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5‘;% CEMADARE PIRE-GEMADARC Research Plans

Table 2. PIRE project timeline, milestones, and deliverables. All tasks will accept summer students.

RESEARCH Year 1 Year 2 Year 3 Year 4 Year 3
ACTIVITIES Spring| Summer| Fall [Spring|Summer| Fall | Spring Summeﬂ Fall |Spring (Summer{ Fall | Spring | Summer | Fall
1. Material advancement
a. Zone-refining Multiple iterations to achieve 30 kg ingots with ~10"/cm’ impurity level for crystal growth
b. Crystal growth Multiple iterations of growth for 20 kg with an impurity level of (1-3)x10"/cm’ and mobility of more than 45,000 cm’/Vs
¢. Characterization Characterize all grown crystals for electronic and optical properties to enable simulation (500 samples).
2. Detector development
a. Internal amplification Design, fabricate, and test 1st detector Rebuild and test | Build 2nd detector Run for certification
b. SuperCDMS-type detectors | Design, fabricate, and test 1st detector Rebuild and test | Build 2nd detector Run for certification
¢. Inverted coaxial PPC Design, fabricate, and test 1st detector | Rebuild and test | Build 2nd detector Run for certification
3. Detector performance
a. Test methodology Understand the correlation between charge generation, transport, trapping, recombination, impurityies, and surface effects
b. Simulation toolkits Simulate charge carrier drift and diffusion during the drift process to understand charge trapping and surface ettects

c. Pulse shape discrimination Measurements of charge pulses Stmulation of pulses Comparison Developing models
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%’cemmnc Material Advancement

1. Material advancement

a. Zone-refining

Multiple iterations to achieve 30 kg ingots with ~10"/cm’ impurity leve

| for crystal growth

b. Crystal growth

Multiple iterations of growth for 20 kg with an impurity level of (1-3)x10""/cm’ and

mo

bility of more than 45,000 cm’/Vs

¢. Characterization

Characterize all grown crystals for electronic and optical properties to enable simulation (500 samples).




% GEMADARC Material Advancement - Zone Refining

Participants:
USD
s Tsinghua
o LBNL

germanium rod

Students (8):
Kyler Kooi
Alex Kirkvold
Pramod Acharya
Kunming Dong
Zhangzhi Feng

Recrystallized
pure germanium

Importance:
| Increase the yield of
. zone-refined ingots,
Direction of travel i
oo e SO0 since each run takes
and impurities 160 hOU rs

Zone refining of germanium metal,

(contaiming impurities) .

Qingqging Li
Mathbar Raut
Advanced Goals atnbar Ratit
. . L : L Sanjay Bhattarai
* Continue zone refining research activities by improving its output Postdoc (2):
efficiency from ~70% to 80% through optimizing run parameters GOSt :)(C (2);
* Study temperature gradient along axial using thermal camera HangMa!ﬁg
* |Improve understanding of thermal dynamics with respect to impurity 40 Vel
segregation Faculty (3):
Jlanmin Li
Dongming Mei

Mark Amman



% Material Advancement
Axe GEMADARC . .
' Crystal Growth and Characterization

Participants:
Crystal Growth challenges: Crystal Characterization purposes: US.D
* Increase H, flow rate Provide accurate characterization of the Tsinghua
* Exercise diameter and uniformity net impurity level for developing Ge LBNL
control detectors; Students:
. Increase the productlon rate/growth  Improve knowledge about the content Pramod Acharya
: - of the impurities in grown crystals Mathbar Raut
L el (I T o Rl T T [ Sanjay Bhattarai
gi: ] g @ w Kyler Kooi
z sof + Rl Al Kunming Dong
g | g Postdoc:
2 10| 2 | Hao Mei
15| | A Gang Yang
220701 0.2 0.3 0405 060.70.809 1.0 O W N S —— Scientist:
The ratio of mass along the grown crystal ot L Guojian Wang
Importance: Tools Faculty:
Larger detectors can reduce e Hall Effect Jianmin Li
backgrounds, complexity, and cost + C-V analysis Dongming Mei

Great Progress: 300 - 1500 grams: 3 pulls | . pT|S (Photo-Thermal lonization Spectroscopy) ~Mark Amman
1.5 - 2.7 kg: 6 pulls Brianna Mount
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%cemmm Detector Development - Internal Amplification

Participants:

poink Conact st Students:
. a 500 R Rajendra Panth

= utace | fuice_ g i __ Science Coals: Kyler Kooi

1 . = | == * Extremely Low leakage Akash Pandey

Surface | 500 current (~fA) Chih-Hsiang Yeh
sofom —_, Puise Generator _E_:\scope_\/b e Amplification of ~1k for sub- Weiyou Tang
eV threshold Postdoc:

I emeentactcos mm| | * Single e - h* pair resolution Wenzhao Wei
e — N R N R * Singee - h* calibration Xian ghua Meng
g S T A R N T A | Sha-Sha Lv
% i o - aculty:

_ ...................................................................................................... = F i » _ Dis c ov e ry o EVi d en C e Of CI.LI St er Hen ry Wong

e g e dipole states at ~4 K Yang Tian

Major activity Y.ulan L!

o Initial fabrications completed (spring 2020) ).(lnde. Lin

o Fabricate a robust breakdown prevention structure Jing L|u. ,
Dongming Meli

o Fab modest sized detector (>1kg) from USD crystal Venktesh Singh
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%cemmnc Detector Development

2. Detector development

a. Internal amplification Design, fabricate, and test 1st detector Rebuild and test | Build 2nd detector Run for certification
b. SuperCDMS-type detectors | Design, fabricate, and test 1st detector Rebuild and test | Build 2nd detector Run for certification
¢. Inverted coaxial PPC Design, fabricate, and test 1st detector | Rebuild and test | Build 2nd detector Run for certification




%cemmnc Detector Development - CDMS-style Detectors

90mm Ge crystal to be shaped/polished to 75mm  N-type SuperCDMS Detector testing

Major Activities:

Phase Il: 75mm Detector (currently in shaping/polishing)
Pre-test 75mm crystal using contact-free

» Validated S/N of same crystal using CDMS and Contact free
Using a n-type detector to understand electron trapping
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Participants:

Students:
Pramod Acharya
Nick Mast
William Baker

Postdoc:
Wenzhao Wei

Scientist :
Matt Fritts

Faculty

Vuk Mandic
Dongming Mei
Rusty Harris



% cemapare  Detector Development - Inverted Coaxial Detectors

Participants:

LEGEND-Style Detectors Uilzc pants
- i ____ TAMU

USD
MPI
LBENL
Students:
Anna Reine
Chris Haufe
William Baker
Morgan Clark
Carmen Allison

Axial position [mm]

Major Activities:

e |pitial Fabrication

 Fab/test MiniPPC detectors
(materials screening)

 Plan and execute Inverted

300 =20 -10 0 100 20 3
Radial position [mm]

Point Contact (PPC) Inverted Coaxial PPC

Collaborator:
David Radford
Faculty

John Wilkerson
Rusty Harris
Dongming Mei
Jing Liu

Iris Abt

Mark Amman
Xiang Liu

Coaxial PPC with USD xtals.

10



% GEMADARC Detector Development - Simulation Toolkit

Participants:
All Institutes
"Massive Training " Decision )
Train Samples from: ‘COF‘dPafe —— Making ——— Students:
CNN/LSTM i Validation :
/ ; gpgl.bsszdd“’lc _(Output) | Anna Reine
\o PR fe) " Deep T Chris Haufe
R R A A ; . Validation
Learning teedback Morgan Clark
Hidden _Models San Meijer
Layer [— Wllllam Baker
... S : Leaming - Kunming Dong
) ’ Zhangzhi Fen
1. Active Learning with deep learning models — Convolutional Neural Networks 2 2
2. Graphic Processing Units to speedup massive (~billions) Monte Carlo simulation Postdoc:
3. Applying denoising CNNs to further speedup large-scale simulation Wenzhao Wei
) . . lan Guinn
Outcomes: Multiple papers and theses. Students will drive the development of new tools Faculty

John Wilkerson
Advanced Goals: Rusty Harris

(1) Increase S/N ratio Jing Liu
(2) Produce alarge amount of simulation data ric Abt

(3) Apply machine learning algorithms to increase identification of new

. Wengin Xu
particles T



%’cemmnc Detector Performance

3. Detector performance

a. Test methodology Understand the correlation between charge generation, transport, trapping, recombination, impurityies, and surface effects

b. Simulation toolkits Simulate charge carrier drift and diffusion during the drift process to understand charge trapping and surface effects
c. Pulse shape discrimination Measurements of charge pulses Simulation of pulses Comparison Developing models
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Detector Performance - Test Methodology

;% GEMADARC

Participants:
. UNC
Signal readout Signal readout M“ltlple papers and MPI
theses driven by ASIOP Postdoc:

AUD lan Guinn
students are TAMU Wenzhao Wei
expected AMN Eric Martin

Faculty /Scientist
I Students: John Wilkerson
+V, v, Anna Reine  Rusty Harris
f Chris Haufe = Dongming Mei
Detector direct in contact Study Charge Trapping Mechanisms Morgan Clark Jing Liu
e David Hervas Iris Abt
Wlth IIqUIdS Detectors Top Contact Bottom Contact ‘Il _Ienr WOn
5D R0 William Baker y g
. @, =(0.314+0.01) eV @, = (0.30+£0.00) eV .
Ny = (4.6843.32)x10"7 eV em 3 Kyler Kooi Matt Fritts
P %Zi‘iiﬁ"iﬁzﬁi'ﬁ)ﬂ eV 'em? ﬁ}z{f{:i?f;ﬁﬂ?l{ﬂ'”c\’ 'em? Rajend ra PanthTom Cal‘dweu
Advanced Goals: USDWOS i =031eV 0= 029510005 eV Nick Mast ~ Qian Yue
Np =(2.25£0.02)x10' eV Tem 3 Nr = (1.94£0.04)x10"% eV 'em 3

(1) Initial fabrications and tests (done)

(2) Fabricate detectors with different contact geometries/materials

(3) Ultimate goal is optimize the parameters for the contact design and reduce
the surface backgrounds
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GEMADARC

Detector Performance - Simulation Toolkit

Participants:
UNM & USD

Q4keV abs:t min {Q4keV abs>08&&Q4keV abs<1508&Q3keV abs<15}

= 160 = — ~2 7 ndf 2.326/5 .
< B ugi 1.4 | po ~1.143 + 0.1063 StUdentS .
= — p1 0.2823 + 0.01734
c - oS 1.2—
= 140f- oV R Pramod Acharya
) N = — el
5 ..F S o8 William Baker
v 120— fab) —
© B > 0.6 — .
o | s OF Nick Mast
> — O 0.4—
o 100— —
QO | 0.2:_
& o - ' Postd
m O | | | | | |
80_ (@] °
6 B Bias Voltage (V) OSt OC:
s0-22: : Microphysics Processes for a Single Event Wenzhao Wei
~ s -' ?ﬁ% SuHA =P AR Y T R I TR PN e : 3V [ Impact lonization ] Time-Independent
4 — R E g A <£#‘ f.{gﬁ" 3 g-.- T e .,: ‘ -3 2 ,t. 3 ‘.) o V
O B R G R e S i 1 1 Sci ISt :
B | R 3 g _"_ ‘:,: }{ y Dy % %3 P R A3 BTN (* s s L 1.5V Directly interacting with neutral impurities Phonon Assisted Ionization CIentISt .
- I i * : e ; .-::' ‘ '}\ RS ) e;+ Dg —>23;+Dt; e;+A‘:)—> e+ h*J‘r+ A: .&'1!,,,+D::—>e_+D:r .
20— R N s R nE AR P ne TR D Tets b 2s Matt Fritts
— e AT vEs AR TSR e l l
- e A A A ol Foe A R e e o Charge Trapping
0 1 1 A R R S T L e e L I S . i =Y
0 S 10 A Band, t Overch dStltht' Cascade Coulomb Capt F I.t
Cross banagap capture vercnarge ates Froauction ascaae Couiom apture
I i I I I “+A4° > A ~+D° > D ~+D* 5> D% e +At -5 A° acu
Time Since Biased in Minutes e e [;;A_%Ao;;;l,_wo Y

Vuk Mandic

Advanced Goals: Dongming Mei
(1) Understand the microphysics processes at cryogenic temperature;

(2) Innovate new technology Eur. Phys. J. C (2023)83:278
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922 cevabare Detector Performance - Pulse Shape Discrimination

Utilizing improved Simulation tools and Machine Learning Methods

Simulation of surface charges (Bhimani)

Induced charge vs Time atr=10,p=0,Zz=5

Signal
- Electron signal
—— Hole signal

Waveform plots for different radius with p=0,z=0.1

Total induced charge

for surface charge=0.5 €10 e/cm*

* Fieldgen calculates the electric field and weighting
potentials inside the detector
* Siggen generates time evolution of the signals

Boosted Decision Tree Classifier (Li)

Tue Positive Rate

100
0.99 1 f
0.98 1
0.97 1

- BDT Classifier(AUC = 1.0, DEP = 99.8%, Alpha = 95.3%)
0.96 - DCR (AUC = 0.8, DEP = 99.8%, Alpha = 74 .8%)

= tDnift Classifier (AUC = 0.969)

- A vs. E Classifier (AUC = 0.793)

) | ) | L

0.95 f r T T T T
0.0 0.2 04 0.6 0.8 10
False Positive Rate

* Promising Machine Learning
improvements in conjunction with
tradition PSD method already seen
In some cases
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Participants:
USD, UNC

Students:
Kevin Bhimani
Jackson Waters

Postdoc:

lan Guinn
Aobo Li

Scientist :
Tom Caldwell

Faculty
Julieta Gruszko
Reyco Henning

John Wilkerson
Wenqin Xu

Connections to
Sim. Toolkit & ML
Technigues



2 ceviaoare Novel and Emerging Ge research

« As GEMADARC Activities continue, we continuously generate
- New detector/characterization ideas,
- Important new understanding and
- Insight into the importance of next-step research opportunities

« Leveraging the research and education of GEMADARC has enabled us to
embark on additional satellite research ABOVE and BEYOND the original
goals

- Contact-free, ZERO leakage current detectors
- Ring-contact coaxial detectors

- Machine Learning of Pulse Waveforms

- Hybrid Detector

16



%’ GEMADARC Emerging Detector Technology - Contact Free

« Leakage Current is Major
Issues with CDMS-Style
detectors
- Results in 2 major :
problems
» S/N above certain 1ol
energies
» Constant current e
"blGEdlng" Of ~OO1 pA :;, ?_fA %% 50 100 150 '2?0 250 300 350 400
L e Bias (V)
» Contact-Free measurements show Participants:
oo decay in pulse height with time TAMU Faculty
: : . CSNSM Nader Mirabolfathi
f | i illlght (Cilhange Ibn.that rate Students: Rusty Harris
| €pending on bias William Baker
P - Since no contacts are made, Abhiram Dinavahi
o dom 0 000 a0 o leakage is INTRINSIC to Ge itself Fedja Kadribasic

= Shahriar Esmaeili



%cemmnc Emerging Detector Technology -
< Machine Learning Techniques

Learn from Waveforms

" — ackgrouna Hierarchical Bayesian Model e FEvent classifications
eSS +Determination of parameters
230_ Event Classification ( ITTusive Neste amp er) ‘ th rOugh M L ana lytlcs 3 nd

N J S T Bayesian fitting

00 02 04 06 08 10 [Detector/EIectronics] < imp_20 impurityModelEnds

aald o parameters 720 N
e — ~ Participants:
[‘".,:" ] [W"‘ ] [W.,:" ] [ UNC, MPI, USD, Queens,
N LT o o Students: Faculty
| Total posterior | e i Mark Anderson Iris Abt
Tomam T w0 m w ow w m William Baker Julieta Gruszko
Morgan Clark Rusty Harris
o Rise Time 10%-90% Rise Time 3%-97% Esteban Leon J|ng Liu
ML'baSEd denOISIng 2500 - — F;tufa[)eno)ise) A d — Fit RT (Denoise) JianChen Li Ryan Martin
. . . Fit {Data ark Anderson . .
* Waveform denoising (Guinn, UNC; 20001 Queens’ Postdoc: Dongming Meli
Anders.or.\, Queens) | | Wenzhao Wei John Wllkerson
* A denoising CNN technique may Ian Cuinn Wengin Xu
achieve good accuracy for microphysics ) li Aobo Li

processes faster (Mei, USD) T T I I
18



%GEMADARC Emerging Detector Technology - Ring Contact Detectc

Potential

=
o
]

Rajendra Panth
Kunming Dong

Participants:
Breakthrough: UNC P
Field vs. Position o this detector TAMU
o Metalt 7 ¢ = technology can be L BNL

4 »{ "“Ring” | made available in a Students:

c »q Contact _ few years to impact N

£ \ 100 E Anna Reine

2 20_>i:3 c:< 2 ﬁOvﬁﬁ ~ LEGEND Chris Haufe

2 s 2 William Baker

Z

30 20 —'19 j o | I ) Postdoc:
Radial position [mm] Wenzhao We|
David Radford @ORNL  Field vs. Position Collaborator:
Path Forward . l David Redford

S
o

o Initial simulations (done) Faculty
o Fabricate and characterize a modest sized John Wilkerson

-1 v h \ ; s d :“’ .
test detector (from existing materials) L e Rusty Harris
o Ultimate goal, a large detector from USD —— * ~ Dongming Me;i
ing Liu
crystal > . ‘ Jing

Axial position [mm]
Field [V/cm]

=
o
1

. |

20 40

o
i

19 Radial position [mm]



%cemmm Emerging Detector Technology - Hybrid Detector

 Hybrid Detector measures recoiling

Transmission neck:

d=lom (e0Zeum phonons in LV region and amplifies the Participants:
"-r' ﬁ -> charge signal by Luke-Neganov TAMU
' amplification in HV region
- Avoids polluting the primary Students:

phonon signal with Luke phonons

15

Himangshu Neog
R W illiam Baker

1w '.".-: . .t -
;éf;;ﬁaaﬁmmnm“_ o B v e pw—.

) En VY e+ Ly Abhiram Dinavahi
€e €e . 50 o
" " Shahriar Esmaeili
-~ NR Band (LV region) VLVL VHVL
e enmatvegon ) Br(l+ =) + e B Faculty
<as| - Y Nader Mirabolfathi
- 60 kEVHV | 10 20 -30 40 50 60 .
a® o} ~. - - Eg in keV Rusty Harris
25+

» Successfully Demonstrated with Si

o« Advanced Goals: Demonstrate same

principle and benefits with Ge from
USD

U W ; s i
by " 5 ® . . "
s 1"' 1-- * 1
S M | 55|:
[ ! ’ ) )
1.5+ . moF . - T
L '.-~I . ' . T "--,‘.'._1 . _'
: . ¥ '
. ™ I'._ :
] . " g

241Am

Phonon channel layout in the hybrid detector
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188 coinonnc Low Energy Threshold Detector

Electrical
Breakdown

Charge Amplification

Applied Electric Field

Phonon Amplification: SuperCDMS-style Internal Charge Amplification: GelA  Challenge: Electrical prevention
detectors Threshold: ~0.01 eV structure

Threshold: proved down to ~56 eV Citation: Eur. Phys. ). C 82 (2022) 3,
Citation: Phys. Rev. D 99, 062001 (2019) 203.
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% RS Behavior at Low Temperature

<1000¢ 510%° —
@ 9005_ %1 0'® —
% = \2-’1016 ::
< 800;— St o4 E:
Q 700 -+ 9 310'2 =
(- — CD10 —
%: 600;— L 10% = Free electron concentration
— % S 6
;‘;‘500;_ Zero VOItS ..5.>; :: 84 — Free hole concentration
o 400 + Deleption Voltage 2 10° 5
= 300 1
o — 102
0:200:— 10—4 RN N N N N T N N N N T T N T AN NN TN A MO
= O 10 20 30 40 50 60 70 80 90 100
100 T ¢ |. l' I' | l' Temperature
10 Temperature (K)
;\?120_
Key Points: 5100
(1) Temperature bel‘OW 6°5 K’ impurity - 80__ Fraction of electrons bound to donors
atoms freeze-out from the conduction band - o p
. . . 60_ raction o oles bound to acceptors
Or valance band into localized states - dipole -
states 40—
(2) No free charge carriers when temperature ool
is below 4 K. - | | .
100—3 1072 10" 1

2
T‘Ie(r)nperatu re (Il)0
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% cemapare  Kormation of Dipole States in n-Type Ge

DO 5
g

PO

Phonon lonization of D~ AE,honon + D~ - D% +e~

2

Formation of a dipole

Trapped by electric dipole

| -
A cluster charge state

Phonon lonization of D* AE,ponon + DY — D% + h* A cluster charge state
23



cemaoare Kormation of Dipole States in p-Type Ge

O*
A S

Formation of a dipole

20

Trapped by electric dipole

Phonon lonization of A+ AE honon + AT — A% + Rt

Formation of a dipole S '
e~ + A9 > A~
Trapped by electric dipole , - %
A
A_*
A cluster charge state

Phonon lonization of A~ AE nonon + A7 — A% +e”

N

A cluster charge state

Impact lonization of A~ hY+ A~ > A" +e +2ht
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% cemapare  Binding Energy of Dipole States

A cluster dipole state

A cluster dipole state

A dipole state

A cluster dipole state

A cluster dipole state

e

A dipole stat

Binding energy: ~ 8 meV
arXiv: 2302.08414V1

Binding energy: ~ 8 meV
arXiv: 2303.16807
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% GEMADARC

What we aim to achieve:
> Materials Advancement

Summary and Conclusion

New and exciting:
»> GelA technology

o Increase the production of zone-refined
ingots per run from 70% to 80%

o Increase the production of large-size HPGe
crystals (2- 3 kg) per growth

o Improve the accuracy of characterizing HPGe
crystals with the Hall Effect system

» Novel Detector Development

o Develop GelA technology
o Develop SuperCDMS-style detectors
o Develop LEGEND R&D detectors for LEGEND

»> Improvement of Detector Performance

o Development of new testing technology
o Applying machine learning for pulse shape
analysis
Thank you and questions?
26

o Charge amplification factor of ~1000
o Single electron-hole pair sensitivity
o Impact low-mass dark matter searches
» Contact Free technology
o S/N ratio increase without breakdown
o Without breeding leakage current
o Impact Super-CDMS experiment
» Ring Contact technology
o Decrease background per detector
o Impact LEGEND ton-scale experiment for
0vp [ experiment
» Hybrid Detectors
o discrimination between electron and
nuclear recoils with phonon-only sensors
o potential for low threshold dark matter
search



