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Outline

e direct neutrino mass measurements
e calorimetric measurements with low temperature detectors
e low Q beta decay experiments

e 163Ho EC decay calorimetric experiments
» decay spectrum
« statistical sensitivity
e HOLMES and ECHo experiments
 detectors
* isotope production and embedding
 arrays readout, data acquisition and processing

e present results

e future of holmium based experiments
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Neutrino properties

m neutrinos are massive fermions

m there are 3 active neutrino flavors: e, 4, T

m neutrino flavor states are mixtures of 3 mass states

— neutrino mixing matrix

neutrino mass eigenstate
|

neutrino flavor weak eigenstate

from neutrino oscillation experiments
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Neutrino open questions

m Mass scale: i.e. mass of the lightest v

m degenerate (mi1=ma2=ms3) or hierarchical masses

. . I _
» mass hierarchy: mi<m><ms or ms<mi=msy- inverted
mv =y ?i.e. Dirac or Majorana particle? normal hierarchy
e hierarch
m CP violation in the lepton sector y
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Direct v mass measurements: the status
three complementary tools available

2
Cosmology Neutrinoless Beta decay
GV SRS SEY Double Beta decay end-point

observable mpp=|3kmy Uek?| mp=(Zxmv, 2|Uek|2)1/2
~10y future Q.05 o . _

Qv

systematics
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Direct neutrino mass measurements

m kinematics of weak decays
» in beta and electron capture decays where v_or v_are emitted |v.) = Zk U.lv.)
» NON zero neutrino masses my modify the phase space
» for nuclear B decay N(E)ocpﬁEB(Q—EB)kaekF\/(Q—EB)Z—mskF(Z,EB)S(Eﬁ)

m for degenerate masses (mvi=my,=m,:s)

N(E)~pgEs(Q—E W (Q—EP—m2F(Z,E)S(E,)  with  my =43, m?|U,,[

Normal Hierarchy Inverted Hierarchy
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Tritium experiments

KATRIN nat. phys. 18, 160-166 (2022) Lokhov + Schwemmer on Wed Sep 21 usr:_(:._z;._______:_____{}Ei____--——————--
e MAC-E filter: ultimate integral spectrometer experiment "

e sensitivity goal: 0.2 eV 90% CL - —;—-*
* energy resolution <3 eV @18 keV.

Analysing plane

Electrostatic high pass filter Eloctrn
; U_E,(r) T !
- & HeT!
© Rydberg atom

& Paositive ion

. . . v . . Tritium source Trazi:mir;cl and O\ /SRR R Szg:;i:gfd
e first high-purity tritium campaign in 2019 gcibet i o e
->m, < 0.8 eV 90% CL g fori et
adiabatic collimation & i fI“LII”| Field line direction
Project8 arxiv:2203.07349 | =
200 —— Predicted endpoint, Bodine et al.
1501 S 1g interval = 18550*32 ey

e Cyclotron Resonance Electron Spectrometry (CRES)
e sensitivity goal: 40 meV 90% CL

e 4 different experimental phases: phase Ill ongoing
e energy resolution =2 eV @18 keV

t Data

-------------------------

Frequency - 24 GHz (MHz)

Residuals
[
o

. - . ; . .
16500 17000 17500 18000 18500 19000 19500
Energy [eV]

PTOLEMY wm.G. Betti et al., Prog. Part. Nucl. Phys, 106 (2019)
e project to measure the Cosmic Neutrino Background via neutrino capture on tritium
e differential spectrometer combining CRES with an EM dynamic filter and hi-res microcalorimeters
* sensitivity potential: O(10) meV
e presently: small prototype R&D
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Direct v mass measurements: 2022 status

NH and IH 20 bands from oscillation parameters
G.Fogli et al., Phys. Rev. D 86 (2012) 013012 (only minor updates in 2022)

mgg from Ov double beta decay experiments
E. Lisi, A. Marrone, Phys.Rev.D 106 (2022) 1, 013009. arXiv:2204.09569

z from cosmic microwave background measurements
F. Capozzi, et al. Phys. Rev. D 104, 083031. arXiv:2107.00532

mg from KATRIN KATRIN Coll., Nat. Phys. 18, 160-166 (2022)
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Direct v mass measurements: role of kinematic exp.
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Calorimetric experiments B decay

. _ . v. Ve
ideal calorimetric experiment R :
\f

e radioactive source embedded in the detector(s)

* only the neutrino energy escapes detection mO?etng;lcl:‘ j" -
>E.=Q - E, excitation
no backscattering ideal isotope has
no energy losses in source * low Q
no decay final state effects - larger fraction of decays in ROI
no solid state excitation - easier calorimetry
" low activity - limited statistics « for EC: capture peak close to end-point

v pile-up background » short decay time

isotope Q [eV] T+ [yl decay B.R. experiments T MD”ZA =0z

135
3H 18592.01(7) 12 B- 1 Simpsons’s - Qexc 12 ::4 .
187Re 2470.9(13) 4.3x10%° B- 1 MANU, MIBETA Q pxe
163Ho 2833(30) 4570 EC 1 Holmes, ECHo
135Cs 440 8.0x101 B- 1.6X10°¢ - 1 AR 3/2*"1358; 0,000
115]n 155 4.3%X10%° B- 1.1x10° -

A. de Roubin et al. PRL. 124, 222503 (2020)
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Low temperature detector principles

~ dT . "
N .-~ C(Tph)T-FG(Tph’To):P(t) % tu\J
particle . ) ) o z
absorber ‘\’ c P(t)=AEb(t) » Tph(f)—T0+Te 3|
for t>0 and with t=C/G L >
energy resolution limited by time
e thermodynamic fluctuation noise TFN
N = ) _ CT
E - AT=AE/C - AX(T) ph(E ) kgT

e.g: R=R(T), M=M(T) og=AU, . =N, (E )=k, T’C

e detectors used for calorimetric neutrino mass experiments are more complex
e in metallic calorimeters energy is transferred to electronic system with T.
e thermodinamycs and statistical mechanics still provide for TFN aE:\/kBTZC

200%200%2 pm?3 (1.5 pg) . C=~Ce.xTe » C=5%x10713 /K

Au absorber @ 100 mK oe=~3.4 eV (better estimate for TES detectors gives oe=0.4 eV)
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Pile-up in low temperature detectors

® calorimeters detect all B source decays

® [ow temperature detectors are slow devices

e simple pulse model A(t)= A(e—“fdecay_ ot

rise )

 for microcalorimeters: Tise = 0.1-10 ps and Tgecay = 0.1-10 ms

I F T T | | I I L

2 pulses with:

. At=15ms |  At=10ms | At=5ms | At=3ms |
0.8 ® Trise= 1.5 mMS
- decay time + rise tim 1 ® Tdecay= 10 ms
ile-u ile-u

= 0.6 PREEP e - ® A/A1=0.5
s | e time separation At
E
%_0.4
£
(4

resolving time T, = rise time T
for At < T,

— accidental coincidence
- Emeas - El + E2

o
N

0 20 40 0 20 40 0 20 40 0 20 40
time [ms]

o At > Tice = pile-up on the decay time - dead time

* At < Tice = pile-up on the rise time » spectral distortions and background
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Calorimetry of beta decays: stat:st:cal sens:tlwty

. l —
rise time pile-up resolving time Tr :gﬁ :ilmv) | 187Re S[laectrlum;
ROI AE _10% . E
source activity Ag 210E E
pile-up fraction fpile-up = Tr Ap g 10 & Fote-upNs(E,0) ©@N(E.0) j
measuring time Tu 3 : E
number of detectors Nget ?

_ | I [ S I
pile-up 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
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187Re example: 3000_ T ! | | | | | | | | | | ! T | T | ]
2 L AE | :
3 5 m = ! \ .

NJEm)~—e( Q-E A1y o F g §

g 7 Q (Q-E) Bl 20'30: = Ng(E,mv=0) = :

AE = AEryum "qu i 1

, , . 2 1000F | : —

pile-up is negligible when © - B(E my=15 eV) | )

AE” - : ‘

fpi/e—up = TRA < 57 Q - | RERRERR i | | ] | L | | ]
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Q° Q° e
Z (m ) ~ 4 % — 4 Q A E Signa| — |NB(E,mV:O) — NB(E,mv:15 eV)l
%0 ' AﬁtM Ndecays

A. Nucciotti et al., Astropart. Phys. 34, 80 (2010).
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Rhenium-187 experiments 10= | { |

I
_?:8: LIlJ f‘ﬂﬂlf ! 1Hﬁ*fﬂﬂﬂfﬂ : ﬁl i 1{{?{1 H[E

first '*’Re experiments: N_ =107 events m gg

Z I
MIBETA @ Milano with AgReO, /\/ 4.0
T ol

fit residuals

pPEF(Z,E)S(E)

{I n{ i r{{ hr

1.01 I Ing

i
* MANU @ Genova with metallic Re 0'335 %540 245 250 i HH2-55
' ' energy [keV] .

-»m < 15eV 90% C.L. msistietal., NIMA 520 (2004) 125

- m < 26 eV 95% C.L. FGatti et al., Nucl. Phys. B91 (2001) 293

1990 - 2006 MIBETA (Milano/MilanoBicocca) + MANU (Genova)
187Re » m <15 eV (+ BEFS...)

2006 MARE (Microcalorimeter Array for a Rhenium Experiment) int’l project for m <0.1 eV

2007 » 2013 MARE R&D for phase 1- Re+TES/MMC / AgReO, +Si-Impl

2013 MARE project with 8’Re abandoned due to insurmountable technical obstacles

A. Nucciotti, Adv. High Energy Phys. 2016, 9153024 (2016)
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Electron capture calorimetric experiments

® calorimetric measurement of Dy atomic de-excitations (E.)
16340 - 163Dy[H] + v, g

L63 le3 > mostly Auger and Coster-Kronig (ww12=1073, wn12=107)
Dy[H] - 3Dy + E. » Q=2.833+0.030%t+0.015% keV
shell binding energy: E,(M1)=2.05 keV S Eliseev etal.,, Phys. Rev. Lett. 115 (2015) 062501

- electron capture from shell >M1 » end-point rate and v mass sensitivity depend on Q—E,,

- H=M1, M2, N1, N2, O1, 02, P1 » T,,=4570 years -» 2x10* 1%Ho nuclei & 1 Bq
[mi=13 eV 2

counts /0.2 eV
)

A. De Rdjula and M. Lusignoli, N =10
ev

Phys. Lett. B 118 (1982) 429 107
106 AEFWHM = 2 ev
1 | 1 | 1 | 1 | 1 1 I }
0 0.5 1 1.5 2 2.5 2.815 2. 82 2.825 2.83
energy [keV] plle up energy [keV]
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Pile-up in 1°°Ho EC calorimetric experiments / 2

e accidental coincidences -» complex pile-up spectrum

A_. EC activity per detector

e calorimetric measurement » detector speed is critical | T time resolution {=rise time)

» N (E) = f, N (E)@N.(E) with f_=A.T,

counts [a.u.]

- 1 1 1 1 1 1 1 1 1 1 1 1 | 1 1 1 1 1
10 79 1000 2000 3000 4000

energy [eV]

7 Q=2800 eV
f =10+
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Double hole processes / 1

4 | | | | ® high-statistic low background ECHo spectrum
10" —
% oL shows extra features
R - extra peaks close to N1 and M1
U « N/M peak asymmetries / high energy tails
10" -
0.0 0.5 1.0 1.5 2.0 2.5 3.0 e
C. Velte, et al., EPJC 79, 1026 (2019) Energy [keV] fe/ Ha
Ho N s
Single hole: the Dy atom is left by EC with one hole in the shell (M, N, O...) S

- for H; in shell X; with binding energy Ey(X1) = resonance for E.=E,(X1) Ve
Double hole processes & N\ . "
the perturbation due to the nuclues charge change (Ho—Dy) “shakens” one or more additional

atomic electron to an upper bound state (shake-up) or to the continuum (shake-off or Auger)
- shake up: additional hole H; in X; = resonance for Ec=Ep(X1)+En(X2) 5= o~
- shake off; additional hole H; in X;

- tail to peaks from E.=Ey(X1)+Es(Xz2) up to E.=Q
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Double hole processes / 2

® several attempts to include double hole processes

H. Robertson et al., A. Faessler et al., A. De Rujula and M. Lusignoli, ...

® recent work from M. Haverkort and collaborators:

differential decay rate dI'/dw (counts / half-life / V)

M. Brass and M. W. Haverkort, New J. Phys. 22 (2020) 093018
A. Nucciotti, Neutrinos in Cosmology, in Astro-, Particle- and Nuclear Physics, Erice, Sep. 16-22, 2022

Relative Amplitude

ab-initio calculations including Coulomb interactions between

multi core bound and unbound states (work in progress)

* missing because of computational limits: intrinsic resonance linewidths,

full shake-off contributions, radiative transitions, ...
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End-point spectral shape

10

-1

single hole spectrum
ab-initio spectrum

e “bare” spectra (without phase space)
e ab-initio with additional Lorentzian broadening
e spectra are normalized to unity
« end-point region is smooth and featureless
* phase space factor leaves unmistakable imprint
- possibly small systematic uncertainties
- to be proved

D

|
2000

|
2200 2400 2600 2800
energy [eV]

e apparently ab-initio spectrum has higher rate at endpoint

* also pup spectrum is higher

- small gain on statistical
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Statistical sensitivity: pile-up and energy resolution

e Montecarlo simulations for statistical sensitivity with single-hole spectrum
e simulations confirm that sensitivity 2 scales as 1/(Ney)%%

—
&)
|

m_ statistical sensitivity 90% CL [eV]
o 5
I

\Y

10° 10" |
pile-up fraction 1; .

A. Nucciotti, Eur. Phys. J. C 74.11 (2014)

— 14
fPP:ATR Ny N Nev_ 10
fiT 10° ¢ R Z(mv)ocf'/TNev
: Nev = A tM Nch
| 100 .
| 10-7 —
IIIII| ] 1 IIIIII| ] ] IIIIII| ] L 11111l
03 0.1 1 10 100
energy resolution AE.,, ., [V
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Neutrino mass statistical sensitivity

MC simulations
A. Nucciotti, Eur. Phys. J. C 74.11 (2014)

4f _ single-hole spectrum
_________ : AE =1 eV
""""""""""""""""""""""""""""""" T.=1ps

\

N, .t, = 1000 det X 3 years

N, .t, = 12000 det X 3 years

A1 _ &
]

—

m_ statistical sensitivity 90% CL [eV]

A%

| | L1 111 ||
10’ 10° 10°
single pixel activity [Bq]

10

0

high activity - robustness against (flat) background
A..=300 Bg —» b<=0.1 counts/eV/day/det
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Low energy background
® pile-up in ROI (single-hole) bpp=0.35 f,, A c/eV/day

® environmental y radiation

c/eV/det/day

e v, X and B from close surroundings

I ' I 3
cosSmic rays

® COSMIC rays

4 6 8 | 10
energy [keV]

—_—
o
o
o

> GEANT4 (HOLMES) - br=10" c/eV/day/det (0 - 4 keV)

® internal radionuclides

—_—
o
o

~ 166mHo (B-, Q=1.8 MeV, T,=1200 y)

400 eV)/(2x10° dec)

> co-produced with %3Ho: A(*%3Ho)/A(*¢¢™Ho0)>500 (HOLMES) 5

'1 0 1 1 1 1 | 1 1 1

> GEANT4 (HOLMES) - b166m=0.3 c/eV/day/det/Bq(*¢"Ho) >
A(*3Ho) f bpp max b * max A(***Ho)/  N(*$*Ho)/
[Bq] o [c/eViday] [c/eV/day] A(***™Ho) A(**"Ho) N(***"Ho)
3 3x10° 3.2x10° 10~ 3x10° 10° 4x10°
300 3x104 3.2x10? 10 0.3 1000 4000
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* from MC simulations
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Effect of flat background on sensitivity

exposure N__t, = 1000det X 3y
10
S’
QL 9| | @ =2.8 keV
5 AE = 1 eV
o 8 | 1. =1ps
() R
> 7
>
> 6
B
T 4 1
O s
SR
S
UD> 2 * : £ =
S S

1
107 1° 10> 10® 10° 102 10" 10° 10" 10° 10° 10
background [counts/eV/day/det]

A_ =3 Bq/det
f = 3x10°

pp

A_ =300 Bg/det
f =3x10*

pp

expected from simulations and preliminary HOLMES and ECHo measurements

A. Goeggelmann et al., EPJ.C 81 (2021) 363
A. Goeggelmann et al., EPJ.C 82 (2022) 139
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The ECHo experiment

Arrays of Magnetic Metallic Calorimeters with ion-implanted 163Ho L Castaldo etal. Eur. Phys. ). EC
Special Topics 226, 1623 (2017)

ECHo-1k ECHo-100k
e number of detectors: 60~100 pixels e number of detectors: 12000 pixels
e activity: 1~5 Bg/pixel ® activity: 10 Bg/pixel
® read-out; two-stage dc-SQUID ® read-out: microwave multiplexing
e energy resolution: AE;,,,<10 eV e energy resolution: AE;,,,<5 eV
- m, statistical sensitivity <20 eV - m, statistical sensitivity <1.5 eV
12 1 1 1 1 25 1 I I I 1
> ——- AE_FWHM=3eV o | - -
S M| ——- AE_FWHM=5eV - = ——- AE_FWHM=2¢eV
O ——- AE_FWHM=10eV <{mmmmm O 20} ——- AE_FWHM=3eV A
N . 2 ——- AE_FWHM=5¢V {amm &
o 10 | 77 o £
o 7 =2 ——- AE_FWHM=10eV o 7
-Ea: Pl _':_:':\. A ¥
E 9_ L ____.--.// //’/// B g TR :_ &= o= _._-—."_.fl—’:/// =
) [P - Py [% ad ® 2
@ ¥ 5 o
i s = o demn g 7 e ——®—~"_Z
. [ _ —_— ___J___..:'_',-—
= ° A ~ 300 Bq > 10 ;i:a——-*'_' A ~ 100 kBq -
- t=1y E | t=3y
7 | 1 1 | 1 | 1 | 1
107 107 10°® 107 1* 407 ° 6 W
f pu f pu
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Metallic Magnetic sensors

40

w
o

Magnetic Flux Change @ [®]
> S

absorber

e paramagnetic temperature sensor
* Ag:Er, Au:Er ...

* no power dissipation in the sensor no Johnson noise

e SQUID read-out -» multiplexing for arrays

thermal link

thermal bath

Au:Er 315ppm

— 45 mA =
— 15 mA

0

| oeeweeveew;

0
000005 010 0.15 0.20 0.25 0.30

Temperature T [K]

AT » AM - AD,

* large operating temperature range 10 - 100 mK
« ECHo operates at T = 30 mK

e strong spin-electron coupling - fast rise time (=100 ns)

| ” l/f

Detector Amplifier l Absorber

> 1 g E
E::; CDS ) u Paramagnetéc . [
sensor \, E '

- o Meander-sh{;}ed Input coﬁ'm-SQUID
\ / pickup coil
gradiometric configuration
dc-SQUIDs 2 MMC pixels on 1 SQUID channel
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The HOLMES experiment

® Transitione Edge Sensors (TES) microcalorimeters with ion-implanted '*3Ho

e 6.5X10% atom/det » A_ =300 c/s/det

e AE=1eVandT,=1ps

® 1000 TES microcalorimeters

® 16 X 64-pixel arrays with
microwave multiplexed read-out

® 6.5X10%*3Ho nuclei » =18 ug
- 3X1013 events in 3 years

- m, statistical sensitivity =1 eV

H@%LMES

B. Alpert et al., Eur. Phys. J. C, (2015) 75:112

exposure N

= 1000 det X 3y

de t M
A_. = 10 c/s/det 30 c/s/det 100 c/s/det 300 c/s/det
35 IIII| ] ] IIIIIII IIII| ] ] IIIIII| IIII| ] ] IIIIII| IIII| | ] IIIIII| 35
o——o0—0"" AE
FWHM
° —p HOLMES
3 30| o0 goal 3.0
o o—
> 25 o o © 2.5
g © & ° 00 o_o_k-o
wn
3 o-0—0 © ©© o o 00
= 20 'l‘R===10|Js ° 2)0
0 — PP o ® &—o—=>@
B [, =535 o——0-0
G r,=3 U3 o000
g5 4 7 1.5
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Superconductmg transition edge sensors (TES)

@‘ e superconducting thin films operated inside the phase transition at T¢
<
AT=E/C Qé\z’ e HOLMES: Mo/Cu bilayer tuned for Tc = 100 mK
TES abs e high sensitivity TdR/(RdT)=100 - high energy resolution 0. = & k, T° C
5 e strong internal coupling - high intrinsic speed
e [ow impedance (mQ - Q) - SQUID read-out -» multiplexing for arrays
H | | | | dc-SQUID
sl Fnormal "
74 D

— 6_ ]
= [
ot Au absorber

4r AT - AR 1 membrane TES with 163Ho

RTES i implanted

2t ! - ®

0 ) ) . .

0.120 0.122 0.124 0.126 0.128 0.130 AR - A’ - Acps S| <ubstrate

Temperature (K)
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HOLMES

Microcalorimeters arrays

22 mm
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ECHo-100k
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KOH micromachining
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Isotope production

162Er (n,y) *SEr ©

=~ 20D

thermal | Er 167 i
1.601 PEERl 22869

163Er » 163Ho + v_ T, C~ 75 min

| 13
un  <0.0012

m 152Fr jrradiation at ILL nuclear reactor (Grenoble, France) | | o l

» thermal neutron flux 1.3x10%* n/cm?/s B
: : Co . . | Dy 160 Dy 162 | Dy 163 | Dy 164 |
m Ho chemical separation with ion-exchange resins in hot-cell | SRR b e .

to remove Er matrix and and radioactive products i <00008 | <16 | 170 SIS o o oo
H. Dorrer et al., Radiochim. Acta, 106 (2018) 535

S. Heinitz et al., PLoS ONE 13(8): e0200910

m separation efficiency >90 %
m HOLMES has collected =200 MBq of '*3Ho (+ =400 kBq of ¢*™Ho)

a-HIBA-conc.: H,0 0.05M 0.075M 0.1M 0.12M 0.15M  0.2M 0.25M 0.3M 0.5M 1M HNO,
[HNO,]: 20M 225M 25M 3.0M
] '51(':r‘1z‘sm‘Te' : T T W R A
100_: ...{ ..... * ..................... 1:, ......... ; 90__ 159D 3
] 5 ] Yy 1704 ]
90 3 ] Tm1
3 801 160 N -
80 ] b Tb 1EGmH° ]
E 124y 70 2 Er 3
S 60 R
=] E = 50 4 -
o ] ]
© 50 E ]
- 3 =40 3 ]
3 R
] & = ]
= ] 3 30 B
Q 30 - <] ]
20 20 - E
10 3 10 3 E
01 e 0T F e
e 5 0 2 4 6 8 10 12 14 16
T o .
8 fraction number fraction number
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Mass separation and isotope embedding

16mHo must be separated by magnetic mass spectrometer

requires high current, high source and geometrical efficiency o |
ECHo: resonant ionization laser ion

’ source (RILIS)
Aperture
I e RISIKO at Mainz University
| | ! e efficiency: (69 * 5stat + 4syst) %
| Dipole Magnet Separator Slit |

3|0 kV Extraction Deflectors XY Deflector e 166m H 0/163 H o< 4 ( 2 ) 1 0-9
T. Kieck et al., NIM A, 945, 2019, 162602.

Laser Beams

Quadrupole Lens Einzel Lens

Einzel Lens

Ionization Cavity

Sample Reservoir

dipole magnet

co-deposition triplet slit ion source
target chamber |

HOLMES: Ar plasma sputter ion source I R
e all components ready for installation in Genova Wl it |°
e now testing without triplet/XY-scan and chamber
e high current ion source optimization in progress
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RISIKO for ECHo e Resonant laser ionization

- 2 lasers tuned to selectively ionize Ho

| - high ionization efficiency ion source
magnetic
mass separation

lasers holmium £=(069 x 5stat = 4syst)%
48566.95(6) cm™! Auto-ionizing state (Al)
48565.910(3)cm™ — — — — - lonization potential (IP) 100 N & | I \ i v
S 170
Resonant laser v m ~ 1nt ;oo
ionization 3 ; {50 2
e 5 10 5
24660.80(5) cm-! First excited state g P 30 ‘E
2 400§ e=T77% 1o &
A m 0 05 15 20 25 30
Time (h) T. Kieck et al.,
0cm- - Ground state NIM A, 945,
lon Source 30 keV Acceleration Magnet Slits Focalization Implantation 2019, 162602.

el |

e v v el O
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HOLMES ion implanter prog

® high current sputter source
® several sputter targets tested
e sintered Zr-Y-Al-Ho(NO3s);
- highest effieciency, current and stability

resses

2

2 F M™Ho -.. £€20.1% configuration without focussing
T A . . .
E L W for first low activity implants
O 8— ! -
- L A Faraday cup
06— : .j St @((\
- " W A TES array o®
e T '/ ‘ f‘w"""‘-, JRe ' ke
- - ; SR \“\
‘ﬁ‘/’ 7 beam simulation
" ‘ oo T T
) | | | | | = | qre
0 10 20 30 40 60 )

BA view

8 MBq of *3Ho in "Ho (0.35%)
I("tHo)=0.2 uA for 24 h
- peak pixel activity =1 Bg o

uniform activity with 3 shots -8} B

=l - L 1 1°1 1 Te4fu g I=1 | L1 I'll : e 1 | Ll
-8 -6 -4 -2 0 2 4 6 8 10
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Detector absorbers for calorimetry

e Au absorber must stop all radiation from atomic de-excitations with E.=Q
» for H=M1 - 3-4 Auger/C-K electrons carry most of E. (the most energetic with (Ec)=2 keV)

e for H=M1 - rarely (wu=1073) one X with {(Ex)=2.5 keV and low energy electrons

» shake-off electrons have energies mostly <800 eV

%o beam Sputtered Au

T. Kieck et al., Nucl. Inst. Meth. A, 945, 2019 i l l l l ” 1 1 l l Il ECHo Au/"53Ho/Au

. . Sputte
T. Kieck et al., Rev. Sci. Instrum., 90, 2019
\ TES<. ™S

2 THM

A

Au2

Aut

,__.,_,.S eeeee |
Subsirate I I B e |

membrane Silicon

%Absorber e ECHo: Ta=3 Um HOLMES
Ag host material
163Ho * electrons: fully contained (no simulation)
SAens e X-rays (2.6 keV<Ex<Q): 1.5x10" escaping (“raytracing” sim)

Sensor

e HOLMES: T.=1 um (Geant4 MC simulations for Ex.=Q)
« fully implanted surface (no containement border)

Pick-up coil

 electrons: 1.5x10* escaping (- tail with same intensity)
e X-rays: 4x10- escaping (- tail with intensity 1.3x107)
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HOLMES co-depos:t:on system

25><10 '
1
A ,,3 Bq B rrermn ).ons/cm2 ] ion implant simulation with SRIM2013

P — 4.2x10"°[1.8x10"Y) ions/cm® | ] = 13Ho ions on Au (E. = 50 keV)
< — 3.4x10"°[1.8x10" )|ons/cm2 ) lon
e — 26a0”17xi0 ionsiom’ | 1 g 163Hg jon beam sputters off Au from absorber (=26 Au/Ho)
G 1.5x10 — 1.8x10"° [1.4x10"Y) ions/cm? | ]
0 1.ox10”[e.4x10 Y ionsem” 1 » jmplanted %3Ho saturates at Aec=3 Bq (HOLMES design)
S 1 0x10" 2.6x10'*[2.5x10")) ions/em” | ] ‘e by A " —
o . 1 » compen 0-evaporation
o kflmplantec{ .CO .pe sate by Au ¢ P - ,

5.0x10" Auence 1 » insitu upper 1 um Au layer deposition

- with 4 ion sources >100 nm/h

P

3 Ay SPUtterEi:;;fgas ‘
b f'

Ar ion beam
4 microwave sources

for sputtering . Nucciotti, Neutrinos in Cosmology, in Astro-, Particle- and Nuclear Physics, Erice, Sep. 16-22, 2022 34



Implanted Ho heat capacity

e optimal AE dependsonCand T

collaboration

AE < TVC 10,
C=0C,+ Cyo 08 L I |
® Ho heat capacity Cy,dominated by a <
Schottky anomaly at =300 mK fo.s - h 1
e J=8 and I=7/2 - hyperfine and crystal field splittings % .
e contradictory C measurements for Ag:Ho EOA i If e |
o still under investigation > 0o | | 'II o S2iAuHo(12%)
® high activities could be manageable I F . SdnglG “655}
- operating at 30 mK or below 0oL D S SononeoTeET)
« A=300 Bg = X1>10 % - closer to bulk C 0.01 0.1 1

Temperature T [K]
 to be explored by HOLMES
Herbst, M. et al., | Low Temp Phys 202, 106-120 (2021)
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ECHo-1k read-out

Two stage SQUID readout parallel SQUID read-out
1 SQUID channel for 2 pixels

TMMC

72 read-out channels for ECHo-1k

10 wires/channel to room temperature
- 720 wires from low to room temperature ,
- not viable for 1000 channels ...

F. Mantegazzini et al. JINST16 (2021) P0O8003
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Microwave multiplexing for array read-out

microwave multiplexing to read-out many detectors with one single RF line and HEMT amplifier

4_@ IM—J& RFIN

Microwave o

Synthesizers =
2
)
g
=

Resonator #1

[S21]

_/

Microwave
Resonator #2
Microwave
Resonator #n

Resonance frequency [MHz]

= + i t
C f-SQUID

Flux Modulation #1
TES

—[I—wy
TES Bias

1

% I
dc-biased TES o

L]
AT -» Al » ADs g

3

0 05 .0 L5
D.T. Becker et al 2019 JINST 14 P10035 \_/' Time [ms]

C
3 :

4976
A )IE) )I@ ) REour
Y \ 5, 4975
5 H
| ‘, f | f GHzLC
1 |2 |
f i : resonator f.
: : i : : 4972
e :.
1\/ 4971
S T
1 == 4970

MHz flux ramp modulation f_ > f_

- linearizes flux-inductance relation

. - '
non-hysteretic rf-5QUID convgrts ﬂu>§ A®s to phase §h|ft 1)
Inductance VS. ﬂUX q)s 10+ 1 ;:e[?:_)scillations
transient
| 22 PRXXXXS | o
E ¢,=136 /] =
¥ SN AVAYAY) ]
=020\ /" \ / \ / D
; 2 100 200 300 | =
_‘ﬁﬂ -%E 0 %ﬂ {*ﬂ ADChsamples o
Magnetic Flux ®s 0p— A 0
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S,[ [dB]

Microwave mux results: HOLMES

4 umux chips in series

- 132 resonances in 2 GHz

multiplexing factor nres
-~ Trise [,US] 1
140 MS/s

NTES

~ - nTEsz32
fapc

for faoc=512 MS/s and Trise=10 ps

_12 7 qﬁ‘W\\"MMHWMWmmfﬂﬂﬂmmwffff(f\mnmwWf'mqwnmmﬂmﬂﬂmnmmmnnnmﬂﬂnn(rmmn.Wmm F
-15 H 5 B
-20 1 )i ] 3 B
1] L "ck“ii AL 7l )f:' IE: “73%’ il T3 Gl L4 “F‘ |
30 H D I | e 0 | e 57;72582 e & ILI.'IQW Loz |F
35 T Dan L 5 T 4
B v T e
Frequency [GHz]
required measured

Resonator bandwidth  Afsw [MHZ] 2 2+1

Resonator spacing Af [MHZ] 14 14+1

Resonator depth AS [dB] >10 29+06

"~ RF feedline

resonator
rf-SQUID

263.0
202.0

141.0

79.0

Spectral Density [pA/vVHz)

18.0

Read out noise
32 Channels, no TES bias applied

Flat noise due to the
load resistor

Flat noise due
“Q, to the read-out

102

103 10% 108

Frequency [Hz]

D.T. Becker et al 2019 JINST 14 P10035
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HOLMES heterodyne readout

Software Defined Radio generates RF tones and demodulates output RFsignals

gl < e i ROACH2 Board
= —pAACLS. o TEREEE PowerPC f

Ethernet AA0EPx Ramp
‘ Synch
—
10Ghit

Ethernet Xilinx Virtex-6 SX475T FPGA

i 4K

ADC/DAC 512 MHz 512 MHz 512 MHz 512 MHz
Board 16-bit DAC || 16-bit DAC 12-bit ADC || 12-bit ADC

Pl "\ LPF| "\ Fl "\ | |\

RF\ ‘]jLO LO RF

f : f GHz Ramp
‘ 5 N\ A Synthesizer Generator
I RFpy RFour

Cryostat VmpW R ] | “ SOmK

Up/Down

1 ROACH2 (fADC=512 MS/S) Conversion

Detectors t
Array

HEMT

Rampy,

1 HEMT (BW 4-8 GHz)

1 IF-board for 32 detectors for 256 detectors “10mK
A. Nucciotti, Neutrinos in Cosmology, in Astro-, Particle- and Nuclear Physics, Erice, Sep. 16-22, 2022 39




ECHo-100k

ECHo-100k will implement microwave multiplexing to readout 12000 MMCs
15 mm 200

16 channel pumux chip 100 L
1F il .

transmission |S,, |2 / dB

% —— Kanal 5 Kanal 13
5. — Kanal6 |[—— Kanal 14
— Kanal 7 — Kanal 15
Kanal 8 —— Kanal 16
_4. ; ; . .
4 . 05 10 15 20 25
] ECHo-lOOk tl's
) —— before fine-tuning —— after fine-tuning ;Cc:i.zzﬁfG}ZBm 16+16 Chann.els array 200 — qata
3.85 3.90 3.95 4.00 (32+32 plxe|5) 150 A -0
frequency f / GHz
e successful read-out of 8 channels (16 pixels) & 100-
* noise limited by low available RF power R
e}
- AErwm=10-30 eV (low power) depending on Q, .
e with high power read-out of 2 channels
=50 r T .
- AErwnn=9 eV 0 10 20
FE Ahrens, PhD, time t/ ms

Heidelberg University, 2022 A. Nucciotti, Neutrinos in Cosmology, in Astro-, Particle- and Nuclear Physics, Erice, Sep. 16-22, 2022 40



ECHO-100k: SDR for heterodyne readout development

O. Sander et al.,IEEE Transactions on Nuclear Science 66.7 (2019)

( =

=

Software-defined Radio (SDR) system architecture

Bl Bz H;_; H.1 I’;g
3 F ' I I ’ ) F I 3 I . F I F 3 4 b

1 4 5 6 7
Spectrum of one single transmitter/receiver-pair

1GS/s ADC / 500MS/s DAC Board

ECHo-100k

12000 MMC pixels =
400 MMC channels X
15 SDR systems / HEMT

Mixing stage

sssss

HEMT 4-8 GHz band covered by 5x800 MHz bands - 80 channel/band = 400 total channels
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Data analysis

*?| sim ~amen | @ Classify events
{ First level data reduction } v ‘T e discard bad ones
_03 . . . .
‘ 5 e estimate time contants, arrival time,
0.2
pretrigger level (baseline), and
{ Evaluation of pulse information } o | other parameters
0 1000 2000 3000 4000 5000 6000 7000 8000 9000
' # samples
Energy estimation . energy estimator based on optimal filter in various implementations
i i ) : S e sN=770| SN = 2110
i Optimum filter : o ‘\ ‘k |
E . . i EO.'{ gE‘HUU 55 Fe fg::z 55 Fe
i Arrival time correction i = = "j
E [ ) E | E:—— 200 400 600 800 1m1600 075‘3‘0"’1'.‘;92 1.5894 1596 1.598 1.600 1.602 1.604 mz 1.580 1592 1.5894 159 1.588 E;;J\\l.ﬁﬂi 1.604
: Gain drift correction i fsmtes fuetd femiN
: ) © gain drift correction rise time pile-up detection
E i h : L&0s 5 Bl ™ | — f(B) 1.2 Slm | Wiener ﬁI‘tc_red pulse
! Energy calibration | o _ - ‘h Original pulse
.\ ) e B amplitude i I
-------------------------------- - 3 I| ‘
%1.595 VS. $0.6 Jlf —
Second level data reduction i : baseline (xTop) 04 E; = Ey = 1500eV
L correlation 0.2 Al = dps
L Fe o 'f"',-','l g 0.0/
M. Borghesi, PhD, U. Milano-Bicocca, 2022 —= T —= — ' T T T i =1
Hammann, R. et al. EP| C 81, 963 (2021) o Time [us]

A. Nucciotti, Neutrinos in Cosmology, in Astro-, Particle- and Nuclear Physics, Erice, Sep. 16-22, 2022 42



Pile-up discrimination
e advanced discrimination technique to identify pile-up events
* Discrimination through Singular Vector Projections (DSVP) 103 Terf = 10 ps
« “unsupervised learning” technigue, based on singular value |
decomposition, PCA and multiple linear regression
- SVP decomposition

ROI energy spectrum

102_
- raw dataset cleaning (PCA) @
— model point distribution in singular vector projection space 2
o)
- threshold to cut A Tepr = 1.7 ps
0.04 10
P,
30.02 - Y
/\ 1 Total
~0.02 ”; \:‘ : Sll’lgle
- o \\ 109 1 Pile-up
P, S e, T 2650 2700 2750 2800 2850 2900
- Energy [eV]
0.4 Single pulses ¥ e with DSVP T is limited by the pulse sampling time 1/fiamp
Pile-up pulses p . .
f, model curve ) ® simulations for HOLMES pulses
0.6
P, i - Tr=1-2 ps for Trse=10-20 ps and framp=500 kHz

Borghesi, M. et al. EFJ C 81, 385 (2021) A Nucciotti, Neutrinos in Cosmology, in Astro-, Particle- and Nuclear Physics, Erice, Sep. 16-22, 2022 43



Cryogenic set-ups HOLMES (for 256 pixels)
ECHo-1k

50K plate
(T~50K)

Still Iate
(T ~ 700 mK}

v : chamber
y .*i" _' plate (T~ 10 mK)
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HOLMES status: detectors, readout, analysis

raw data from 26 multiplexed detectors
>>Fe X-rays + Al, Cl, Ca X-ray fluorescence

64 multiplexed detectors
umux band #1  RF line  pmux band #2

RF IN

bias
flux ramp ;,4 m—

[

U
Ty

[

'—g;ﬂb"
i

7:
d /‘

J@J
2
o
—
=

/)
[
(1)
,_:Ij

A" R 20—
ararfffi

il
B8

:

—;_ ';’—__ -i (1
HH

Q ’.”' [

[£

Ui
L]
F. AN mm———
af
{

\

Q
S
S
=
-
Q
(D
~

32+32 TES array  32+32 TES array

* fully processed TES arrays without **Ho implant AE = 4.22+0.08 eV
AENEP = 4.1 eV

250

e set-up for 126 multiplexed pixels
2 umux chips but only 32 bonded pixels
* 16 channel firmware version (stable) for ROACH2

200

Counts/bin
o
o

100
* at 5.9 keV: -
- AErwhv=4-6 eV 0 —
- Tise=15 Us (R/L limited to match DAQ) - Tr=1.5 ys 3 ", ..v,..w...,...wwm |
- Tdecayz3oo S 2% 5560 5870 sssgnetiggo[evs]goo 5910 5920 0 Tiiloe()?ps] 2000

M. Borghesi et al., EPJ. C 81.5 (2021)  A. Nucciotti, Neutrinos in Cosmology, in Astro-, Particle- and Nuclear Physics, Erice, Sep. 16-22, 2022 45



ECHo-1k status: detectors

2 detector modules with *3Ho in Au and Ag host material
parallel dc-SQUID readout

1%3Ho bkg
. ) A) [B At [B
host plXGlS plXG'S ( ) [ CI] 0 [ CI]
Au 23 3 0.94 28.1
Ag 34 6 0.71 25.9
25 | v Ho in Ag —— ECHo-1k pulse
5 Ho in Au 10 1 «eeee 7,=9.37ms, a,=0.51
v e 7,=2.75ms, a,=0.27
320 | ) : o8|l | - r,=42.64ms, 2,=0.16
5 . =\ e 7,=0.39ms, 3, =0.06
% 15 | v n EDE B
D tector'\ g v =
e o R
, © module 310 | oo T ' v = >
\ Mixing chan r'er N b % e .
 plate | . ::::::;:::::;;:::::;':'::::::::vf&,—:_!:?:;;:- ::::::::'::::: 0.2
S e S . v ¥ =
0.0
O | | | | | | | | | | |
0 10 20 30 40 50 60 70 0 20 40 60

pixel number time / ms

* Trise=1 WS limited by SQUID bandwidth
« complex decays time: mostly T:=10 ms
46

F. Mantegazzini et al, NIM A 1030 (2022) 166406
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cumulative statistics
N

ECHo-1k status: 107 events spectrum

6x 107 events acquired with detectors having **Ho in Ag host material

1e8

—\

| == Ho in Ag set-up
= Ho in Au set-up
== {otal statistics

200

150

100

amplitude, events per 3 eV

50

counts / 3.00 eV

2500

2550

10
N-lines M-lines 5
10
o 0
S 10°
blinded ROI|
£10°
10°
— theory calibrated, resolution = 8.0 eV 10"
preliminary high-statistics data
500 1500 2000 2500 3000 %1700 1800 1900 2000 2100 2200
energy / eV energy / eV
PRELIMINARY
— theory fit, Q = 2860.0 £ 1.9 eV
experimental data . . .
e end-point analysis in progress
e from preliminary end-point analysis
« EC Brass & Haverkort theory
 Flat background
— Qec=(2860 = 2stat + 5syst) eV
2650 2700 2800
energy in eV
A. Nucciotti, Neutrinos in Cosmology, in Astro-, Particle- and Nuclear Physics, Erice, Sep. 16-22, 2022 47



ECHo-100k progresses Faraday WV laser
e 30 MBq of pure 63Ho available — , P
e implant system improvements for 10 Bq
* beam positioning on ECHo-100k wafer
» co-deposition through PLD in progress
* pixel design optimization to minimize C

ion beam

ECHo chip on
glass substrate

10 mm
e umux read-out system development in progress
sSQ17 SQ18 SQ19 SQ20 SQ21 SQ22 SQ23 SQ24 SQ25 SQ26 SQ27 SQ28 SQ29 SQ30 SQ31 SQT32

counts /0.1 eV

T - 3.50 | 3.38 | 3.33 i

- N W
activity [Bq]

| | | I |
SQT1 SQ2 SQ3 SQ6 SQ9 SQ10 SQ11 SQ12 SQ15 SQ16

SQ4 SQ5 SQ7 SQ8 SQ13 SQ14
Channel
pixel characterization before ion implant after ion implant without second Au layer
parallel dc-SQUID read-out dc-SQUID read-out » AE=3.4 eV at N1 line
1000 ‘ : ‘ 5.0 ‘ . ‘ ‘ ‘ ‘ 5 ‘ ‘ . ‘ -
B data pixel 17 NEG ¢ POS pixel 0 | | . mmm #=579243
—— fit: Erwnam = 2.92 = 0.04 eV Y NEG pixel
800 . 45F e average | 104
y v ¥ >
600 | T 4.0 3 10°
= ¢ v o
i I R £ 102
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ECHo-100k updated expected sensitivity

Brass & Haverkort theoretical model + new Q-value

m(v,) sensitivity, 90% C.L. /eV
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HOLMES sens:tlwty evolution vs. plxel actlv:ty

256 channels
AE '3 eV
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m, statistical sensitivity 90% CL [eV]
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M|C simulations with siriwglled:hpl:eispectrurp
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Beyond ECHo and HOLMES: a 0.1eV experiment

single hole spectrum with Qec=2833 eV

m, statistical sensitivity 90% CL [eV]

—

e
—

T.=1.0us A=100Bq

o—1.=0.1us A=100Bq
o—e To=1.0us A=10Bq
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AE=1 eV
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10 10

10 years measuring time

Aldet [Bq] 10 10 100 100 1000
Tr [us] 0.1 1 0.1 1 0.1
fo 1.0E-06  1.0E-05 1.0E-05 1.0E-04 1.0E-04
Neet 3.0E+07 9.8E+07 9.8E+06 3.0E+07 3.0E+06

Atotal[Bgq] 3.0E+08 9.8E+08 9.8E+08 3.0E+09 3.0E+09

162Er [Img] * 2274 7429 7429 22742 22742
* 162Er/A(83Ho) = 3790 mg/GBq + 50% usage efficiency

e pixel activity =100Bg/det « **Ho heat capacity
e time resolution below 0.1pus « multiplexing and DAQ bandwidth
e about 10M pixels & multiplexing and DAQ bandwidth
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Conclusions

e ECHo and HOLMES are reaching a statistical sensitivity of order of 1 eV in few years

 many technical challenges faced successfully (also separately by ECHo and HOLMES)
« production of large amounts of clean 163Ho samples
« efficient ion implantation
 high resolution detectors with multiplexed read-out
 sophisticated analysis tools

« some activities are still required to fully assess the potential of holmium experiments
« understanding the holmium decay spectrum
« effect of high activities on detector performances
* investigating systematic effects

* longer term plans: next generation experiments for sub-eV sensitivities require
 |larger international collaboration
* increased single pixel activity
 cost reduction (isotope production and efficient usage, readout electronics)

A. Nucciotti, Neutrinos in Cosmology, in Astro-, Particle- and Nuclear Physics, Erice, Sep. 16-22, 2022

52



Collaborations
H @{. MES

Universita di Milano-Bicocca, Italy
INFN Milano-Bicocca, Italy

INFN Genova, Italy

INFN Roma, Italy

INFN LNGS, lItaly

NIST, Boulder, USA

PSI, Villigen, Switzerland

ILL, Grenoble, France

<CDEGLUDZI
gg INFN NIST
Bl

PAUL SCHERRER INSTITUT -
(13 J/

NEUTRONS

FOR SCIENCE

Ec®

Heidelberg University, Germany

Johannes Gutenberg University, Mainz, Germany
GSI. Darmstadt, Germany

Helmholtz Institute Mainz, Mainz, Germany
University of Tubingen, Tubingen, Germany

MPI fur Kernphysik, Heidelberg, Germany

KIT, Karlsruhe, Germany

Petersburg Nuclear Physics Institute, Gatchina, Russia

Laboratoire Souterrain de Modane, Modane, France
CERN, Geneva, Switzerland
ILL, Grenoble, France

EBERHARD KARLS P N \\}>
@ B i =
HE|DELBERG = \.‘ k
- sjonannes GUTENBERG T
U N |VE RS |TAT MAINZ .ll FUR KERNPHYSIK
] m p -
ﬂ(l T 7 NEUTRONS 192919

ut fiir Technolog

A. Nucciotti, Neutrinos in Cosmology, in Astro-, Particle- and Nuclear Physics, Erice, Sep. 16-22, 2022

53



	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 32
	Slide 33
	Slide 34
	Slide 35
	Slide 36
	Slide 37
	Slide 38
	Slide 39
	Slide 40
	Slide 41
	Slide 42
	Slide 43
	Slide 44
	Slide 45
	Slide 46
	Slide 47
	Slide 48
	Slide 49
	Slide 50
	Slide 51
	Slide 52
	Slide 53

