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The case of 163Ho: Sub-eV sensitivity 
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The case of 163Ho: Sub-eV sensitivity 

τr ∼ 0.1 µs 
Aβ ≈ 10 s -1 
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The case of 163Ho: Sub-eV sensitivity 

τr ∼ 0.1 µs 
Aβ ≈ 10 s -1 

 

≥105 detectors 
Nev > 1014 

fpp < 10-5     

∆EFWHM < 10 eV  

Low temperature 
Metallic Magnetic Calorimeter 



MMCs: Concept 
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Thermal bath 

Ctot 
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• Working temperature below 100 mK  
                 small specific heat 
                 large temperature change 
                 small thermal noise 
 
• Very sensitive temperature sensor   
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MMCs: Concept 



Paramagnetic sensor:  Au:Er500ppm                   

Signal size: 

M  

T 



Cabs Cspins 

Energy resolution --- Why ‚micro‘-calorimeter 

Thermal fluctuations of energy  
between absorber, thermometer and bath lead to 

e.g. 1eV for C = 1 pJ/K at T = 50 mK 

MMCs: Concept 



Two-stage SQUID setup  with flux locked loop to linearize the first stage SQUID allows for:  

T = 50 mK   T = 0.5 ... 4 K   room temperature 

Detector Amplifier 

low noise 

large bandwidth / slewrate 

small power dissipation on detector SQUID chip (voltage bias)   

paramagnetic 
sensor 

SQUID 
magnetometer 

MMCs: Readout 



MMCs: Geometries 



• X-ray spectroscopy 
 atomic physics 
 astronomy 

• X-ray imaging 
 large MMC arrays 
 microwave SQUID multiplexing 

• Detection of molecular fragments 

• Radiation standards for metrology 

• Experiments for neutrino physics 
 β decay of 187Re (MARE) 
 EC of 163Ho (ECHo) 
 0ν2β (AMoRE & LUMINEU) 

U91+ 

MMCs: Applications 



MMCs: Examples 

100 µm 

Pizza detector  
for molecular fragments 

Hard x-rays detectors 

Soft x-rays  
detectors 



• 1×8 x-ray absorbers 
• 250µm×250µm gold, 5µm thick 

• >98% Qu.-Eff. @ 6 keV 

• electroplated into photoresist mold (RRR>15) 

• mech/therm contact to sensor by stems 
       to prevent loss of initial hot phonons 
 

• Au: 166Er300ppm temperature sensors 
• co-sputtered from pure Au and high conc. AuEr target 

• Meander shaped pickup coils  
• 2.5 µm wide Nb lines, ~400 nm thick 

• Ic ≈ 100mA 

• On-chip persistent current switch  (AuPd) 

maXs: 1d-array for soft x-rays 

250 µm 

Au:Er 
on 

Nb meander 
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163Ho Detector: First prototype 

Meander 

Absorber 

Source 

Sensor 

 
• Absorber for calorimetric measurement   
   ion implantation   @ ISOLDE-CERN 
 
• Two pixels have been simultaneusly measured 
 
• 55Fe calibration source was collimated  
  only on one pixel 



• Newest generation C6X114W 
SQUIDs (PTB Berlin) 
➔ best noise performance  

5 mm 

• Al bonding wires for  
      electrical connections 
• Au bonding wires for  
      thermal connections  

163Ho Detector: First prototype 



2 cm 

10 cm 

• 3He/4He dilution refrigerator 
(Oxford instruments) 

• Cu experimental platform  
     (Au plated) 
• T ≈ 20 mK 

 
• Cu holder 
• CuFlon circuit board 
• Pb shielding 

163Ho Detector: Experimental environment 



0.
5 

m
 1 m 

Layered precooling: 
• Liquid N2 ∼ 77 K 
• Liquid 4He ∼ 4.2 K 
 

Dilution unit 
• 1st stage ∼ 1.5 K 
• 2nd stage ∼ 0.6 K 
• Experimental platform ∼ 20 mK 

163Ho Detector: Experimental environment 
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163Ho Detector: Calorimetric spectrum 
 
 
• Fast rise-time 
 
• Good energy resolution 
 
• Good linearity 
 
• 163Ho spectrum 
 

MII 

MI 

NII 

NI 

144Pm 

OI 

∆EFWHM = 7.6 eV  @ 6 keV 

Non-Linearity  < 1%  @6keV 

EH lit. EH exp. ΓH lit.  ΓH exp 

MI 2.047 2.040 13.2 13.7 

MII 1.845 1.836 6.0 7.2 

NI 0.420 0.411 5.4 5.3 

NII 0.340 0.333 5.3 8.0 

OI 0.050 0.048 5.0 4.3 

Most precise 163Ho spectrum 

QEC =(2.80±0.08) keV 

Rise Time ~ 130 ns 



(a) F. Gatti et al., Physics Letters B 398 (1997) 415-419 
(b) E. Laesgaard et al., Proceeding of 7th International Conference on Atomic 
      Masses   and Fundamental Constants (AMCO-7), (1984). 
(c) F.X. Hartmann and R.A. Naumann, Nucl. Instr. Meth. A 3 13 (1992) 237. 
 

Cryogenic detector  

Si(Li) detector  

Proportional Counter  

F. Gatti et al., Physics Letters B 398 (1997) 415-419 

MII 

MI 

NII 

NI 

144Pm 

OI 

163Ho Detector: Calorimetric spectrum 
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                 natDy(α, xn) 163Er (ε) 163Ho 
                 159Tb(7Li, 3n) 163Er (ε) 163Ho 
 
  163Ho can be produced by via (n,γ)-reaction on 162Er  
 
 
 
 
 
• Purity:  No radioactive contaminants and removed target material 

 
 High efficiency purification methods 
 
•  Chemical form:   depends on the absorber preparation (ion implantation, dilute alloys)  

Two sources already produced 
 Helmoltz Zentrum Berlin  
 Institut Laue-Langevin in Grenoble  
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ECHo experiment: µwave SQUID multiplexing 
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• Environmental radioactivity  
• Induced secondary radiation by cosmic rays 
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ECHo experiment: Low background 

Background sources: 
• Contamination of the source 166mHo 
• Environmental radioactivity  
• Induced secondary radiation by cosmic rays 
 

Monte Carlo simulations 
Dedicated experiments 

 Selection of materials for the experimental set-up 
 Definition of detector design veto 
 Designs for the shielding 

First measurements 
 underground  in Modane 

winter 2013 
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B 

q/m 

uniform B-field 

1 q νc = 2π m 
B 

quadrupole E-field 

+ = 

Penning Trap 

ν+ - modified cyclotron 
ν- - magnetron 
νz - axial 

ECHo experiment: QEC determination  

Penning Trap mass spectroscopy 

Next future : SHIPTRAP (GSI)  QEC determination within 100 eV 
 
In few years: PENTATRAP (MPI-K HD)  QEC determination within 1 eV 
 

Courtesy  S. Eliseev, MPI-K HD 
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ECHo experiment: spectral shape 

SOLID STATE EFFECTS 

Experimental investiations: 
163Ho implanted in different materials 
Simple 163Ho molecules implanted in Au 

Core Level binding energy Shift (CLS):  
calculated using the complete  
screening approximation of DFT 

How precise do we know the calorimetric spectrum of 163Ho? 
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Density Functional Theory (DFT) & Quasiparticle Random Phase Approximation (QRPA) 

keV sterile neutrino Cosmic neutrino background 

Sensitivity to:  
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HOLMES 
♦ Established in 2013 (ERC Advanced Grants for Prof. S. Ragazzi) 

 
♦ Some R&D done already within the MARE experiment 

 
http://artico.mib.infn.it/nucriomib/general-infos/holmes-approved 

OTHERS ♦ LANL + NIST (last two years) 
 investigation for source production  
 detector developement for calorimentric measurements  

 
http://conference.ipac.caltech.edu/ltd-15 (Kunde, Schmidt, Croce, Fowler) 



A. De Rujula   
arXiv:1305.4857v1 [hep-ph] 21 May 2013 

Conclusion 
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