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Bolometric Detectors

* Thermal detectors have a crucial role in Rare Events particle physics:
* Extremely good energy res and low energy threshold

* Large mass (~ton scale) detectors are on the way
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Bolometric Detectors

* Thermal detectors have a crucial role in Rare Events particle physics:
* Extremely good energy res and low energy threshold
* Large mass (~ton scale) detectors are on the way 1w}

Dark Matter
CDMS
CRESST
EDELWVEISS

e
==

Q“O g" - . 1990 1994 1998 2002 2006 2010 2014

o ¥ c > L. i
4 1 V 4 ® time
ROSEBUD s ® )
,\ “':’:". ?:". . > : e \“n ¥ " — -
.- | \i‘

=g

e iy TV
mm 1| 3 4 6 6 T 8 O ORI
T T T T e e e e e

Ov Double Beta Decay
* AMOoRE
e CUORE

Lucifer

ANT’ ] - October 10-12 201 |



Working principle: the CUORE TeO; bolometers
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Working principle: the CUORE TeO; bolometers
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Dark Matter

Goal: direct detection of WIMPs via scattering on a nucleus

— signature: nuclear recoil
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Dark Matter

Goal: direct detection of WIMPs via scattering on a nucleus

— signature: nuclear recoil

— 10 GeV
— 100 GeV
— 1000 GeV|

Target Atom
(mass Ma)

* Challenges:
* Very low energies: <O(10 keV)

e Low rates:< O(l kg y!)
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Dark Matter

Goal: direct detection of WIMPs via scattering on a nucleus

— signature: nuclear recoil

* Challenges:
* Very low energies: <O(10 keV)

v
non .
Trax = 2 Mac=p<

e Low rates:< O(l kg y!)

* Coherent scattering
e O «AZ%scattering in CaWOQO, dominated by

W
* light WIMPs (my< 20 GeV): W becomes
negligible

counts per kg d pb in [12,40] keV

— 10 GeV
— 100 GeV
— 1000 GeV|

Normalized Rate
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DM sensitivity
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DM sensitivity
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* |deal experiment
* Low bkg
* Low threshold
* Possibility of choosing target nucleus
(multiple target nuclei)
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Double Beta Decay (l)

2v-DBD (M.Goeppert-Mayer, 1935) is an extremely rare second order process allowed
by SM. It take place when both the parent and the daughter nuclei are more bound than
the intermediate one (or the transition on the intermediate one is strongly suppressed).
Because of the pairing term, such a condition is fulfilled in nature for a number of even-
even nuclei.

% Energy
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-~ forbidden

A—I—IT
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Double Beta Decay (l)

2v-DBD (M.Goeppert-Mayer, 1935) is an extremely rare second order process allowed
by SM. It take place when both the parent and the daughter nuclei are more bound than
the intermediate one (or the transition on the intermediate one is strongly suppressed).
Because of the pairing term, such a condition is fulfilled in nature for a number of even-
even nuclei.

% Energy

_'_A
// i .
-~ forbidden

A—I—IT

* Extremely rare second order process allowed by SM
e Observed for several nuclei
* Process: T%~ 10"-10%' y
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Double Beta Decay (ll)

Ov-DBD (W.H.Furry, 1939) is a lepton number violating (AL=2), not
allowed by the Standard Model. The OvDBD can occur only if two
requirements are satisfied: i) the neutrino has to be a Majorana particle,
and ii) the neutrino has to have a non-vanishing mass.

This is the crucial process for neutrino physics since can
solve the puzzle of the Majorana nature of the neutrino
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Double Beta Decay (ll)

Ov-DBD (W.H.Furry, 1939) is a lepton number violating (AL=2), not
allowed by the Standard Model. The OvDBD can occur only if two
requirements are satisfied: i) the neutrino has to be a Majorana particle,
and ii) the neutrino has to have a non-vanishing mass.

This is the crucial process for neutrino physics since can
solve the puzzle of the Majorana nature of the neutrino

Ov-DBD: (A/Z) — (A, Z+2) + 2e¢ ——> implies physics beyond SM

Ep

* 0Ov-DBD is an extremely rare
e process: TV > [0%-10%y
* f radiation
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Double Beta Decay (ll)

Ov-DBD (W.H.Furry, 1939) is a lepton number violating (AL=2), not
allowed by the Standard Model. The OvDBD can occur only if two
requirements are satisfied: i) the neutrino has to be a Majorana particle,
and ii) the neutrino has to have a non-vanishing mass.

This is the crucial process for neutrino physics since can
solve the puzzle of the Majorana nature of the neutrino

Ov-DBD: (A/Z) — (A, Z+2) + 2e¢ ——> implies physics beyond SM

Ep

* 0Ov-DBD is an extremely rare _J oy
e process: TV> [0%4-]0% y For 2e- sum energy, expected
e f radiation sighature is a peak with E = Qgp

If Ov-DBD is observed: neutrino is a
Majorana particle and my is measured

Schetcher, Valle Phys.Rev.D25 2951 1982
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Double Beta Decay (lll)

~N
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Double Beta Decay (lll)

~N

G (= Q)M (m,)’

’ |
4 )
/ Nuclear physic:

Atomic physic: nuclear matrix elements (Particle physics:
phase space term (big uncertainties!) neutrino mass
L O(Q°) y N -/ (neutrino propagator)
- J

~N

|<mv>| = | m;|U,, |2+m2|UeZ |2 e'® + mz |U,; |2 &P |

Majorana phases

s )
Parameterizing 1, =\/Amszoz +m12
< m =
=B e = 1< =S Oy

J

Measuring Ov-DBD it is a unique tool to
measure my and the V mass the hierarchy
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Sensitivity (l)

Half-life corresponding to the maximum signal ng that could be hidden by the
background fluctuations at a given statistical C.L.
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Sensitivity (l)

Half-life corresponding to the maximum signal ng that could be hidden by the
background fluctuations at a given statistical C.L.

Isotopic abundance: for most
candidates enrichment is needed
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Sensitivity (l)

Half-life corresponding to the maximum signal ng that could be hidden by the
background fluctuations at a given statistical C.L.

~ R
Mass: actually in the 10-40
kg range; next generation in

| -ton scale
\_

SQ,/ X

Isotopic abundance: for most
candidates enrichment is needed
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Sensitivity (l)

Half-life corresponding to the maximum signal ng that could be hidden by the
background fluctuations at a given statistical C.L.
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Sensitivity (l)

Half-life corresponding to the maximum signal ng that could be hidden by the
background fluctuations at a given statistical C.L.
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candidates enrichment is needed

Resolution: detector
dependent. Not big
L improvements expected

[Isotopic abundance: for mostj
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Sensitivity (l)

Half-life corresponding to the maximum signal ng that could be hidden by the
background fluctuations at a given statistical C.L.

- )
Mass: actually in the 10-40 (

kg range; next generation in Limited by scientists
| -ton scale

L live time

o VBR]
Sow o) |
)

(Background: currently)
this is the ONLY tunable

N parameter to push
Resolution: detector sensitivities of order of
dependent. Not big \magnitudes.
L improvements expected

N
Live time: 5-10 vy.

Isotopic abundance: for most
candidates enrichment is needed

J
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Sensitivity (ll): discovery potential
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Yu.G. Zdesenko, FA. Danevich and V.I. Tretyak
J.Phys. G: Nucl. Part. Phys. 30 (2004) 971
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Thermal detectors: summary (l)

JSS S S S — Heat sink (~10mK)
\
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Thermometer

Amplitude [mV

Thermometer resistance [mQ]
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Thermal detectors: summary (l)

JSS S S S — Heat sink (~10mK)

\

Conductance

Thermometer

Thermometer resistance [mQ]

AT

T T T T T

0 : : .
Absorber crystal 17 18 19
MC temperature [mK]

Advantages:
* Wide choice of materials: TeO;, CaWOQOyg4, Ge,

Si, Al203, CaMoO4, BGO, etc. (low C at
working T)

counts / (1 keV)
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965 + 969 keV
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1588 + 1593 keV
28A¢  double escape
from 2615 keV

2104 keV
single escape
trom 2615
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Thermal detectors: summary (l)

JSS S S S — Heat sink (~10mK)
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Advantages:
* Wide choice of materials: TeOz, CaWOQy4, Ge,
Si, Al203, CaMoO4, BGO, etc. (low C at
working T)
e Excellent energy resolution (~ | %o FWHM)
and low threshold (~ | keV), due to high

1588 + 1593 keV
number of carriers 25
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Thermal detectors: summary (l)

JSS S S S — Heat sink (~10mK)

\

Conductance

N
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o
1

(4]
o

\ | AT
Absorber Crystal 5 16 17 18 19 20 21
MC temperature [mK]

o

Advantages:
* Wide choice of materials: TeOz, CaWOQy4, Ge,
Si, Al203, CaMoO4, BGO, etc. (low C at
working T)
e Excellent energy resolution (~ | %o FWHM)
and low threshold (~ | keV), due to high
number of carriers e +113191ke\1 e
e Detector response independent from the T e
radiation (calorimeters)

2615keV

511keV 2087

911 keV

228A ¢

counts / (1 keV)

965 + 969 keV
583 keV] | A¢

Illlllllllll
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Thermal detectors: summary (ll)

Disadvantages:
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Thermal detectors: summary (ll)

Disadvantages:

* Difficult to operate (dilution refrigerators)
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Thermal detectors: summary (ll)

Disadvantages:
* Difficult to operate (dilution refrigerators)
* Very slow response: thermal detectors with mass greater than

~| g can operate only underground

or
N
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Thermal detectors: summary (ll)

Disadvantages:
* Difficult to operate (dilution refrigerators)
* Very slow response: thermal detectors with mass greater than
~| g can operate only underground

* Operated in vacuum and with no dead layers: exposed to bkg
from surface contaminations
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Background reduction

* Cosmic rays:
* Underground labs
* Vetos

* Radioactivity
e Material selection
e HPGe
e NAA
e |[CPMS
Clean Room
Controlled atmosphere
Shielding
Active discrimination?
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Surface o background
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Surface o background

* The background of most thermal
detector is dominated by surface alpha
background.
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Surface o background

* The background of most thermal
detector is dominated by surface alpha
background.

* An alpha particle generated near the
surface of a detector component will
release only a part of its energy before
escaping.
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Surface o background

* The background of most thermal
detector is dominated by surface alpha
background.

An alpha particle generated near the
surface of a detector component will
release only a part of its energy before
escaping.

The alpha will eventually hit another
component of the detector. If one of
the two component is non-active (e.g.
copper supports) the alpha energy
cannot be reconstructed, generating a
continuum bkg at all energies.
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Surface o background

The background of most thermal
detector is dominated by surface alpha
background.

An alpha particle generated near the
surface of a detector component will
release only a part of its energy before
escaping.

The alpha will eventually hit another
component of the detector. If one of
the two component is non-active (e.g.
copper supports) the alpha energy
cannot be reconstructed, generating a
continuum bkg at all energies.

Bkg of the order ~ 10! alpha/cm?/y
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Surface o background

* The background of most thermal
detector is dominated by surface alpha
background.

An alpha particle generated near the
surface of a detector component will
release only a part of its energy before
escaping.

The alpha will eventually hit another
component of the detector. If one of
the two component is non-active (e.g.
copper supports) the alpha energy
cannot be reconstructed, generating a
continuum bkg at all energies.

e Bkg of the order ~ 10! alpha/cm?/y

P Gorla

Surrounding components
e.g. holder
(non-active)

Detector
(active)
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Surface o background

* The background of most thermal
detector is dominated by surface alpha
background.

An alpha particle generated near the
surface of a detector component will
release only a part of its energy before
escaping.

The alpha will eventually hit another
component of the detector. If one of
the two component is non-active (e.g.
copper supports) the alpha energy
cannot be reconstructed, generating a
continuum bkg at all energies.

e Bkg of the order ~ 10! alpha/cm?/y

P Gorla

Q=E « +Enucleus

Surrounding components
e.g. holder
(non-active)

Detector
(active)

ANT’I| - October 10-12 201 |



Surface o background

* The background of most thermal
detector is dominated by surface alpha
background.

An alpha particle generated near the
surface of a detector component will
release only a part of its energy before
escaping.

The alpha will eventually hit another
component of the detector. If one of
the two component is non-active (e.g.
copper supports) the alpha energy
cannot be reconstructed, generating a
continuum bkg at all energies.

e Bkg of the order ~ 10! alpha/cm?/y

P Gorla

Q=E « +Enucleus

Surrounding components
e.g. holder
(non-active)

E=Enucieust%E o
Nucleus

Detector
(active)
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Surface o background

* The background of most thermal
detector is dominated by surface alpha
background.

An alpha particle generated near the
surface of a detector component will
release only a part of its energy before
escaping.

The alpha will eventually hit another
component of the detector. If one of
the two component is non-active (e.g.
copper supports) the alpha energy
cannot be reconstructed, generating a
continuum bkg at all energies.

e Bkg of the order ~ 10! alpha/cm?/y

P Gorla

Q=E « +Enucleus

Surrounding components
e.g. holder
(non-active)

E=Enucieust%E o
Nucleus

\
) R
\

Detector
(active)
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Surface o background

* The background of most thermal Q=E o +Enucieus
detector is dominated by surface alpha
background. E=Enudeus*%Ea
An alpha particle generated near the _ | &5, Nucleus
surface of a detector component will
releas.e only a part of its energy before E=E «+%Enucieus
escaping. O R — =

The alpha will eventually hit another

component of the detector. If one of

the two component is non-active (e.g. S“""“r;‘?gfghglodrglfmne“ts Detector

copper supports) the alpha energy (non-active) e

cannot be reconstructed, generating a

continuum bkg at all energies. ==X E=%Enucieus

e Bkg of the order ~ 10! alpha/cm?/y

Q)
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Surface o background

* The background of most thermal Q=E o +Enucious
detector is dominated by surface alpha
background. E=E.uaous+%E o
An alpha particle generated near the | 558, Nucleus
surface of a detector component will e
releas.e only a part of its energy before E=E . +%Enuoius
escaping. O R — =

The alpha will eventually hit another

component of the detector. If one of

the two component is non-active (e.g. S“""“r;‘?gfghglodrglfmne“ts Detector

copper supports) the alpha energy (non-active) e

cannot be reconstructed, generating a

continuum bkg at all energies. =~ E=%E uciou

e Bkg of the order ~ 10! alpha/cm?/y

Q)
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Surface o background

The background of most thermal
detector is dominated by surface alpha
background.

An alpha particle generated near the
surface of a detector component will
release only a part of its energy before
escaping.

The alpha will eventually hit another
component of the detector. If one of
the two component is non-active (e.g.
copper supports) the alpha energy
cannot be reconstructed, generating a
continuum bkg at all energies.

Bkg of the order ~ 10! alpha/cm?/y
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Surrounding components
e.g. holder
(non-active)

Detector
(active)

E=%Enucleus
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Surface background from 2'°Pb

a Protactinium
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Surface background from 2'°Pb

a Protactinium
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Surface background from 2'°Pb
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Surface background from 2'°Pb

o 210Pp beta decays with Q=63.5 keV (t=22y)

210 = EBismuth
83 | 210
S5day
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Surface background from

o 210Pp beta decays with Q=63.5 keV (t=22y)
o 210Bj beta decays with Q=1.162 MeV (t=5 days)

210 = EBismuth
83D }210
S5day
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Surface background from

210Pb beta decays with Q=63.5 keV (t=22y)

210Bj beta decays with Q=1.162 MeV (t=5 days)
210Po alpha decays with Q=5.405 MeV (this is
where the continuum bkg come from)

.
210 = RBismuth
83D 210

S5day
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Surface background from 2'°Pb

219Pb beta decays with Q=63.5 keV (t=22y)

219Bj beta decays with Q=1.162 MeV (t=5 days)
2I0Po alpha decays with Q=5.405 MeV (this is
where the continuum bkg come from)

How do we measure 2'°Pb?

.
210 = RBismuth
83D 210

S5day
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Surface background from 2'°Pb

210Pb beta decays with Q=63.5 keV (t=22y)
210Bj beta decays with Q=1.162 MeV (t=5 days)
210Po alpha decays with Q=5.405 MeV (this is
where the continuum bkg come from)
How do we measure 2!°Pb?
e less than 100 atoms of ?'%Pb for cm? can
generate present bkg level.

/
210 = RBismuth
83D 210
S5day
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Surface background from 2'°Pb

210Pb beta decays with Q=63.5 keV (t=22y)
210Bj beta decays with Q=1.162 MeV (t=5 days)
210Po alpha decays with Q=5.405 MeV (this is
where the continuum bkg come from)
How do we measure 2!°Pb?
e less than 100 atoms of ?'%Pb for cm? can
generate present bkg level.
e [CPMS sensitivity better than a ppt but not
sensitive enough on short lived isotopes

.

210 = EBismuth
83D }210
S5day
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Surface background from

210Pb beta decays with Q=63.5 keV (t=22y)
210Bj beta decays with Q=1.162 MeV (t=5 days)
210Po alpha decays with Q=5.405 MeV (this is
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Surface background from 2'°Pb

210Pb beta decays with Q=63.5 keV (t=22y)
210Bj beta decays with Q=1.162 MeV (t=5 days)
210Po alpha decays with Q=5.405 MeV (this is
where the continuum bkg come from)
How do we measure 2!°Pb?
less than 100 atoms of %'%Pb for cm? can
generate present bkg level.
ICPMS sensitivity better than a ppt but not
sensitive enough on short lived isotopes

HPGe can measure the 46 keV from 2/%Pb

(but low branching and penetration) €
. . . 210 = EBismuth
Barrier Si detectors: small area and/or high s3I |0
S5day

bkg: not sensitive enough!

* No technique is sensitive enough!!
e This makes very hard to validate and compare passive
shielding techniques
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alpha decay non scintilIe surrounding the bolometer with an
absorber crystal active material. Using a scintillating
foil (detached from the crystal) and
adding a light detector a surface
scintillator foil events rejection is possible.

Surface events, releasing part of their
energy in the scintillating foil, will
produce a photon signal that can be
used to tag coincidence thermal
kpulses on the main detector.
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ABSURD:A Background SUrface
Rejection Detector

4 ) . )
heat bath arsiv-] 103.5296 dea based on the CRESST experlencej

NTD thermistor -;\ weak thermal coupling Pure bolometric detectors, measuring\
N only the heat signal, cannot

s , N discriminate radiation type nor surface

reflective foll \events - )

/ (The proposed solution consists in)
alpha decay non scintilIe surrounding the bolometer with an
absorber crystal active material. Using a scintillating
foil (detached from the crystal) and
adding a light detector a surface
scintillator foil events rejection is possible.

Surface events, releasing part of their
\ J) energy in the scintillating foil, will
D fhermistor / \ produce a photon signal that can be
j_ light detector used to tag coincidence thermal
kpulses on the main detector.

. J J

and needs a very low energy threshold to clearly detect hundreds of eV light signals.

[ The light detector, suitable for operating at ~10 mK, is a bolometer itself (low heat capacity)J

\_
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The energy signal

Bkg sensitive | Energy released in
region the scintillating foil

Surrounding foil

Reflecting foil (scintillating)

Detector
(active)
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The energy signal

Q=EOL+Enuc|eus =54 MeV (21OPO)
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DM <100 keV 5.3-5.4 MeV
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The energy signal

Q=EOL+Enuc|eus =54 MeV (21OPO)
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Energy released in
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DM <100 keV

DM <100 keV
DDB 2-3 MeV

3.4-2.4 MeV

The balance between light collection/energy threshold of the light detector and the light emission
of the s.f. must be such that a 1.5 MeV alpha can be detected lowest alpha sources ~ 4 MeV.

P Gorla
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The light detector

63 mm diam. | mm
thick pure Ge disk

Thermal light detector:

e Standard bolometric light detector have typical
threshold ~ 300-500 eV (e.g Lucifer,)
It is possible (using TES e SQUID) reach thresholds
below 100 eV (e.g. CRESST)
A “standard” light detector is just an undoped wafer
(Ge, Si 0 SOS) with a suitable thermistor on it

Sensors: NTD | | 3x3x2 cm? CdWO4
Ge thermistors (140 g) crystal
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The light detector

63 mm diam. | mm
thick pure Ge disk

y "~ Thermal light detector:
e Standard bolometric light detector have typical
threshold ~ 300-500 eV (e.g Lucifer,)
* |t is possible (using TES e SQUID) reach thresholds
below 100 eV (e.g. CRESST)
e A “standard” light detector is just an undoped wafer
(Ge, Si 0 SOS) with a suitable thermistor on it

Sensors: NTD | | 3x3x2 cm? CdWO4
Ge thermistors (140 g) crystal

* Detector characterization is performed by means of 55Fe source at
|0 mK (in a dilution refrigerator).
* The intrinsic light collection efficiency is given ONLY by the

absorption spectrum of the material (typically flat in standard light
emission frequencies).

Goal: a scintillating foil that produce enough light so
that the collected light is > 300-500 eV
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Scintillating foil
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Scintillating foil

* |t has to be deposited on a proper reflector (aluminated mylar? choice based
emission spectrum)
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Scintillating foil
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emission spectrum)
Radioclean: polymer selection; deposition in nitrogen atmosphere
Emission spectrum at |10 mK coherent with the light detector absorption spectrum

and reflecting foil reflectivity
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The reflector/scintillator sandwich must be suitable for low temperature application
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Scintillating foil

It has to be deposited on a proper reflector (aluminated mylar? choice based
emission spectrum)

Radioclean: polymer selection; deposition in nitrogen atmosphere

Emission spectrum at |10 mK coherent with the light detector absorption spectrum
and reflecting foil reflectivity

The reflector/scintillator sandwich must be suitable for low temperature application
(thermal contractions...)
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Scintillating foil

It has to be deposited on a proper reflector (aluminated mylar? choice based
emission spectrum)

Radioclean: polymer selection; deposition in nitrogen atmosphere

Emission spectrum at |10 mK coherent with the light detector absorption spectrum
and reflecting foil reflectivity

The reflector/scintillator sandwich must be suitable for low temperature application
(thermal contractions...)
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(acceptable threshold 1.5 MeV on
alpha energy)
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Scintillating foil

It has to be deposited on a proper reflector (aluminated mylar? choice based
emission spectrum)

Radioclean: polymer selection; deposition in nitrogen atmosphere

Emission spectrum at |10 mK coherent with the light detector absorption spectrum
and reflecting foil reflectivity
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Scintillating foil

It has to be deposited on a proper reflector (aluminated mylar! choice based
emission spectrum)

Radioclean: polymer selection; deposition in nitrogen atmosphere

Emission spectrum at |10 mK coherent with the light detector absorption spectrum
and reflecting foil reflectivity

The reflector/scintillator sandwich must be suitable for low temperature application
(thermal contractions...)

10°

Electrons
Protons
Alphas

Light Yield as good as possible
(acceptable threshold 1.5 MeV on
alpha energy)

Thick enough to stop a 5-6 MeV
alpha

Thin enough to allow Compton
coincidence on nearby detectors 7
|deal thickness ~ 50 pm ' -

Particle Energy (MeV)

Carbons

Number of Scintillation Photons Produced

Collaboration with BNL (M.Yeh group): test of different polymers (3M THYV), different
scintillators (LAB, PPQ,...), and different deposition techniques (spin coating...)
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Conclusion: future plans
2012

Developing scintillating foil:

* Very few information in literature about plastic scintillators at cryogenic
temperature: characterization of the scintillating samples is mandatory (before real test
in dilution units which are difficult and time consuming): a dedicated setup (10 K
cryocooler) is under development in Gran Sasso.

* Optical and mechanical properties should not change between 10 K and 10 mK
* Only with an optimized foil we can proceed with a test at |10 mK
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End of 2012

“Proof of principle”: TeO, bolometer, alpha doped scintillating foil, light detector. The
goal of this measurement is measuring the rejection efficiency and the threshold.
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2013
Final optimization of scintillating foil and light detector, production of scintillating foil

in large amount.

“Background measurement”: 4/8 TeO, bolometers, scintillating foil, light detector: the
goal of this measurement is to measure the achievable background with high statistic.
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* Very few information in literature about plastic scintillators at cryogenic

temperature: characterization of the scintillating samples is mandatory (before real test
in dilution units which are difficult and time consuming): a dedicated setup (10 K
cryocooler) is under development in Gran Sasso.

* Optical and mechanical properties should not change between 10 K and 10 mK
* Only with an optimized foil we can proceed with a test at |10 mK

End of 2012

“Proof of principle”: TeO, bolometer, alpha doped scintillating foil, light detector. The
goal of this measurement is measuring the rejection efficiency and the threshold.

2013
Final optimization of scintillating foil and light detector, production of scintillating foil

in large amount.

“Background measurement”: 4/8 TeO, bolometers, scintillating foil, light detector: the
goal of this measurement is to measure the achievable background with high statistic.

( Any suggestion is welcome!)
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