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* Experimental Neutrino physics program @ Fermilab
* Liquid Argon Time Projection Chambers
* |Imaging NRs in Argon:
 LArCADe: Liquid Argon Charge Amplification Devices
* NR Tracking in GAr
« TRANSLATE: TRANSport in Liquid Argon of near-Thermal Electrons



NR Directionality for Neutrinos

Directional detection of Nuclear 10‘“’#2&1%%‘? Easmsae:
Recoll signature in CEVNS: ., . my L, COS™ Uy
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https://inspirehep.net/literature/1788152

Short- and Long-Baseline Neutrinos @ FNAL
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Accelerator Neutrinos

Decay in Flight neutrino beam line
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Accelerator Neutrinos

Fermilab Neutrino Campus

/

Fermilab Accelerator Complex




Accelerator Neutrinos

Fermilab Neutrino Campus: on-axis beams
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https://arxiv.org/abs/2107.01059
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Accelerator Neutrinos

Fermilab Neutrino Campus: off-axis beams

15 7 mrad Off-Axis

14.6 mrad Off-Axis (NOvA)
21 mrad Off-Axis
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Accelerator Neutrinos
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CEVNS @ Fermilab
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A New Method for Measuring Coherent Elastic Neutrino Nucleus Scattering

at an Off-Axis High-Energy Neutrino Beam Target

S.J. Brice,! R.L. Cooper,? F. DeJongh,! A. Empl,® L.M. Garrison,? A. Hime,* E. Hungerford,>
T. Kobilarcik,! B. Loer,! C. Mariani,> M. Mocko,* G. Muhrer,* R. Pattie,® Z. Pavlovic,*
E. Ramberg,! K. Scholberg,” R. Tayloe,? R.T. Thornton,? J. Yoo,! and A. Young®

PRD 89 (2014) '7.072004
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https://inspirehep.net/literature/1266049

More opportunities @ FNAL
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PIP2-BD: GeV Proton Beam Dump at Fermilab’s PIP-II Linac arXiv:2203.08079

Two recent developments in particle physics clearly establish the need for a GeV-scale high energy physics (HEP)
beam dump facility. First, theoretical work has highlighted not only the viability of sub-GeV dark sectors models

to explain the cosmological dark matter (DM) abundance but also that a broad class of these models can be tested

with accelerator-based, fixed-target experiments, which complement growing activity in sub-GeV direct DM detec-
tion [1H3]. Second, the observation of coherent elastic neutrino-nucleus scattering (CEvNS) [4] 5] by the COHERENT
experiment provides a novel experimental tool that can now be utilized to search for physics beyond the Standard
Model (SM) in new ways, including in searches for light DM [8] and active-to-sterile neutrino oscillations [9], whic
would provide smoking-gun evidence for the existence of sterile neutrinos.

-

Also “Physics Opportunities at a Beam Dump Facility at PIP-Il at Fermilab and Beyond”, arXiv:2311.09915
Matt Toups, Jacob Zettlemoyer @ FNAL (and many othﬁers!)


https://arxiv.org/abs/2203.08079
https://arxiv.org/abs/2311.09915

Liguid Argon Time Projection Chambers

BNB Run: 16341 Subrun: 27 Event: 1359

kiloton scale detectors (103 meters)

Noble element: efficient charge / photon
transport across meter-scale volumes

O(mm) tracking resolution with sub-MeV

thresholds for energy deposits E—
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Liquid Argon TPC
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LArTPC noise levels and thresholds

Time Dependence of Noise in TPC
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sub-MeV scale physics with LArTPCs
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https://arxiv.org/abs/2307.03102

keV-scale imaging In argon-based detectors

uBooNE scattered
T neutrino
Marley Simulation CC Supemova ve Event
. Z nuclear
OSON \ recaoil
\ )

Electron Track \

Energy (True) = 11.37 MeV .
Energy (Reco)= 10.85 MeV :

recoils

Science 10.1126 aao0990 (2017)
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keV-scale imaging In argon-based detectors

NRs in GAr [data from ATIMA simulation]

Recoil Spectrum [30 MeV v] @ 500 V/cm
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LArCADe: Liquid Argon Charge Amplification Devices



Charge Amplification in LAr
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Charge amplification in argon:

Take ~thermal electrons and accelerate to ~10
eV In order to ionize

OK in gas where inter-atomic distance is large

In LAr: re-scatter (and lose energy) well before
reaching 10 eV

Need incredibly strong E-field (106 VV/cm)

"Tip” anode geometries to achieve high field




LArCADe: “tip” geometries

R&D effort launched by Angela Fava (FNAL) with LDRD

—— analytic expression
¢ COMSOL simulation

Tip geometry provides potential
for amplification in bulk fields of
O(100s V/cm)

field amplification @ tip
b b
o o
w FS

cathode @ voltage

102‘5

<— field increase in tip proximity.

1073 1072 1071 10° 101
tip radius [um]

source for analytic expression: NIM A 534 (2004) 376-396

Anode readout .



cathode @ voltage

<— field increase in tip proximity.

Anode readout
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LArCADe: R&D runs a Fermilab

tip-array with sub pm apex produced @ BNL

|||||||||||

LArCADe R&D program at Fermilab Work with different tip geometries / arrays

Utilize Fermilab’s “PAB” (now “Noble Liquid Test Facility”) for Collaborating with materials experts @
cryogenic setup with purified LAr Padova, FNAL, BNL

“Purity monitor”: single-pixel TPC for charge transparency /
attenuation measurements 21



LArCADe: tip-array fabrication

”w 3
~atg Nl §
?' y
.
iadals

Launched development of tip-arrays @ BNL's Center
for Functional Nanomaterials (CFN)

User facility with resources for design, etching, =S=c

sputtering, imaging = 3 1 i R g

-

https://www:bnl.gov/cfn/

Tip-arrays allow for optimized and scalable design

22


https://www.bnl.gov/cfn/

LArCADe: data-taking and analysis

lTime : 2018-04-05 04:39:31
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ITime : 2018-04-05 04:39:31

LArCADe: data-taking in GAr
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LArCADe: data-taking in LAr

LArCADe run2: 1 um Tip in liquid argon

1.10
— + 80 V/cm 06- 100-200 nm tips Ji
¥ 1.05- a0
£ E
2 1.00- A 2 T
O offset due to e- £0.5
% 0.95 absorption by impurities < I
- =
ke ¢ ’ ’ = ? +
5 0.85 £
- ©0.3 E
8, 0.80 . [
= getting close to 108 V/cm S 1 ‘
o 075 \ < 0.2
0.70

0 200 400 600 800 1000 2000 3000 4000 5000 6000
Anode voltage [V] Anode Votlage [V]
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LArCADe: progress and R&D next-steps

Several runs at Fermilab 2018-2020
Successful operation in gas.

Were not able to draw clear conclusions on
amplification from few kV operations in LAr

 Hardware (power supply, electronics)
* Investigations on tip geometry

Opened new R&D effort towards understanding
ideal geometries for charge amplification

26
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LArCADe: tip-array simulation

E-Field Near r=1 um Tip

-800
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Field Strength [kVcm™!]
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LArCADe: tip-array simulation

Tip Height [um]

Electric Field Amplification

1000 4.500
=

3.938 *é’

800 2
3.375 S

s

i g

2.250 5

-

2

1.125 @

200 =
0.562?

0 ,ﬂ 0.000

Tip Radius [nm]

Tip Height [um]

Electric Field Amplification

2 4 6 8
Height-to-Base Ratio

optimize tip geometry and provide input for quantitative analysis:
O(100) um height, O(10s) nm tip radius.
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LArCADe: tip-array nano fabrication

Tip-array geometries:

* can help achieve charge amplification
* Scalable technology

* May be leveraged for tracking capabilities

Tip-array geometries for NR tracking in GAr a
possible new direction for R&D. Requires

collaboration with materials and electronics for
potential development.
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Nuclear Recoll Tracking in GAr

Simulations and feasibility

NRs in GAr [data from ATIMA simulation]
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https://inspirehep.net/literature/1788152

Nuclear Recoll Tracking in GAr

Simulations and feasibility

X vs Y with Starting Ion Energy 104.81 keV

0.4

1 atm - SRIM

0.2

i 0.0
-
—0.2
NR in SRIM simulation
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— Target Depth — X [mm]



Nuclear Recoll Tracking in GAr

Simulations and feasibility

Ma)éisrgum Target Depth Where Energy is Lost Due to lonization
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Nuclear Recoll Tracking in GAr
R&D program

GEM: 2x103 gain
Aim to ramp-up gaseous argon TPC
development instrumented with GEM Sl
* setup GAr operations @ UCSB . /
* Acquire and operate GEM

* Proof of principle tracking resolution
/ O(100 um) spacing
RO pad: 256x256 channels on 10x10mm w/ 1 fC
noise.
GAr TPC

measurements
33

This work will in part be supported
by HEPCAT “High Energy Physics i

HEPCAT program

https://hepcat.ucsd.edu/



https://hepcat.ucsd.edu/

Nuclear Recoll Tracking in GAr
R&D program

GEM: 2x103 gain
Longer-term development Cathode plane
[~kV/cm]
* Tracking proof of principle with Neutron source /
* Investigate RO / electronics and GEM \
upgrades needed for tracking @ 10 atm
/ O(100 um) spacing
RO pad: 256x256 channels on 10x10mm w/ 1 fC
noise.
GAr TPC

* Explore dopants for reduced diffusion
34

This work will in part be supported
by HEPCAT “High Energy Physics

HEPCAT program

https://hepcat.ucsd.edu/
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Argon R&D @ UCSB

Venting
line &
Cryocooler Helium lines ™
E A
Small Dewar '.
(Condenser) Purification filters (tobe 3
installed in the future)
X
Liquid P <
Argon —
from Brass check
condenser A valve
—

K\

Vacuum line

A

<
Liquid
Argon N Valves
external M 1/2” hose for LAr
Line W 1/2” hose for GAr
e Vacuum line
2 #ike¥#  Venting line

- He lines
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Argon R&D @ UCSB

i, o
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TRANSLATE

TRANSport in Liquid Argon of near-Thermal Electrons

10-14 electron cross-section on argon in gas and liquid
111 - 7
® uphill battle
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O 00000 00 00
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00000 £ 1071¢;
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arXiv:2211.12645 - 075 05 0.2 0
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z Position [mm]
TRANSLATE -- A Monte Carlo Simulation of Electron Transport in Liquid Argon

Zach Beever, David Caratelli, Angela Fava, Francesco Pietropaolo, Francesca Stocker, Jacob Zettlemoyer


https://arxiv.org/abs/2211.12645

TRANSLATE: Monte Carlo simulation

generate time-step

i 7=K/2n
7
/ K
e(E,r) // 4“‘ [ Updatee r & v ]
7 K>o
¢ O tot !
{ simulate interaction J
10-14 electron cross-section on argon in gas and liquid . ¥ - v
[no interaction] { scatter J [ excitation ] [ lonization J
-15 |
10 i yes no
' gas?
Y
f'\g 10'16-§ s [ new e
lgl ‘ \O’El/o‘&/‘>
‘ e —
e \NV4 < v l
0 10717 [ Momentum ] [ elastic
1 — — transfer llisi
| —— 0 (liquid) — 13 eV excitations e
10_18: ——— 0Op (liquid) —— 14 eV excitations '
—— 0p (gas) 5 .15 gv gxcutatlons differential? L E'=E.AE }
| —— 11 eV excitations lonization
10-!% L, i--- - --—r—m——m———r— ————————————————eeel . ———
103 107 101 10° 10* 102 103 )
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TRANSLATE: Monte Carlo simulation
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TRANSLATE: simulation output
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y coordinate [um]

TRANSLATE: simulation output
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TRANSLATE: simulation validation

orthogonal coordinate [um]
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Drift Velocity in GAr Electron Mobility in LAr

TRANSLATE; drift velocity
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TRANSLATE: ion diffusion
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TRANSLATE: charge amplification
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Summary

 Measurement of CEVNS by COHERENT brings a new exciting tool to neutrino
physics

* Nuclear Recoil imaging “next frontier” for CEVNS
o Strong synergy and complementarity with existing neutrino program

* Oscillations, astrophysics, BSM searches all benefit from Ey measurements!
* |Involved in two specific R&D efforts aligned with CYGNUS’ goals

 LArCADe + GAr TPC for NR development. Eager to collaborate!
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