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New VVindow to the Universe !

. Following the observation of supernova burst neutrinos in
”1987, neutrino astronomy is becoming a redlity quickly now .

(| 3 Discovery of diffuse | g Neutrino multi-messenger

astrophysical astroparticle physics
neutrino flux |
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New Window. to particle physics & beyoid

Glashow Resonance

Observation of Glashow .
202 I 6 3P V Muons
resonance event at 6.3Pe W &%
q

L J

7] Hadronic Cascade

o~

“‘Detection of a particle shower at the Glashow resonance with
lceCube”. Nature. Vol. 591, pages220-224.
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New VVindow. to particle physics & beyond

arxiv:2011.03561
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® Other particle physics include:

® Exploring energy scales beyond the reach of colliders

® | eading searches for new phenomena beyond the reach of LHC
(BSM physics, dark matter, ...)
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cosmic rays

® To continue the path of discovery and the 4 (o + neutinod
revolutionary effort to observe the Universe in ' |
fundamentally new ways

Cosmic Ray Sources
— Active Galactic Nuclei (AGN) \

® Requires next generation instrument  Gamma Ray Bursts (GR5)

— Galaxy Clusters
— Unknown

T

® Fundamental questions we want to answer:

Victor Francis Hess

Discovery of
cosmic-rays

® What are the sources of the high-energy
astrophysical neutrinos !

® What are the sources of the high-energy cosmic
rays !

® What are the phenomena that occur at the most
extreme environments in the Universe ?

® Are there more than three neutrinos ?

® What is the nature of dark matter ?

Carsten Rott 6 Snowmass Seattle July 2022



Neutrino Telescope Landscape - Gen2 in

context of global neutrino telescope projects
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Scientific Scope

o ASTROPHYSICS & NEUTRINO SOURCES

® Point sources of V’s (SNR,AGN ... ), extended
sources

® Transients (GRBs,AGN flares ...)
® Solar Atmospheric Neutrinos

® Diffuse fluxes of V’s (all sky, cosmogenic, galactic plane

)
e BSM PHYSICS & DARK MATTER

® [ndirect DM searches (Earth, Sun, Galactic center/
halo)

® Magnetic monopoles

® Violation of Lorentz invariance
e PARTICLE PHYSICS

® V oscillations, sterile V’s

® Charm in CR interactions

® Neutrino Cross Sections

COSMIC RAY PHYSICS

® Energy spectrum around "knee”, composition,
anisotropy

SUPERNOVAE (galactic/LMC)
GLACIOLOGY & EARTH SCIENCE

Nell=ale=

Very diverse science program,
with neutrinos from 10GeV to
EeV, and MeV burst neutrinos

MNeuvtrino
Astronomy

Cosmic
Accelerators

’ Neutrino
Flavor Ratio H Ok et Tau Appearance

Sterile Neutrinos

Multimessenger
Astronomy

Supernova
Explosions Heavy Quark

ASTROPHYSICS NEUTRINO Production

PHYSICS

Gamma Ray
Astronomy Non-standard
Interactions
Cosmic Ray FUNDAMENTAL
Physics SYMMETRIES

Neutrino Decay

Solar Physics

.

BEYOND .
STANDARD Glaciology
MODEL

Space-time
ymmetry

Earth

Tomography

' .
\

Atmospheric
Sciences

B

ICECUBE

v
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e CoOmPARISE

® Uniqueness of the Gen2 facility

® Coverage of a very broad energy range from MeV
to EeV

® Combination of multiple detector technologies in
one facility

keV MeV GeV TeV PeV EeV ZeV
E L Observable Universe I
g 25 F_GZKhorizon ! Gpe
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lceCube & Gen2
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Massachusetts Institute of Technology
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Michigan State University
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and Technology
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The IceCube-Gen2 Facility

lceCube-Gen2 Eacil

ity

Four new elements, leveraging

complimentary technologies, to
achieve sensitivity to MeV-EeV
neutrinos

A broadband neutrino observatory
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® Densely instrumented deep
optical array (lceCube
Upgrade)
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® Extensive deep optical array
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® Radio array
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lceCube and lceCube-Gen2

IDEUBE
Full detector operation since 2011
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IRERERIREEE | . ¢ Diffuse ~ (Fermi LAT) IceCube (ApJ 2015)
AREREN 1 1] 1077 $ Cosmic rays (Auger)
IRERENE H i & Cosmic rays (TA)
i See 100
P “ i i ; - “ \‘ [ ’ \
® &8 10" N 1 i 3
o0 E 10-8 : T? tit :
8 &L O 3
\ . &Y L 5 t
‘ o‘ . ::‘ 0|
& B o)
o |I§¥ i
LA \ : } 10—]“ ;_
107 10 102 10 10" 10° 105 107 10° 107 1019 10!
E [G(‘\']

® 2013: Discovery of astrophysical neutrino flux
e 2018: Evidence for Blazars as neutrino sources
® 2020: First astrophysical tau neutrino measurements

A
N

IcCECUBE A high energy extension of
lceCube for the next decades of
neutrino astronomy

GENZ
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® Aims 5x sensitivity from IceCube
® From discovery to astronomy

® Resolving high energy sky from TeV to EeV

Carsten Rott
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lceCube-Gen2 ArEay

We aim 5x improvement on the neutrino sensitivity with a
8 km3instrumented volume

2,
1.8 ® .0 .l .o ® . e .
. : ¢« v ., ’.°.°. » Vertically &
1.0t . L T horizontally dense
. e, " o ., amaywith7 Stings
0.5 ¢« o L, * % ,.. °r, ... ® . » Total 700 optical
— « * . * . ‘ .’,'.'. o:.':.: modules
E . ! ® o eo** % s e
3 0.0 . a . ° . :0.'.:'*‘..::: l
> e, e 0 **>. * 86 Strings with 125m
—0,5% " e S v .. ¢ ‘,'.'.'00' spacing
e e T ’ » Total 5,160 optical
—1.0 ® e 0 s * '. * e modules (60/String)
-1.5 . s
120 Strings with 24 cin
26— —is —io  lotal 9,600 optical modules (80/String)
. . x [km]
*Gen2 also plans surface & in-ice radio arrays (J. Phys. G 48 2021)
[ Improvement of Optical Module design is the key to success of IceCube-Gen2 j
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ENHANCED HOT WATER DRILL — HYBRID GENERATION 2 (EHWD-G2)

20210621

SYSTEM SCHEMATIC

5x C200 Microturbines

192 GPM | 2°C | 10 psig

w/ Heat Recovery
4 operating | 1 spare
+640kWt -

WARM
Water Tank

COoLD

Water Tank

200 GPM
13°C
100 psig

Fuel

Supply
Bladders

Main Heating Plant 1
+1000 kW (8 of 9 htrs)

Main Heating Plant 2
+1000 kW (8 of 9 htrs)

Main Heating Plant 3
+1000 kW (8 of 9 htrs)

Main Heating Plant 4

i

+1000 kW (8 of 8 htrs)

Other Buildings:

Break, Meet, Eat

640 kWe OUT

l N\
480V Elec
to SES

+ 100 kWe
480 VAC
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SOLAR ARRAY

Transformer e

Rodwell

600V CABLE TO TOS

206 GPM
88°C
1000 psig

to 600V

[
.
.
.
.
.

cemy

+300-1800 kWe!
DC ;

M

HOT
Water Tank
Pre HOT
Filter Water Tank
HOT
Water Tank

Mechanical Shop

Electrical Shop

w/ FIBER CABLE FOR COMMS

Transformer
to 480V

Elec
Trim METAL
_ﬁ PIPELINE
ngI; Pressure SES |
umps Moves |
every |
20+ | TOS
holes Moves
every
! hole
>
Up to
Drill Control Center 750”?
separation

Drill Supply
Hose Reel

b TOS, Tower,
&y Back Up
it | Cable Reel

Return
Water
k ; Pump
it )
Cableless
Drillhead
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_____Optical Modules

We aim 5x improvement on the neutrino sensitivity with a

3
8 km?3instrumented volume Eu~ 2.6 PaV track > 165

photoelectrons observed in total

:'
o
.
ey
"
2 |
8
>
ay
33
e
»
344
3
o
%

Imégihg & céloi’imétry of:
neutrino events with a 3D array
of Optical Modules

Photo sensor (PMT) & electronics in a pressure vessel

70 MPa during installation (pressure peaks at re-freezing phase)

Operations temperature from -40C to -20C

High reliability (DOMs @ IceCube >98% modules operating reliable after more than
|0 years of operations)

® Cost saving opportunity: Module diameter reduction can reduce drilling costs and time

Carsten Rott |7 Snowmass Seattle July 2022



Long Optical Module (LOM) ICRC(2021)1062
4"PMT x 18 4"PMT x 16

312mm 318mm

- Power consumption limited to 4W

- Lower digitisation rate of 60 MSPS

- Waveform processing shifted to PMT bases

* Due to Gen2’s large string spacing (~240m), a lower

ADC rate has only a modest effect on reconstructions
Snowmass Seattle July 2022

Upgrade D-Egg (2x8"PMTs)

Carsten Rott |18


https://pos.sissa.it/395/1062/pdf

Alternative.sensor.modUulés

Alternative photosensor modules could complement array:
Enhance photon collection

Pressure vessel

Photomultiplier ® WOM - Wavelengthshifting Optical Module
tube (PMT)

/ == e ICRC2021- PoS(ICRC2021)1038
/T - | Dictroic foi e FOM - Fiber Optical Module
ankov / ‘ S e |[CRC2021

jht

/

/ «—— Wavelength shifter ® Enhanced photon traps

’ e ICRC202I - 10.22323/1.395.1039

7~ e |INST 2017 10.1088/1748-0221/12/11/P11021

Promising concepts for alternative modules for calorimetry

Carsten Rott 19 Snowmass Seattle July 2022


https://doi.org/10.22323/1.395.1039
https://doi.org/10.1088/1748-0221/12/11/P11021

GEN

* Two design candidates; 16 and 18 PMT options

~ Custom non-spherical pressure vessels for both options

« 47 PMT is the best pick to maximize effective area
- Back-to-back layout not feasible with > 4" PMTs

* (*) Does not exist in the current lineups of PMT vendors

540 mm

« PMTs are coupled to pressure vessels through “gel
pads”

~ Cone shape enhances the effective area

~ Coupling PMTs and pressure vessel optically&mechanically

« Custom electronics designed for Gen2 needs

~ Tuned for high energy array (dynamic range)
~ Low power consumption (infrastructure)

* In-module data buffering (bandwidth) «—312mm— «———318mm—

16 PMT option 18 PMT option

Carsten Rott 20 Icqube Dark Matter and BSM
Physics



Expected Performances

® |6/18 PMT options show 3.1/3.5x
better effective areas compared to

lceCube DOM Effective area (A=400 nm)
® Estimated by Geant4-based 1401
simulation 120+
® Measured pressure vessel and ~ 100
gel transparencies, and PMT s
@
o

responses (e.g. photo detectiong 80
efficiency as a function of
photocathode positions) are
taken into account
® Great improvements in the
horizontal directions 0

o ton 1 08-06-04-02 0 02 04 06 08 1
® C(ritical considering the 240m cosO

®))
o

Effective a

N
o

N
o

Inter-string spacing
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i Pressure \Vessel

Diameter < 12.5” / 70 MPa rated / high UV transmittance /
radioactivity as low as possible

Two vendors: Okamoto (Japan) &
Nautilus (Germany)
» Since lceCube Upgrade

» Keep-multiple-vendors strategy for essential

components in Gen2

Improved optical performances

» >50% transmittance at 320 nm

» Reduced K%:0.74 Bg/kg (Okamoto)

Pressure rating have been proved
with prototypes

New harness design studies to
minimize PMT-shadowing effect

Deformation: 3.9mm (H) /
2.4mm (V) at 70 MPa

for 18 PMT
option

for 16

transmittance (%]

option

PMT

Transmittance for 13 mm glass

100

80

New pressure vessels
have minimum effects
to PMT QE response

60 -

40 -

— Nautilus
s Okamoto
= |ceCube

20 -

300 400 500 600 700
wavelength [nm] 9

Carsten Rott

22

Snowmass Seattle July 2022



ch. PIMils

As short as possible accepting minimum compromise
In performance

<104 mm Target numbers
- Two vendors: Hamamatsu and North Night Vision FanMmiee fagetvahuo
Technology (NNVT) E Gain 506 @ <1500V
» Newly-designed 4inch box&line style dynode PMTs S Transit Time Spread | < 8ns (FWHM)
» NNVT has produced 15,000pcs 20” MCP-PMTs for JUNO v Peak/Valley >2
» Keep multiple vendors for for Gen2! _‘ P QE >25% @400nm

Pre/late/after pulses | Less than 1/5/10%

« Very compact, 106mm (abs max.) long

» (Potential) Caveat is moderate cathode uniformity (transit
time and/or collection efficiency, for example) E

» Confirmed prototypes from both vendors meet the - |

requirements

» No public plots/numbers yet A
. . Hamamatsu "

> Development/Improvement still ongoing 4 inch PMT
Yuya Makino @ ICHEP2022

Carsten Rott 23 Snowmass Seattle July 2022



Silicone gel optically couples
PMTs and pressure vessel

®  ShinEtsu X3547-HE developed for
lceCube-Upgrade

e High UV transmittance & good
performance at low temp

Investigating “gel pad”
approach

® Pre-casted gel on a PMT unlike
conventional in-place potting
styles used in other Optical
Modules (NIM A 958 (2020))

e Alternative idea to avoid _ _
expensive (3D-printed) support Lab measurement Simulation
structures

Gel pad works as a photon
collector, +65% effective area
confirmed compared to a bare
PMT

® No reflector, but use total
reflection at the cone surface

® Lab measurement showed a good | |

. . . ..'.“'....“‘I‘.‘.‘ —_— :l 11 l L1 | L1l
agreement with the simulation 20 40 60 80 100 120 140 160 B0 60 40 20 O 20 40 60 80 "0
. . X (mm) X
prediction

100

80+

60 New gel does
not cut PMT QE

40

transmittance (%)

207 —— New gel, 10mm

—— Old gel, 10mm

950 300 350 400 450 500
wavelength (nm)

v —{100

Gap is an artifact due to the prototype gel pad shape

Carsten Rott 24 Snowmass Seattle July 2022



In-Module Electronies

In-Module Electronics

IceCuBE
GENZ2

Electronics only Limited space, Low power consumption,
\ Dynamic range from SPE to highest energy neutrino events

- Combination of specialized boards instead of a “big&central” board

» Good match with the limited available space & No need for big / resource-
expensive FPGAs

» Re-purposing existing solutions from lceCube Upgrade

« Features

Mini » Generate/regulate HV to each PMT

mainboard

Waveform uBases

» Digitization of signal waveforms from each PMT (wuBases)

» Low level signal processing

» Command and data I/O multiplexing & data buffering —— Fanout boards

» Communication with surface computers for high level triggering and processing

Waveform boards — Mini mainboard

uBases <

(wuBases) Yuya Makino @ ICHEP2022 12

Carsten Rott 25 Snowmass Seattle July 2022



VVaveform MicroBase

A

Waveform MicroBase ,

HV generation ICECUBE
(Cockcroft-Walton circuit) GENZ2

Analog
frontend AD

Ribbon

- Add DAQ feature to the existing custom HV base -
------ B Cable

» HV base developed for the IceCube-Upgrade project
- MicroBase (ref: POS(ICRC2021) 1070)

47mm

.....
wiral 2023

» Ribbon cable for controlling and data transfer <~ e %) P
iy S R Micro controller

- DAQ functionalities

» Continuous digitizing with 2-channel 12 bit ADC at
60MSPS and captured in a low-power consumption
FPGA Single photoelectron (SPE) waveform sample

(*) 150 mW (90mW if ASIC)

106mm

» Record Anode (high gain) and 8th Dynode (low gain)
signals

&

N

w
A

* FHWM ~30ns

-

» SPE time resolution: 2.4ns (sigma)

» Microcontroller manages control and regulation of HV, <=dominated by PMT TTS

and buffering and low-level processing of digital
waveform data

ADC counts
w w
3 o

16.7ns/sample

w
N
v

T L} 1) L} T
0 50 100 150 200 250 300 350 400
Time (nsec)

Yuya Makino @ ICHEP2022
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Distance to source (vertical) [m]

Specialized for high energy events

Specialized for high enersy events

“Big bird” (neutrino energy ~2 PeV)

[ —— Best cascade fit

—— Reversed orientation - -+ Exp. data

400 -

/.
&

/
e
7
" e o
§  exs

cefae

\

—-400

AR ENEN

AL
Yo

.
PEOSIMAMSUERINT  NF BB W ME LN NS e

105 E H .
«  Chl: Anode ’ ’ -
] e« Ch2:Dy8 | | 5_,.;"-, e ®
l | . I
2 i 1044 e S E——
o ] e {1 Input signal width ~100ns | ’.' | |
3 5 | v |
| : ] | 4 | |
By YTy ]
@ 103?_____J(_____;?___QhZ_*slastmear,\_Beache&
& | x100 higher
A.k_k § ’ e 0® .+oo es oo ‘ ‘
e 102 ?____;.‘rgﬁ o - l ______ 4|" _______
: 5 P \ |
: « o ; Ch1 rreaches ADCT count |Imlti
AR TR 18T M3 WIS M e 101 " rt e
10* 10? 10° '10¢ 10° 10°
- H true (PEs/event)

+ Significant improvement with Anode & 8th dynode readout
with 12 bit ADCs
» lceCube DOM'’s main ADC: 3ch (all see anode, different gains), 10bit

» Confirmed dynamic range from SPE to 10,000 PEs/PMT
» Response remains linear for even nearby PeV-class neutrino events

-400

200 ) 200
Distance to source (horizontal, along axis) [m]

» Improvement in both energy and angular reconstruction expected
Yuya Makino @ ICHEP2022

Carsten Rott
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s for multi-PMT DOMs for Neutrino Telescopes

like lceCube Gen2

Spencer Klein, LBNL & UC Berkeley

Multi-PMT optical modules
Benefits and costs of a digitization ASIC
Role in IceCube

B L ST L P I Y

=
-
-
=
-
-
==
-
—
-
=
—_—
-_—
-_—
—
—
-
—

HOUOUUUUOUOUCUUUEE

for lceCube-Gen2 - ASIC for the PMT signal
readout ( 100Msps, 12 bit, 2 channels)

Carsten Rott a 28 Snowmass Seattle July 2022



mDOM readouts

Modern/next generation optical modules for neutrino telescopes have
many (10-25) smaller photomuiltipliers, each of which needs to be
iIndividually read out

A typical readout system includes an analog preamplifier/shaper, trigger
(typically at the 1 spe level) plus a fast analog-to-digital converter, plus
data compression.

- A DAQ system mounted on the PMT base is optimal to simplify cabling, etc

A solution based on a single ASIC will save money (compared to a
discrete solution), power, and volume in the DOM

A large next-generation array like lceCube Gen2 (10,000 optical
modules) will have ~150,000 channels. At this volume, the cost of IC
design are more than amortized over the production run, and an ASIC
system is also significantly cheaper.

29



lceCube Gen2 as an example

The proposed Gen2 DAQ architecture:

Ampllifler-Shaper LTC2142-12

* 65Msps, 2 channel, 92mW
- 12-bit (14-bit available)
Amplifler-Shaper - Options: 60, 100, 125 Msps

**e ! Parallel Data

The blocks in green are
part of the proposed ASIC

|

FPGA | _

Lattice ICE40UP

- 15kB + 128kB RAM : This saves

- Waveform recording w. variable length,

time stamping, discriminator TDC | powe r
Discriminator * Double Buffering |
Threshold | CO St
SPI Data Transfer
& Control 20MHz clock volume
Microcontroller Syne pulse

Waveform MicroBase

Block diagram from Chris Wendt

|

| , |

! STM32L432 UART Serial data

| » ARM Cortex-M4 80 MHz /—
. PWR [«

' 2mW @26MHz 12V 218V,

| | pAaC PWM ADC? +3.3V, -2V

| 15! stage monitor I

| A

| Resonant generator | __,| Cockcroft-Walton HV (

' Typ. 3mW, ~100V peak 13 stages

|

|
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Power savings

Commercial ADCs generally have very high analog fidelity

Full-power bandwidth (750 MHz for LTC2142-12), nonlinearity,
SFDR (spurious-free dynamic range) etc.

By relaxing some AC design parameters that are not important
for neutrino telescopes, ADC power consumption can be
significantly lowered

Can also use a lower power process (65 nm)

Can save power by only transmitting non-zero (with a low-
threshold trigger) data off-chip.

In the IceCube case, the expected power reduction is from 107
mW/channel for the discrete case to 22 m\W (for a baseline
design) to 76 m\W (for a fallback design)

Nothing in any of these designs is pushing the state-of-the-art

Design proposal from the LBNL IC Design group:

Carl Grace and Katerina Papadopoulou
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Cost savings

The estimated costs are

$35/channel for the discrete solution ($5.3M for 150K channels)
The ADC dominates the cost

$12/channel for an ASIC solution ($1.8M for 150K channels)

The ASIC solution costs include about $1.2 M for the chip design, which
dominates the cost

This cost comparison does not account for the money saved in the power
supplies and transmission system, or for the savings in the cost of the
power.

At the South Pole, the power cost is substantial, and there are limits on
how much power is available. A lower per-channel power could allow us
to build more channels.
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ASIC Conclusions

Next-generation neutrino telescopes will have very high PMT counts
150,000 PMTs for IceCube

At these large volumes, custom ASIC solutions save money and
power

This makes sense no matter where the system is deployed. For a
system to be deployed in a remote environment, the advantages are
multiplied.
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___________ _Conclusions

o

® The last decade has seen a transformative progress in astroparticle physics, observation of high-energy
astrophysical neutrino flux, multi-messenger observation of astrophysical neutrino source, ...

® |[ceCube continues to be the primary science driver in neutrino astroparticle physics, but astrophysical sample
is significantly statistics limited at highest energies

® Gen2 is building on the highly successful technology utilized for lceCube

® Fundamental technology ready for Gen2, however investment in R&D can reduce costs and further
optimize the detector

® Gen?2 optical moduels, first integration test planned early next year. Planning to deploy prototype modules at
the South Pole as a part of IceCube-Upgrade in 2025/26

® Technological advancements in the optical array design

® Optical sensor module with 16/18 PMTs - 3 x larger sensitivity of lceCube sensor, directional 4 11
sensitivity,

® New PMT of 4 inch size with short stem in development by two manufacturers

® Optimized trigger and data acquisition scheme to allow factor 10 reduction in bandwidth, factor of 3
reduction in cables

® More efficient drill and energy saving technology, including solar power
® Integrated radio+tscintillator air shower array on the footprint of the optical array
® RD opportunities

® ASIC for the PMT signal readout ( |00Msps, 12 bit, 2 channels) — A significant cost and power saving
could be realized
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Backup

Carsten Rott O 36 Snowmass Seattle July 2022



® Design progress

® Optimized trigger and
data acquisition scheme
to allow factor |10

"/ 27-28 mm diam.

. . . 46 mm diam.
reduction in bandwidth :
® Factor of 3 reduction in ) &
cables & S
Gen1 cable (same scale) 3
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