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Race towards the development of
Instruments with more pixels, nigher
efficiency, faster readout, and lower noise.



Outlook

Sensors in imaging surveys . DES,LSST,...
* Sensors with good QE In VIS-NIR
Applications for direct dark matter
The skipper-CCD (zero noise)
* SENSEI, DAMIC-M
* Oscura
New Technologies/ldeas with low noise.

Super exciting, but not included here:
* All the superconducting technologies TES, MKID in CMB instruments.
* Intensity mapping ideas (for cosmology).



Sclence Driver

Dark
Matter
2(%
Dark
Energy
68%



Methods : Cosmic Surveys

Weak lensing map Y3

N. Jeffrey; Dark Energy Survey Collaboration | e —— Dark Matter map from DES observations

We try to answer these dark energy and dark matter question by performing precise mapping of visible
objects (structure and geometry).



Imaging surveys in ~2010s ( Dark Energy Survey)

it | | Dark Energy Camer
4m Telescope (Blanco) 2

* DES surveyed a 5000 square degree area of the
southern sky (roughly 1/8 of the total sky) over
525 nights.

* recorded over 300 million galaxies, most so faint
that their light is around 1 million times fainter
than the dimmest star that can be seen with the
naked eye.

* DES also discovered and measured the
brightness of thousands of supernovae by
repeatedly targeting ten regions of the sky every
SIX nights.
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Imaging surveys in ~2020s ( LSST)

8m Telescope (Rubin)

* 15-second exposure every 20 seconds ~3,200M pix imaging (CCDs)
e 37 hillions stars and galaxies

* Larger camera ever constructed!

* Moving to Chile soon.
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See also EUCLID discussion from yesterday...
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1um detection with silicon, means
thick detectors.

Key enabling technology

Holland, S., Groom, D., Palaio, N., Stover, R., & Wei, M. (2003), IEEE Transactions on Electron Devices, 50(1), 225-238.
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DECam used 250 um thick sensors (designed by S. Holland LBNL)
LSST uses 100 um (ITL + E2V)
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cutoff ~1.11eV, Ag=1116 nm

Also extensive effort to improve optical entrance window, for the blue QE.

Journal of Applied Physics 122, 055301 (2017)



...new thicker sensors present new
opportunities.



The dark matter problem

85% Dark Matter

¢ Ralph A. Clevenger

10



The dark matter problem with CCDs

coherent elastic scattering

1 iilelectron

holes

nuclear
recoil

“Massive” sensors with low noise are good tool for a direct dark matter search...
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Charge-Coupled Device (CCD)

Single pixel distribution

Entries 8428899
Constant 1.12e+05
Mean  -0.005619
Sigma 1.8

!

charge [e]

Janesick

Charge coupling makes the detectors ideal for low noise
measurements, typical noise for scientific CCDs is 2e- RMS
(7.2eV).
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DAMIC 2016 sensors
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Go Deep : 2000 mts underground And shield

polyethylene
layer to stop
neutrons

copper box
containing the CCDs

low radioactive lead
to stop gammas

Sensors at ~140K
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Particle identification in a CCD image
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DAMIC 2020 results summary : 11 kg-day

10~

10—38 |

10~¥

Q0
=
()
| —

=

DH

10~

10~*

1074

--- - CDMS Si

—— CDMSlite

—— CRESST-III
DarkSide-50

—— DAMIC (this result)
+1 o expectation

- - - - DAMIC (2016)

— PICO-60
—— XENONIT

m, (GeV ¢

17

Phys. Rev. Lett. 125, 241803 (2020).



Around 2019... we started to look elsewhere for dark matter.
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the “classic” search for wimps looks for nuclear recoil, but when
looking at lower mass particles the e-recoil channel could be more
competitive.
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skipper-CCD a "new” tool to push
for lower threshold in DM searches.



The skipper-CCD iIs a modification of the output stage of a CCD (Janesik et al -1990). It allows for multiple n:

Shift charge one Shift charge iIn serial register
column to tha right one pixel down (3 times)

A=

serial register
serial register

sens node _ _ Sens nore=
paralel register paralel register
amplifier amplifier

- sens
' node |




skipper-CCD
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DAMIC 2016 skipper CCD

4000 samples
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Phys. Rev. Lett. 119, 131802 (2017)

Designed ~30 years ago, but technology first demonstrated summer 2017 by Javier
Tiffenberg et al allows reduction of the threshold by another factor of 10.
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dark sector searches



Once you can count electrons, you can search for electron recoils produced by very low mass
dark matter (dark sector searches). As done with skipper-CCD in the SENSEI experiment.
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SENSEI 2020 results
arXiv:2004.11378
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Skipper-CCD enabling technology

Pixels per 0.01 e bin

Dark matter recoil events [au]
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Update from DAMIC-M (@

Phys. Rev. Lett. 130, 171003 — Published 28 April 2023

arxiv:2302.02372

Box with two CCDs

FIG. 1. The DAMIC-M Low Background Chamber installed
underground at LSM: the two skipper CCDs are monted in
a high-purity copper box (right); the box is placed inside the
copper cryostat, visible here (left) during assembly of the ex-
ternal lead and polyethylene shielding.
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https://arxiv.org/abs/2302.02372

Update from SENSEI-2023 (@SNOLAB)
2023 April APS meeting

Data: 45 unblinded commissioning images, 37 blinded images, 2-10 Improvement over DAMIC-M
e" channels
Exposure ~70 g-days per electron channel 10730

— SENSEI@SNOLAB: Commissioning data
- SENSEI@SNOLAB: Blinded data

Three limits: blinded dataset, commissioning dataset, and 10-31L ,
_ o _ _ — SENSEI@SNOLAB: Combined data
combined commissioning + blinded exposure : Fom = (ame/q)?
10—32_

Paper in preparation to present full results
Current limits
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https://meetings.aps.org/Meeting/APR23/Session/D12.6

Skipper-CCD DM program : technology roadmap

Experiment I\[/Ikags]s #CCDs Radia[t;‘:l:‘] bkgd Inst[z.j;r;::/t:::]kgd
SENSEI @ MINOS ~0.002 1 3400 1.6 x 10-4
DAMIC @ SNOLAB ~0.02 2 ~10 3x103
DAMIC-M LBC ~0.02 2 10 3x103
SENSEI-100 ~0.1 50 10 (goal)
DAMIC-M ~1 200 0.1 (goal)
OSCURA ~10 20,000 0.01 (goal) 1 x 10-¢(goal)

Commissioning

late-2019
late-2021
late-2021
mid-2022
~2023
~2028

Oscura is an ambitious program that brings together the DAMIC, SENSE| and
DAMIC-M teams for the development of ultimate DM experiment with skipper-

CCDs.
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From sensor performance to science arXiv:2304.0440
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Completed R&D : electronics/packaging Multi Chip Module

Circuit lavout Functional test cold Low background solutlon (Silicon)

MCM concept 2021 6” ceramic MCM 2022

Mechanical prototype of
the Oscura Supermodule
with 130g of CCDs (16
MCMs)

After a few iterations on the design of the Si-
MCM we have now tested it, and are
confident we can achieve the Oscura specs.
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Completed R&D : electronics

Cold front end:

1

!
|
U

De5|gned Fabricated and Tested the MIDNA
ASIC. Cold front end electronics for skipper-
CCD. 4-channel.

https://arxiv.org/abs/2304.13088
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Back end : Desighed and

tested a multiplexer
solution for the back end.
Operated 160 CCDs with

single readout channel. B b Gt
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https://arxiv.org/abs/2304.13088

Next : Faster Non-destructive
readout.



arXiv:2308.09822
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Others sensors In the works

CCDs with n-Sisero stages [indico.fnal.gov/event/58707] Skipper-in-CMOS
[10.1109/TED.2022.3233288] | [B. Parpillon @ CPAD 2022]

A holes Isolation ‘
' oVDD
En-SiSeRO packet/guard oReset gate (RG)

Il q CCD
Frrrrrrrs e p-channel
N = Instituto A 0

BERKELEY LAB Balsairo

S~cep
—O Vdrain
O Drain gate (DG)
Output gate (0OG)
— O Summing gate (SG)

OTransfer gate (TG)

electrons flow

CCD line source A

No paper with electron counting yet... but soon.
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Double-sided CCD (no fab yet)

Front side of the CCD Front side of the DCCD

buried

iz . Suppresses surface dark
current, also provides timing.

Reading sides In opposite
directions.

3D VIEW
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e-h coincidence rate (e-h/pix)

regular CCD (only one type of charge carrier)
-9 double face CCD with searching radius of 2 pixels
1077 ¢ double face CCD with searching radius of 1 pixel
double face CCD NO diffusion

107
107% 10°° 1072
Single-channel DC rate (e/h events)

FIG. 4. View of a 3x2 pixels DCCD. Front and backside pixels
are shown in dark orange and green, channel stops appear in FIG. 5. Rate of coincident e — h events versus the single-

magenta and brown, and gates are shown in blue and red, channel DC rate Within. an exposure ti.me, assumed to be the
same on both detector sides. Colored circles show the rates for

respectively. Arrows indicate the direction of charge transfer ) , , S

¢ du readont.  The numbers sndicate Hhe nixel resdont different assumptions regarding bulk carrier diffusion. Black
RS . ) ) P circles show the DC rates for a standard CCD. The plotted
order on each side. The z is the coordinate along both SRs, range of single-channel DCs represents realistic rates for day-

and y along the VR of the front CCD. long exposures [8]. The solid black lines are analytic calcula-
tions assuming an infinite CCD (see SM).




Now skipper-CCDs for cosmic surveys

It has now become evident that non-destructive readout (skippers) allow adaptive noise on the
readout of spectroscopic data. This could have a huge impact in the noise limited cosmic
spectroscopic surveys of the future. See arXiv:2103.07527 arXiv:2210.03665).

DESI Ly-a (S/N = 1.2) ' DESI Ly-a (1 x 942 s)
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Figure 1: Expected improvement in DESI Lyman-a observations from reduced readout noise. The gray line
shows the ideal case where readout noise is reduced without increasing readout time, while the black line shows
the expected performance of a Skipper CCDs that reduces readout noise over 5% of the detector area. Left:
Decrease in the required observation time (the sum of the exposure time and readout time) to reach a fixed S/N.
Right: Increased S/N at fixed observation time as a function of readout noise.

First test of skipper-CCD in a telescope coming soon (SIFS at SOAR 4m, Alex Drlica-Wagner et al). These sensors could also play
an important role in photon counting for future large space telescopes (working with NASA/GSFC)
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Conclusion

* Future looks exciting for silicon detectors with non destructive readout
NDR (skipper-CCDs and more).

* Originally developed for astronomy, NDR has found extensive use In
dark matter (and low threshold experiments, Quantum imaging).

* Recently commercial companies are starting to fabricate skipper-
CCDs (STA).

* Now, with faster readout architectures, NDR I1s coming back to the
telescopes in the ground and In space.
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FIG. 14. Energy spectrum of the best-fit generic signal (red
lines) overlaid on the background-subtracted data (markers).
Both the fit spectrum that includes the detector response (solid
line) and the spectrum corrected for the detection efficiency
(dashed line) are provided. The red shaded region represents the
-0 uncertainty from the likelihood-ratio tests. For reference, the
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Design: outer shield and installation inside SNOLAB

Outer shield assembly
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Detail of helium lines




tremendous progress over 30 years
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