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Direct neutrino mass measurements Q

m kinematics of weak decays with v emission *‘é’ energy
» low Q nuclear beta decays (°H, **’Re...) 3 resolution
» only energy and momentum conservation E AE =0
» no further assumptions S

(A,Z) - (A, Z+1) + €™ + v, g Q
*
N (Eg)oc py Ey(Q—E,)V((Q—E;)—m2) F(z, E,) S(E,) 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
- results from 2018

MARE/ECHO/HOLMES
array of low temperature

microcalorimeters
with 87Re or 1%3Ho

e e A. Nucciotti, Adv. High Energy Physics, 2016, 915304
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Direct v mass measurements: experimental ®%

Spectrometers: source # detector

3H source

I A nter

B differential or integral spectrometer
Bs from the 3H spectrum are magnetically

and/or

electrostatically selected in E and
transported to the counter

Calo[imeters: source < detector

B source

B calorimeter
ideally measures all the

excitation
energies

energy E released in the
decay except for the v,

energy: E=Q-E,
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4 high statistics

4 high energy resolution
v source effects

v decays to excited states

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



Rhenium calorimetric experiments Q
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» end point Q = 2.47 keV 70! ' MIBETA
« half-life time 1, = 43.2 Gy g o) {

» natural abundance a.i. = 63% 2N aof f |
» 1 mg of Rhenium - =1.0 decay/s ol '_
) Y T~ 20 f i ol Ak
Lo }H -l ﬁ
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" metallic rhenium single crystals - SRR
» superconductor with T_=1.6K o

» NTD thermistors
» MANU experiment (Genova)

= dielectric rhenium compound (AgReO,)

» Silicon implanted thermistors
» MIBETA experiment (Milano)

MARE

A. Nucciotti, Adv. High Energy Physics, 2016, 915304 - sub-eV m, sensitivity
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Electron capture calorimetric experiments / 1 Q

163Ho + e - 163Dy* + 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)

= Q = 2.83 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 ®x

e calorimetric measurement ¢ detector speed is critical

e accidental coincidences —» 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)

10 T [ T T ?
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energy [eV]

Q = 2800 eV
f =10+

N, .(E) without higher order processes (shake up / shake off)
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Montecarlo simulations: ‘°**Ho sensitivity Qotential@%
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fpp =10 ’ 10 Q = 2.8 keV
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A. Nucciotti, Eur. Phys. J. C (2014) 74:3161
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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. J. C, (2015) 75:112
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fixed exposure N,_,t,

1000 channels
t,=3 years

: AE =1 eV
_____________ - T, =1ps
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high activity - robustness against (flat) background
A_ =300 Bq - bkg<=0.1 counts/eV/day/det
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Effect of background on sensitivi @K

A, =3 Bq/det A_=300 Bq/det
f = 3X10° f =3%x10*
10 PR
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Low energy background C‘K

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

bkg < =0:1 c/eV/day/det

ey, X and B from close surroundings

® COSMicC 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, Q = 1.8 MeV, 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(*%*"Ho)>6000
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163Ho production by neutron activation @K

Tm163 | Tm164 | Tm165 | Tm166 | Tm167 | Tm 168
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= HOLMES needs = 200 MBq of °*Ho
with reasonable assumptions on the (unknown) global embedding process efficiency...
m 19%Erjrradiation 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)

burn-up

» ©Ho(n,y) (mostly from *Er(n,y)) - 1¢™He (B, T,,=1200y) - A(***Ho)/A(***"Ho)=100~1000
m chemical pre-purification and post-separation at PSI (Villigen, CH)
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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)
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HOLMES mass separation and ion :mplantat:on | 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 si;e ' )
= ol /N — - 2t
£ /1 \ 7N
.E ‘”E N N Pt ] — Sx ‘
: _‘#,/'/” "“‘\-..u/ “\R syl ‘
R i — — . -
¢ slit
=4 mm_FWHM Faraday cup @
beam size _ J

target —
chamber * ajlectrostatic
triplet **
magneatic
A ,J. |, e 90° magnet
XY sCanning :
* delivered in July 2017: under testing Sp“tter ion source

** to be delivered by end of 2017
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HOLMES ion implantation system testing Q

sutter target




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)

evaportated metallic holmium 7 | @ _
A. Nucciotti, CNNP2017, 15-21 Oct 2017, Monastero dei Benedettini, U. Catania, Catania, ltaly 18



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
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Low temperature detectors as calorimeters @K

m (quasi-)equilibrium thermal detector

m complete energy thermalization

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

> dielectrics, superconductors

Y | particle absorber| a pros and cons
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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TES microcalorimeters ®\

NIST TES arrays for X-ray spectroscopy micromachined
silicon substrate

e e e
w7 1/ 1T \E

Au absorber

TES Mo/Cu bilayer

SiN. membrane
(thermal link)
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Superconducting transition edge sensors (TES) Q
e superconductor thin films operated inside the phase transition at T
» 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 » 0.2 = &2k, T2 C

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

10 ' ' ' | TES read-out: costant voltage bias
| /ﬁ\ormal |
Vv 4 rf-SQUID
— 6_ |
% I
= . AT -» AR |
2 RTES
= ‘-J 7] ._
superqonduc’;or) N AR = Al - A®D

O 1 1
0.120 0.122 0.124 0.126 0.128 0.130
Temperature (K)
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TES absorber design: stopping EC radiation/ 1 Q

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

L e O L L ) B A L N B L A B B T
i 7 106:L J
10°F ER: f
E E 105_E E!
10°F E : :
£ 1 c 10tk 2keV photons | 4
S0’y 12 F g
sk 2keV electrons 1510°F 3
© F 10 Rt o .
102 . 1029 e . e E
10'E i X :
: i l*ﬁhl 2
ojﬂmjl.ﬂ'_r.e_'\"l ”‘I’l] i TR N
1079 500 1000 1500 2000 199 500 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 il -
[=5 - o—o (Gold 7
a 10*F +<Bismuth|
c ; :
" 103;— ?
S F i
< 10°F 3
8 10’k 3
L] = 3
E’ 100;— ;
- 2keV electrons

"2_ | | | 11 1 II 1 | 1 | 11 1 II

e 0.1 :

Au thickness [microns]
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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+ozev
\ fab&test @ NIST 5001 with TDM mux
400-nTE5=1

Ei\ 163Ho

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
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MHz flux ramp modulation #1 X
f_->Ff_ I
ramp samp TES
. [ A=
+—|I—w T Rrgs  #l¢—
—VW—

Flux [¢]

HOLMES array read-out: r-SQUID Q

o~ W |
11, F—w JI——==+
rf-SQUID [ M

dc biased TES sensor

R

shunt

AT - ARTES - AlTES - Atbe - A® - AL

i

.¢e=¢TES+¢

Time [ms]

non-hysteretic rf-SQUID
®_vs. ® /L vs. ® responses

-1
o
=

il ¢
. 0 % @

Magnetic Flux D

|
=)

Inductance (pH)
91” i I

ramp

e flux-ramp modulation

e phase modulated MHz signal L(t)

e linearized non-hysteretic ri-SQUID response
i0 15 2 e gvoid low frequency noise sources
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HOLMES arraz read-out: pwave mux @\

Microwave v 5\5/f o %\5 f o 5 f
Synthesizers > gl 1 2 5| | 2 = HE <
2 g i 2z &l Cdin— B
g &l 2 £l ! gl & resonator
B Iy o @l
A vl , = 9
allallt = e =&l ) rf- SQUID
N p :] ] J E -j- "':"\w /
4—"@+ W e W a1

v
f-SQUID E
Flux Modulation ) IQ #1 )(M g X M% % (M f
TES
- bt
it || 6 BV R  # BAER T Riies FAE e GHz LC resonator f,
MV MV ; M\

TES Bias R R R'-;hLmt

.. = A® - AL - Af -» DA, A — AO

shunt shunt

5.777 - o
L ] 01\ i A Efo
— I 1 21'.[
mN — ] p—
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i S
5.776 - : , 0
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HOLMES pwave multiplexed TES read-out Q

i N e
ST v pny Y
e chip pMUX17A
e optimized for HOLMES g | _
e 33 resonances in 500 MHz z 2of
> width 2 MHz Fa| | _
» separation 14 MHz el ]6e ] “ lais7al
e squid noise <=2 u® VHz 3 ,;‘;“’ RS T X L | .8 § et
35+ -
N ng;;nances | 33 resonances on 1 mux chip

3.93 4 405 41 415 42 425 43 435 44 445
Frequency [GHz]
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HOLMES DAQ: Software Defined Radio

e pbase-band tone generation (0-550MHz)

e up- / down-conversion (base-band - 4-8 GHz - base-band)
e pbase-band tone 1Q de-modulation (0-550MHz)
e rf-SQUID phase signal de-modulation by Fourier analysis

ROACH?2 Board

GHz
Synthesizer
ADC/DAC
Cryostat IF Board Board
Rampyy LPF
I -\ 550 MHz
L0 12-bit ADC
Detectors R RF >'<
Array L~ —\ 550 MHz
HEMT Q 12-bit ADC
RFyy LPF
f, frg LPF
Lo Jk I 550 MHz
[ _ }i_&_t\._. . LO _\ 16-bit DAC
 re (X
550 MHz
Q _\ 16-bit DAC
LPF
L Rubidium j
VMI“F‘I/I/I/ Clﬂ(‘k
b Ramp
Generator

Xilinx Virtex-6
SX475T FPGA

Ramp
Synch

1Gbit
Ethernet

10Ghit
Ethernet
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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...
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rise samp



Cryogenic set-u ®\
() S

) Power
splitter
-20 dB
A }_ stetator €60 4.0 )
== [— DC-blocks
o detector holder
coaxes

.. S e o dn
4K B A ] §| attenuator

| 60wk @ B
Ni Steel
CDax Coax
5 )
Isolator
§ SmK f

-20 dB
attenuator

t & S |
LHe-free dilution
refrigerator
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TES pixel testing with HOLMES DAQ / 1 Q

ROACH-2 based Software Defined Radio
e ADC (550 MS/s 12bit) / DAC (1 GS/s 16bit)

e discrete components IF circuitry (up- / down- conversion)
on,,=2,f_ =500kS/s

samp
e 16 ch firmware from NIST (uses only half of available ADC bandwidth)
e 4 HOLMES prototypes acquired « limited by available tone power

e goals: check algorithms, noise, AE, T, and slew rate
: : 2.5

2.0 L—

=y
()]

Amplitude [®,]
o

0.5\

s 10000 20000 30000 40000 50000 60000
oo Time [Samples]
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TES pixel testing with HOLMES DAQ / 2 Q

5000 . , . | . | | | .
4000 - Ca Ka 4= | =
I Mn Ka .
£ 3000 -
= _ I
8 2000 Al Ka — T B
1000} | 11 , \ . H
I JJJLl__F Jll i ,J‘l._‘_u_ILI_J | L 0 S
% 0.5 P 1.5 2 2.5
amplitude ®/®,
100 ;
= — Dat
iy AE.,=5.040.1 eV §i i
e AE = 4.5 eV C
m
— 60
e AE_ .., = 5.0+£0.1 eV @ 6 keV S
- B a0}
®eT..~ 15 MS S
~ 3 =20
Tyecay~ 70 BS
e slew rate = 0.15 ¢ /S @ 2.6 keV @ O BT
R L R A ey
3 -20 - L ,
. 5870 5880 5890 5900 5910 5920

energy [eV]
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Rise time pile-up Q

simple pulse model

2 pulses with:

® Tiise™

® Tdecay

1.5 Us
= 10 s
= 0.5

resolving time T, = pulse rise time T

A(t)=A(e

0.8

o
o

©
~

amplitude [a.u.]

O
N

decay e_ tix

rise )

I ' I ' I
At =10 us

20 40 0

time [us]

' | ' [
At =5 s

20

rise

' I ! |
At = 3 us
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Detector time resolution \ §
e for subsequent (At) events with energy E, and E,: time resolution T, = T (E,, E,)

Npp(E>:AECf TR(Er 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
~ forf. =0.5MHz, T

[~ _4— T T T T T T T I T I T I I T I T I T T L=
samp e = 20us 10 § | - ! T §
e WE 5ot 3 ps : single A, = 300 c/s/det :
10°F PUP T, =T, =~20ps -
e SVD - T;=1l3ps I pup T, = 3 us ]
S 10°E~Y S
S0 E /A pupt, =1
o F _
§ .
8107k
10'85— .
C o oo P PR P W SR R
2400 2500 2600 2700 2800 2900

energy [eV]
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HOLMES array design and fabrication Q

HOLMES 4 %16 sub-array for low parasitic L and high implant efficiency
ENEEEEEEE NN NN NN NN RN NN EENEEEEEEEEEREEEEEEEEENEEERERER

>

|'--'||'-|-'| AT g
e R R YR e :
E|||[|]D P f N | L (| | ) ) | || | [ ] e %
HIal8 Bl ajalaieley oo — |
NANEEEENEENENENEENENEEEENRNRNEERANERERN RN RN RN NN RN AR ERNRNRNE ~
e TES array fabrication after first steps at NIST = = = =
e %o implantation and final 1 um Au layer deposition = -__- ’

e final micromachining step definition in progress —

ion implantation full incapsulation by sputtering membrane release by DRIE

OH¢or PO3EINDJED

163 AN
Ho AU Si substrate
membrane implanted
ivechmil isisicsl Mo/Cu TES / absorber

T T &
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Target chamber for absorber fabrication / 1 @\

2.5e+13

2e+413 |

ions/cm?/A

Se+12

1.5e+13 |

le+l3 |

1 L
0 50 100

1I50 - 200 for Sputtering \ S

m 1%3Ho ion beam sputters off Au from absorber
» 163Ho concentration in absorber saturates
» compensate by Au co-evaporation

m final 1 um Au layer in situ deposition
» to prevent Ho oxidization

163Ho jons on Au (E

jon

ion implant simulation with SRIM2013
= 50 keV) TES detectors

N on target: 9.0e+\1
% ontarget: 9.6e+1
_%R  ontarget: 1.0e+12
Syontarget: 1.1e+12 -

on target: 6.4e+10 - integ: 6.2e+10 ions  ——
A ~ 2 Bq ontarget: 1.3e+11 -integ: 1.2e+11 ions
5 EC 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 - inteq: 2,.8e+11 ions
o} target: 3.8e+11 - integ: 3.2e+11 ions
onYarget: 4 5e+1l -integ: 3.6e+11 jons —
on takget: 5.1e+11 -integ: 3.9e+11 ions
on target: 5.8e+11 -integ: 4.1e+11 ions
on targeX 6. 4e+1l -integ: 4,3e+11 jons ———
on target: X 0e+11 - integ: 4.4e+11 ions
ontarget: 7 Xe+11 -integ: 4.5e+11 ions ——— |
on target: 8.3e 11 -integ: 4.6e+11 ions
-integ: 4.7e+11 ions
-integ: 4,7e+11 ions

integ; 4:Se+11 iong

teg: 4.7e+11 ions ———

Ar ion beam
microwave sources

depth [A]
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Target chamber for absorber fabrication /2 Q

RS Q-

m system just delivered
m tests are in progress

TESsarray holder
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HOLMES schedule and conclusions Q

Project Year 2015 2016 2017 2018 2019
Task S2 Sl S2 Sl S2 Sl S2 S1
Isotope production =
TES pixel design and optimization -
lon implanter set-up and optimization = |
Implanted TES array optimization =
ROACH2 DAQ (HW, FW, SW) -

implanted array measurements

I
Final TES array fabrication ]
HOLMES measurement —

= HOLMES project status
0 TES array desigh and DAQ ready

0 ion iImplanter optimization is in progress
o first *3Ho implantation coming shortly
0 163Ho spectrum measurements will begin in 2018
» 32 pixels for 1 month - m, sensitivity =10 eV
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