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Neutrino properties V)

N
® 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 m?
[ Ve A
Vi
b= ZL0io
| | ?2——”’122
neutrino flavor weak eigenstate , irtistadihi 12
atmospheric
~2x1073eV?2 i
atmospheric
from neutrino oscillation experiments m,+ e ~2x107%eV?
2 solar~7x10%eV?2 i 5
Amik2= |m,-2'mk2| Wi il | I -7,
sin’29, = f(|U,|?) 0 ? ? 0
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Neutrino open questions

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

m degenerate (m,=m,=m;) or hierarchical masses

» Mass hierarchy: m;<m,<«m; or my<m,=m,?

my =V 7?i.e. Dirac or Majorana particle?
m CP violation in the lepton sector

m2
m32__ |
m22__
mass scale »2|
N
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normal
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Y o A
M
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solar~7x102eV?2
- B N 2
atmospheric 1
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atmospheric
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i /71,
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0

A. Nucciotti, PSI, Villigen (CH), May 23", 2017 4



Direct neutrino mass measurements Q

m kinematics of weak decays with v emission *‘é’
» low Q nuclear beta decays (*H, ®’Re...) 3
» only energy and momentum conservation E
» no further assumptions >

(A,Z) > (A, Z+1) + e + v, 3

n

N(EB)“PBEB(Q—EB)\/((Q—EB)—ms)F(ZrEB)S(EB) BN
m 2 approaches with different systematics:

» spectrometry with the  source outside
» calorimetry with the B source inside

KATRIN
large MAC-E filter
spectrometer with 3H

MARE/ECHO/HOLMES
array of low temperature
microcalorimeters
with #’Re or ®3Ho
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Direct neutrino mass measurements / 2 @%

m kinematics of weak decays
» observable in nuclear beta decays with v_ (v_) emission

[ve) = 20 Ukl vie) N(E)OCPBEB(Q_EB)Zk|Uek|2\/(o_EB>2_m\2'kF(Z'EB)5(EB>

m, =Y, m?|U,[
N(E)~puEp(Q—EW (Q—E)>—m2F(Z,E)S(Ey)
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Mass scale: experimental tools / 1 V)

three complementary tools available

- low temperature detectors play key role
(E. Fiorini and T. Niinikoski, Nucl. Instrum. and Meth. 224, p.83 (1984))

Neutrinoless “Z.”Beta decay
Double Beta i
end-point

decay

observable 2| mp=(3,m, 2|Ug |22

Cosmology™

CJ\'/JB-J-'LSS-J‘JJJ

present sensitivity : 2eV

future sensitivity

model dependency

systematics
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Experimental status for neutrmo mass /1 @)\

Cosmological measurements: ol
» Planck TT, TE, EE+lowP+BAO: — I,

= F
— 3000

m.<0.17 eV (95%)
P. A R. Ade et al., AGA 594, A13 (2016)
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600 FHHHH—— Tt
300 F ’ I

o 11

-300 ‘
-600 :‘ S :
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g\ Tritium beta decay end-point measurements:
» Troitsk + Mainz experiments: mg<2.2 eV (95%)

“%.. oo Ch. Kraus et al., Eur. Phys. J. C 73, (2013) 2323;
"1 V. N. Aseev, Phys. Rev. D 84, (2011) 112003.

ADIT

@] L N N 1 N N N N 1 N
18.55 18.56 18.57 18.58
retarding energy / keV

Neutrinoless double-beta decay searches:
» GERDA ("°Ge): mgg<0.15+0.33 eV (90%) Nature 544 (2017) 7648 e
» KamLAND-Zen (*3¢Xe): mBB<O.06+O.16 eV (90%) Phys. Rev. Lett. 117 (2016) 082503

» CUORE-O (*3°Te): mBB<°'27+0'76 eV (90%) Phys. Rev. Lett. 115 (2015) 102502
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Direct v mass measurements: the status ®%

1g
: situation about now
— 10'F
°
— —— 206 (NH)
ST ——— 206 (IH)
claim for BB-0v observation in "°Ge
10 I HV. Klapdor-Kleingrothaus et al.
10 1 Mod. Phys. Lett. A, 21 (2006) 1547
1 = | 1 3 J
—~ 107F = 10'F
% 5 | :
= 10%E = 10%f =
10-3 e Lol L 10-3 Lo L
107 1 10° 1072 10 1
X (eV) m, (eV)
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Direct v mass measurements: the challenge @)\

expected for the next few years

from how to explore the Inverse Hierarchy?
Neutrinoless 1
Double Beta
decay
to be
101 excluded
"’>"‘“ 20 (NH)
Q 20 (IH)
o o
E 10-2 E_ @}\ —E
I '/*‘\ KATRIN
-3 NIRRT 1 EEEEL T L1 111111 m\)<0'2ev
1010-3 10_2 10_1 : in 2018...
m, (eV
Betg%r;]cay — P (V) how to get to here?
end-point
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Direct v mass measurements: experimental ®\

Spectrometers: source # detector

3H source

B counter

B _-V

B differential or integral spectrometer
Bs from the 3H spectrum in &E are

magnetically and/or electrostatically
selected and transported to the counter

Calo[imeters: source < detector

B source

excitation
energies

B calorimeter
ideally measures all the
energy E released in the
decay except for the v,

energy: E=Q-E,

4 high statistics
4 high energy resolution
v large systematics
» source effects
» decays to excited states
v background

4 no backscattering

4 no energy losses in source

4 no decay final state effects

4 no solid state excitation

v limited statistics

v pile-up background

v spectrum related systematics
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Spectrometers: KATRIN

largest electrostatic spectrometer
with gaseous 3H source (E,=18.6keV)
» expected statistical sensitivity
m, < 0.2 eV 90% CL

»start data taking in 2017

Tritium source

Transport section

Ttlll"‘"

~70 m

>
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Low temperature detectors as calorimeters ®%

m (quasi-)equilibrium thermal detector

m complete energy thermalization

electro-thermal > calorimetry
link G
j m AT=E/C (C thermal capacity)
thermometer > low C
AT — AV > low T (i.e. T<1K)

> dielectrics, superconductors

E— AT

A high energy resolution

A large choice of absorber materials
A true calorimeters

v only energy and time informations
v slow time response
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Low temperature detector principles @%

ot e G T =pt
particlef® g C Ton) gt +CTpnTo)= (>E
AE _
absorber phonons T, P(t)=AEb(t) » Tph(t) To+— c © i

for t>0 and with t=C/G
» resolution limit: random energy flow through G
heat sink T, » statistical fluctuations of internal energy U
U=(U)xAU, .
v (U _cT
ph (E,p) kgT

AU, =N (kgT )=y kgT2C

1 mg of Re @ 100 mK
C~T3(Debye) = C~ 101K
6 keV X-ray = AT ~ 10 mK
G~10"*WK = t=C/G ~10ms
time AU, ~ 1eV
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» searches for 13°Te neutrinoless double-beta decay
» 988 natural TeO, 750 g crystals as low temperature detectors
» total mass 740 kg TeO, = 206 kg of 1%Te
» now cold at about 10 mK



Superconducting transition edge sensors (TES) @%

e superconductor thin films operated inside the phase transition at T,
» elemental superconductors: Ir (T.= 112 mK), W (T.= 15 mK), ...
» metal-superconductor bilayers = tunable T_ (20+200 mK) : Mo/Cu, Ti/Au, Ir/Au, ...

e high sensitivity TdR/(RdT)=100) = high energy resolution
» as thermal sensors - 6,2 = & k, T C

e strong electron-phonon coupling = high intrinsic speed
e [ow impedance = SQUID read-out = multiplexing for large arrays

10

superconductor)

/h\ormal |

AT = AR |

>’

0
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0.126 0.128 0.130

Temperature (K)

TES read-out: costant voltage bias

L
dc SQUID
_— i
RTES
4 AR - Al - A®
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Rise time pile-up Q

simple pulse model

_tltdecay_ e_tltrise)

A(t)=A(e

T ] T T
At =15 ms At =10 ms

2 pulses with:

';0.6
® T,e=1.0mMS s
* Thecay™ 10 ms 2 04

o
)N

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

resolving time T, = pulse rise time T_._
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Calorimetry of beta sources Q

B calorimeters measure the entire spectrum at once
» low E, B decaying isotopes for more statistics near the end-point

» best choice 187Re: Q = 2.5 keV, T,,= 4x100y = F(AE=10 eV) = (AE/Q)3>=7x10-8
» other option ®3Ho electron capture: Q = 2.6 keV, T,,= 4600 y

advantages
no back-scattering
no energy losses in the
source
no atomic/molecular final
state effects
no solid state excitation

drawbacks
v [imited statistics
v pile-up background
v spectrum related systematics

AE

0.0 BEEe— <
3 2 2.45 2.5 2.4 2.45 2.5
o /4/ energy [keV]

energy [keV]

F(AE) ~ (

pile-up fraction: f | = TzA;
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B decay calorimetry statistical sensitivity

resolving time g analysis interval AE
source activity Ag number of detectors Ny,
pile-up fraction f,,=TpA;

experimental exposure ty=TXN 44
E,

FAE( ) A Ndet .,r N E m )dE FAE<O> A Ndet

E ,—AE
I ' I ol ' I

Ny(Em,)

e

f, N, (E,0)@N,(E,0)

counts [a.u.]
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| 1 I | 1 | I | I | ]
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energy [eV]

- 17Re Q=2.5keV

f

=T A

pp

E; pile-up

experimental challenges
» energy resolution AE

» time resolution Tp

» exposuret, =N, X T

det
» detector activity A,

AE®  negligible

A.Nucciotti et al., Astropart. Phys. 24 (2010) 80 A. Nucciotti, PSI, Villigen (CH), May 23", 2017

19



Thermal detectors for calorimetric experiments @

187Re B decay

187 187 - —
sRe=> 5.0s+e +v,

m 5/2% - 1/2~ unique first forbidden transition = S(E)
» end point Q = 2.47 keV

» half-life time 1y, = 43.2 Gy
» natural abundance a.l. = 63%
» 1 mg metallic Rhenium = =1.0 decay/s

® metallic rhenium single crystals
» superconductor with T_=1.6K

» NTD thermistors ;

» MANU experiment (Genova) ' »
= dielectric rhenium compound (AgReO,) crystals

» Silicon implanted thermistors

» MIBETA experiment (Milano)

A. Nucciotti, PSI, Villigen (CH), May 23", 2017 20



MIBETA experiment results N
e 0.6 years live time (0.45 years only ) =1
e 6.2x10° 187Re decays above 700 eV
e M2 =-96 = 189, = 63,5 V2

> m, < 15.2 + 2.0, eV (90 % C.L.)

S

8.0

fit residuals

K Ut fE

[ ] l

Gl Ry R iR S B U
energy [keV]
M.Sisti et al., NIM A 520 (2004) 125 A. Nucciotti, PSI, Villigen (CH), May 23", 2017 21



Electron capture calorimetric experiments @%

163Ho + e - 163Dy* + v_ electron capture from shell > M1
A. De Rujula and M. Lusignoli, Phys. Lett. B 118 (1982) 429
m calorimetric measurement of Dy atomic de-excitations (mostly non-radiative)

= Q@ = 2.8 keV (recently measured with Penning trap)
» end-point rate and v mass sensitivity depend on Q - E,,,

s T,, = 4570 years — few active nuclei are needed (2x10'! ***Ho nuclei & 1Bq)

G; . 1
N(E)=-2L(Q—E V(Q—EF—m} x ¥ n,C,p?B -
“ 4n’ Z o (E.—E,)+T}/4
— - ' . 7 ext0’ . .
N1 i
M1 _g 5x10 _—
> ] B axto®F
N N
o o
; _ \(BSX‘IO ~
3 8 2x10°-
— 0=2.30 keV L
— 0=2.80 keV al
05 T 15 2 25 03546 2548 255 2552 2554 2556
energy [keV] energy [keV]
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From '*’Re to **Ho calorimetric experiments @%

m scaling up ®’Re experiments for sub-eV sensitivity

- MARE (Microcalorimeter Array for a Rhenium Experiment)

» No clear understanding Re absorber physics in spite of 20 years of R&D

» low 87Re specific activity - “large” masses - fabrication issues

» possible large systematics -» Beta Environmental Fine Structure (BEFS)
m 13Ho seems to be better than '®’Re

» higher specific activity » Holmium detector not needed
» self calibrating — better control of systematics
» but
 higher Q - maybe less sensitive
e pile-up spectrum
» chemical effects on Q
m two active projects presently

» ECHo (Heidelberg)
» MARE (- now HOLMES)

» Los Alamos National Lab., Standford University 7, ...

A. Nucciotti, Adv. High Energy Physics, 2016, 915304 '\ <\ s Villigen (CH). May 23" 2017 23



Electron capture end-point experiment

e no direct calorimetric measurement of Q (end-point) so far

e complex pile-up spectrum

> N_(E)=F, N, (E)®N(E) with f, =A.T,

O

A.. EC activity per detector
T, time resolution (=rise time)

counts [a.u.]

T 1T TTTH IIIII|T|'| TTTI

Q=2800eV, ol . . ...

0 '1000 '2000 '3
— 104
fpp_ 10 energy [eV]

000

4000
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HOLMES (erc-Advanced Grant n. 340321)

HOLMES excsmescensseny HEALMIES

goal
. neutrino mass measurement: m_ statistical sensitivity as low as 0.4eV
e prove technique potential and scalability:
» assess EC spectral shape S E— | | |
» assess systematic errors (4] 16 channels
baseline o 190 t,=1month E
e TES microcalorimeters ??:
with implanted $Ho > e 1000 channels  _
» 6.5X10* nuclei per pixel é - mid-term W3 yars |
A = 300 dec/sec % 10k g{)«;t;type ~
» AE=1eV and T,=1ps c_"; A_= 300 Bq
1000 channel array 2 A fp= 3X10%
» 6.5X10%**Ho nuclei E ! Huo|_s|’vc|25e AE =1eV -
- ~18)g ° 2018-2019 Ta = 1Hs
& o1 | T N N |

HVWLMES

» 3X10% events in 3 years

- started on February 1t 2014

B. Alpert et al., Eur. Phys. ). C, (2015) 75:112
http://artico.mib.infn.it/holmes

2200 2300 2400 2500 2600 2700 2800
EC Q-value [eV]
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More on EC end-point experiments / 1 @%

e shake-up/shake-off —» double hole excitations
» n-hole excitations possible but less probable

> authors do not fully agree on energies and probabilities —/\'

e even more complex pile-up spectrum A.De Rjula, arXiv:1305.4857
: : 4 R.G.H.Robertson, arXiv:1411.2906
> it may be worth keeping f  smaller than 10 AFaessler et al., PRC 91 (2015) 45505

10 g T T T T
2]] only shake-up!

10°E
103%
107

counts [a.u.]
] IIII|T|'| | UL

10°

107
| | | | | | 1 | | 1 1 | | 1

Q= 2800 EV10'10 1 ! 1 L
4 0 1000 2000 3000 4000
f =10 energy [eV]
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More on EC end-point experiments / 2
with kinematic factor I(Q-E(__)I((Q-ECI)Z-mVZ‘)1/2
M1

witt(w)?ut kinematic factor (Q-E)((Q-E_)*-m ?)'2

M1 M1H
{c,u}

0.01¢

0.001 }

106 ¢

104 ¢

> M1H {c,u} + {c,0}

| 100 |
+Y) M2H {c,u} + {c,0}
102
01 / [ ]\
_ Y/
10 6 . o A SR A S A T T 1 ) ) ) ) L .
1600 1800 2000 2200 2400 2600 2800 1600 1800 2000 2200 2400 2600 2800

E(eV)

A.De Rujula & M. Lusignoli, ). High Energ. Phys. (2016) 2016: 15

e including 2-hole shake-off processes

163HO _)163DyH1 H2 + e + \)e

e dominate rate at end-point
> optimistic: factor ~40 increase

» no analytic description of spectral shape at end-point

e make pile-up less important

E.(eV)

A. Nucciotti, PSI, Villigen (CH), May 23", 2017

29



Statistical sensitivity: shake-off processes @%

HOLMES simulation with the optimistic spectrum from A.De RUjula & M. Lusignoli
Q = 2833 eV, N, = 3X10%, f = 3.0Xx10*, AE = 1.0 eV

10 I | T I I I I I I I T I I =
a
1010 N.(E)=a, (Q-E,) «/(Q—Ec)z—m3 (1+azEc+a3E§+(E —4E )2)+fppNPp(Ec)
M1 (o
f= 109
o .8 fit interval
-'(2 7
S 10
o 10°

T
c_n l l._ . '. .-,'-. .‘ ..... .;- ..................
i --."l.'.-.. .= '|-:.' =
OO A A il ;.;..'.'-:Jm'.-.s' 3 ‘0 1"-3: .................
= D o ey gh i
) e
— CemmAie
o Ay i
w AR 3 .:. _'. :‘_:iéq:'i:f_- '.:a\..l' .................
2 {_-._r:-_._ -l'_“','-'“: _
N0 CmeEL
S . | I

2000 2200 2400 2600 2800 3000 3200 3400
energy [eV]

statistical sensitivity Z(m ) = 0.64 + 0.03 eV
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HOLMES design: more MC simulations... @%

Statistical sensitivity 2(m ) dependencies from MC simulations

e strong on statistics N, =A_.N
e strong on rise time pile-up (probability fppzAEC'tR)

dtM

® weak on energy resolution AE

m_ statistical sensitivity 90% CL [eV]

1.5

:Z(m) « N

-1/4

t,, measuring time
N, number of detectors
A.. EC activity per detector
T, time resolution (=rise time)

||||| ||||||||| ||||||||| ||||||||| I T TTTTH 1 ||||||| I I ||||||| 1 I I TTTTI1

- Q..= 2.8 keV T }/+ 1 107
" N_=3x10% R o S _

: : 1 904
- rOLMES <+ T _

! i L 1 10
I I 1 107
- AE = leV ¢ - T
:lll ||||||||| ||||||||| ||||||||| ||||||||| __I ||||||| | | ||||||| 1 | ||||: f
107 10° 10° 10" 3 1 . 10 100 ~pp
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Statistical sensitivity and single pixel activi @%

fixed exposure N

det™M

-~ 00]

[\

m, statistical sensitivity 90% GCL [eV]

—

OLMES bas¢line : 9

L 1000 channels

t,=3 years
AE =1 eV
T, = 1ps

IIIII| 1 ;Illllli

o
o

10’

1
Q = 2.8 keV single pixel activity [Bq]

10° 10°

high activity - robustness against (flat) background
A_ =300 Bq - bkg<=0.1 counts/eV/day/det
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m_ statistical sensitivity 90% CL [eV]

o
—h

A..=3 Bq/det
f . =3x10°

f_=3x10*

- (1, ) =A T, [20= T (r,)=A.F |20= -
- =1.5%10"c/eV/day/det + =1.5c/eV/day/det .
B bkg [c/eV/day/det] 1 bkg [c/eV/day/det] i
I 0 1 0 ]
i 2%10 1 0.2 i
2x10* 2.0
B — 2X10°7 T — 20 7
| | | | | | I | | | | I | | | | | 111 | | | | | | | | | | | | | | | I |
2200 2400 2600 28002200 2400 2600 2800

EC Q-value [eV]

EC Q-value [eV]
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Effect of background on sensitivity W)

A_.=300 Bq/det

N

m_ statistical sensitivity 90% CL [eV]
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Low energy background sources ®%

e environmental y radiation
ey, X and B from close surroundings

® COSMIC rays
> GEANT4 simulation for CR at sea level (only muons)
> Au pixel 200X200%X2 pm? - bkg = 5%X10° c/eV/day/det (0 - 4 keV)

¢ internal radionuclides
> 1%mHo (B-, T,, = 1200 y, produced along with '**Ho)

> Au pixel 200X200X2 pm?3
GEANT4 simulation = bkg = 0.5 c/eV/day/det/Bq('°°"Ho)
> A(*9*Ho) = 300Bqg/det ( ¢ =6.5x10 nuclei/det)
bkg(**°"Ho)<0.1 c/eV/day/det - A(***Ho)/A(***"Ho) > 1500
= N(**3Ho)/N(***"Ho)>6000

MIBETA experiment with 300%X300%150 um?> AgReO, crystals

bkg(2..5keV)=1.5%X10* c/eV/day/det

A. Nucciotti, PSI, Villigen (CH), May 23", 2017 34



HOLMES tasks Q

e 13Ho isotope production

¢ 13Ho embedding system

e TES pixel R&D

e TES array design and fabrication
e TES array multiplexed read-out

e Data Acquisition System

A. Nucciotti, PSI, Villigen (CH), May 23", 2017 35



163Ho production by neutron activation @%

Tm163 | Tm164 | Tm165 | Tm166 | Tm167 | Tm 168
1.81h | sim|20m | 30.06h 7.70h 9.25 d 93.1d

€ < € € e gt
o T Ao gt 19... e ik

Y 104; 69; 241; | yo0s: | 1155; 52743: 47; Yy 779; 2052; y532... v 198; 816;
1434:1307..  |as. |70 :807.... 84: 1274, m 447,

Er 163 Er 164 Er 165

; : Er 166 Er 167
75m 1.601 10.3 h 33.503 PRl 22.669
a*-".
al13 o3+ 14 " -
;(1114...) on o <0.0012 ﬁ“. T, :c_?E—E R0

Ho 162 | Y0163 | Ho 164 PRI Ho 166
' 1. |$7tla m | 28m 100 1200a | 2680 h
' i e,
2 | Rt |
Dy 160 Dy 161 Dy 162 Dy 163 BYNES Dy 165
2.329 18.889 25.475 24.896 28.260 1.3m | 235h

hy108; &~ | B
BT09; 1.3
1.0

760 600 120 ey
rp  <0.0003 iy, <1E-B o 170 rn, o <2E-5 a 1610 + 1040 20004 | = 3500

m 1°2Er rradiation at ILL nuclear reactor (Grenoble, France)

» thermal neutron flux at ILL: 1.3x10! n/cm?/s

162 163 ~
Er (n,y) ***Er o, _ = 20b
19Er - *Ho + v, T, “= 75min

€
0.
o

ky 37;
57

d

€
¥ 26,
78...

[ 3
Iy 211 noy

» burn up **Ho(n,y)***Ho: o =~ 200b (preliminary result from PSI analysis)

burn-up

» ©Ho(n,y) (mostly from *Er(n,y)) - %*™Ho (B, T,,=1200y) - A(***Ho)/A(***"H0)=100~1000
m chemical pre-purification and post-separation at PSI (Villigen, CH)
= HOLMES needs = 200 MBq of **Ho

with reasonable assumptions on the (unknown) global embedding process efficiency...

A. Nucciotti, PSI, Villigen (CH), May 23", 2017 36



HOLMES source production ®\

m enriched Er,0, samples* irradiated at ILL and pre-/post-processed at PSI
» 25 mg irradiated for 55 days (2014) -» A(*®3*Ho) = 5 MBq (A(!**"Ho)=10kBq)
» 150 mg irradiated for 50 days (2015) —» A(*®3*Ho) = 38 MBq (A('®®"Ho)=37kBq)

= Ho chemical separation with ion-exchange resins in hot-cell at PSI
» efficiency =79% (preliminary)

= 540 mg of 25% enriched Er,0, irradiated 50 days at ILL early in 2017
» A(***Ho),, = 130 MBq (enough for R&D and 500 pixels) (A(***"Ho)=180kBq)

* from INFN and CENTRA (Lisbon) A. Nucciotti, PS|, Villigen (CH), May 23", 2017 | 37



HOLMES mass separation and ion im Iantat:on Q

e extraction voltage 30-50 kV - 10-100 nm implant depth i / 163
e 163Ho / 1°¢mHo separation better than 10° / :
e ion source, magnet and slit delivered end 2016 | «——»(* mm FWHM
magnetic 0 162 o :
AY scanning Z
target B
chamber

Yy
E . .J ,_\‘

o electréstatic / - gge magnet
| triplet sputter ion source-

T 2 /N [ T

S AN | yd N

z ~ ~L — 3y
- - — —

A. Nucciotti, PSI. Villigen (CH), May 23" 2017 38



HOLMES ion implantation system / 2 ®%

testing the ion source

Ay

A. Nucciotti, PSI, Villigen (CH), May 23", 2017



lon source sputter target production / 1 ®\

m Metallic holmium sputter target for implanter ion source
m 30% enriched Er,0, = Ho,0,

m thermoreduction/distillation in furnace
» Ho,0.+2Y(met) -» 2Ho(met)+Y,0, at T>1600°C

m new furnace set-up in 2016

m work in progress to
» optimize the process
» measure efficiency (=70%, preliminary)

R 7o o s
§ 1

evaportated metallic holmium

A. Nucciotti, PSI, Villigen (CH), May 23", 2017 40



lon source sputter target production / 2 @\

m Metallic holmium sputter target for implanter ion source
» work Is in progress to produce the sputter target
» sintering Ho with other metals

A. Nucciotti, PSI, Villigen (CH), May 23", 2017 41



TES microcalorimeters @

micromachined
silicon substrate

e

TES Mo/Cu bilayer

absorber

SiN. membrane

NIST TES array for X-ray spectroscopy =

A. Nucciotti, PSI, Villigen (CH), May 23", 2017 42



TES absorber design: stopping EC radiation / 1 @%

Geant4 + LowEnergyEM MC simulation
200 um

full thickness [um] w S
T/ thickness/2 A’\, source

full thickness: 0.05, 0.1, 0.5, 1, 2 ym

107§ T T T T T T T T I T T T T | T T T T ? [ T T T T | T T T I T T T T
; § 1065_ 3
10°g R :
- 1 10°F E
10°F ER: :
c 10tk 2keV photons | -
Q10't 18 F E
2 F 10 r ]
5.k 2keV electrons 1510°F NJ 3
. 10 5
10°E 4 10°F E
0 Ihl‘ i 1
S ;
1 O_jﬂ |”||MII| ‘ | ”I PI ] | I 1 1 I 1 1 1 1
00 500 1000 1500 2000 90 500 1000 1500 2000
energy [eV] energy [eV]
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TES absorber design: stopping EC radiation/2
Geant4 + LowEnergyEM MC simulation

200 um
full thickness [um] 1
| VI thickness/2

10°F _ E
E o—e Gold ;
g 10*E <+ Bismuth =
c ; :
5 10 E
T r :
E 102'? E
O = :
© 10'F E
(O] u -
2 10°F 1
g 2keV electrons
@ 10"F E
()] ]

= i | | | | 1 1 II | | | | | 11 II

107 0.1 1

Au thickness [microns]
A. Nucciotti, PSI, Villigen (CH), May 23", 2017



Multiplexed TES array read-out

TDM Time Division Multiplexing

NXN TES array
without mux =» NXN readout channels

column output +...

with mux = N addresses + N outputs W
2 o N
B- 2% o » z S 5
23 3 3 3 3 s O
s E£2 I £ s £ 2
5 o3% s 3 5 S T
a ; 7 = g = g = n
Boxcar Modulation of [+ of [ ot [T
Functions S — g L | L {
SQUIDs . _ Series Array
@I STES STES STES SQUID (4K)
=L u : & 7 a
s ~ID— i - :
time Ra ?Qvﬁ R %\*/ §§ = _ U\*J = Multiplexer
o <TES <TES <TES. chip(s)
I i S i OO0 = ?" ________ | ;x_
time Ra 4@% RA % RA % = Detector
| i 5 I SRIp{s)
F ________ Al
Ra %\'Wj ;EL J:‘

S9SSalppe 7€



HOLMES array read-out: rf-SQUID pwave mux ®\

®©
5

pv. g |
Microwave E\ / N\
. (o) | f o H*
Synthesizers > 5| 1 Z 5
. t
_ g3l g8 & resonator
dc biased TES sensor S| S & i
A i | 1y
-

e D Al

rf-SQUID
Flux Modulation #1 X M g X M

ITE

S
- s
4 I|II * AW m Rigs #2
TES Bias Rpunt Rpunt R, .
Vv
i (DO
periodic .| .
L EAVAVA
response
I I
}] 1 9 (D/(DO
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HOLMES array read-out: rf-SQUID pwave mux ®\

I
|
|
|
1
e
I
|
|
|
|
J
]

Microwr-:-we o & - f o o
Synthesizers > 5| 1 Z 5
T
_ £ g i g S & esonator
dc biased TES sensor S| S
A | rf- SQUID
: x
I
i

©
§<
&

9

rf—SQUID
Flux Modulation X
o M
i1 Ries
TES Bias Rshun[
MHz flux ramp modulation f __- fsamp,
Egp
g . 20 kHz =
o < > £ 03
g 5
g 1 carrier freq E 02r
= 100 kHz
gy \ 0.1
0

0 5 10 15 20
w w ] Time [ms]
0 50 100 150

fime (u 9) A. Nucciotti, PSI, Villigen (CH), May 23", 2017 47




HOLMES array read-out: rf-SQUID pwave mux ®\

I
|
|
|
1
e
I
|
|
|
|
J
]

Microwave o g\ / o g\
Synthesizers = 5 | f]_ = 5
2| £ S t
|
| g % : g5 & resonator
dc biased TES sensor S| S &
; s rf- SQUID
)
mep |
L. : :
U5 U
rf—SQUID M M
X \g X
RTE% Rrgs  #2 =L
. AW =i
TES Bias R‘jmm[ Rs;hunt Rshunt - L
MHz flux ramp modulationf - f_ GHz LC resonator f, < 1
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T . . . -10 : >
A o f
I 211 — E
= = [
> © =
= M
LL =
@ |
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b
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pwave with RF carrier homodyne read-out Q

5k J
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Coil heat
exchangers

o 80mK |

_SmK

Cryogenic set-up @\

LHe-free dilution refrigerator

."--_x‘\, Synth
Ii\/ |
/) +15dBm

J Power

splitter
-20 dB

§ Programmable
attenuator (-60 = 0 dB)

-J.= DC-blocks
20dB
attenuator
Steel
coax
20 dB
attenuator

A. Nucciotti, PSI, Villigen (CH), May 23", 2017 50



HOLMES DAQ: Software Defined Radio @%

GHz
Synthesizer
ADC/DAC
Cryostat IF Board Board ROACH2 Board
oy LPF
1 550 MHz
1O A\ 12-bit ADC
Detectors R RF X PowerPC 1Gbit
Array L/ -\ 550 MUz 440EPx Ethernet
- HEMT Q 12-bit ADC t
IN LPF
f, fiy LPF
Y- A I 550 MHz
W— DAL _ Lo A\ 16-bit DAC Xilinx Virtex-6 10Gbit
f rE_[ X SX475T FPGA Ethernet
550 MHz
Q _\ l6-bit DAC
LPF 4
Ramp
Rubidium Synch
Vr..lmpI/I/I/ Clﬂfk
b Ramp
Generator
multiplexing factor n__. f
ADC

f., required bandwidth per channel =1/t -

n =]
TES
A. Nucciotti, PSI, Villigen (CH), May 23", 2017 51



Detector time resolution ®%

e for subsequent (At) events with energy E, and E,: time resolution T,= T.(E,, E,)

Npo(E)= Acc [ t4(E, €)NecleNeclE—c)d

PP

e Montecarlo pile-up spectrum simulations
> event pairs with E,+E,€[2.4 keV, 2.6 keV] (drawn from ***Ho spectrum), At €[0, 16us]
> pulse shape and noise from NIST TES model, sampled with f_

> process with pile-up detection algorithms:
e Wiener Filter WF or Single Value Decomposition SVD

e cvaluate effective time resolution T . from pile-up detection efficiency n(At)

record length, and n bit

ampl’

| I ' I !
MC with WF
_. 10°F =
fg f ,~6x10* ]
*g | 1= £, N, (E)®N,(E) with A = 300 Bq and T,= 1 ps
Sk g l_, {— WF simulation with f_ =1 MHz, T, = 10 ps,
S N[ and A.. = 300 Bq
=0 f _3x10
po =K best time resolution
10000 2450 2500 5550 2600 SVD (fsamp= 0.5MHz, T, = 10us) = T .= 1 pus

energy [eV] A. Nucciotti, PSI, Villigen (CH), May 23", 2017 52



HOLMES detector design @%

design mostly driven by read-out bandwith requirements
» TES microwave multiplexing with rf-SQUID ramp modulation + Software Defined Radio (SDR)

read-out specs

SDR ADC f, . signal sampling . ., | HOLIES tarys:
multiplexing factor n__ signal rise time T, R det
R, D . . .
[sampZ=T N7 detector signal sampling (signal BW)

rise rise

[res=2Ng feum, flux ramp modulated signal BW (resonator BW)

2R, 9N,
fnzgffres: T

microwave tones separation (g, = 10)

rise

f ADC f ADCTrise f ADC trise
i i n — < =
multiplexing factor 1 f, "2R,g;ng 500

for fixed f,,.=550MHz and n_.=30 & T___=10us with f___=0.5MHz

rise samp

— (NN
check for T, and AE... | | o Psi Viligen (CH) May 23°. 2017 53



HOLMES pixel design and test @%

e optimize design for speed and resolution
~ specs @3keV : AE ~ 100pus

e 2 um Au thickness for full electron and photon absorption
> GEANT4 simulation: 99.99998% / 99.927% full stopping for 2 keV electrons / photons

e side-car design to avoid TES proximitation and G engineering for T control

=~ leV, 1. = 10ps, T

FWHM decay

decay
TES_ absorber  pgg prototypes  °*[— ses+ozsev
\ & fab&test @ NIST 500/ with TDM mux
B 400] Mres=1
—__ 163Ho

counts per 0.333 eV bin
w
o
o

100+

0

5820 5840 5860 5880 5900 5920
energy (eV) - Manganese K-alpha

~ AE <4eV@6keV(»=3eV@OQ,)

FWHM =~

~ 6 ps (with L=38nH - to be slowed)
=~ 130 ps (still tunable)

> T
> T

rise

decay

A. Nucciotti, PSI, Villigen (CH), May 23", 2017 54



Detector testing with homodyne read-out

Marki Microwave - Vi 4 u ]
1-0255 : - '
Vi ¢

Microwave Frequency f .

Synthesizers +15dBm 1 Krytar 180120 LO,

QuickSyn FSW-0010 Directional Couplers Var

0.5 to 10 GHz 1to 18 GHz

-20 dB
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Marki Microwave T, = (25 + 1000) mK 4-8 GHz Cryogenic Wideband Amplifier Marki Microwave
PD-OR413 -0to -62 dB - Low Noise Amplifier| 700 MHz to 18 GHz  PD-OR413
” aK DAQ
N -40 dB 4 Channels
> » g +26 dB Simultaneous
> Detector sampling
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Ultra wideband Attenuator Low Noise Factory | Mini-Circuits. Ultra wideband
Wilkinson Power L A LNC4_8A ZVA-183+  Wilkinson Power divider
divider
20dB o
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Synthesizers +15dBm 2 Krytar 180120 Vi

QuickSyn FSW-0010 Directional Couplers

0.5 to 10 GHz 1to 18 GHz Ve

Marki Microwave
1Q-0255

Ramp Generator
Keysight 335008

Bias Generator Box

Vineas

500

Isias
—_—

- 55Fe Ka

9.1 k(2

f =400kS/s

100k 1k

samp

AE,= 4.0 eV 300

counts

T..= 35 s 200

T, =141 ps

decay 100

A | | g i
é%70 5880 5890 5900 5910 5920

energy [eV]
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Detector testing with HOLMES DAQ @\

ROACH-2 based Software Dened Radio

1500_55Fe Ka i
AE = 7.1+0.1 eV

| b e R
5890 5900 5910 5920

energy [eV]

f.omp= 500 KS/s
AE,= 5.6 eV
T..= 6.5 us
Thecay™ 67 us

A. Nucciotti, PSI, Villigen (CH), May 23", 2017
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HOLMES detector design and fabrication @\

<o JRRRNNNNNIININN
Misi Wsio,  siN Mo [llcu | cu [lIBi

;

e TES array fabricated at NIST, Boulder, CO, USA

e %Ho implantation at INFN, Genova, ltaly

e 1 um Ay final layer deposited at INFN Genova

e fabrication process definition in progress

e HOLMES 4X16 linear sub-array for low parasitic L and high implant efficiency

iiiiiiﬁiiii.ii.i..imiii.. i e

A. Nucciotti, PSI, Villigen (CH), May 23", 2017 57

A




Target chamber for absorber fabrication

ion implant simulation with SRIM2013
163Ho |ons on Au (E, . = 50 keV)

on target 6.4e+10 - integ: 6.2e+10 jons ———
on target: 1.3e+11 -integ: 1.2e+11 ions
ontarget: 1.9e+11 -integ: 1.8e+11 ions ——
on target: 2. 6e+11 -integ: 2. 3e+11 ions
on target: 3.2e+11 -integ: 2.8e+11 ions
on target: 3.8Be+11 -inteq: 3.2e+11 ions
on target: 4. 5e+11 -integ: 3.6e+11 jons —

TES detectors

163Ho beam

2.5e+13

2e+13 [

ontarget: 5.1e+11 - integ: 3.9e+11 ions

on target: 5. 8e+11 -integ: 4. 1e+11 ions
on target: 6. 4e+11 -inteqg: 4, 3e+11 jons ———

) on target: 7.0e+11 -integ: 4. 4e+11 ions
1.5e+13 i ontarget: 7.7e+11 -integ: 4.5e+11l ions ——— |
28t / on target: 8.3e+11 - inteq: 4.6e+11 ions
on target: 9.0e+11 -integ: 4. 7e+11 ions
LWk ontarget: 9.6e+11 -integ: 4.7e+11 ions
oW ontarget: 1.0e+12 -integ: 4.7e+11 ions

S "yontarget: 1.1e+12 - jntegr ¥, 56 =

gy target: 1.2e+12 §

ions/cm?/A

le+lz |

Se+l2 |

Ar ion beam
microwave sources
for sputtering

1 1
0 50 100 150 200

depth [A]

m 193Ho ion beam sputters Au from absorber ¢
» 163Ho concentration in absorber saturates
» compensate by Au co-evaporation

mfinal 1 um Au layer in situ deposition

m tests are in progress | T ‘ 1
A. Nucciotti, PSI, Villigen (CH), May 23"‘I 2017 | 58



HOLMES schedule and conclusions \

N\
Project Year 2015 2016 2017 2018

Task S2 S1 S2 S1 S2 S1 S2
|sotope production =
TES pixel design and optimization [
lon implanter set-up and optimization =
Full implanted TES pixel fabrication =
ROACH2 DAQ (HW, FW, SW) ——
32 pix array 6mo measurement T
Full TES array fabrication L]
HOLMES measurement )

= HOLMES project status
0 many technical challenges are being addressed in parallel
0 design phase is complete
0 ion implanter setting up is in progress
o first 13Ho implantation coming shortly

0 spectrum measurements will begin late in 2017
A. Nucciotti, PSI, Villigen (CH), May 23", 2017 59



Backup slides @K
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Worst case scenarios... @%
1000 channels

t,=3 years
— I I | I | I I I
o
j 10.0 —
O - .
2 i ]
o - -
(o)) i A
>
= - y
D
) ULC -]
@ A__ = 300Hz 100Hz 10Hz -
© i i
-% I AE = 1eV SeVY 5eV |
5 T=1us 3us 10ps I
o f = 3x10°3x10°10°
E 0.1 I ! I ! I ! I ! I ! I ! I

2200 2300 2400 2500 2600 2700 2800
EC Q-value [eV]
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163Ho production and embeddin ®%

m 193Ho production by nuclear reaction
» high yield
» low by-products contaminations (in particular ***™Ho, B 1, =1200y)
» not all cross sections are well known
- neutron activation of enriched **?Er (nuclear reactor) _

- 18Dy(p,n)!%*Ho E >10 MeV (direct, low yield - PSI?)
- "Dy (a,xn)**Er and #*Tb(’Li, 3n)*Er
m *Ho Separation from Dy, Er and more ...

» radiochemistry (before and/or after |rrad|at|on)

» magnetic mass separation <«
» resonance ionization laser ion source (RILIS)?

m Ho embedding in detector absorber

» implantation (+magnetic separation) T v —
» Au film deposition for full containment — — —

ECHO <« J.W. Engle et al., NIM B 311 (2013) 131-138
particle p n10™n/cm2/s p 16 MeV p 24 MeV a 40 MeV
80 YA 240 pA 30 pA
target W/Ta  '°2Er (40%) natDy natDy natDy
200mg/cm? 20g “thick”
3Ho prod rate [nuclei/h] 10 105/ mg "%?Er 10" 108 103

U. Koester @NuMass 2013 - 4 A. Nucciotti, PSI, Villigen (CH), May 23", 2017 62



rf-SQUID microwave multiplexing N

amp MHz flux ramp modulation
microwave ~6K)
synthesizer microwave e 4 o
resonators £
2 o
v g 20 kHz
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_G_JJL , ; flux ramp & ' !
5 1 arri :
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- 2 5
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TES , \ | '
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.\;,,,,,,w __e_h_ 0 B .
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TES read-out: SQUID

e [ow impedance suitable for multiplexable
dc-SQUID magnetometers

e current amplifier configuration
> Al - AQ - AV

e feedback linearized response

—
o
>0

Vv
g
v =
i (DO
I I ;
0 | 5 D/D A

— Bias voltage
Photon |, \\
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b
|

o
Grou n:i_\! :_
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w\__!_;. torest of electronics
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] S
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Qutput coil - —
SQUID |
Bias () SQUID Out
= | Electronics [ ¥
AN
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= t T =
01Q = | 1kQ =
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The holmium experiments @%

ECHo HOLMES NUMECS
% Ho production 192y (n, ) 2By (n, V) Dy (p, nx)
Absorber Gold Gold Nanoporous gold
Sensor AuwEr magnetic TES Mo/Cu TES Mo/Cu

Present status

43 (iI].CI. er)

AE at M1 peak [eV] 12 —
Tce [45] 0.13 — —
Ay [Bql 0.2 — 0.1
Projected (E, = 2800¢€V)
Ny, 100 1000 4096
AE [eV] <5 1 —
Tpise LUS] il 1 —
Agc [Bg/detector] 10 300 100
i 10°° 3x107* —
tar Y] 1 3 1
So(m,,) [eV] 10 1.5 1

dal talk di Kathrin Valerius a Neutrino 2016

A. Nucciotti, PSI, Villigen (CH), May 23", 2017
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International competition / 1 ®%

The EC@ Experiment

absorber source

paramagnetic sQuib

sensor (Au:Er)

N

=

[Fleischmann et al. 2009; Gastaldo et al. 2013]

FORZ02  Heidelberg (Univ., MPIK), U Mainz,

2 uNIvERSITAT U Tlbingen, TU Dresden,
P WEIDELBERG (E U Frankfurt, HU Berlin, ILL Grenoble,
SEIT 1386 PNPI St Petersburg,U Bratislava,

IIT Roorkee, Saha Inst. Kolkata

Technology

* magnetic micro-calorimeter (MMC) arrays
with microwave squid multiplexing readout

« fast rise time (~130 ns) and excellent
linearity & resolution (AE ~ 5 eV)

« isotope production: 162Er(n,y)'%3Ho
offline mass separation

Timeline

[ new improved detectors

[ improved implantation
with purified source

[/ first underground meas.

* Phase |I: ECHo-1k
to be completed by 2018
2 x 50 pixel x 10 Bq,
4 months: m(v,) < 10 eV

¥ proof of multiplexed readout

* Phase ll: ECHo-1M
array of 10° detectors

oo N precision

< 163Ho spectrum
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23 [L. Gastaldo et al., J. Low Temp. Phys. 176 (2014) 876]

dal talk di Kathrin Valerius a Neutrino 2016

50 x 2000 pixel x 10 Bq,
2 years: sub-eV sensitivity
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International competition / 2 @%

The NUMECS Experiment

ya

)
» Los Alamos

MATIONAL LABORATORY
EST. 1343

NIST @ wisconsn

Technology

* transition-edge sensors
(TES, Mo-Cu bilayer)

» gold foil absorbers with dried solution
containing %3Ho

 163Ho production by proton irradiation
of natural dysprosium

1000

| M1

100 5

163Ho spectrum

—

» obtained after systematic
improvement of absorber production

Counts per 5 eV bin

« still limited statistics (40 hrs, 0.1 Bq)
and resolution

MWM i il

I !
0.5 1.0 1.5

Energy (keV)

0.0

21 [Croce et al., J. Low Temp. Phys. 2016]

dal talk di Kathrin Valerius a Neutrino 2016

K. Valerius, KIT | Direct probes of neutrino mass | NEUTRINO 2016
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Be ond spectrometers: Project8/ 1 @%
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Beyond spectrometers: Project8 /2 @%

Project 8 — next goals .ﬂ(“'

Karlsruhe Institute of Technology

. Phase | (2010-2016) . Phase Il (2015-2017)
- Demonstration of CRES method - Spectroscopy of continuous T2 spectrum
- Conversion electron lines from 83mKr - Systematics, energy resolution
Frequency (GHz)
032_5'.5 — 25:.4 ——— 25I.2 - 2I5 - 24I.8 L=
_ - Firstresult 2014: e
S °%- 140 eV (FWHM) i4
5 oo ot
Sy h \/
5 F o MM
g *F L0 N e * Phase Ill (2016-2020)
3 °-“5;| k = r o l I 10-20 cm?3 eff. source volume (1 yr)
14 S phased-array antenna

' (R |mprovedto

1.2 ........ _ [ & 0
3.3eV(FWHM) "\ | sensitivity goal: 2 eV (90% CL)

w Lo F : : 2 [ JREENY PR
;;-E 0.8} : :
* Phase IV
g, Large-scale exp., with atomic tritium source,

o2 for sub-eV sensitivity (hierarchy scale)

0.0

30520 3B.i25 3053[}' 30535 3ﬂ.idﬂ 3054!’: 30550
Track Initial Energy [keV]
18 K. Valerius, KIT | Direct probes of neutrino mass | NEUTRINC 2016
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BEFS: Beta Environmental Fine Structure ®\

Modulation of the electron emission probability due to the atomic and molecular

surrounding of the decaying nucleus: it is explained by the wave structure of the
electron (analogous of EXAFS)

Xpers (Ke)= FsXEXAFS+FpXEXAFS

—2k2 2
e n
XEXAFS ZB Sin(2k R+ dy+ 5,
a ~ 0-020 [ T [ I | T [ T [ I |
| \/0) / K
éﬁ Outgoing
electron 0.010
\ wave
Atoms T‘g B
S5
2 0.000-
Qo
Outgoing ,
electron -0.010
% ; wave
Atoms B

B e T e F T (e S OB Yo S o T

energy [keV]
C. Arnaboldi et al., Phys. Rev. Lett. 96 (2006) 042503 (for BEFS in Rhenium: F. Gatti et al. Nature, 397 (1999) 137)
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Beta Environmental Fine Structure in 1°*Ho? @%

_ =
Ypers (Ke)= FsXEXAF5+FpXEXAF5
—2k§ o’
< XEXAFS . ZB Sin(2k R+ dy+6,)

0.06 ——

Outgoing :
electron 004
wave : :

187Rt=e B decay = Reé i

Atoms 0.02 |

o

residuals

e—/
Outgoing

electron -0.04 ......... ......... ......... ......... ......... ......... ........
wave | z z z | ; ; ; ; 5 |

0.02|+[- -4

.- 0,08 b

1 1 L I H 1 ; I H I i 1 ] 1 H I

04 06 08 1 12 14 16 18 22 24 26
electron energy [keV]

e what about BEFS in °3Ho spectra?
~ E_deposited by cascade processes - convolution? — /"\MNVW /W\A/WW
> different transition sequences - cancellation? —»

> smeared position of ***Ho in host lattice - attenuation? — /\\ v
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Resolution limit: LTD vs. ionization detectors @%

lonization detectors
e measure only the energy that goes into ionization (~1/3)

» in semiconductors: energy to create an e-h pair W, ~ 3 eV = N,_, = E/W,
» statistical fluctuations on N, limit the energy resolution'gE: FN_ W 0:w//-' EW,
» in practice: AEpum= 115 eV at 6 keV for silicon

e other limitations from electron transport properties (material restriction, purity...)

Cryogenic detectors
e measure the energy that goes into heat (100%)
» N0 branching = no statistical fluctuations
» resolution limit: random energy flow through G
» statistical fluctuations of internal energy U = (U) + AU,

N = (U) _CT

ph <Eph> kgl
AU, =N (kT )=y kg T2C
G I 1 mg of Re @ 100 mK

heat sink T, C~ 10" )K= AU, ~ 1 eV

A. Nucciotti, PSI, Villigen (CH), May 23", 2017 72
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HOLMES array read-out: rf-SQUID pwave mux ®\
O-----EL)----- {- ’
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Ramp demodulation ®%
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TES current (A below IO)

Rise time pile-u Q

2 pulses with:
e T...=1.5ms

rise”
® Tgecay= 10 MS
°® AZ/Al - 05

A(t):A(e decay_e rise

A0 Pulse model for energies 0.0, 0.2, ..., 4.0 keV; L = 24 nH
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4 us
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A. Nucciotti, PSI, Villigen (CH), May 23", 2017 75



HOLMES signal processing and in-line analysis @%

e normal data taking (permanent RAID storage)

» save only n-tuples (6 X 4 byte words) *
» high threshold (E,=2.022keV, E, =2.041keV, Q. .=2.8keV, 21% of spectrum) *

» about 150TB in 3 years (un-compressed)

e periodic minimum bias samples (temporary storage)
» tune parameters for real time pulse processing
» full waveform (512 samples at 12 bit) for immediate off-line analysis *

» full spectrum -» 20TB/day

» combined with high threshold data

 lower threshold is possible
with compression

ROACH2 FW real-time
pulse processing:
« threshold cut

SERVER quasi real-time
pulse processing:

« OF analysis = n-tuples

* pile-up detection

data set size [TB/Yy]
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e
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1°*mHo backgroun Y

Geant4 + LowEnergyEM 200 um
2 105 events full -
thickness w
Hm] 2 thick /2
ICKNEeSS
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100

—
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counts/(400 eV)/(200E3 decays)

0 50 100 150 200
energy [keV]
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Low energy background sources / 2 ®%
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