
National Institute of Standards and Technology • U.S. Department of Commerce JPHW (INFN&NIST) — TES for HOLMES — 7 April 2016 — Slide 1/38



Pixel Design for HOLMES
motivation, design, and performance

James Hays-Wehle

INFN Sezione di Milano-Bicocca

National Institute of Standards and Technology

National Institute of Standards and Technology • U.S. Department of Commerce 7 April 2016 — Slide 2/38



Contents

1 The Transition Edge Sensor (TES) Microcalorimeter

2 Special considerations for HOLMES

3 Prototype Performance and Conclusions

National Institute of Standards and Technology • U.S. Department of Commerce JPHW (INFN&NIST) — TES for HOLMES — 7 April 2016 — Slide 3/38



The microcalorimeter
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Microcalorimeter
• bulk absorbs energy, converts to heat
• thermometer reads increase in temperature
• pulse shape determined by thermal properties
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The Transition Edge Sensor

• superconductor at its transition temperature,TC typically ∼100 mK
• within the transition, small temperature excursions result in large

resistance change
• current change read out by SQUID

RN

Tc

TES

shunt 1st stage 
SQUID detector

TES bias SQUID bias SQUID feedback
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Uses for TESs

3 
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Deployed TES spectrometers

NIST TES spectrometers with worldwide collaborators
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Energy Range of TES microcalorimeters

Many arrays of pixels used for all sorts of spectrometers.

National Institute of Standards and Technology • U.S. Department of Commerce JPHW (INFN&NIST) — TES for HOLMES — 7 April 2016 — Slide 8/38



Basic TES design

Tc1

Tc2Tc2

Tc2 � Tc1
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Basic TES design
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Schematic representation of TES microcalorimeter
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Correspondence to Schematic

R0
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Correspondence to Schematic
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Correspondence to Schematic

G
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Characterization

Important Parameters
• C, heat capacity

C ≡ ∂E
∂T

• G, thermal conductivity

G ≡ ∂P
∂T

• α, temperature sensitivity

α ≡ T
R
∂R
∂T

• β, current sensitivity

β ≡ I
R
∂R
∂I
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Characterization

Parameters determine behavior of
device:
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Unique Requirements of the HOLMES Pixel

• Compatibility with ion implantation
• Compatibility with multiplexing
• Compatibility with high count rate
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Implanting Scheme

Au HoCu BiMo Cu SixNySiO2Si

“Sidecar” design
• Ion absorber pad to the side
• Thermal link is integrated copper structure
• 1 µm layer of gold
• Implanted holmium capped with more gold
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Multiplexing Options

Given a fixed amount of time, bandwidth, and 163Ho, one could:

• Concentrate all material into one non-multiplexed super fast detector

• Spread holmium throughout a megapixel array, with slow detectors and
small per pixel bandwidth

• Or some reasonable middle ground

HOLMES has picked the middle path:
• 1000 pixels
• 300 Hz activity
• 500 kHz sampling rate

See E. Ferri talk next!
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Multiplexing Scheme
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Multiplexer

• 2 MHz per channel full bandwidth
• allows ∼ 30 channels to fit onto a 550 MHz ROACH2 ADC
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Multiplexing integration

• Modular design allows for separate development of constituent parts.
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Multiplexing integration

Detectors

Inductors
Mux DetectorsInductorsMux

• Modular design allows for separate development of constituent parts.
• Inductance selectable for altering rise time
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Expectations for µMux
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• TES Johnson noise dominates signal to noise, readout a non-issue
• Tested µMux device has noise comparable to TDM system
• (≈ 23 pA/

√
Hz)
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Unique Requirements of the HOLMES Pixel

• Compatibility with ion implantation
• Compatibility with multiplexing
• Compatibility with high count rate

National Institute of Standards and Technology • U.S. Department of Commerce JPHW (INFN&NIST) — TES for HOLMES — 7 April 2016 — Slide 21/38



Unique Requirements of the HOLMES Pixel

• Compatibility with ion implantation
• Compatibility with multiplexing
• Compatibility with high count rate

National Institute of Standards and Technology • U.S. Department of Commerce JPHW (INFN&NIST) — TES for HOLMES — 7 April 2016 — Slide 21/38



Compatibility with High Count Rate
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Final sensitivity on mνe depends mostly on statistics and pileup.
Energy resolution only a slight concern.
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Two issues with pile-up

Identifying Pile-up
• Coincident pulses that could distort spectra can be cut

Preventing Pile-up
• Need to integrate many events in a few years
• 300 Hz/pixel planned
• Piled-up pulses are difficult to analyze
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Pile-up in HOLMES

• Two common events could be coincident enough to fake a rare one.
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Pile-up in HOLMES

+

=?

• Two common events could be coincident enough to fake a rare one.
• Identification depends on both sampling and rise time.
• See E. Ferri, next and B. Alpert, 16:30 Today
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Two issues with pileup

Identifying Pile-up
Want pulse with short rise time

Preventing Pile-up
Want pulse with short duration
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Summary thus far

We want:
• Total pulse duration < 3 ms

• τ+ <∼ 20µs (for pileup)
• τ+ >∼ 40µs (for multiplexing)
• And ∆E < 10 eV
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Control of fall time

TES parameters
• C, and α set by targeted

energy range. (For
HOLMES, ∼3 keV)

• Emax ∝ C/α
• Pulse speed chiefly

determined by thermal
conductance

• τ− ∝ C/G

Goal
Increase G to improve pixel
speed Pulses from non-HOLMES X-ray pixels. τ > 1ms
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Historical control of G

• TES thermally isolated on a SiNx membrane.
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Historical control of G

• TES thermally isolated on a SiNx membrane.
• Perforated membranes used for smaller G to meet bandwidth constraints.
• Bare silicon G too much, fixed.
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G increasing feature: perimeter

perimeter [µm]

G
[p

W
/K

]

• On a membrane, G scales with perimeter.
• Understood from 2-D ballistic phonon transport

• Test design doubles G relative to baseline device
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G increasing feature: patches

Volume [µm3]

G
[p

W
/K

]
• Copper patches create thermal link directly to the frame
• Added G increases linearly with metal volume on frame

• Understood from e-p coupling theory

• Test design trebles G of baseline device
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Control of G
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Control of G

10 pW/K 1 nW/K

Predictable lithographic control of G over an order magnitude.

Hays-Wehle et al., "Thermal Conductance Engineering for High-Speed TES Microcalorimeters"

J. Low Temp. Phys. 2016 doi:10.1007/s10909-015-1416-5
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Device features

100 µm

Device has sidecar absorber AND enhanced perimeter
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Prototype speed

1 0 1 2 3 4
Time (ms)

5000
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• G increased ∼6x (570 pW/K from ∼100 pW/K)
• Total pulse duration < 1 ms
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Prototype speed (high L)

0.05 0.00 0.05 0.10 0.15 0.20
Time (ms)

0

5000

10000

15000

20000

25000

30000

35000

40000
Avg Pulse (data)
60 µs model

• G increased to 570 pW/K (from ∼100 pW/K)
• τ+ ≈ τ− ≈ 60µs (Critically damped)
• At target sample rate (500 kHz) sufficient points on rising edge
• Sparser sampling introduces distortions
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Prototype speed (low L)
Est performance: Speed

• With ~70 nH, T+ ≈ 30 µs, T- ≈ 70 µs 

• With ~40 nH, T+ ≈ 15 µs, T- ≈ 150 µs

11

• Different choice of inductance gives faster rise time
• τ+ ≈ 10µs shown above, but also τ− ≈ 130µs
• Requires > MHz sampling rate
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Prototype Resolution
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• 4 eV FWHM resolution demonstrated at 5.9 keV with TDM
• ∼3 eV expected at 2.8 keV
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Conclusions

• HOLMES has unique requirements for its sensors
• Rise and fall times are tuned with L and G to match requirements
• Can be tuned again for future upgrades
• Prototype design soon to be used in implanted production arrays
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Thank You!
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Latest News
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Latest News

On our way to validating this configuration in Milano!
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resolution at 1.5 keVEst performance: resolution

• Low C variation shows 
3eV at Al, 4 eV at Ti  

• Expect ~3.5 at endpoint

10

3 eV shown at 1.5 keV, closer to 2.8 keV than 5.9 keV is.
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Performance Metrics
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Fig. 4 Monte Carlo estimate of HOLMES neutrino mass sta-
tistical sensitivity for Nev= 3 × 1013 (lower) or 1010 (upper)
and with fpp= 3 × 10−4, ∆EFWHM= 1 eV, and no back-
ground.

The 90% C.L. statistical neutrino mass sensitiv-284

ity estimated by the Monte Carlo for the baseline285

HOLMES configuration and for various Q-values be-286

tween 2.2 and 2.8 keV spans from 0.4 eV to about 1.8 eV287

(lower curve in Fig. 4). This mass sensitivity will be288

an important step forward in the direct neutrino mass289

measurement with a calorimetric approach as an alter-290

native to spectrometry. It will also establish the po-291

tential of this approach to extend the sensitivity down292

to 0.1 eV. A more detailed discussion of the achievable293

sensitivity is given in §4.294

Thanks to the short 163Ho lifetime, the limited num-295

ber of nuclei needed for a neutrino mass experiment can296

be introduced in the energy absorber of a standard low297

temperature detector. Therefore, HOLMES can lever-298

age the microcalorimeters development for high en-299

ergy resolution X-ray spectroscopy, with no need for300

a dedicated development of detectors like in the case301

of MARE with the metallic rhenium absorbers. In par-302

ticular, the Transition Edge Sensors (TES) based mi-303

crocalorimeters used for high resolution soft X-ray spec-304

troscopy can be readily adapted to HOLMES specifica-305

tions. Their technology is mature for a demanding neu-306

trino physics experiment and presents many added val-307

ues: 1) fast and full calorimetric energy measurements308

can be achieved in metallic absorbers, 2) small foot-309

print kilo-pixel arrays are fabricated with well estab-310

lished photolithographic technologies, and 3) powerful311

SQUID multiplexing schemes for large detector arrays312

are available.313

The baseline program of the HOLMES experiment314

is therefore to deploy an array of about 1000 TES based315

microcalorimeters each with about 300Bq of 163Ho fully316

embedded in the absorber, and with energy and time317

resolutions of about 1 eV and 1µs, respectively.318

HOLMES is characterized by 5 key tasks: 1) 163Ho319

isotope production, 2) 163Ho source embedding, 3) Sin-320

gle detector optimization and array engineering, 4) mul-321

tiplexed read-out, and 5) data handling. In the following322

we describe these tasks and their current status.323

3.1 163Ho isotope production324

163Ho was discovered at Princeton in 1968 in a sample325

of 162Er that was neutron activated in a nuclear reactor.326

Since its discovery, 163Ho has been produced in labora-327

tory only for the purpose of nuclear and atomic prop-328

erty study. Since 163Ho is not available off the shelf, a329

dedicated process must be set up to produce the amount330

needed by a neutrino mass experiment. The most chal-331

lenging issue is the achievement of the very high level332

of radio-purity required.333

The 6.5 × 1016 163Ho nuclei needed to carry out the

experiment will be produced by neutron irradiation of

Er2O3 enriched in 162Er through the reactions

162Er(n, γ)163Er → 163Ho + νe (2)

where the decay is an EC with a half-life of about334

75min and the σ(n, γ) is about 20 barns for thermal335

neutrons. The needed amount of enriched Er2O3 de-336

pends on many parameters such as the neutron flux,337

the 162Er and the yet unknown 163Ho neutron capture338

cross sections (which govern the 163Ho production and339

burn-up, respectively) [19,20], and the detector embed-340

ding efficiency (see next section).341

The enriched Er2O3 samples will be irradiated at342

the high-flux nuclear reactor of the Institut Laue-343

Langevin (ILL, Grenoble, France) with a thermal neu-344

tron flux of about 1015 n/s/cm2 [21]. At this high-345

flux reactor, neglecting the 163Ho burn-up through the346

reaction 163Ho(n, γ)164Ho, the 163Ho production rate347

is approximately 50 kBq(163Ho)/week/mg(Er2O3), for348

Er2O3 enriched at 30 % in 162Er.349

The best neutron irradiation plan depends on the350

163Ho burn-up cross-section which is currently un-351

known. Assuming a burn-up cross-section of σ(n, γ) ≈352

100barns and a reasonable embedding efficiency of353

about 0.2% (see §3.2), for the purpose of the HOLMES354

research program we estimate a need for about 500mg355

of Er2O3 enriched at 30% in 162Er to be irradiated at356

ILL for about 6weeks.357

Because of the presence of 164Er and 165Ho impuri-358

ties in the enriched Er2O3, along with 163Ho, neutron ir-359

radiation will produce also 166mHo, a β decaying isotope360

with a half life of about 1200years which is potentially361

disturbing because of the background it causes below362

5 keV. The high flux irradiation produces also long liv-363

ing isotopes because of the neutron capture by other364
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Fig. 2 Monte Carlo simulated full spectrum with Q =
2200 eV and for Nev= 1014, fpp= 10−6, and ∆EFWHM=
2 eV (dark line) and fitted pile-up spectrum (light line).
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Fig. 3 163Ho decay experiments statistical sensitivity de-
pendence on the total statistics Nev for ∆EFWHM= 1 eV,
fpp = 10−5, and no background.

periments aiming at improving spectrometer sensitivity.215

Nowadays, low temperature microcalorimeters reached216

the necessary maturity to be used in a large scale exper-217

iment with good energy and time resolutions and are218

therefore the detectors of choice for a sub-eV holmium219

experiment. It is also worth noting that in a calorimet-220

ric measurement the impact of the residual systematic221

theoretical uncertainties is limited, because the shape222

of the energy distribution near to its end-point is bound223

to be determined by the value of the neutrino mass.224

In order to assess the statistical sensitivity of 163Ho225

calorimetric experiments, a statistical analysis can be226

performed applying a frequentist Monte Carlo approach227

as outlined in [18]. This numerical approach allows to228

include the pile-up, which is an important limiting fac-229

tor for EC calorimetric measurements. The energy spec-230

trum of pile-up events is given by the self-convolution231

of the calorimetric EC decay spectrum and extends232

up to 2Q, producing therefore a background impair-233

ing the ability to identify the neutrino mass effect at234

the end-point (see Fig. 2). The intensity of the pile-up235

spectrum is given by the two event pile-up probability236

fpp = τRAEC , where τR is the time resolution and AEC237

is the EC activity in each detector. This kind of statis-238

tical analysis shows that the total number of decays239

Nev is crucial for reaching a sub-eV neutrino mass sen-240

sitivity. In particular the sensitivity is proportional to241

N
−1/4
ev as naively expected for a m2

ν sensitivity purely242

determined by statistical fluctuations. The current un-243

certainty on the Q-value translates to a factor 3 to 4 un-244

certainty on the neutrino mass sensitivity achievable by245

a 163Ho calorimetric experiment. As an example, Fig. 3246

shows that to reach a sub-eV statistical sensitivity on247

mν using an experimental set-up with an instrumental248

energy resolution ∆EFWHM of about 1 eV and a frac-249

tion of pile-up events fpp as low as 10−5 it is necessary250

to collect more than 1013 163Ho decays.251

3 The HOLMES experiment252

The HOLMES experiment is aimed at directly measur-253

ing the electron neutrino mass using the EC decay of254

163Ho and an array of low temperature microcalorime-255

ters. HOLMES was funded in 2013 by the European256

Research Council with an Advanced Grant awarded to257

Prof. S. Ragazzi. The Italian Istituto Nazionale di Fisica258

Nucleare (INFN) is the Host Institution for the grant259

which started on February 1st 2014 and will end on Jan-260

uary 31st 2019. HOLMES continues the research pro-261

gram of the MARE project now focusing on the 163Ho262

EC spectrum measurement.263

HOLMES optimal experimental configuration has264

been defined through extensive Monte Carlo statistical265

analysis and it is based on the present knowledge of266

the 163Ho decay parameters [17]. In its baseline con-267

figuration HOLMES will collect about 3 × 1013 decays268

with an instrumental energy resolution ∆E of about269

1 eV FWHM and a time resolution τR of about 1 µs.270

For 3 years of measuring time tM , this requires a total271

163Ho activity of about 3 × 105 decay/s. With an array272

of 1000 detectors, each pixel must contain an 163Ho ac-273

tivity of about 300 decays/s which gives a fpp of about274

3×10−4. The total activity is given by about 6.5×1016
275

163Ho nuclei, or 18µg, and each detector must there-276

fore contain 6.5 × 1013 163Ho nuclei. The choice of this277

configuration is mostly driven by the need for a statis-278

tics exceeding 1013 decays. In fact, for a fixed exposure279

tM ×Ndet, it pays out to increase the single pixel activ-280

ity AEC, and therefore fpp, because the larger statistics281

AEC ×tM×Ndet translates in a net statistical sensitivity282

improvement.283
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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 mνe depends mostly on
statistics and pileup.
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Bonus Challenge

R(I, T ) surface in the 2-fluid model.
D. Bennett et al DOI:10.1007/s10909-011-0431-4

Previous experiments show a decreasing trend of α
with G.

The two fluid model predicts that α is inversely proportional to I/IC .
Increasing G means increasing the bias current, which in turn suppresses α.
We are exploring devices with higher resistances and fewer bars to
compensate for this effect.
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Simple scheme for ion implanting

Au HoCu BiMo Cu SixNySiO2Si

• Begin with TES with Bismuth absorber
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Simple scheme for ion implanting

• Begin with TES with Bismuth absorber
• Ho ions implanted in gold above TES
• Capped off with extra Bismuth
• Gold suppresses TC of area beneath.
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Simple scheme for ion implanting

• Begin with TES with Bismuth absorber
• Ho ions implanted in gold above TES
• Gold suppresses TC of area beneath.
• Double TC observed.
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NEW scheme

“Sidecar” design
• Moves ion absorber pad to the side
• Thermal link is integrated copper structure
• Superconducting transition is restored
• Eliminates bismuth layer
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Two-Body effects

0.0 0.2 0.4 0.6 0.8
Time past trigger (ms)

0

10000

20000

30000

40000

R
aw

 c
ou

nt
s

Average pulse for each channel when it is hit

Chan 1
Chan 3
Chan 5
Chan 7
MDT

<(z)

=(z)

f

Dark testing
• Impedance and noise suggest two body structure:
• C1 ≈ 0.2 pJ/K (TES), C2 ≈ 0.5 pJ/K (Absorber)
• and G2 ≈ 70 nW/K
• Born out by pulse shape
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Two-Body effects II

Dark testing
• G2 4x lower than predicted by Wiedemann-Franz
• And shows no variation between connection designs
• Possibly connection between metal layers?
• However, G2 >> G, so G2 →∞ makes only marginal difference to noise,

fall time
• New fabrication run to investigate regardless
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