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BNL Instrumentation Division

Mission
A Develop stateof-the-art instrumentation
for current and future Laboratory

programs
A Technology transfer __ BLDG 535 BNL
- laser optics N

Established high density interconnect
1948 L[ =1 detector and electronics test

I E: detector cleanrooms
Division Head :31 |““_: machine shop
Dr. David M. Asner | ' ==

| [LLER L =
Staff T T
A6 Scientific L ;U,::..:.?m
A8 Post Doctoral = = e
28 Professional S
A3 Technical R
[y - EEEEL hﬁ# e

Research Areas
ASemiconductor detectors

AGas and Noble liquid detectors
AViicroelectronics

A asers and Optics
AVlicro/Nano fabrication

Total lab and office space: 36,000 sq. feet
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Highlights of Accomplishments T first 35 years

AGas detectors, electronicg1948)

Preamp optimal filtering1983

Aast(us) transistorized electronics for physics experimefi856) \ B o
Acirst Si detectors, nanosecond electroni¢$960) = 4]
APositron emission tomography detectof1960) op T v
AGermanium detectors, low noise electroniqd965) [ R oo
A Arionization chambers for calorimetry(1973) ) P s
Metectors for neutron scattering(1976) o e T
FOptical metrology (1979) T e T ST |
AElectron microscopy, MEM$1980) P e T e
Airst synchrotron Xay detectors- (1982
o 2 Solar Neutrinos at Homestake Mine il i
ASIIICO” Drift Det‘ector (1983) Davis 1967 - 1985, Nobel Prize 2002 Silicon drift detector 1983
Spark Chambers in Muon Neutrino Discovery - DRIFT FIELD ELECTRODES
Lederman, Schwartz, Steinberger,1962, Nobel Prize 1988 AoDE
| ; I
I
DRIFT DISTANCE
t)'
Q“/
& one re
Germanium Detector )/ =
Breakthrough 1963

ol
| AJ. Tavendale wrs 53y

.
,a”‘\___’\‘) ‘{r
o NUM LITHUM ORST
p-irn DETECTOR Ma GLOIA
Co™ soumce

BNL charge preamp with JFET at ~120K, 1968
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Highlights of Accomplishments 1 first 35 years

AGas detectors, electronicg1948)

Arast(us) transistorized electronics for physics experime(it856)

Airst Si detectors, nanosecond electroni¢$960)
APositron emission tomography detectof1960)
AGermanium detectors, low noise electroniqd.965)
A Arionization chambers for calorimetry(1973)
Metectors for neutron scattering(1976)

AOptical metrology (1979)
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Highlights of Accomplishments i past 35 years

ACryogenic electronics(1984) _

A asers in accelerator technolog§1985) fo'd cmos eIeCtr::iS
Asi detectors for HEP/NR1986) J=
AGas detectors for heavy ion physi¢4986) g
Aong Trace Profile(1987) :

Avonolithic lownoise circuits (1990) ‘

A_Ar LKrionization chambers, SSC, LH@993) P tom o cadout
old cable g socket

ANanostructures (1994) to lange - and JTAG 8e noise

Meep submicron lownoise circuits (1997)

AUltrafast optical techniques(2000)

ANeutron/Gamma detectors for Homeland Securit002)
ASmall animal imaging2003) . To APA wires 384element EXAFS arra
Asilicon detectors for synchrotron radiatiei2004) LSST focal plane HERMESISCEPTER rea
Aullydepleted CCD arrays and readout for astroner(8005)
MBeam diagnostics(2006)

Miamond detectors, (2009)

A ArTime Projection Chamber$2009)

A .ow Temperature Microelectronic£2010)
HENIX ime Expansmn Chamber/TRD

high resolution hexagonal
SDD array

LSST raft tower

Compact Gamma Camera

ATLAS EM calorimeter
s [y { (7D

Diamond detector for-ray beam
position monitor
A T

image of
conscioys rat

P a—— nJﬂm:'(nq&ill‘bV»&r
L=t = o o o [ T
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Outline

A

A Detector and Electronics Trends (with selected examples)
I Improved time resolution
A Silicon detectors with avalanche gain
A Wideband electronics
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Time resolution/rate capability

Detecting the time of occurrence of an ionizing event involves a chain of events,
each of which has a duration with statistical fluctuations:

direct (Avalanche
gain)

Discriminator Timeto-

Amplification

lonizing event

firing digital

indirect

Scintillation->

photodetection

2.5

analog signal

20| ionizingevent .

10

voltage

osl i i & = discriminator output |

0.0

1 1 1 I 1 I 1
50 100 150 200 250 300 350 400
time
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Contributions to timing resolution

lonization: prompt (< 1ps)

Transport of ionization charge

If using scintillator: generation and transport of scintillation photons; photon statistics noise
Amplifier noiseg see below

TDC quantization noiséinsizésqrt(12)

Too oo Too To To

Electronics noise/speed tradeoff (white noise)

noisy output signal

§ . " 70\ C time resolution improves as the slope of the waveform at the
g ( 0) threshold crossing increases
R |
Vi 7 20,
____________________________ T — N , |
Slope at z.c. W W
| o Pz—D
Q0" O . .
_»I L— TIME 0 0

f owhister nes,s BO

P \
\/ 0 JO J 0 0

§|@

mi ni I'WLhI’BQD_ 4 1.+




Solid-state detectors with internal multiplication

|t 5 64! @hofoDigh® K S

A Direct ionization charge is drifted to a hifjald region where avalanche multiplication takes
place.

A (Linear) multiplication factor M depends on reverse bias; typically M-2080

A Avalanche mechanism has statistical fluctua##prexcess noise, but at low signal level overall
S/N is improved because inpraferred electronics noise is reduced by M.

A Custom fabrication process

{t!15 o0aaAy3IftsS LIK202y I @t yOKS RA2RSE0

A an APD operated in breakdown, with quenching mechanism to allow fast recovery.ipgle
can be amplified to mA current level. Loss of linear response but fast. Custom fabrication
process

SiPMb daAf AO2Y 1LIK202Ydzf GALX ASNEDO
A an array ofO(10%) SPADs connected in parallel to a common output. Analog output is analot
sum of charge pulses ~ number of photons.

Digital SiPM
A array of SPADs with embedded electronics; arranged to generate 2 digital outputs encoding
number of photons and (b) timestamp. Standard CMOS fabrication process.

splig-steites Vel e des)ies Screusessg Y vplaelc e peoeot plhiotonweiplioe 1usies (07T, wWhith ur
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Solid-state detectors with internal multiplication

APD

Avalanche Photodiode
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Large-scale SiPM application in collider detectors

Nearterm: sSPHENIXalorimeter at BNL ~2020

@ >120k used in calorimeter of SPHENIX
(E. Mannel)

OUTER HCAL

SC MAGNET

INNER HCAL

i

/

L

MAPS

3

o
L]

ENDCAP
FLUX RETURN

b

EMCal
Longerterm: )
CMS higHuminosity upgrade at LHC ~2024 NEXGb-ton +%%Xe TPCOb b
HPK VUV4
MIP timing detector: thin HECAL design Test at BNL with

pulsed 177nm light
source

scintillator + 250KhanSiPM "

High granularity endcap 75
hadronic calorimeter: 500/~ /7
plastic scintillator wittSiPM \
on-tile readout
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Low Gain Avalanche Photodiode (LGAD)

A APD engineered for fast (O(10ps)) timing.

A Target application: high granularity timing detector for determining longitudinal vertex
position in HELHC.

A Also suitable for fast/

Charged particle

|ginate photon detection. Xerays
“ e % 88

metal contact

oxide
n+
Junction termination edge

30-50pum

oxide
p-spray

300-500 pum

High- itaxial |
1gh-p p epitaxial layer High-p p substrate

V substrate (-HV)

BNL technology demonstrated:
/ V,..=-30V
Viia =40V, o
) Above depletion; peaksof
/ \ holes and electrons
- ’ 3 separate
—AN
f L\ 20pssT(measured)
5 L\ "blas “zuv
//\/-\,/ S -
o “ Sns \;:;—»«:xw‘:"?' ———

i % b % % 3 > % 2 % %2 % 2 % Y % % 3 9 9 o v e
d ’ g M 2 % % 2 v % T & B % B T W 3 v % 2

Giacomini 2018 pers:omrh.
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Threshold detection: noise rate

—J o
Equivalent noise rate:
0 OEO
0 | I EO
10°
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Threshold detection: example

Pulse peaking time T.=500ns
Number of channels N, = 100,000
Requirement ENR < 1kHz

~
€

U

Q % op P EOMOE AT [wikelnoise semiGaussiashaper)

Y
‘| o
(Gfﬁ) Pp Titp n)

w Low electronics noise more critical for detection limit
in large-N, systems

C"l| C
N

C~z| C
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Outline

A
|
A
;
A
A
;
A
A
I Improved energy resolution
A Si detectors with low collection capacitance
A Monolithic integration of sensors and electronics
A Repetitive non-destructive readout
A Cryogenic devices
A

T>o T I
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Energy resolution

Energyresolving detector family tree

Semiconductor g
.. Ge
unction

Keys to low noise for chargegensing detectors:
A Small sense node capacitarnGg,

A Noise of first transistor in readout chain

A Filter bandwidth/pulse shaping time
< A Direct readout 01 nization Where possible

lonizing event

A Multiplication (for very low signals)

Microcalorimetery

Frontiers of Instrumentation in Nuclear Science
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Si-based detectors

+V ov ov +V +V

Electrons | 66 &
(Charge | s
Packets)

CCD Charge Coupled Device

=
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Electrodes I | I

1 (3\

|  p-Si

Clocking Parallel Register

A Charge integrated in
potential wells formed
by polysilicon gates ard
implant boundaries

A After integration, gate
potentials are sequenged
to transfer charge to lgw
capacitance sense no e
and onsensor amplifiey

A Noise performance:

A ~3e at 100kpix/s
A ~10e at 1Mpix/s
A Custom fabrication

process

ENC, rms e-

SDD Silicon Drift Detector

linear

Particle

A

=y
n —J+_:+
— — — -, —
P+ P P+ P+ / P+
L anode
radial

field strips |

n-silicon

» -V

path of
"‘*%&"__/‘,_ electrons

back contact

Noise vs. temp.

0.81s.

1928
-30 -20 -10 0 10 20 30
Temperature, C

| Bertuccio2018 IEEE TNS 2016(63)

Inbuilt depletion
and drift fields.
Potential
minimum in
center of wafer
Anode
capacitance small
despite large
sensitive area
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Si-based detectors with integrated electronics

MAPS Monolithic Active Pixel Sensor

NWELL NMOS PMOS
DIODE TRANSISTOR / TRANSISTOR

A Conventional CMOS
fabrication process using
shallow depleted bulk as
photodiode.

A In-pixel amplification,

©  reset, output switching.

A Sometimes, incorporate
singlestage CCD in pixe
for CDS noise reduction

A Arbitrary amount of
CMQOS circuitry outside
sensing area

A Extensive use in
commodity/consumer
cameras

A Hopec to replace hybrid
pixels for cost,
compactness, lower
power, lower material
budget in trackers

A Challengesg small
depletion thickness in
standard CMOS process
radiation intolerance.
HV-CMOS under
intensive study

NWELL

DEEP PWELL

Epitaxial Layer P-

STAR HFT @ RHIC 2014 360Mpix

SPHENIXIVTX@ RHIC 2020 225Mpix
HRCMOS

DEPFET Depleted Field Effect Transistor

oA Built-in potential minimum

| ereme T causes echarge to be steered
(| P dein G2 GKS aol O1 B
usSéeé 2% I WCPH

1 3 | e A 4 L
ﬁ /()l' R Directly control JFET current,

FET ga
P source

minimal capacitance.

DEPFET array
H 1 1 gate DEPFET- matrix reset
Equivalent circuit L. L
source clear gate T 1
A L0l g
ST 5!
external internal = gL "JL gl. JL &

gate clear
phel
g e [ g i

©
S] T

i
i
i,
o

drain

dlargc =4 2000 T
t:t‘ltr:;fl high count rate
qua \ — capable detector o) FWHM 127eV
BELLE II PXD £ ENC5.5e-
= 8
: 1000 4

AN

T T
5400 5600 5800 6000 6200 6400 6600 6800

energy [eV]

Aschaueret al2017JINST12 P11013




Noise reduction by repetitive non-destructive readout (RNDR)

A RMSnoise of a single measurementygically determinedy the electronimoise
of the first amplifier transistor.

A In detectors where charge motion can be deterministically controlled (CCD,
DEPFET) it is possible to introduce multiple, statistically independent
measurements (N) of the same charge packet. White noise contribution from the
TNRYUO SYR SfSOUNRYyAO&a OFYy 06S F @SN ISR

A Chargecarrier lifetime at moderately reduced temperature (140K) is O(minutes)

C charge loss can be virtually excluded.

AG{1ALILISNE //5& IyR 59t C9%¢hd 2ekreadiBisetNBE OS VY (
and opened the possibility for sensitive measurements ofhoass neutral
particle ¢ nucleus interactions where extremely low thresholds are required.
Particular interest focused on DM candidates in the MeV mass region,
experimentally largely unexplored.

A DAMIC: low-noise standard CCD for low-mass Dark Matter search

A SENSEI: skipper CCD for low-mass Dark Matter search.
A Has already established tightest constraints on DM cross section in the 0.5 1 4MeV mass range
after only 0.019 gram-days surface run.

A DANAE: skipper DEPFET for low-mass Dark Matter search
A CONNIE: low-noise standard CCD for Coherent Elastic Neutrino-Nucleus Scattering.
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CCD and DEPFET results with RNDR

Skipper CCD

T Vi =AY
RG |
06 E Vag = -22V
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H3 Vvideo
H2 DG
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T 1

skipper

o T ]
g Readout noise : 1
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10?2 107" 1 10 RO time per pixel [ms]
PRL 119(1) 131802 (2017) 11
PRL 119, 131802 (2017) PHYSICAL RE
20001 0 1
30}
1500 N ]
£ 1000 )
775 16 17 TR 119
500[ ]
o i L
0 1 2

Charge [e7]

Lol

Skipper DEPFET

amplifier 1 s
mplifier 5
P+ d
cleargate 1 rain 1 prinils
n+
clear 1 gateq | transfer dleargate

P+ source gate  gae 5
(common) N+ clear 2

internal
gate 2 DU_ Sf;l
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P+ back contact

60 gy 021e
504 T ——Without laser (Noise peak)
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404
30
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signal spectrum
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04 8
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Superconductor-based detectors

Microwave Kinetic Inductandéetecors(MKIDS)

Bolometers andnicrocalorimetersvith Transition Edge Sensor thermometry (TES)
Require operating temperatures O(3K)

Thermal, time, and frequency multiplexing techniques for minimizing cryostat penetratiol

Ge detector (1963): 100X improvement TES bolometer (2013): 100X improvement over Si(L
over Nalscintillator at ~MeV at «keV
T AJ. Tavendale ur3 . l:;a I
1 Y T v T 14 T S
. | BN NISTK3670 glass /1> %} 15000
G 20004 | e S(Li) EDS !
' pcal EDS /

/| (real-time analog processing) ! ;

1500+ - 10000

Si(L1i) EDS Counts (10 eV bins)

—
7]
B
L
>
Lh ]
O
10" GERMANIUM LITHIUM ORIFT S
Y p-i-n DETECTOR Na GLOIGA oy Mg Ko
g Co® souRce = ; r
: 2 10004 nte il
o O SERIL
: @ . Nile b | 5000
3 -
Sy \—/\]/m\ E
=- 3
0- -0
500 1000 1500 2000
3. x 3N Nal DETECTOR
"j" Co® sturce 1 Energy (eV)
. . A . ; Energy resolution of the microcalorimeter, compared
‘zm I‘OO - - - - -gw
y-RAY ENERGY (keV) with a lithium drifted silicon detector.
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Outline

A BNL Instrumentation Division
I Facilities, accomplishments

A Detector and Electronics Trends (with selected examples)

T Improved time resolution
A Silicon detectors with avalanche gain
A Wideband electronics
I Improved spatial resolution
A Fine-pitch pixels
A Interpolation techniques
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Approaches towards finer pitch pixel sensors, dissimilar technologies

QHDPp5E
or Si interposer

Hybrid bumpbonding of
sensor to ASIC

sensor chip (e.g. silicon)

high resistivity n-type silicon

p-type T aluminium layer
silicon layer -
flip chip L. " pramm—— -
&

bonding with P—
solder bumps X

' Xylinx ultra
scale FPGA

electronics chip single pixel

read-out cell

100 um
150 -200 um pitch 50 um
-— >

100 pm pitch

u s
mp Size & pitch

20 - 30 um
30 - 60 um pitch

15-20 um
20 — 40 um pitch

10 um 5 um
20 um pitch 10 um pitch

Standard flip chip bump  Fine-pitch bump  Solder microbump Cu pillar bump

Ron Lipton INFIERI workshop 2016

K80 NRR sdgishey 3 o3 Nodiy

wafer bond, multiple
CMOS layers possible

sensor
.

& 34 micron
N high 2-tier
WICTR chip
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Anode pad readout for SHe lonization mode neutron detector

With low noise electronics, 5fC detectable with

=1%

No. of Counts
2
<

Catfied untiy gas gain. Pixelated anode plane only
223: © &“ . achievable with ASICs
‘{g 2 ps shaping, 3 bar °He | 2 Ear C.H,
“‘ 1000 [T T T
“‘ NGUtronS 750 Pad Signal from Neutrons
A %%% - FWHM = 1.6%
“‘ ~. Pulser
“‘ FWHM |
N
N
\

J

Anode Charge (fC)

'y &=

250 L

*’”’

First image using Cd mask
(BNL) and 1mCi 252Cf source
22.5M hits
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Neutron pad board front/back with ASICs

A
...“.
)
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'
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Q
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|
/
;

Q
Y
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Y
Q
%
X

64-channel ASIC

All

digital output of charge/time/channel
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3He pad detector - output data format

;lzt:wde data generatei:?;kiiit ionizing event : 1 New generation ofHecbased pixel
m Home Insert Page Layout Formulas Data Review View Acrobat L) Q |On|Zat|On Chamber@nlty gas ga”),
AL - £ enabled by microelectronics, makes
A B C D E F G H I 0 0 oMg
1 Timing  Peakdetect Channel#  Chip#  Board# possiblehigh count rate capability,10° /s
[ i e s ™ ” per pixel, >10/s per detector flexible
4 168 70625 9 38 27 15 1
5| e ooas B = g = geometry, absenc_e_ of ageing eff_e_cts,
: 200195008 i) 2 0 : extraordinary stability and reliability, the
7 20 195006 5 46 10 9 36 :
8 20 195008 9 51 0 9 narrowest neutron signal peak.
9 20 195006 '.Ji_ 17 11 9
5 o s ; - T - M The technology provides powerful
[ . o g c .
T ; . " X dlscrlmlnatlon, n/ by pulse height, and
O = 18 18 z n/particles by magnitude of charge and #
R 5 2 16 ’ 2 of pads generating simultaneous signal.
18 20 204339 i5) 52 35 10 o g .
19 20 204336 6 53 35 10 39 T Time Stamp applled to each S|gna|
B o &l S I provides TPC like operati@®BD rendition
e I e of events and tracks
24 200 255251 10 60 32 7 40
5 200 255255 = 35 32 7 1 Systems can be fabricated in which front
26 234 93852 (6) 31 33 4 . . .
27 2 9w 6 3 33 a 31 end and DAQ are contained within the
28 234 93854 6 4 33 4 o o
| 29 234 93854 VE 27 33 4 detector vessel, with OnISanethernet
SEmEPCEE to a PC and power cables the only outside
in columnC )
items.

Hits identified by time coincidence and
adjacency
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Fast single-photon imager

Pixelated 300 pm thick Si
detector chip (256 x 256
pixels, 55 um pitch)

/| 9wb LIA Efdpi OKRIBING RA I

sensor

Image intensifier for singiphoton sensitivity

~10ns timing/20um position for single photo

(1.5ns version in development)

Applications:

A Huorescence decay chemical analysis -

A Quantum communications (detect entangled
photons)

Read-out ASIC
chip Medipix2

BNL Stony Brook Univ.

Det.A Det.D

Lab i1
Alice Module

Lab |

“‘ ——
o Madule g == pBss
H .
A i
(&

13241143,
Rendom String

\4

H
v i
~ Sk
A B

13241143...
A |

Control Field BD

BD Etalons

"‘\]-;‘/
Telescope 2

Quantum Channe 20m)

Quantum Memory Modute

Freespace link
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Multisite event reconstruction in CZT

A CdzZnTéCZT) room temperature semiconductor gamma ray .. .
detector produced up to ~2cm thickness
Has significant materialonuniformities e A
/'y ©0S O2NNBOGSR o0& 05 O f i« wwzver|
Compton events contained within crystal (or crystal array) ¢ =f '
be reconstructed
Compton kinematics allows source localization (Compton
telescope)

1000 -

To o Do Do

T T T T T
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1200 |- CZT 20x 20 x 5 mm®, 121 pixels
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Outline

A

To Po To To — o Io - I Ix

A Highly-scaled systems
I Inhospitable environments
A Cryo
A Vacuum
A Radiation
I Power and data bandwidth constraints
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Detectors getting larger over time

Silicon tracking @ colliders Astronomical mosaic cameras

1000 I . r
| Silicon Area [nf] d CMS
100 ! i : b
10 ¢ TONED (D0 il
¥ o Q . L
[ LEP - .
1 oLt 4
E | “alier
04 ;r,u Q cre a ]
(B
1585 1880 1965 2000 20085 210
SadrozinskR0O1year
Liquid Argon TPCs
100000
DUNE/LBNF
10000
Z 1000
2 ® ICARUS
by @ protoDUNE
a ; SEND _
g 100 MICROBOONE®
10 ® ICARUS proto2
ICARUS protol
1
1980 1990 2000 2010 2020 2030
YEAR

1E+10
E 1557
SNAP (space) .
PanSTARRS _
- ,ri'- .
1E+09 - eoaart
. T crHT ARG egacam - A acd)
] . L
g1 .
a I soss
BiE+0s | oot £SOomegacam
i £ o s et
E Uriaic 0w
2 - -~ |
1E407 L
E NDAOK
]
1E+06
1990 1992 1994 1996 1998 2000 2002 2004 2006 2008 2010 2012 2014
Year

lliustration of focal plane sizes, from Luppino/Burke ‘Moores’ law
Focal plane size doubles every 2.5 years

From: Burke, Jorden, Vu, SDW Taormina 2008

21cm radio arrays

10
1014 ©  Non-dedicated

® Stagel eotage 2
103} e Stage2 |

1012t |
1011

HIRAX -SKA-MID
10 O

10 SCHIME ©

10° b BINGO :
w0 b SOWFA ]

7 L 4
1070 Ger
10°

5 . .
102[]1[) 2015 2020 2025 2030 2035

year

Area x elements x bandwidth [m*MHz]

CMB

CMB Detectors

1000000
°
100000
°
°
w 10000 ®
2
1
T 1000 ° e °
5
g
2 100
L ]
10
1
2000 2005 2010 2015 2020 2025
YEAR
=) T T T
=
S 100 - ]
I .
] F ATLAS Preliminary . ]
2 8o ]
3 = = Resource needs B
‘;‘ = (2017 Computing model) -
@ [ — Flat budget model - .
g 60 (+20%/year)
[+]
$ L 4
o 40 —
-
[ ]
20— T

ki . L1 N
2020 2022 2024 2026 2028

Year

2018

Detector servicespwer, cooling, data I/O) consuming a larger
share of R&D and construction effort

Frontiers of Instrumentation in Nuclear Science

Slide35



Importance of power planning

A Electronic circuits are usually regarded as manipulators of signals and
Information

AFrequently neglected is that they are also thermodynamic machines
and the electrical manipulations incur a cost in power dissipation

Awareness of power tradeoffs is needed at
the transistor/technology, circuit, and
system level:

I Many performance parameters have
a steep dependence on expended
power

I For large, highly integrated systems
it is easy to underestimate the
engineering challenges of managing
power delivery and heat removal

iy
xﬂ}

information
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Is there more efficient way to extract the information in the signal?

Conventional signal chain
l—{ — , _ Offline storage
Filter e Data Link g processing

| N
—]

A

Detector

Nyquistrate clock

. \\:‘ ‘ !'-’“" ,’4 v Y By '\ U 14 4
Raw: 15MB JPEG: 150KB
One can regard the possibility of digital compression as a failure of sensor design.

If it is possible to compress measured data, one might argue that too many measurements were taken

-- David Brady
Analog Feature
— : - Offline storage
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Filter Data Link " and processing
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Preamp sub-Nyquistrate clock

Frontiers of Instrumentation in Nuclear Science

Slide37



Outlook

A Dramatic recent progress in energy-resolving (RNDR, TES) and
time-resolving (SPAD, LGAD) opening new experimental
opportunities

A Technology advances permitting ever-finer detector granularity, and
closer integration of sensor and front-end electronics
I Fine-pitch bump bonding, 3D integration of Si and readout ASIC
I Microwave multiplexing enabling large TES arrays
I Power dissipation / power density constraints increasingly being realized
A Opportunities for borrowing power-efficiency techniques from
commercial world
I Conditional powering, activity detection
I Analog feature extraction
I Machine learning/deep learning
I Compressive sensing

A Larger projects / larger budgets brining sociological change to
experimental groups

A New focus area of quantum sensing receiving attention
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Hope to see you at BNL
next Wednesday!
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Microprocessor speed and power trend
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Cray-2 supercomputer (1985)

A 4 processors

A 1.9 GFLOPS peak

A Clock speed 0.25GHz
A 2500kg

A 200kW

Logic module
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