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Assessing the neutrino mass Q

from how to get to here? 2] \"=0
neutrinoless 3 AE = 0
double beta 20 (NH) E -
decay 26 (IH) S| m>0
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z 3 om, 0
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—— 10-1 E_ ' :
E . electron kinetic energy E,
& . I m kinematics of weak decays with v emission
£ 10%F 3 » low Q nuclear beta decays (3H, 1*Re...)
- - » only energy and momentum conservation
- . » no further assumptions
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103 102 107 1 (A,Z) » (A,Z+1) + e +v_
KATRIN mB (eV)=m, N(EB)C’CpBEB(Q_EB)\/((Q_EB)_ms)F(Z'EB)S(EB)
spectrometer m 2 approaches with different systematics:
m <0.2 eV » spectrometry with the B source outside
in 2018 » calorimetry with the B source inside

A. Nucciotti, Adv. High Energy Physics, 2016, 915304
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Electron capture calorimetric experiments / 1 Q
13Ho + e” - 3Dy* + v,

electron capture from shell > M1
A. De Rujula and M. Lusignoli, Phys. Lett. B 118 (1982) 429

= calorimetric measurement of Dy atomic de-excitations (mostly non-radiative)
s Q = 2.8 keV (measured with Penning trap)

» end-point rate and v mass sensitivity depend on Q - E,,,
» T,, = 4570 years — 2x10" '**Ho nuclei « 1Bq
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Electron capture calorimetric experiments /2 Q

e calorimetric measurement ¢ detector speed is critical

e complex pile-up spectrum

> N_(E)=F, N, (E)®N(E) with f, =~A.T,

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

1 Q0=2800eV
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HOLMES (erc-Advanced Grant n. 340321) H @ LMES i

goal '-_.‘_‘.'-_.‘.’:;:f:::

e direct neutrino mass measurement: m _statistical sensitivity around 1 eV
e prove technigue potential and scalability:

» assess EC spectral shape exposure = 1000 det x 3 y
» aSSess SyStematiC errors AEC = 10 c/s/det 30 c/s/det 100 c/s/det 300 c/s/det
- 35 ]lIII 1 ||||||| |T||| L Tllllll ||||| T I |T|T||| TlTlI I ||||||
baseline Lo I
e TES microcalorimeters S 30| - get"" SRR
. . % o o——o—0—2 J’JOI_.JJJ_"'.:J
with implanted °*Ho S o—"" . : goal
2 o —o-o . .
» 6.5X10* nuclei per pixel 2 250 0 o ——o-o°
2 ¢ — oo
A =300 c/s/det % 3 e e JEAES)
» AE=1eVand .= 1ps g x=10ps o oo | © $°°
© r”zjlu
* 1000 channel array e LT ol R
o LS
» 6.5X1013Ho nuclei  mlus
- z18 ug 1.0 vl 0l Ll L1l vl 0 vl vl vl
. ' 1 10 1 10 1 10 1 10
» 3X10B eventsin 3 years AEcyu [€V] AEcypm [8V] AEp v [V AEcyyn [€V]

5 years project started on February 1t 2014

B. Alpert et al., Eur. Phys. ). C, (2015) 75:112
http://artico.mib.infn.it/holmes A. Nucciotti, LTD-17, Kurume, Japan, July 2017

3.5

N N 0
o (4] o

m, statistical sensitivity 90% CL [eV]

—
o

1.0

5



Montecarlo simulations: ‘**Ho sensitivity potential ®%

e 1 N e R

g i es | .

2 r’“ﬁ ______________________ for Z(m) = 0.1 eV

R T Eae o e . A_=1Bq
R e L N, t, = 2x10° detxy
I Y _ A, = 1000 Bq

§ S S T — N,.ty = 10° detxy
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A. Nucciotti, Eur. Phys. J. C (2014) 74:3161
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Montecarlo simulations: low energy background ®\

e environmental y radiation HOLMES target
for A.. = 300 Bg

ey, X and B from close surroundings

bkg < =01 c/eV/day/det
® COSMIC rays

> GEANT4 simulation for CR at sea level (only muons)

> Au pixel 200X200%X2 um? - bkg = 5x10° c/eV/day/det (0 - 4 keV)

MIBETA experiment: 300X300X150 um> AgReO, crystals at sea level

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

e internal radionuclides
> 1%6mHo (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(*Ho) = 300Bqg/det ( & =6.5%10% nuclei/det)
bkg(**°"Ho)<0.1 c/eV/day/det - A(***Ho)/A(**°*"Ho) > 1500

- N(**3Ho)/N(***mHo)>6000
A. Nucciotti, LTD-17, Kurume, Japan, July 2017



163Ho production by neutron activation @K

Tm163 | Tm164 | Tm165 | Tm166 | Tm167 | Tm 168
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m 1°2Er irradiation at ILL nuclear reactor (Grenoble, France)

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

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

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

€
¥ 26,
78...

Iy 298

» ©Ho(n,y) (mostly from *Er(n,y)) - ¢™He (B, T,,=1200y) - A(***Ho)/A(***"Ho)=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, LTD-17, Kurume, Japan, july 2017



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 radiochemical 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, LTD-17, Kurume, Japan, July 2017 | 9



HOLMES mass separation and ion implantation Q

e extraction voltage 30-50 kV - 10-100 nm implant depth 1 163
o 163Ho / 166mHg separation better than 10° |
e ion source, magnet and slit delivered end 2016 o 4 mm FWHM;
- . calqulated bgarp size ' ]
= ol AN =
B AR N
.E ‘”E N N Pt ] — Sx
E & —J‘J/f{ K“h-._.-—-"'/ R“‘H.. — Sy "
-_5 4 I 3 2 1 LI'J __
¢ j sl
=4 mm_FWHM Faraday cup -
beam size _ J

target

chamber * : ectrostatic

triplet **

(-]
magnetic 90° magnet
XY scanning ** sputter ion source

* delivered in July 2017: under testing °m

N el [ [Told B 2 0P d:]  ** delivery planned for end of 2017 A, Nucciotti, LTD-17, Kurume, Japan, July 2017 10



HOLMES ion implantation system testing @\

sputter target

- = ,
A. Nucciotti, LTD-17, Kurume, Japan, July 2017 11



lon source sputter target production / 1 Q

m metallic holmium sputter target for implanter ion source
m 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)

see G. Gallucci PE-28

evaportated metallic holmium A. Nucciotti, LTD-17, Kurume, Japan, July 2017 12



lon source sputter target production / 2 ®\

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

see G. Gallucci PE-28

A. Nucciotti, LTD-17, Kurume, Japan, July 2017 13



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

6 - e
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35| £ g : 3 t
. § S | ;g S | g S & resonator
dc biased TES sensor AN = S &
A i : rf- SQUID
vm,.,l L1 | | /
| g
4—"@* e N I s W —
rf-SQUID
Flux Modulation #1 X M g X M .X Mé
Ires E A
0
i [Evh—
<+ g Rrgs  #1 Rigs  #2 $— /' —1 Ry =
| A AN— g
TES Bias Rs]mn[ R.-;hunt R:-;hLmt %
MHz flux ramp modulationf_ - f_ GHz LC resonator f, ¢
osk rf-SQUID inductance vs. flux
: o . . . -10
0.4r i . 21
£ 03 g =)
E E &
= 02 - - 2 :
g | | g
0 \ "o % 0 ¥ o : :

! i Timio[ms] i {j Magnetic Flux ) f
see 0-53 0-54 0-55 A. Nucciotti, LTD-17, Kurume, Japan, July 2017 14



HOLMES pwave multiplexed TES read-out Q

-10
e chip HPMUX17A
e 33 resonances in 500 MHz |
» width 2 MHz 3
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e squid noise <=2 pd /VHz
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HOLMES DAQ: Software Defined Radio Q

LPF

N

ADC/DAC
Board
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_\
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\
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HOLMES detector design @K

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

ADC

- check for slew rate, T, and AE...
A. Nucciotti, LTD-17, Kurume, Japan, july 2017 17
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HOLMES pixel design and test Q

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

decay

=~ leV, 1. = 10ps, T

FWHM decay

— 398 +-0.26 &V

TEST absirber TES prototypes 600

\,] 1] — fab&test @ NIST

5001 with TDM mux
_nTES=:1

N
o
o

N
o
o

counts per 0.333 eV bin
S
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, LTD-17, Kurume, Japan, july 2017 18



TES pixel testing with homodyne read-out

Marki Microwave i & > . ‘..
1Q-0255 '
: Vi
Microwave Frequency £ -
Synthesizers +15dBm ! Krytar 180120 LO, &
QuickSyn FSW-0010 Directional Couplers o
0.5 to 10 GHz 1 to 18 GHz
-20 dB 1 oF
1
Cryostat
Marki Microwave To = (25 + 1000) mK 4-8 GHz Cryogenic | Wideband Amplifier  Marki Microwave
PD-0R413 -0 to -62 dB Low Noise Amplifier| 700 MHzto 18 GHz  PD-OR413
o (T 4K
40 df
- g 20 ! | B 26 dE
S
Detector
- Array ’
Ultra wideband Attenuator Low Noise Factory Mini-Circuits. Ultra wideband
Wilkinson Power A 4 LNC4_BA ZVA-183+  Wilkinson Power divider
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E
-20 dB &
Mscrowav Freq ncy ¢ —
Synthes| +15dBm b Krytar 180120 LC 3:__ Viz
Qui kSY FSW 0010 Directional Couplers
0.5 to 10 GHz 1to 18 GHz Ve
Marki Microwave
1Q-0255
Ramp Generator
eysight 335008
\I\‘.l cas
- i 500 T T T T I T T T
Bias ( x
o A
= - 55Fe Ka

100kQ 1kQ |
1

9.1k0

200%200 um? absorber
C =0.9 pJ/K
G =570 pW/K

see A. Puiu PE-20
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400
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| foamp= 400 kS/s

samp

|AE, = 4.0 eV
= 35 Us

rlse

141 ps

decay

|slew rate = 0.2 ® /S

|
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|
5900
energy [eV]
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TES pixel testing with HOLMES DAQ / 1 Q

ROACH-2 based SofE\gvare Defined Radio

2.0 L

1.5 |

[1h]

o

2

gl.o .

0.5\

DRoS 10000 20000 30000 40000 50000 60000

Time [Samples]

® ADC (550 MS/s 12bit) / DAC (1 GS/s 16bit)

e discrete components IF

® Ny,=2,f, .= 500KkS5/s

e 16 ch firmware from NIST (uses only half of available ADC bandwidth)
e 4 pixel measurements - limited by available tone power

e tests on pixels similar to HOLMES ones (but not quite the same)

e checking algorithms, noise, AE, T, and slew rate
see ). Gard PB-10 A. Nucciotti, LTD-17, Kurume, Japan, July 2017 20




TES pixel testing with HOLMES DAQ / 2 Q

280%280 um2 absorber
C=0.75pJ/K
G = 330 pW/K

see A. Puiu PE-20

1500 > Fe Ka
AE = 7.1+0.1 eV

500~

Try
1

&7 tes0 550 5900 5910
energy [eV]
f....= 500 kS/s
AE, = 5.6 eV
T, .= 6.5 s
Tdecay= 67 I.IS

slew rate = 0.4 ® /S

A. Nucciotti, LTD-17, Kurume, Japan, July 2017
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TES pixel testing with HOLMES DAQ / 3 A §

| |
|

380%380 um? absorber

C=0.9p/K
G = 480 pW/K

counts [a.u]

counts [a.u.]

4000

N L
o o
o o
o o

—i
o
o
o

HOLMES-like pixels
without collimator

I I | | I | I I 1 | | I I
[ Al Ka Cl Ka Ca Ka Mn Ka :
B | | i.| A | W
i Al Ka Cl Ka Ca Ka Mn Ka i
[ | | o % 1 S l W
0 1000 2000 3000 4000 5000 6000 7000
energy [eV]

e AE, = 5 eV AE=7.5eV @ 2.6 keV

oT =~ 20 us Tyecay~ 140 Ps

e slew rate = 0.1 ® /S @ 2.6 keV

A. Nucciotti, LTD-17, Kurume, Japan, July 2017 22



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

Npp(E>:AECf TR(E' E)NEC(€)NEC<E_E>d€
0
e Montecarlo pile-up spectrum simulations

> event pairs with E,+E,€[2.4 keV, 2.9 keV] (drawn from '**Ho spectrum), At €[0, 10us]
> pulse shape and noise from NIST TES model, sampled with f__, record length, and n bit
e process with pile-up detection algorithms:

> Wiener Filter WF or Singular Value Decomposition SVD

[> for fsamp = 0.5MHZ' T ~ 20”5 10_45 —r 1 | r 1. 1. [ r r 1t 1t [ Tt T© 1 T [ T T T 1 g
single A, = 300 c/s/det 1
pPup T, =T, = 20 ps E

rise

o WF - T,=3ps
e SVD - T, =15ps

pup T, = 3 us
I
|

pup T,

[T T | ] | |
2400 2500

2600 2700
energy [eV]

see B. Alpert PB-25 A. Nucciotti, LTD-17, Kurume, Japan, July 2017 23
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HOLMES detector design and fabrication @)\

=Ho JYYYHUSITNNIINNG
W

i [llsio, MisiN, imo [llcu [licu s [ Au [llHo

W

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 final fabrication process definition in progress

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

ki 5%@% I %%@% & 7 e %:_:
.L.u.i.i.i...—f’fﬁﬂ.ﬁ@ %iiﬁ. e 1

see A. Orlando PC-25 A. Nucciotti, LTD-17, Kurume, Japan, July 2017 24



Target chamber for absorber fabrication / 1 Q

ion implant simulation with SRIM2013 TES detect
»3Ho ions on Au (E, = 50 keV) i

L] T

on target: 6,.4e+10 -integ: 6. 2e+10 ions ——
on target: 1.3e+11 -integ: 1.2e+11 ions

on target: 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: 3.8e+11 - integ: 3.2e+11 ions

on target: 4 5e+11 -integ: 3.6e+11 ions ——
on target: 5 1e+11 -integ: 3.9e+11 ions

on target: 5.8e+11 -integ: 4.1e+11 ions

on target: 6. 4e+11 -integ: 4 3e+11 jons ———
on target: 7.0e+11 - integ: 4.4e+11 ions

on target: 7.7e+11 -integ: 4.5e+11 ions ——— |
on target: 8 3e+11 -integ: 4. 6e+11 ions

on target: 9.0e+11 -integ: 4.7e+11 ions

2.5e+13

2e+l3 k

1.5e+13 |~

% ontarget: 9.6e+1l -inteq: 4.7e+11 ions
K _‘ ontarget: 1.0e+12 - integ: 4,7e+11 ions ———
SSyontarget: 1.1e+12 - jpteqgr T 58 =a

‘, target: 1.2e+12 §

ions/cm?/A

le+l3 |

Se+l2

Ar ion beam
microwave sources

0 = oo = for sputtering _—
depth [A] \

» 163Ho concentration in absorber saturates
» compensate by Au co-evaporation

m final 1 um Au layer in situ deposition

see A. Orlando PC-25 A. Nucciotti, LTD-17, Kurume, Japan, July 2017 25



Target chamber for absorber fabrication / 2 @\

' T, e o /
: : ﬁ‘l ) ,/'/. REJ%
m system just delivered ?b/ \E: -

m test are in progress

A. Nucciotti, LTD-17, Kurume, Japan, July 2017 26



HOLMES schedule and conclusions

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 I
ROACH2 DAQ (HW, FW, SW) ——
32 pix array 6mo measurement T
Full TES array fabrication [

HOLMES measurement
= HOLMES project status
0 TES array and DAQ ready
0 ion implanter setting up is in progress
o first *3Ho implantation coming shortly
0 spectrum measurements will begin late in 2017
» 32 pixels for 1 month - m, sensitivity =10 eV

A. Nucciotti, LTD-17, Kurume, Japan, july 2017
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