielding

Pb Tabs Ribbon Cable 2 K Board

e SQUID MUX Chips and TESs protected by a
superconducting Nb shield

* Two parts: conical base + lid
* Joined by a Pb “zipper” to make a superconducting
joint
* SA SQUIDs are outside the primary Nb shield and are
contained in their own 4-sided Nb box

* The instrument is wrapped in a Metglas blanket
during cooldown to minimize flux trapping
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Magnetic Shield Modeling (Comsol)

* Nb can provides excellent shielding of the TESs from the ADR magnet

* Nb modeled as “Magnetic Insulation”: (VxA),,=0

Comsol Modeling by Renee Manzagol

-10
V¥ 96
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Magnetic Shielding of B,

Comsol Modeling by Renee Manzagol

Total Magnetic Field [G] Z-Component of Magnetic Field [G]
e B, Inside shield up to ~1mG P i
Qo C
© O
« Asymmetric B, across the shield =%
E.-—
* Expect opposite SQUID response between detector 23
. . . . - £
side X and Y, confirmed with Helmholtz coil tests L5
a
. . . <
* Magnitude and phase of B; at the MUX chips varies
with the Pb tabs E
23
X
&5
s
v
35
<
8
o
T35
T
58
=]
< 0o
o
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SQUID Response

Powered Flight Science Observation

Spin Up Spin Down

— VWY I~
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—0.1 0.00 MWM

( 2 4 6 8 10 60 62 64 66 68 70 - -
Flight Time [s] Flight Time [s] 150 200 250 300 350 400 450

Flight Time [s]

500
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=500
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Locked Baselines
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YD [d]
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SQU | D ReS pO nse Many YC SQUIDs unlocked here

Powered Flight Science Observation
—500 7%00 /

o
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! ’ 4F|ight Time [s]6 : v v ” 64Flight Time [s]66 ” " 150 200 250 F“ght3$film " 350 400 450
* Random tune: TESs @ 300mK, ADR > 1 Amp * TES effect + Complicated B(r, t) as the rocket
« SQUID Response only (TESs normal) tumbles

* Simple B(r, t) as the rocket spins at 4 Hz
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SQUID Response

* Various pathologies observed in powered
flight

* Pathologies were generally consistent per
column

B, [mG]

XB03 [®]

YB13 [(I)[)]

3.8
3.8

YBOO [@(]

3.0

e LWHWNWWWY

-—’/\ /\/\/\/\/\/\/\/\/

0 2

Pixel YDOO [1A]

Fllght Time - Spin Up [s]
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TDM SQUID Circuit  GEER G

5 —SQ2 flux bias —

<TES bias

unit pixel

« Asymmetric V-Qs S
* Linear SA SQUID response over the output of SQ2
* Qutput of SQ1 over coupled to the input of SQ2

* Large SQ2 A due to the summing coil topology '
(468.5 pm?) 3 %TES

:;\ SA flux bias
e T‘ /K ¥ Ver Y f Y Vo
* NIST MUX06a SQUID chips: (L AZR1 [2.1]
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Normalized V,,;

TDM SQUID Circuit Model

Series Array V-

1.0
05 / \
0.0
—0.5
~1.0 SA Flux Input
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SQ1 Flux Input
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TDM SQUID Circuit Model r_, Gt) sinde

n
Series Array V-O

1.0
E 0.5
% \ /\ * Model each SQUID stage as a truncated sawtooth
s series
= « More terms = more asymmetry
~1.0 SA Flux Input . .
L e Assume SA is linear over the SQ2 output
= 0.00
p e Fit asymmetry and “scale” of SQ1 output onto
0% 5 SQ2 input using V-O data
0.50 'é_r
0.75
wn
R
\/ 1.00 - <
= 1.0
1.25
:E 0.5
1.50 §S)
0.0
£
175 2-05 V-® Data
SQ1 Flux Input 10 — Model
000 025 050 075 Lo 135 1h0 1w 200 0 0.00 0.25 050 0.75 1.00 1.25 1.50 L.75
Flux Input [®] SQ1 Flux Input [®q]
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TDM SQUID Circuit Model

Series Array V-O

1.0
05 \ /\ * Relationships between the 3 SQUID are set
0.0

manually by tuning biases and flux offsets

Normalized V,,,;

e SQUIDs can lock on the high- or low-gain side of

~1.0 SA Flux Input

0.00 0.25 0.50 0.75 1.00 1.25 1.50 175 2.00 the SQ2
SQ1 V-
0.00 1 : ~
 Tune SQ2 High Gain Side . * Incurs % @ jump to the other slope of the SQ1 V-O
=== Tune: SQ2 Low-Gain Side o = . .
....... Tune: Unlockable 021 1 * May be unlockable if SQ1 output is between SQ2
Lock Point: SQ2 High-Gain Side - .
Lock Point: SQ2 Low-Gain Side 0.50{ 2 |0Ck pOInts
Projection SQ1 Through SQ2 & SA
0.75
wn
. O
1.00 g .2
1.25
/ \\\ ,," \\\ 1.50
175
SQ1 Flux Input
2.00

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
Flux Input [®]
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TDM SQUID Circuit Model

Series Array V-O

1.0
E 0.5 . .
- * An external magnetic field can be modeled as an
N 00 oy e .
z additional SQ2 flux input due to the large A
= * SQ2 A~ 100x larger than SQ1
~1.0 SA Flux Input . . .
= e = o — 5 — = X » Effectively shifts SQ1 relative to SQ2
QL V-9 0.00 + Changing B, produces a changing locked baseline
—— Tune: SQ2 High-Gain Side "
=== Tune: SQ2 Low-Gain Side 8
0.25
~~~~~~~ Tune: Unlockable ;—"'
Lock Point: SQ2 High-Gain Side -
Lock Point: SQ2 Low-Gain Side 0.50{ 2
Projection SQ1 Through SQ2 & SA
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: 8
N 1.00 ! <
'~,'... | 125
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1.75
SQ1 Flux Input < i—
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0.00 0.25 0.50 0.75  1.00 1.25 1.50 1.75 2.00
Flux Input [®]
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External Field Coupling to SQ2 Input
High Gain Tune

SQ1 Offset

External Flux
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External Field Coupling to SQ1 Input

SQ1 Offset

External Flux
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External Field Coupling to SQ2 Input
Low Gain Tune

SQ1 Offset

te seae - o2

0.5 ¢

External Flux

Series Array V-0
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* Baseline
response is larger
| and opposite
- Sl - than the high-
gain response
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External Field Coupling to SQ2 Input
(Overlaid) High and Low Gain Tunes
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External Field Coupling to SQ2 Input

72 @y Jumps - High to Low Gain Tunes

SQ1 Offset
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External Field Coupling to SQ2 Input
Off-center Low Gain Tune

External Flux
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Powered Flight Pathologies

500

e A VAVAVAVAVAVAVAVA
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* Locked on the high-gain side
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Fllght Time - Spin Up [s]
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Powered Flight Pathologies

500

B, [mG]

e A VAVAVAVAVAVAVAVA

—500

* Locked on the high-gain side

* Locked on the low-gain side*

YB1 [(I)(]] XB03 [(I)[]]
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0 00 — =1 o
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0

0

Pixel YDOO [p4]  YBOO [Dq]

Fllght Time - Spin Up [s]

*Two baseline flips: high- to low-gain side; detector side X to detector side Y
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Powered Flight Pathologies

500

B, [mG]

e A VAVAVAVAVAVAVAVA
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* Locked on the high-gain side

XBO3 [®]

* Locked on the low-gain side*

w
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4.1
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2
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Flight Time - Spin Up [s]

*Two baseline flips: high- to low-gain side; detector side X to detector side Y
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Powered Flight Pathologies
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* Locked on the high-gain side
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* Locked on the low-gain side*
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* Oscillating between high-gain side and
unlocked state

YB0O [(I)n]

ww
o O
o

Pixel YD% [1A]
b e oo
[o7e]

0

*Two baseline flips: high- to low-gain side; detector side X to detector side Y
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Observation Pathologies

* Example unlocked pixel: YCO5
* Considered “well-tuned” before flight

* Baseline response accelerates when >0.120, from the well-tuned
baseline

* Pixel unlocks >0.16®, from the well-tuned baseline

S 43 —— Pixel YC05 500

@ »  Preflight Tuned Baseline

8 4 — _B, o

5 430 B, 0 E

-] =
o

£ 4w |

2 —500

> 4on] P

Q420

150 200 250 300 350 400 450
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Lock Points

. ) Tune: Q2 High- (O Example Lock Point
Observation Pathologies T ik o
g Unlockable
e Example unlocked pixel: YCO5 H
. ] T:< e Tune: SQ2 Low-
* Considered “well-tuned” before flight E Gain Side
~ aellre
* Baseline response accelerates when >0.120, from the well-tuned 3
baseline
* Pixel unlocks >0.16®, from the well-tuned baseline el Tune: $Q2 High-
. Gain Side
1.0 1.5 2.0
Locked Baseline [®g]

é L35 —— Pixel YC05 500

2 »  Preflight Tuned Baseline

2 . —— -B, )

& 430

[aa) 0 é

-U 3

£ 4% :

S —500

2 421 »

150 200 250 300 350 400 450

12/12/2023 Josh Fuhrman @ SLAC FPD Seminar 45




Comsol + SQUID Modeling Results

v’ Explain powered flight pathologies

v’ Provide unlocking mechanism during
the science observation

v’ Consistent with baseline pathologies
during science observation

12/12/2023

500

B, [mG]

— NV VVVV VNV

=500
4.0

LN

-——/\ NANNNNNN]

FIgh(Tme Spin Up[]

XBO3 []

YB13 [0]

% %

gl
> o

Sl)

o
w0

Pixel YDOO [1A]  YBOO [0]

500

300
Flight Time [s]

s 435 —— Pixel YC05 1500
2 . »  Preflight Tuned Baseline
K . — —B, [T)
2 430 :
o 0 E
- =
£ 42 n
S —500
g 42{®
150 200 250 300 350 400 450
Flight Time [s]
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The Micro-X Second
Flight (2022)



New SQUIDs!

* Updated SQUID chips to NIST MUX18b

* Flux-actuated design (galvanically isolated row

switches)

* Single SQUID stage — can’t unlock the same way

as in flight 1

* Generally reduced SQUID effective area without

the SQUID-2 summing coil

12/12/2023

Josh Fuhrman @ SLAC FPD Seminar

oT SQ1BIAS l
: /\\ l/\\ I/\\
= | \\v/’ \/ \/
1.0 Q Rshunt
ldewce
,\,Rpara Rsen'es
SQ10UT +/- j SQ1FB +/-
iy 7
? P (_
row select 0 }1 4 % input 0
§}x33 %){ } : pu
Y leas [ ’{T:* _
Xj?: Isq1
X/R
s © 9¢)
row select 1 jy/{ = < > >nput 1
T x33 8 <X K
L ] L ]
. e x11
L]
NYC
£ X
row select 10 3 >, ~input 10
=) x33 X X
x><)<
N

OUT2+- FB2+-

48




Micro-X Instrument Ground

Performance

® Improved cooldown procedures to
minimize trapped flux

e Reduced RF pickup dramatically through
identification and mitigation of on-
instrument noise sources

o  Shorter cabling

o  Improved cables & routing

o Filters on FB lines

o  Buffered multiplexed HK lines

e Eliminated beating between desynced
clocks

® Co-added spectra from internal
calibration source
0 7.0 eV FWHM at 2.6 keV
0 7.6 eV FWHM at 3.3 keV
o Low-E tail 11%, 6eV

700

600

500

Counts

300

200

100

Residuals
[=]

Full Array: 107, 108, 108
20.0 [ Side X: 47, 48, 48
[ SideY: 60, 60, 60
17.5
15.0
3 125
2
£ 100 —
S
7.5
5.0
2.5 \_‘
N I o = B | | |
: 0 5 10 15 20 25 30
NEP [eV]
Fit to K-k-a
Background: 19.73 Rt
9 T u —— Natural Line Shape
Energy Shift: 0.24 eV 14 + Data
Sigma (FWHM): 3.22 (7.58) eV \
Counts: 73037 / ‘
x2%/dof: 1.47 Y
Alpha: 11.24 % } ‘
Tau: 6.14 eV a
b 0W'
FIRBr—
3290 3300 3310 3320 3330 3340
o
i T G+ gh N bt o+ 4 and i 4,*“3‘*4\“;%:# o + e it H
e e A P O o R i
3290 3300 3310 3320 3330 3340

Energy [eV]




Mn-k-alpha Counts

1600
1400

Optics Alignment: Step1

1200

® An external apparatus containing an Fe55
source fluoresces the array (Stage-2)
through a small aperture acting as a o
pinhole camera (Stage-1) 2

e Centroid measured to within uncertainty
(5" or 1/12 or a pixel) of array center 1

| STAGE 2




Optics Alignment: Step 2

® Analignment camera is mounted to the x-
ray optics and images the Stage-1 aperture

® The mirror is shimmed until the optical axis
of the alignment camera matches the
predicted array center relative to Stage-1




Optics Alignment: Step 2

e X-ray mirror was aligned within 1/3 arcmin
of array center




Flight Day 2022
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YDO1 YC12 YCO7 YC02 YB13 YB08 YB03 YA
YDo7 I¥DO3Y YCi4 YCos SWE03WBI2Y YBo7 YBO1 YA12 [NYA0O8
YD10 | ¥D06 YDoo | ¥C00  YC04| YBi1 | YBOG| YA15 | YAGD| YA0s
] ]
I t R e S t S D a t a a I t YD13 YD1 YDos | ¥D02  YCI0 YC05 YBIO YBOS| YA13 YAO7 YAo4 YA
YD14 IWD12| YDo5 YCis YCii [(¥COR| YB14 [[YBOA WBOO| YAio [YAG3| YAo:
YD15 |¥D09' YDos [ YCI3 YC06 Ycoo | YBIS  YB09| YB02 | VALl YAGG| YAGO
XAGO XAO6 XAil XB02 XBo9 XBi5 | XC00 XC06 XCi3 XD04 XDoo XDi5

e Flash data on side Y lost many data packets xior x0s [ xovo xoor e | o[BG x| oos o o

XA02 XAo4 | XAO7 XA13 XB05 | XB10W XCo5 | XCi0© XD02 XDogs XDi1i | XDi3

XA15 XBo6 | XBii XC04 XCoo | XD0O XD06 XD1i0

® Four data streams:

Telemetry (only 1/3 of pixels)

Flash (all pixels, recovered after flight)
Detector side X

Detector side Y

XBo1 | XBO7 XB12 XC03 XCos XCi4 | XD03  XDo7

XB03 XB08 XB13 [IXC02  XCO7 XCi2 XD01

o O O O

® Integrating with the rocket telemetry re- "

introduced sources of RF mitigated in the
science-instrument-only configuration
o  Cyclic data transmission modulates an RF
driven baseline response
o  Affects pixels unevenly depending on D — -
analogue signal wire and trace locations P A - o
o Inthe future, could be mitigating by bit- ol A Side Y Flash

. .. . i Side Y Tel
stuffing the transmission lines P epﬁ;e:ry

5 Atmospheric Re-entry and Descent
1004 Cas A Observation Window

i

Cumulative Lost Major Frams
=
<

0 100 200 300 400 500 600 700 800
Flight Time [s]



Flight 2 Results — Pulse Analysis

=
N

—— Trace

e Normal pulse analysis uses an “optimal
Fit

filter” (OF) as an unbiased and minimum
variance estimator of the pulse heights

= =
o =
.

(e}

e Employ a NIST multi-pulse fitting to handle
pileup and data drops

Sensor Current [uA]
(o]

~
TR
PP

® Equivalent to a normal OF for single pulses
without data drops

o
N

Residuals [nA]

|
o
N

® X-ray pulses with missing data are fit with a
noise-weighted least squares model
o  Too computationally intensive for real-
time pulse processing, but works well for
a single data set

Fit Model Term

-50 -25 0 25 50 75 100 125 150
Sample Time From Trigger [ms]

p=MTR '"MMTR 'd ={Td



Flight 2 Results — Data Quality

Strong Quality
Cuts:
9.07 eV FWHM

Weak Quality
Cuts:
10.77 eV FWHM

Fit to Cl-k-a

400

350

300

200

Counts

150

100

50

Background: 1.19 +_£+ Fit
N\

Energy Shift: 0.33 eV — Natural Line Shape
Sigma (FWHM): 3.83 (9.03) eV */ ‘F\{- + Data

Counts: 4205 / \

\*/dof: 3.46
Alpha: 11.00

Tau: 6.00 eV [fixed]

+/
<

hag -+
Ay
= e+

Cl Ko AEpwa |eV]

2590 2600 2610 2620 2630 2640 2650

wr

Residuals

-

+
. + 1 H o
e e T+ e —_ e
LT+ +‘+‘ +_+ +++—H—

1200

1000
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Counts

400

200

100

Residuals

—100

2590 2600 2610 2620 2630 2640 2650

Energy [eV]
Fit to Cl-k-cv

Background: 16.89 ++ Fit

Energy Shift: 0.57 eV /:+,_ —— Natural Line Shape

. +/ Eﬁ,‘_ + Data

Sigma (FWHM): 4.57 (10.77) eV / K

Counts: 15702 '

\?/dof: 7.61

Alpha: 11.00

Tau: 6.00 eV [fixed]
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Flight 2 Results — Optics Alignment

® Live time adjusted counts per second

e (Cas A appears about 2’ off center

e Good agreement with post-flight alignment checks

o Most likely the mirror shifted during the vibrational load
of flight

Cas A Observation [C'ounts sec™]
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Two Cosmic Ray Events

CR1 Energies [keV]

YDO1 YC1l2 YCO7 YC02 VYB13 YBO8 YBO3 YAl4
0.3 0.5 0.6 0.5
101 YDO7 YDO3 YC1l4 YC08 YC03 YB12 YBO1 YAl2 YAO8
0.4 0.6 0.8 11 1.4 0.7
YD10 YDO6 YDOO YC09 YC04 ' Y ~ YA15 YA09 YAOS
0.7 0.9 17 2.1 3 2.0 1.6 1.0
841 Yp13 D11 YD02 YC10 YAO7 YA04 YAO2
0.7 1.7 2.2 1.5
YD14 YD12 YDO5 YC15 YAO3 YAOl1
1.0 1.8
6 YD15 YDO09 YD04 ¥C13 YAO6 YAOO
| 0.9 2.1 1.8
XA00 XA06 XAll XBO2 XD09 XD15
0.4 0.9 1.4 1.9 0.5
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4 4 0.8 1.2 1.6 18 2.3 11 0.4
XA04 XA07 XAl3 XBO5 XCO05 XD02 XD08 XD11 XD13
0.6 1.0 L7 1.8 0.3
XA05 XA09 XAl5 XB06 XB1ll XC04 XC09 XDO0O XD06 XD10
24 (L 1.4 17 13 11 0.6
XA08 XAl2 XC08 XCl4 XDO03 XDO7
0.3 0.5 0.8 0.7 0.3 0.4
XAl4 XB03 XB08 XB13 XC02 XC07 XCl2 XDO1
0.2 0.4
0 T T T T T
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Sensor Current [uA]

CR1 Side X
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Cas A Observation [Counts sec™!]

YDo1 YCi2 YCo7 YCo2 YB13 YB08 YB03 YA14
10 10 11 10 0.9 0.9 0.9 08
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.
[
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Next Generation TES
Microcalorimeter Arrays



Future X-ray Observatories

Athena LEM

* > 1000 pixels * Low energy (<2 keV) optimization
* Image quality angular resolution e “Hydra” TES pixels

 Improved energy resolution * even more spatial pixels

* Very large FOV
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Microcalorimeter X-ray Observatories

_ [MicoX [XRISM__|Athena |lEM

Energy Band [keV] 0.3-25 0.4-15 0.2-12 0.2-2
Peak Effective Area [cm?] 300 300 6000 1600
Field of View 12’ 3 5 30
Angular Resolution 2.4 1’ 5” 15”
Spectral Resolution [eV] <10 5 2.5 1-2
Detector Array, pix 12x12 6x6 50x50 118x118
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Athena

* Improved energy resolution:
* Micro-X: 4.5eV single-pixel; 6eV multiplexed
* Athena: 2.16eV multiplexed

<+— 90 mm wafer ——»

for a column
104

* Lower critical temperature, bath temperature, and TES Array
ixel heat capacit
° -p : ’ . . . TES bias
* Faster row timings for improved multiplexing factor s tusdle
* Simpler TES design produces a more even transition
Shape 40 T T T T T .
Coadded energy histogram at Co-Ka (6.9 keV) Flex erl.ng
£ 2.79 M counts
2 301 211 pixels -
: TDM mux chips
«:% gl and Nyquist chips
8

6900 6910 6920 6930 6940 6950
Energy (eV)

12/12/2023 Josh Fuhrman @ SLAC FPD Seminar




Line Emission Mapper (LEM)

Pixel 4

Pixel 2

e Currently proposed as a NASA probe class mission

* Focused on low energy x-rays with a very high grasp

* TES Hydra pixels:
* One TES attached to many absorbers
* LEM: 4 absorbers per TES
* Lynx: 25 absorbers per TES 20 — pixel 1

o — — pixel 2
; — pixel 3

pixel 4
—— pixel 5
pixel 6
pixel 7
—— pixel 8
— pixel 9

15

* Single-pixel inner array

~———

Current (uA)

* Hydra-pixel outer array

0 50 100 150 200 250 300
Time (us)

~—
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LEM Anticoincidence Detector

Tc
74
20+
72
* Required to have low energy threshold of 20 keVor . i oion 10
better B 70
Background particle E 0- >é
e 12 channels, each consisting of a parallel network = 68
of W-TES QETs —smm 10 o
. . . Anti-Co detect
 Designed/fabbed in collaboration between (AntiCodetector ¢ _J N
SLAC/NU/GSFC \ o
—|20 —ZILO (I) 1|0 2|0
region = D, ch = 2, target = Cu 10-6 Cu - Avg. Pulses - Region all —
1000 - Centroid: 0.95 keV
8004 FWHM @ 8.1 keV: 246 eV
600 1 é
£
400
200 -
07 08 09 1.0 11 12 13 Time [ms]

Eabs_MFInt [keV]
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Thank youl!
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Reference
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(-) Flux Input - (-) Error Signal

(+) Flux Input = (-) Error Signal
(+) Flux Input - (+) Error Signal

(-) Flux Input -> (+) Error Signal

Series Array V-9

Series Array V-

1.0 1.0
s 05 s 05
N N
el o
& 00 & 00
] o
2 4 E
o (=}
2-0.5 = —0.5
—1.0 SA Flux Input ~1.0 SA Flux Input
0.00 0.25 0.50 0.75 1.00 1.25 .50 1.75 2.00 0.00 0.25 0.50 0.75 1.00 1.25 .50 .75 2.00
SQ1 V- 0.00 SQ1 V- 0.00
—— Tune: SQ2 High-Gain Side " —— Tune: SQ2 High-Gain Side "
=== Tune: SQ2 Low-Gain Side 0.95 8 === Tune: SQ2 Low-Gain Side 0.5 8
------- Tune: Unlockable = = -=====« Tune: Unlockable = =
Lock Point: SQ2 High-Gain Side ;i Lock Point: SQ2 High-Gain Side ;
Lock Point: SQ2 Low-Gain Side 0.50 E Lock Point: SQ2 Low-Gain Side 0.50 -,g,
Projection SQ1 Through SQ2 & SA Projection SQ1 Through SQ2 & SA
0.75 0.75
3 S
2 ro 2 o
S S
1.00 = ,< 1.00 = |<
A A
1.25 1.25
1.50 1.50
1.75 1.75
SQ1 Flux Input SQ1 Flux Input
2.00 2.00 -

0.00 025 0.

12/12/2023

Flux Input [®q]

0.00 025 050 075 TLOOT 1.25 S0 LTS 2.00
Flux Input [©g]

Josh Fuhrman @ SLAC FPD Seminar




1
Calibratio [ |
1
n X-ra ro

Bolts Lead Shield

connecting
Pb shield to
Al housing

Bolts

connecting

Al housing to _ Science x-
Nb can lid KCl deposit ray path Fe 55 Source



Col XD Fix
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Example Flux Trapping + RF Effects

100

* Small amount of trapped flux
* Visible on the disconnected SQUID in blue

Short FB Cables
* Increase RF pickup on the FB lines from 165mV depth

increased cable length . / _ =
¢ V-O modulation reduced 11% \ | |
* Rounded (more asymmetric) V-O response L N\

| ‘] | — ;_so

: /! ! \

Long FB Cables | - M ¥ WY e

147mV depth | f e U A .

DOI: 10.1109/77.233588 F_. uubinRAnan A RN EnaniNEN : wilknn f::Tw
DOI: 10.1063/1.113046 |
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Magnetic Shielding

Hole on Nb lid

Channels for (x-ray path to detectors)

ribbon cables Separate lid with lip

Heat sinking holes Hole in bottom of Nb can
(for ribbon cable heat sink) (connects salt pill and FEA)
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Magnetic Shielding

12/12/2023



Magnetic Shielding of B,

Comsol Modeling by Renee Manzagol
Total Magnetic Field [G] Z-Component of Magnetic Field [G]

x1073
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Intro to SQUIDs

e Superconducting and inherently “quantum” electronic devices
* Incredibly sensitive magnetometers
* Acts as a flux-to-voltage transformer

* Has a period flux to voltage relationship, or “V-¢”
* Results from a combination of flux quantization and Josephson tunneling
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TDM SQUID Circuit Model
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Normalized V,,;

TDM SQUID Circuit Model

Series Array V-0
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