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Briefest possible introduction to neutrinos

neutrinos
• neutral fermions: one for each

charged lepton
• different masses
• might be their own antiparticles
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The history of the neutrino mass
• Thought massless until

oscillations were discovered in
1960’s

• Oscillation measurements only tell
mass splittings

• Cosmology measures average
over all flavors, M⌃ = 0.32 eV

• Direct measurement (Mainz)
M⌫

e

 2.2 eV
• Implications to cosmology,

majorana equation, see-saw
mechanism ...

National Institute of Standards and Technology • U.S. Department of Commerce JPHW (INFN&NIST) — Readout for HOLMES — 5 September 2016 — Slide 3/20



Briefest possible introduction to neutrinos

neutrinos
• neutral fermions: one for each

charged lepton
• different masses
• might be their own antiparticles

2 43 55

68 25 7

30 32 38

68 25 7

30 33 37

2 42 56

xxx

The history of the neutrino mass
• Thought massless until

oscillations were discovered in
1960’s

• Oscillation measurements only tell
mass splittings

• Cosmology measures average
over all flavors, M⌃ = 0.32 eV

• Direct measurement (Mainz)
M⌫

e

 2.2 eV
• Implications to cosmology,

majorana equation, see-saw
mechanism ...

National Institute of Standards and Technology • U.S. Department of Commerce JPHW (INFN&NIST) — Readout for HOLMES — 5 September 2016 — Slide 3/20



Direct measurements of m⌫

Can’t measure neutrinos directly, measure other elements of weak
interactions.

Beta Decay
• KATRIN, Project 8
•

n ! p + e

� + ⌫̄
e

• use tritium
• measure electron energy
• do not measure nuclear recoil,

atomic effects, etc.

Electron Capture
• ECHo, HOLMES, NuMECS
•

p + e

� ! n + ⌫
e

• use holmium-163
• source inside detector
• measure the decay’s

total energy, Q

10 cm
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Q-spec, electron-capture, and the neutrino mass

nucleus with too many protons
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Q-spec, electron-capture, and the neutrino mass

captures an inner electron
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Q-spec, electron-capture, and the neutrino mass

p + e

� �! n + ⌫
e
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Q-spec, electron-capture, and the neutrino mass

daughter atom in excited state: decays with x-rays, etc.
capture all the non-neutrino energy to infer neutrino mass
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Q-spec, electron-capture, and the neutrino mass

G  Thermal 
Conductance 
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Capacity 
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Q-spec, electron-capture, and the neutrino mass

G  Thermal 
Conductance 

  E 

C 

Photon 
Thermometer 

Heat 
Capacity 

T0 

Decaying elements is embedded inside detector
total energy of decay is captured
except neutrino
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careful look at the spectrum endpoint

spectrum edge cuts off m⌫
e

away from Q
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careful look at the spectrum endpoint

m⌫
e

and �E are both eV scale and Q is keV scale (and unknown)
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careful look at the spectrum endpoint

163
67Ho + e

� �! 163
66Dy + ⌫

e

, Q ⇠ 2.8 keV

requires many (⇠1,000) state of the art detectors ( 5 eV at 3 keV)
with embedded 163Ho

multi-year acquisition time
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Pile-up in HOLMES

Simulated 163Ho decay Q spectrum

• Endpoint events vanishingly rare
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Pile-up in HOLMES

Simulated 163Ho decay Q spectrum

• Endpoint events vanishingly rare
• Two common events could be coincident enough to fake a rare one.
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Pile-up in HOLMES
Simulated 163Ho decay Q spectrum

+

=?

• Endpoint events vanishingly rare
• Two common events could be coincident enough to fake a rare one.
• Identification depends on both sampling and rise time.
• B. Alpert et al. J Low Temp Phys (2016) 184: 263.

doi:10.1007/s10909-015-1402-y
National Institute of Standards and Technology • U.S. Department of Commerce JPHW (INFN&NIST) — Readout for HOLMES — 5 September 2016 — Slide 8/20



Pile-up in HOLMES

#,#,$$%! !,79!&'! ( *+,$&
!

! .!

/47803!9"0!89,9#89#.,3!8038#9#;#94!-4!56!789:!;!147!,!"=;,3:0!41!'?'!7'?@:!A0'?!$420!.,70!2:89!9"0701470!-0!
9,A03!94!A005!9"0!-,.AE74:3/!,8!34/!,8!5488#-30G!,384!94!,;4#/!9"0!848902,9#.!:3.079,#39#08!703,90/!94!#9?!

!!!!!! !
!!":70&'&"019!&'4390&",7-4&089%2,90&41&1 3'#$&30:97%34&2,88&89,9%89%.,-&8038%9%;%98&147&$0;9&:;<=<:&
>-4?07@&70/B&47&<=<=&>:5507@&--:0B&,3/&?%9E&1559&:;<=FG&,3/&H#&9<&0'J&#!"+9!&#110.9&41&155&,3/&H#&43&9E0&

89,9%89%.,-&8038%9%;%98&147&$0;9&<=<G@"&9&KJL&M0'&,3/&H#&9&<0'&47&1559&<=FN&

%"0! ,-4;0! 0H507#2039,3! 706:#7020398G! ,39"4:E"! 6:#90! 80;070G! .,3! -0! 209! -4! 34/! 902507,9:70!
2#.74.,347#209078?!%",3A8! 94! 9"0! 8"479! 5.8(4! 3#109#20G! 9"0! 3#2#90/!3:2-07!41!3:.30#! 300/0/! 147! ,!30:97#34!
2,88!0H507#2039!.,3!-0!#3974/:.0/!#3!9"0!0307E4!,-847-07!41!,!89,3/,7/!34/!902507,9:70!/090.947?!%"0701470G!
( *+,$!.,3! 30;07,E0! 9"0!2#.74.,347#209078!/0;03452039!147!"#E"!0307E4!70843:9#43!I=7,4!850.9748.454G!
/"070,8!+J#,! 300/8! ,! /0/#.,90/! /0;03452039! 41! /090.9478!/#9"!-:3A#07!209,33#.! #"03#:2! ,-847-078?! L3!
5,79#.:3,7G! 9"0!%7,38#9#43!,/E0!$038478! 7%,$:!-,80/!2#.74.,347#209078!:80/! 147!"#E"! 70843:9#43!8419!I=7,4!
850.9748.454!.,3!-0!70,/#34!,/,590/! 94!( *+,$!850.#1#.,9#438!M,3896(?!%"0#7! 90."3434E4! #8!2,9:70!147!,!
/02,3/#3E!30:97#34!5"48#.8!0H507#2039!,3/!57080398!2,34!,//0/!;,3:08O!!
!!1,89!,3/!1:33!.,347#2097#.!0307E4!20,8:7020398!.,3!-0!,."#0;0/!#3!209,33#.!,-847-078?!
!!82,33!144957#39!A#34=5#H03!,77,48!,70!1,-7#.,90/!/#9"!/033!089,-3#8"0/!5"4943#9"4E7,5"#.!90."3434E#08?!
!!54/071:3!$"&LR!2:39#530H#3E!8."0208!147!3,7E0!/090.947!,77,48!,70!,;,#3,-30?!
%"#8! #8! 9"0!( *+,$!-,803#30!0H507#2039,3!.431#E:7,9#43G!,39"4:E"! 90."3#.,3!:30H50.90/!/0;034520398!47!
#88:08!2,4!8:EE089!94!,/S:89!#9?!
( *+,$! #8! #3/00/! ,! "#E"34! #3907/#8.#53#3,74! 011479?! L9! #3;089#E,908! 9"0! 1:3/,2039,3! 5745079#08! 41! ,! 8:-$
3:.'0,7! 5,79#.30! 730:97#34:! 0H534#9#3E! ,!3:.'0,7! 574.088! 7,T:?! U47! 9"#8! 5:75480! #9! 570.#8034!20,8:708! 9"0!
02#990/! ,942..! 7,/#,9#43! ,5534#3E! 9/0724/13,2..82 734/! 902507,9:70! .,347#20974:! ,3/! 30;07,E#3E! ,!
.43/0380/22,9907!5"03420343!78:507.43/:.9#;#94:?!
( *+,$! #8!.",7,.907#)0/!-4!V!A04!54#398O! 5:! 5.8(4! #849450!574/:.9#43! ,3/! 84:7.0! 02-0//#3EG! ':! $#3E30!
/090.947! 459#2#),9#43! ,3/! ,77,4! 03E#3007#3EG! 8:! #0,/=4:9G! ,3/! V:! R,9,! ",3/3#3E?! L3! 9"0! 14334/#3E! ,!
/08.7#59#43! #8! E#;03! 41! "4/! 9"080! 90."3#.,3! .",3303E08! /#33! -0! ,99,.A0/! 94! 8:..0881:334! .,774! 4:9! 9"0!
( *+,$!0H507#2039?!

,849450&574/:.9!43&&
5.8(4! /,8! /#8.4;070/! ,9! !7#3.0943! #3! 5W.@! #3! ,! 8,2530! 41! 5.',7! 9",9! /,8! 30:9743! ,.9#;,90/! #3! ,! 3:.30,7!
70,.947?!$#3.0!5.8(4!#9!#8!349!,;,#3,-30!411!9"0!8"031G!,!/0/#.,90/!574.088!2:89!-0!809!:5!94!574/:.0!9"0!,24:39!
300/0/!-4!( *+,$! 7,! 949,3! 41! ,5574H#2,9034! '6!aE!/#33! -0! #253,390/! #3! 9089! /090.9478! ,3/! #3! 9"0! 1#3,3!
,77,48:?!%"0!2489! .",3303E#3E! #88:0! 41! 9"#8! 9,8A! #8! 9"0! ,."#0;02039! 41! 9"0!;074!"#E"! 30;03! 41! 7,/#4=5:7#94!
/02,3/0/!-4!9"0!9,7E09!30:97#34!2,88!8038#9#;#94?!U0/!574.08808!",;0!-003!#/039#1#0/!94!-0!,550,3#3E!147!9"0!
#397#38#.! 5.8(4!574/:.9#43! 7,90! ,8! .425,70/! 94! 9"0! ,..425,34#3E!574/:.9#43! 41! 7,/#4,.9#;0! .439,2#3,398?!
%"0! 2489! #3907089#3E! 4308! 147! ( *+,$! ,70O! 75:! 30:9743! ,.9#;,9#43! #3! 3:.30,7! 70,.947! 41! 5.',7!
M5.',773GØ:5.8,77Z62#3?:[!5.8(4(!/#9"!,!.7488!80.9#43!\!41!,-4:9!5@9!-,738*!7':!,35",!5,79#.30!-42-,7/2039!
41!!5.6(4!9,7E09!M5.6(47V(0G]:5.8(4(!/#9"!\!^!9?96!-,738!,9!66!+0'*!78:!E,22,!-42-,7/2039!41!5.6(4!9,7E09!
M5.6(47ØG'3:5.8(4(!/#9"!\!^!9?5V!-,738!,9!5Z!+0'?!%"0!"#E"089!574/:.9#43!7,90!#8!9"0701470!,."#0;,-30!/#9"!
9"0! 30:9743! ,.9#;,9#43! 41! 5.',7G! ,3-0#9! 94! 9"0! 0H50380! 41! .43902547,304:8!-:#3/=:5! 41! ;074! 8"479! ",31=3#10!
.439,2#3,398! #3!9"0!8,2530?!%"0!70,.9#438!/#9"!"#E"! 0307E4!574S0.9#308!.,3!:80!3,9:7,3!(432#:2!,8! 9,7E09!
,3/!",;0!,!"#E"34!8:5570880/!.439,2#3,39!574/:.9#43?! 3!9"0!49"07!",3/G!9"04!",;0!.7488!80.9#43!9"4:8,3/8!
41!9#208!34/07!,3/!9"0701470!706:#70!"#E"!#39038#94!-0,2!,3/!343E!,.9#;,9#43!9#208?!J8!,!-,803#30G!9"0!5.8(4!
300/0/!147!( *+,$!/#33!-0!574/:.0/!/#9"! 9"0!30:9743!,.9#;,9#43!41!5.',7?!%"0!574.088!/#33!-0!89:/#0/! #3!
/005!/09,#3G!-0.,:80!349!,33!.7488!80.9#438!,70!1:334!A34/3G!,3/!,!97,/0=411!,243E!70574/:.#-#3#94G!0,8#3088!41!
9"0!4507,9#438G!574/:.9#43!7,90!,3/!7,/#4,.9#;0!-,.AE74:3/!/#33!-0!84:E"9?!L3!9"0!1#789!5,79!41!9"0!574S0.9!,3!

Final sensitivity on m⌫
e

depends mostly on statistics and pileup.
Energy resolution only a slight concern.
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Multiplexing Choices

Constrained by a finite amount of time, bandwidth, and 163Ho,
HOLMES is targeting:

• 1000 pixels
• 300 counts per second per pixel activity
• 500 kHz sampling rate
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Multiplexing Scheme

Flux Modulation
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Multiplexer

• 2 MHz per channel full bandwidth
• allows 32 channels to fit onto a 550 MHz ROACH2 ADC

• 2�0 ramp ! corresponds to a sampling rate of 500 kHz
• 1�0 ramp ! possibility of 1 MHz sampling rate?
• should handle slew rates up to < 1 A/s
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Present Homodyne Setup

Marki Microwave
IQ-0255

Microwave Frequency
Synthesizers
QuickSyn FSW-0010
0.5 to 10 GHz  

Microwave Frequency
Synthesizers
QuickSyn FSW-0010
0.5 to 10 GHz  

4-8 GHz Cryogenic 
Low Noise Amplifier

Low Noise Factory 
LNC4_8A

Wideband Amplifier
700 MHz to 18 GHz

Mini-Circuits.
ZVA-183+

Ultra wideband
Wilkinson Power divider

Marki Microwave
PD-0R413

Cryostat
Marki Microwave
PD-0R413

Ultra wideband
Wilkinson Power
divider

Directional Couplers
1 to 18 GHz

Directional Couplers
1 to 18 GHz

Krytar 180120

Krytar 180120

Detector 
Array

Marki Microwave
IQ-0255

-0 to -62 dB

-40 dB

-20 dB

-20 dB

+36 dB +26 dB

T0 = (25 ÷ 1000) mK

4 K

Attenuator

+15dBm

+15dBm

Ramp Generator
Keysight 33500B

VI2

VQ2

VI1

VQ1

RF1

RF2

LO1

LO2

f1

f2

DAQ
4 Channels
Simultaneous 
sampling

Dual Homodyne setup, can record 2 pixels at 500 kHz
ROACH2 to be deployed soon - see poster by J. Gard 2EPo2B-11 [111]
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Templated Oscillations
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A template is created from averaged response to the flux ramp
Response is very nearly Sinusoidal
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Phase Offset from Template
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For each ramp period, response is fit against the template
First �0 has transient, is not used
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Demodulated signals

Demodulated time stream from one detector, Fe55 X-ray source.
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Demodulated signals

• At T10�90 ⇡ 25 µs, 500 kHz gives you ⇠12 points on the rising edge
• Rise time limited by arrival time effects, not readout slew rate.
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Noise Performance

• Demodulated open resonator shows good noise performance
• (⇡ 27 pA/

p
Hz)
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Noise Performance

• Demodulated open resonator shows good noise performance
• (⇡ 27 pA/

p
Hz)

• TES noise still dominates over readout
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Resolution Results

• 6 eV FWHM resolution demonstrated at 5.9 keV
• First Fe55 peak separation with µmux ?
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Conclusions

• Resonator bandwidth and detector parameters all motivated by count rate
• HOLMES is a demanding application for this new readout
• Most of requirements are shared by next generation x-ray instruments
• ROACH2 readout and full arrays to be tested soon
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Thank You!
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