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Neutrino mass measurements

measured present  future
tool quantity sensitivity sensitivity
Cosmology _
m.=>m, =
CMBALSS s=2m 0.7-1eV 0.05eV vyes large

Neutrinoless
Double Beta m,=[>mU%] 05eV 0.05eV yes yes
decay

Beta decay m=XmiU,[*)"* 2eVv  02eV no large
end-point

model dependency J
systematic uncertainties
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Neutrinos masses in sm Ie p and pﬁ-w decays

M gg 10
'/» (o)

mg=(m,) from gg-O0v

m,=m, from g decay

Fogli et al. hep-ph/0408045

_____________________________

=3 -3 -1

0 10 10 1

M g (eV)

120 bounds from .

1 e v oscillation data
1e T (CMB + 2dF)

m, (Mainz + Troitsk)

m, (upper limit only)

normal hierarchy

——— inverted hierarchy

120 bounds from .

v oscillation data

T (CMB + 2dF)

m, (Mainz + Troitsk)

mg (Klapdor et al. claim)

normal hierarchy

inverted hierarchy
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D

rect neutrino mass measurement

N(E)
PEF(E)S(E)

\/

effect of:

- detector energy resolution
- background counts

- B decays to excited states

effect of m_ # 0

Kurie plot near E,

N(EB,mvezO)

General experimental requirements

¢ high statistics at the g spectrum end-point

¢ high energy resolution AE

¢ high signal-to-background ratio at the end-point
¢ small systematic effects

fraction F of decays below
the end-point

EO
F(6E)= | N(E,,m,=0)dE
E,—6E )
SE
E

3

~ 2

0

for °*H g8 decay F(10 eV) ~ 3x10"°
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Experimental approaches for direct measurements

Spectrometers: source # detector

’H source

\o -

>/ B counter
.}

e differential or integral spectrometer: s from the °H
spectrum S E are magnetically and/or electrostatically
selected and transported to the counter

B analyzer

Calorimeters: source < detector

B source

excitation
energies

B calorimeter
ideally measures all the energy E released in
the decay except for the v, energy: E=E,—E,
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Spectrometers present results

¢ Spectrometer advantages
4 high statistics
4 high energy resolution experimental results
100 [
¢ Spectrometer drawbacks :
v systematics due to source effects
v systematics due to decays to excited states

50

m,2c* [eV?]

o -l- = - e i— - - =
v uncontrolled background o] ] —{
I . ¥ Livermore
v -100 .:Mainlz
electrostatic spectrometers = 1 " Toro
® Mainz with solid 3H source 200 ® Troitsk (step)
= Troitsk with gaseous 3H source 5o | ' ectostate
> mve < 2.2 eV 95% CL s i megnetic : spectrometers

spectrometers

1986 1988 1990

994 1996 1998 2000
year

KATRIN

®m |arge electrostatic spectrometer with
gaseous and solid 3H sources

» expected statistical sensitivity
m, <0.2eV90% CL
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Decays on excited states / 1

Spectrometers
K(E,) 4

Q

B decay

no excited state
m =0
no excited state
m > 0

end-point
Eo=Q

0

Calorimeters
K(E,) 4

no excited state

no excited state

end-point
Eo=Q
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Decays on excited states / 2

Q
2 excited states
de-excitation faster than
3 decay / detector response time t;~1 us

> E, <

> 0 excitation energy is
excitation energy is lost measured together with B energy
Spectrometers Calorimeters

K(E,) 4 K(E,) 4

decay to 1%

excited state E_ =

decay to 1% excited state
EmaszEl

Q

end-point
Eo=Q

end-point
Eo=Q

2 excited states, m =0 Eﬁ 2 excited states, m =0 EB
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Decays on excited states / 3

Q
2 excited states
de-excitation faster than
B decay > EZ:% detector response time t;~1 us
> E, <
> 0 excitation energy is
excitation energy is lost measured together with B energy
Spectrometers Calorimeters
\ decay to 2" excited state decay to 2™
K( EB) 4 N E_ =QE, K(EB) ¢ excited state E__ =Q

decay to 1%

excited state E_ =

decay to 1% excited state

EmaszEl Q

\ end-point \ end-point
N\ :E0= Q \\\ :E0= Q

2 excited states, m =0 Eﬁ 2 excited states, m =0 EB
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Decays on excited states / 4

Q
2 excited states
de-excitation faster than
E decay > EZ:% detector response time t;~1 us
> E, <
> 0 excitation energy is
excitation energy is lost measured together with B energy
Spectrometers Calorimeters
K(E,) 4 K(E,) 4
wrong
end-point E,
m2<0 end-point end-point
. E=Q E,=Q
EO < Eo
> >
2 excited states, m =0 Eﬁ 2 excited states, m =0 EB
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Calorimetry of beta sources

¢ calorimeters measure the entire spectrum at once
> use low E, B decaying isotopes to achieve enough statistics near the end-point

» best choice 187Re: E,=2.47 keV = F(6E=10 eV)~2 (6E/E))3=1.3x10""
—m,=0 —m,=20eV

¢ Calorimetry advantages
no backscattering
no energy losses in the source
no atomic/molecular final
state effects
no solid state excitation
¢ Calorimetry drawbacks
v limited statistics
v systematics due to pile-up

F(SE) ~ 2

o4 245 2.5 54 245 25 504 245 25
nergy [keV] energy [keV] energy [keV]

Pile-up
¢ time unresolved superposition of 8 decays
# for a source activity A, a time resolution T

and an energy resolution function R(Ey)
N*P(Ep) ~(N(Ep+ 1A, - N(Ep) @ N(E)) @ R(E))

pile-up fraction: fjjeup = TR Ag
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Calorimetry drawbacks: pile-up

Real pulses
~ 1 ms

BT

rise

N
At=15 ms|

[
At=10 ms|

0 20

40

» resolving time 1~ 3 T,

Bl

IR WY

~_ ‘
M'WWW _,',,x;”ﬁyh‘l}l\;ﬁ“d,‘,.ﬂ, Pk

| PTPRYTIAN
Wit (L

_t/Tdecay _t/Trise 08
Ale —e
= 0.6
Example Bl
m 2 pulses with: 8
_ 2 0.4
® T;.=1l5ms g
® Tyecay= 10 Ms
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Cryogenic detectors as calorimeters

electro-thermal
W f link G

thermometer
AT - AV

A

temperature
AT=E/C

particle absorber
E—- AT time

" 1 mg of Re @ 100 mK
C~ T3 (Debye) 0 C~ 101 J/K

B complete energy thermalization 0 AE,, ~1leV
(ionization, excitation — heat) 6 keV x-ray 0 AT~ 10 mK
> calorimetry G~10"WK Or=C/G ~10ms

B AT = E/C with Ctotal thermal capacity (phonons, electrons, spins...)
> phonons: C ~ T3 (Debye law) in dielectrics or superconductors below T.
> low T (i.e. T<1K)

m AE__=(k T* ) due statistical fluctuations of internal energy E

B AT() = E/C eY"with += C/G and G thermal conductance
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Resolution limit: cryogenic vs. ionization detectors

lonization detectors
B 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: o=vFN _ W =JFEW

> in practice: AEpyum™ 115 eV at 6 keV for silicon
B other limitations from electron transport properties (material restriction, purity...)

Cryogenic detectors
B measure the energy that goes into heat (100%)
» no branching = no statistical fluctuations

> resolution limit: random energy flow through G
» statistical fluctuations of internal energy U= (U) = AU,

_(u)y _cT
ph <Eph> kT

2
AUrms:‘/Nph<kBT):V kgT°C

= 1 mg of Si @ 100 mK

» C~ 10" JKO AU, ~1eV
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Thermal detectors for calorimetric experiments

187Re B decay

'Re - 2'0s+e + v,

75
¢ 5/27— 1/2- unique first forbidden transition = S(EB)
¢ end point E, = 2.47 keV

¢ half-life time ,,, = 43.2 Gy
¢ natural abundance a.i. = 63%
» 1 mg metallic Rhenium = ~1.5 decay/s

= metallic rhenium single crystals
» superconductor with T =1.6K

» NTD thermistors

> MANU experiment (Genova) g

® dielectric rhenium compound crystals
» Silicon implanted thermistors

> MIBETA experiment (Milano)

Angelo Nucciotti
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Resistive thermometers: thermistors

e doped semiconductors at Metal-Insulator-Transition (N.=3.74x10!8 cm? for Si:P)
¢ at T 10K — phonon assisted variable range hopping conduction (VRH)

p(T) = po exp(To/T )*
» T, increases with decreasing net doping N
»T<1K = y=¥ (VRH with Coulomb Gap)

10

. 10 .
Costant current bias :
10
bias =
o 10
Rload > Rtherm 'g -
g 107
bias signal ( ) % -
= 10:
therm(t) 10
[ u 1047||||||||||||||||||7
AE AT ARAV 0.05 0.1 0.15 0.2

temperature [K]

high impedance devices: Ryerm = IMQ—-100MQ
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i

MANU experiment (1999) Ge NTD thermistor

® 1.6 mg metallic rhenium single crystal
® one detector only
® Ge-NTD thermistor

> AE=96 eV FWHM

> symmetric and without tails
® (0.5 years live-time

> 6.0x10° 18’Re decays above 420 eV 210
> m 2= — 462 *579 . eV2 c
> m, <19eV (90 % C.L) !
e first observation of BEFS in '*’Re decay o H 1 i

5700 5800 5900 6000 6100
Energy (eV)

Counts per 7

45000 _
10000H 0015EF. Gatti et al., Nature 397 (1999) 187 T
350004 0.01F _
I - F ! I
300005- § 000sF + ! | .1
250008 'z - ]
20000 = Or +
i S -
15000F S -0.005¢ . ‘ ,
o L \
10000 001k * i
s000F C
|:|E I 1 I | 1 | I | -0015;_ T I N N SN TR (N N TN S N N N | L | I N 1 I N |B|EIF|S|
0 500 1000 1500 2000 2500 400 GOy B0 000 1200 T400 600

Energy (gV) Energy (V)
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MIBETA experiment array: 2002/03

heat sink G: Al bonding wires 0 17um
\ —'_/v'§_
<«— thermistor

epoxy glue joint — -
V\

AgReO, crystal

e

X-ray calibration source

= silicon implanted thermistors (ITC-irst)
= AgReQ, single crystals

» 187Re activity A, = 0.54 decay/s/mg
» mass ~ 200+300 ug — AB ~ 0.15 decay/s
= 10 microcalorimeter array
> <mAgRe04> =271 pg
> (Ag) = 0.15 decay/s
> my, = 2.71 mg
> (Thce) = 490 ps
> 7~ 1.5 ms
> Fie-up = 2% 10
> b, =0.6 years

Angelo Nucciotti
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MIBETA final g spectrum

45

¢ 8751 hoursxmg (AgReO,) 1 304
with source shutter closed | 25
¢ 6.2x10° 187Re decays 0 20/
collected above 700 eV 7 15

1.0 1.5 2.0 2.5
energy [keV]

B spectrum analysis
o fit function: KE) = [Npeo(E, M,) + Nyje.o(E, m,) + B(E)] @ R(E)
> Ny eoE, m) first forbidden unique Buhring spectrum
> Npieup(Ey M) = Ay Ty [Njeo(E, M) ® Ny o(E, m))] pile-up spectrum
> B(E) polynomial background spectrum; R(E) response function
> free parameters: Nyg, and Ny, Normalizations, Qgend-point, b(E) parameters, m,?
e estimator: 52 & 23[f - v - ¥, In(£/y;)] with £ fit values, y; measured data

® Bayesian approach for non physical regions
Angelo Nucciotti
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MIBETA end-point analy5|s

| {Eﬁ ﬁ%ﬁﬁﬁiﬁ%}# gh@% gﬁ%ﬁ fgﬁ{ﬂﬁlﬁﬁ%@%@ﬁ

fit residuals
—k o —
O O O

© -
o

N
o
T
=
!

)
a o
o
—
o
|

S
_ | 25.0f .
= | N 40f 1 -
W 3.0 :
>Q 2.0} ! 1]
1.0F I HI
1
O L R A | I 1 %“ |
2.35 2.40 2.45 2.50 2.55
energy [keV]
» from analysis of 8751 hoursxmg data set
i ;\/2 =-112 + 2 O/SEELE + 0 U;\/; - \/2 & single gaussian: AEgyyy = 28.5 eV
| ¢ fitting interval 0.9 + 4.0 keV
/ | # free constant background: 7x10-3 c/keV/h
m., < 15 eV (90 % C.L.) ¢ free pile-up fraction £y ,,: 1.9x10%

C. Arnaboldi et al., Phys. Rev. Lett. 91 (2003) 161802
M. Sisti et al, NIM A 520 (2004) 125 Angelo Nucciotti 20



Calibration: detector response function

m 2168 hoursxmg with fluorescence source open
= calibration gives the energy scale and the response function

100000E . I . i . , . i . i . I . =
: - o
i \/5 2_, e = * n S 4 |
I «:r EB 3 CL- %5 % ; |
10000 a X2 & U = B
- o D) = — -
- “ < @ . . s
L \Z = 4 v -
— > - — —

L N - \ - s = ) _

n Z
< 1000 ] —
-} C .
o - ]
100 = E
10 hl —
. | . | ! | ! | ! | ! | ! .

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0
energy [keV]

¢ X-ray peaks have tails on low energy side
¢ 1~6 keV X-rays in AgReO, have an attenuation length A <2 um
=> are the response functions for X-rays and for 8s from 18/Re decay the same?
¢ need for a good phenomenological description of the X-ray peak shape
Angelo Nucciotti
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MIBETA: Measurement of response function (2004)

Y

e external X-rays probe only detector surface
® escape peaks allow internal calibration
> A(6 keV) =~ 3 um in AgReO,
> A(70 keV) ~ 400 um
® escape peaks are broad because of
natural widths of atomic transitions

800 —
- Re KB escape “Ti
= Re K-edge @ 71.7 keV sooll Re Koty Kev,escape S >
> Ey > 71.7 keV : v =
c0 N
>internal calibration with “Ti ¢ =
"y rays @ 78.4 keV 8 ¥
> y-X escape peaks have only Re K _
natural width (I'g.~47 eV) 201 m }
| M@d@u— il U
%.O 20.0 40.0 60.0 80.0

energy [keV]

the response function is a possible

source of systematic uncertainties in
calorimetric neutrino mass experiments
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Measurement with 44Ti (2004)

L] 44 z -
TiK,;+K, Mn Kat1 + K, Ti- Re K, escape
| I | I I
10", =1.9eV T =2.5eV
FAE =29V | | AE =36eV
! 10
10°E i
o | '
5 i (i 1035_
Q i gL -
o 5 ,:,! |l':, _
10 i g )
' '/.'
10
¥ | | 10 . | | 10 °
4250 4500 9750 6000 16500 17000 17500
energy [eV
CER et o <<E]E> i A
_ 207 B 2 E-E, 02\1 —EgAt 2 E-E, oa, 4
f(E)=|Ae +A,e erfc ﬁa 5 +A e erfc ﬁao 5l ® 1+4(E_E0)2
FZ

analysis still in progre
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MIBETA: BEFS analysis (2005) ° P

Outgoing
electron
wave

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)

Atoms

d
Outgoing

m in AgReO, less pronounced than in metallic rhenium ) electron
wave

= 1=0 =1
_FSXEXAFS+FpXEXAFS

52,2

N
/ 2kgoy,
~(1)' X Bk Ry)e < ISin2k R, o+,
n:

fit residuals

> F, = 0.84 + 0.30

BEFS is a possible source of
AgReO . systematic uncertainties in 18’Re
4 neutrino mass experiments

00200405 06 07 08 09 10
energy [keV] = EXAES measurements @ ESRE (et 06)

24

C. Arnaboldi et al., Phys. Rev. Lett. 96 (2006) 042503 Angelo Nucciotti



Systematics summary: calorimeters vs. spectrometers

¢ Calorimetry systematics
v detector response function (energy dependence, shape,...)
v energy dependent background
v ¥’Re decay spectral shape
v condensed matter effects: BEFS
v pile-up effects
V.7

¢ Spectrometers systematics
v decays to excited final states
v energy losses in the source
v e - T, elastic scattering

v spectrometer stability (HV)
v source stability (density, potential, charging...)

v energy dependent background
v..?

D completely different systematics!

Angelo Nucciotti 25



Calorimetric experiment statistical sensitivity / 1

resolving time g energy resolution AEqyum
optimal energy interval for analysis AE ~ 2AEqyum
source activity Ag experimental exposure ty=TX Ny
10 I R | E,
10° Ny(Em,) F..(m)= [ NJ(E,m,)dE
gwj | E,~AE
g ::33 f;)ile-upNg(Ezo)®NB(Eyo) A E3
8102 FAE(O)NZAB E3
101 | | | ol | | | | °
500 1000 1500 2000 2500 3000 3500 4000 4500 5000 3m?
3000 T T T T T T T T T ] F (mv)mF (O) 1— d
o AE : aE aE 2AE?
S 2000 \ g . E,
) - ! i pp 2
2 P | F? ~1 A5 | N,E,0@N,/(E,0)dE
g 1000 . . . ] AE R™ "B B B
© " Ny(E,m =15 eV) Ny(E,m =0) 1 E,~AE
i L | T A58 S EUSUEHEREHS | kS R | T I B ] 9 ZAE
2400 2410 2420 2430/640 2450 2460 2470 2480 2490 2500 N_TRAI;—
energy [eV] 5 E,

signal = I/\Iﬁ(E,me) - /\/ﬁ(E,mv=15 2V)|

signal :‘FAE<mV)_FAE(O>‘tM:1.7 for 90% C.L.
background  \F _(0)t,+F™.t

AE™M

Angelo Nucciotti
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Calorimetric experiment statistical sensitivity / 2

AE® 3m;]
gnal  |Faelm,)—F . (0)t e aE
signal._ [ a8 v oF 1M _p. : =1.7 for 90% C.L.

+ 20 AEE
"5 RUE,

background \/FAE(O)tMJrFZ”EtM \/ZA AE’ 9 ,AE

fpile—up:TRA3<<? 2 = pile-up is negligible
0

10 AE® . .
fpile—up:TRA3>>? =2 = pile-up dominates background
0

Angelo Nucciotti 27



’Re calorimetric experiment statistical sensitivity

= MIBETA detectors with AEqyum= 30 €V, Tr=1.5 ms
> pile-up dominates for A, > 0.1 decay/s
> for A, = 0.15 decay/s and #, = 3.6 yxdet (1.7x10° evts)
= Z(mv): 12.3 eV

>(m )~ 20 eV

1A
= detectors with AEqyum= 10 eV, 1r=100 us
> pile-up dominates for A, > 0.7 decay/s
Z(m,): 2 eV = Z(mv)= 2eVin W= 520 YXdEt
>for A, = 0.3 decay/s < 0.7 decay/s
= 2(m, )= 2 eVin t,= 1250 yxdet (1.2x10" evts)

Y30

= detectors with AEqyum=1 eV, tTg=1ps
> pile-up dominates for A, > 3 decay/s
>for A; = 1 decay/s < 3 decay/s

= 2(m )= 0.2 eVin t,= 190000 yxdet (6x10™ evts)

>(m,)= 0.2 eV

Angelo Nucciotti 28



Statistical sensitivity: MC simulations

Simulation inputs
> Ny, = Nyg, # By # Ag totzl numoer of evenis
N,., number of detectors
i, measuring time
A, 187Re activity for single detector

> f

pile-up
Ty ~ 37, time resolution for pile-up identification

~ rr</< Ay pile-ug event fraciior)

> g(E): gaussizan energy resolution funciior
AE FWHM detector energy resolution

N, 8

% iy Ly 0.59

E  Alecs] 015 N, [x108] 17 %
‘0_) (f 1y, Jri’:‘Oz',) -r‘J 271 f;)ile-up 2310 wn
3 M, [#£108]  16.7 AEeV] 29 3
< (mdlisl 4% « blckev) 210 &
= @BV 285 298 o S
o (b)lc/kevidei] 26.3 izt (=] 3
S | u,J0%cl

ligsiii [2V/]
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MC simulations results: importance of statistics

5_0 I I | T T 11 I | | T T 11 I | I | L I| I | I | L
| -5, 3 i
.. E\\ ®-o fpup=10 :AE =20¢eV
E \E\ - = >. =
_ I N ®-of ,,=105AE=10eV |
% E\\;I_\ N o -of =1O'5;AE=106V
QD R S pup .
> i el -0 f,,=10";AE=58V
> B N \\ ~ _5. |
= U ¢ hup =107 AE=5eV
b \\
7)) e -
: IS
52 1.0 |
S | N :
> \::\
E i "t-s_.\ ]
_ Topen(m,) = 1.3 {/ 4 B AE NN |
............. ,(m)=1. \\_\
0.5+ 0%V oON K3 —
ev I ..
| | | | IIII| | | | | IIII| | | | | IIII| | | | I-.I."III
9 10 11 12
10 10 10 10 10

total MIBETA statistics: 1.6x107 decays

total statistics N, [decays]
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MC study of systematlcs. BEFS case

0.010
0.005 AP I (R FO ﬂ .....................................................................................
) ol \\
T 7 PO .1 i ‘ u|M E“
5 0 } R ‘l 'i‘d\ I
2 My Y i i |
o RS
| |'
_0005 R O S A .
I
N — 1010 500 1000 1500 2000 2500
electron energy [keV]
AE=20eV O T T 1T
—104 I |
f =10 ol %_ % __________ % _________________________________
_10 ............................................................................................................................................................. analyzed
> ] 1 'without including
s LD [
N BEFS
E L -
_30 ..........................................................................................................................................................
with BEFS
-40 _ ........................................................................................ @.@WlthoutBEFS .................
500 1000 1500 . 2000 . 2500
minimum E for fit [eV] Angelo Nucciotti 31



A project for a New Rhenium Experiment: MARE

m goal: a sub-eV direct neutrino mass measurement complementary
to the KATRIN experiment

= MARE-1
= HEW eExXperiments With largerariays tsinglavailablertechnology anad
ready torstant immediately (2007)
300 2~4eV

element m_
array sensitivity

Transition Edge Sensors

e Ao e EXPENMERtWItnraN i statsticaliSENSItVIACI OSEMONGATIRIN
PUESHINMPOYAL ESSNEArSHTOMINMOWAORUIITHERC EIECIORREID

Transition Edge Sensors 50000 0.2 eV
element m,
Kinetic Inductance Detectors array sensitivity

Angelo Nucciotti 32



MARE Project Collaboration

MARE: Microcalorimeter Arrays for a Rhenium Experiment
Universita di Genova e INEN Sez. di Genova
Goddard Space Flight Center, NASA, Maryland, USA
Kirkhhof-Institute Physik, Universitat Heidelberg, Germany.
Universita dell’'lnsubria, Universita di Milane-Bicocca e INFN Sez. di Milano-Bicocca
NIST, Boulder, Colorado, USA
ITC-irst, Trento e INEN Sez. di Padova
PTB, Berlin, Germany
University of Miami, Florida, USA
Universita di Roma “La Sapienza” e INEN Sez. di Romal
SISSA, Trieste
Wisconsin University, Madison, Wisconsin, USA

3
=
w
—
S

NIST

National Institute of
Standards and Technology

RS
S IIUAY
i ] Ry =
£ats7A B Sunior
S Vg
7 Chie Ny S v
§ UNIVERSITY OF S ) THE UNIVERSITY
g 1am 3 WISCONSIN
B . / MADISON
DEPAIIMENT OF PHYSICS o

://crio.mib.infn.it/wig/silicini/proposal Angelo Nucciotti 33
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MARE project: Working Group structure

Spokesman US Co-spokesman
. Gatti (Genova) K. M. Heeger (Madison)

10 Mare WGs , :
N Technical Coordinator

A. Nucciotti (Milano)

TES-2 MMC

C. K. Stahle (NASA/GFSC) C. Henss (Heidelberg)

TES-1

F. Gatti (Genova)

MARE-1= 2 eV

SEMICON
A. Nucciotti (Milano)

Angelo Nucciotti 34
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MARE-1: TES vs. silicon implanted thermistors

® aim: high statistics measurement with a ready-to-use technology
> few eV statistical sensitivity in few years

> investigate systematics in thermal calorimeters with 10°+10% events
> cross-check spectrometer results

MARE-1 SEMICON
(MIBETA?2)
U. Milano-Bicocca / INFN Sez. Mi-Bicocca MARE-1TES
U. Insubria / INFN Sez. Mi-Bicocca (MANU2)
ITC-Irst/ INFN Sez. Padova U. Genova / INFN Sez. Genova
U. Wisconsin, Madison
NASA/Goddard O about 300 element arrays
O newly developed
O about 300 element arrays transition edge sensors
O well known silicon implanted O Re crystals
thermistor technology
0 AgReOQ, crystals

Angelo Nucciotti 35



MARE-1 critical parameters for few eV m, sensitivity

m, 90% C.L. statistical sensitivity [eV]

1
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MARE-1 SEMICON: NASA/Goddard XRS2 silicon array

% .

A i lIlIIIIIIIlIIIlllllllllllllllIlI

1
;\ ‘ 6x6
I E array
;B
e =t TEM) Tad) ad] ]
T‘ﬂﬂﬁQQ
Oe0AaApo AgReO,
crystals

anmm“r

el Y} }
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XRS2 array optimized for X-ray spectroscopy

XRS2 detectors: silicon implanted thermistor with
HgTe (625x625x8um3) absorber at T 60 mK

s 13
>Ce ~ 1042 J/K wol NASA/Goddard
DTO_ /K-A~>54  |... Intrinsic Mn Ka, , profile ! .
DAEtheory =2 eV Fit: 3.2 +0.1 eV FWHM ! ':

300 |- o

Counts per Bin

100

5880 5890 5900 5910
Pulse Height (eV)

® MARE-1 SEMICON detectors
» AgReO, has larger heat capacity

> operating temperature must be higher
Angelo Nucciotti 38



Low temperature electrical properties of thermistors

electrons T, C, thermistor = 10° |§— I e -
I ol
= al &
particle = 0 F R E
Mabsorber T f O?Ftlﬂljﬂi (a) ]
G, =100 B =
L o p
> —————+—+—
S E
Silicon implanted thermistors = - B :
electron-phonon coupling G, < 1074 = Oy =
A > : B (b) 3
sets an intrinsic limit to detector & [ gae's o
resolving time T, ~37, 10~E E
| | | | | I -
o~ 1 CaCe = : i
0 G C +C >
e-ph| ~"a e |E o X y=N @L
for C;>C, =
C S |
T, ~T ~ € «T*
0 e—ph e 0.3 —

e—ph 05 0.1 0.2

C. o thermistor volume Electron Temperature (K)
e

G, o thermistor volume Angelo Nucciotti 39



MARE-1 SEMICON detector optimization

O NASA/Goddard array XRS2-2 C3
0 10 AgReO, “flattened” crystals
>m ~0.386 + 0.506 mg

O crystal-sensor coupling tests
> best operating T around 90mK

> AE =28 eV, T, = 260 ps

800|-

600]-

counts

energy [keV]

200]- " i
O_ |

read-out electronics not yet optimized

Angelo Nucciotti
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MARE-1 detector optimization: AE vs. tr

10e9 events, no bkg, R4X detectors (1,2,3,4,5,10)

0.001

time resolution [s]

1e-04

15 20 25 30 35 40 45 50 55
energy resolution [eV]

target MARE-1 statistics is about 7x10” = 1.6 times better than above sensitivity

Angelo Nucciotti

neutrino mass statistical sensitivitv [eV1
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MARE-1 SEMICON: statistical sensitivity

year 1 2 3 4 5
new detectors 72 72 144 0 0 a faster deployment is possible
total detectors 72 144 288 288 288
statistics [det*y] 72 216 504 792 1080
activity [c/s] = 0.27 Mpgreos = 500 ug

statistics [events] 6.1E+08 1.8E+09 4.3E+09 6.7E+09 9.2E+09
AE=30eV T=200us f,,=1.0E-4
m, sensitivity (90%) 6.6

AE=10eV T= 50,1 S fpp= 1.0E-5
PSENSILVILyAS075) 208 o, 200 26 24

b
= 8.0 |
L AAANE=306V, f =10" |
O 8 -.E? T.0 | a A.EE...I.0...e..V.’...fb..F;.E...l.O.S ..........................................................
arrays = |
wn
O 288 AgReO4 Crysta|s § 5.0 N
O gradual deployment s T
[> further Optimization % 5 O ......................................................................................................................................................
> new array development | T TTSA
" _l "
at ITC-irst G|
go 30 .........................................................................................................................................................
® | ¢
>
year 1 year 2 year 3 year 4
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MARE-1 TES: Superconducting transition edge sensors

e superconductor thin films used inside the phase transition at T,
» pure superconductors: Ir (7= 112 mK), W (T_= 15 mK), ...
» metal-superconductor bilayers = tunable T_ (20200 mK) : Mo/Cu, TI/Au, Ir/Au, ...

e high sensitivity (A~100) = high energy resolution
e high electron-phonon coupling = high intrinsic speed
¢ low impedance = SQUID read-out = multiplexing for large arrays

04—

| i : I, l
| / — bias I absorber

— 03} f £ -

S il S |

L : ! = RTES ‘

J H I

c AL : 5 : i

: I g . Rt

g )= | -

= oaf 9 P ] 9
3 ( JiATPAR: i
A 1 squo

0.144 0.146 0.148 0.150  0.152 -

Temperature [K | Angelo Nucciotti 43



Counts / 2 eV

MARE-1 TES: statistical sensitivity

100

80

60

40

20

m ~ 0.2 mg with SQUID

 AE=11eV |
Tg = 160 us
I'rl | | ] 1
5.860 5.880 5.900 5.920 5.940

Energy [eV]

| | | !
—m—5 eV fwhm, F(p.p.)=7e-8
“; —@— 10 ey fwhm - f(p.p i=1 4e-7
B e e —
£ IS & T T e T e
> ;
- - = L = B -ttt =
T [ e - I e )
R IR I . - NN PR | ﬁ .............. _
= 5
e e T e S E -------------- ol
W ; i3
‘BRI FEERINES 55 SRRY SHEY
j present ;Iimit (2.2 eV) : F
S ol S R e -
3 4EIAE '
&3
S (m) ~ 0.891—2
90 v A t
B~ M
1 | | I |
10° 10° 10° 10° 10" 10"

Integrated Signal [ counts]

O 300 rhenium crystals in 2 refrigerators
> m=~ 1mg

O Ir/Au or Al/Ag TES at 100 mK with no-SQUID read-out
> AE=10 eV, Tg = 10 ps, £, = 2X10°

» about 10" events in 1 year = m _<1.5 eV

Angelo Nucciotti
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MARE-2

B only statistical analysis

m 50000+ detectors gradually’ deployed

> 5 arrays with 10000 detectors each

> one array deployed per year for the first 5 years

> arrays distributed in many laboratories around the world

> about 10*+10" events after 5 years

® technical requirements not far from that for next

generation X-ray space observatory (i.e. XEUS, Con-X)

y [eV]

o
o))

o
a1

o
N

m 90% C.L. statistical sensitivit

AE=25eV,t,=2ps, A=5¢/s
OO AE=58V, 1,=1ps, A=10c/s | 10000 pixel kits
AE~1eV

TR ~ 1 us
Az~ 1+10 Hz

need for
new sensor R&D

] and
L I T TR ST | new. read-out techniques

2 3 4 5 6 7 8 9 10
measuring year Angelo Nucciotti 45




MARE-2 MC simulations for 0.2 eV m, sensitivity
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> time resolution At
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Sensor R&D for MARE-2: Goddard, NIST, Heidelberg,...

o fast devices for high single pixel activity A, and low pile-up 1,

* high energy resolution with large heat capacity absorbers

* multiplexing for very large number of pixel
Au absorber 160 ym x 160 ym x5 um

.\ T=35mK—C~3x10"3J/K field coil
| | /

0O 0O O O &

signal wires

O OO 0O 0O
O O O O &
O O O O &

Bi absorber

0O 0O O O &

SQUID loop

Counts /0.2 eV bin

Mo/Cu TES
A\_ﬁ% Au:Ersensor 300ppm @=50um, h=25um
SiN membrane 250
s AE=3.4¢eV
Mn
! 200 Trise < 2 us
200 —
INST j 3
S':;:::dsn:v:du'l':cznulogy I'Q 150 -
150 Mo/Cu TES with Bi absorber S K
Center array pixel @ e o
2.37+0.11 eV FWHM S 100
o
100 O Koc2
50
50—
0 T — T : T
0 — ' 7 - S 5.85 5.88 5.91 5.94
_|_| T 171 I LI T I L T I 1T 1 T I L T I T LI I 1T 1 T I Energy E kev

5875 5880 5885 5890 5895 5900 5905 5910
Energy (eV) ngelo Nucciotti



MMC - Magnetic Micro Calorimeters (Heidelberg)

X-ray

gold (fcc)
f Sensor: Au:Er IM
ti EF?’ dc SQUID AuYb |
paramagnetic sensor v ¢ SQ Bi,Te,:Er . E
4f-elect
PbTe:Er electrons (Er)
weak thermal link
100
bath
oM oM E, S 1
oM = — 0T = =
oT OT Cyes H
5 g
. . 3 01
> suitable for large capacity absorbers 2
> ~ @ |
vgry fast ~us | 2 ~
» high energy resolution ~eV T — .
B '~
100uK 10mK 1K 100K

Temperatur T

sensor design optimization for MARE-2

rhenium absorbers is in progress
> meander pick-up coils without external B field
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Conclusions

o thermal calorimetry of **’Re decay can give sub-eV sensitivity on m,

O the MARE project has taken off

O MARE-1 intermediate scale experiments are starting

O R&D for MARE-2 large scale sub-eV experiment is starting
>MMC R&D is already in progress
>US groups are applying for fundings (TES, MUX, ... R&D)

>New ideas are coming up (MKIDs)
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More realistic detector model / 1

e power flow in the small signal approximation

thermometer T, C
i p=Y9 _cdl | Gar
dt dt
dTa
Ca it = _<Ta_Tt)Gat_(Ta_Tb)Gab+E05(t>
bsorber T, C ar,
absorber T, C, C’F =—(T,-T_)G,_,
1.0
0.8 B
. %o.e— .
solutionfor G_ <G _ =~ |
E £ 04+ .
0 —t/T —t/T =
AT (t) ~ {e e ¢ =
t( ) Ca-I—Ct S 02k -
1| €6, 1 _
T. ~ ST, A~ C +C 0.0
0 Gat Ca+Ct 1 Gab< a t) b 6 . |2 . 4‘1 ‘ \6 ‘ |8 0
'[ime/*c0
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Silicon micromachined detectors @ IRST
/SIO

Heat sink oS
=l
. _ PR g i0,/Si;N,/SiO;
o i i e — B
Deposition of SiO, front side mask
Thermistor and etching of openings; patterning of

SiO,/Si;N,/SiO, back side mask.

] ]
=TT =
Anisotropic silicon etching in TMAH from
rear side.

0 0. 030
I

Anisotropic silicon etching in
TMAH-silicic acid+(NH,)S,0,to release

8185 25KV NK158 108Mm WD39 2181 25KV %30 imm b thermistor and links.

Electrical and
thermal links

Contact pads
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BEFS: Re vs. AgReOQ,

0.06 1 I ! I 1 I ! I 1 I !

0.04
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o

residuals

o002l LA

-0.04
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’Re calorimetric experiment statistical sensitivity

>(m )~ 20 eV

1yAI0

3(m,)= 2 eV

/A0

>.(m,)= 0.2 eV

= MIBETA detectors with AEqyum= 30 €V, Tr=1.5 ms

> pile-up dominates for A, > 0.1 decay/s

> for Ag = 0.15 decay/s - f, = 2x10*

> t,= 3.6 yxdet - 1.6x10° events
5 Zexp(mv): 15 eV

detectors with AEg,u= 10 eV, 17g=100 ps
> pile-up dominates for A, >0.7 decay/s

> for Ay = 0.3 decay/s - f,= 3x10°

> Zaclm,)= 2 eV with 2x10' events

> = 2000 yxdet

detectors with AEqym=1 eV, Tg=1us
> pile-up dominates for A, > 3 decay/s

> for Ag = 1decay/s - f,=10°

> Zyclm )= 0.2 eV with = 2.5x10" events
> = 8x%10° yxdet

Angelo Nucciotti
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