Erik H.M. Heijne

Inst. of Experimental and Applied Physics of the
Czech Technical University, Prague
CERN EP Department, Geneva
Nikhef, Amsterdam

mmw=_collaboration
-

24 October 2023 Workshop "Days of Detection"- Padova

Erik HEIJNE IEAP-CTU & CERN EP Department Workshop Days of Detection, Padova 24 October 2023



Flint-silex-SiO,
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A million years of humanity

progress characterized by use of materials and tools

Stone Age : paleo/meso/neolithic
tools of flint (silex = 'dirty’ quartz-SiO, )

Pottery Age

art, ceramic vessels allow cooking and storing food
Bronze Age

processing metals: weapons and art
Iron Age

heavy tools, constructions and transportation
Silicon Age (‘anthropocene’, 'Crawfordian’)

iInformation processors, primarily based on Si & SiO,
EN
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elementary particle physics

our expertise Is with analysis of individual quanta

periodic system of atoms 92 natural elements
proposed by Mendeleev 150 years ago
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elementary particle physics

our expertise Is with analysis of individual quanta

periodic system of atoms 92 natural elements
proposed by Mendeleev 150 years ago

== model of the atom by Niels Bohrs protons+electrons
just 100 years ago

natural isotopes, radioactive decay neutrons
Chadwick 91 years ago

successively more particles positron, muon, pion,...Higgs

photographic plates, cloud chamber, bubble chamber,<80 years ago

microelectronics now enables much enhanced detection rate:

earlier ~1 interaction image per day or per second
recent electronic recording >10° per second
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nuclear/particle physics instruments

started with photographic recording
emulsions, cloud chamber, bubble chamber

progressively moved to electrical Geiger
counter, photomultiplier, spark- and wire- chamber,..
then fully electronic techniques: Time

Projection Chamber, Si microstrip, Si pixels

ASIC design introduced at CERN ~1987

now 'Big Data' Petabytes

&N
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Experiments exploit electronics
1967

BOL experiment at IKO, Amsterdam, insertion of the CMS Si tracker:

operational ~1966-73 a few people stand by,
operational 2008-now
&N
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Fig. 1. Composition of the electronk

indicating whether the left or
the pair
7-signal position code for each side of the detector
and edges + left right indication)
the bipolar
signals the transformers
amplified, 1o extract a left-
indication signal from one polarity and then rectified.
To reduce the number of bits of the location code, the

one the right partner of

was hit. Including the edges, this vields a

(O pairs ol strips
For the generation of this code, 30 ns

position indication from

secondarnies are used

edge signal is then encoded as if three innermost pairs

Erik HEIJNE IEAP-CTU & CERN EP Department

parts of a complele detection channel

a) detection unit; b) logic unit; ¢) ADC unit

of strips were simultancously activated. The 12 location
signal lines are connected to the logic unit
has got its own lower level adjustable discriminator

Each line

Remote control of the lower level discriminators is
possible in the range from 0.3 MeV to 2 MeV. With
the discriminators set to their most sensitive values,
50 MeV protons can be detected’). Set to an inter-
25 MeV alpha particles (just stopping
in the Checkerboard detector) do not cause significant
cross talk between the position indication channels

mediate value,

~ 967:,.Inute.grated Si telescope for ‘BOL’

13-bit ADC 100MHz
& 8-bit ADC 6 MHz

e—

only 2 ADC per board
0.5x 1 m?

64 such sets were used

NIM 92 (1971)
Oberski et al.
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the 'normal’ elementary particles

protons

neutrons

electrons

make up rearly) everything around us
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electrons are the most relevant

electrons determine size and properties of atoms

collective behaviour with band structure in (poly)crystals

energy absorption/emission lines identify the elements
precise measurements use Ge or Si detectors

identification of materials with X-rays or e-microscopes

electrons can be steered through solids
now also imaging with segmented matrix detectors

material can be identified

using characteristic X-rays
- e o

I
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1963 Germanium Detector

Breakthrough
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detectors revealing things

rivelatore better implies discovery and analysis of
elementary components and processes of matter

using detectors for single quantum imaging/analysis
leads to innovations for old & new instruments
electron microscopes nm dimensions
X-ray imaging many applications
neutron imaging
nuclear magnetic resonance mri especially in medical analysis
lon backscattering

DNA analysis with micropores  DNA developed over millions of years
etc.

semiconductor crystals excellent quantum detectors
high stopping power, low ionization energy compared to gas or liquid

&N
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overview of seminar

history, materials and tools

particle physics instrumentation
=3»semiconductors - silicon in particular

semiconductor detectors for qguantum particles

applications beyond particle physics

thoughts - difficulties — final remarks

&N
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semiconductor silicon

Si as element identified in materials research ~1820
SiI mono-crystals made for radar 1940-1950

commercial Si crystal growth: Montecatini, Italy ~ 1955

first Si transistor 1954: Morris Tanenbaum Bell Labs

only 69 years ago

Si oxidation discovered accidentally 1955 Bell Labs

<1970 most labs/companies made their own crystals

&N
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Laben-Milano ~1955

nuclear pre-amplifier

Si crystal model
a=0.54 nm
real atoms muuuuuuch smaller

f| rst CC D Fie. 3. The fiest -bit ully integrated dovice with diode npvuu and
Bell Labs 1969
.Boyle & Smith

Si monocrystal 1"
Montecatini (IT) ~1955

o -> Monsanto 1971 Intel 4004 10um nMOS
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1990 — 1965 electronics pre-history

electronics based on electrodes in vacuum tubes

radio also uses 'crystal oscillator' as frequency reference

1940 — 1960

study of semiconductors & growth of monocrystals
selenium, GaAs, then Ge, but Si was difficult and came later

1943

AgCl crystal is first semiconductor detector (electrons)

Utrecht, P. van Heerden recorded electron energy spectrum

1960 — 1970

first complex integrated circuits; Moore's law 1965
R&D worldwide (Kooi, Philips,1966 LOCOS ), stronger manufacturing in USA
East: IBM, BellLabs, Texas, RCA,.. West: Fairchild, Intel,...
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SI sensors/detectors and electronics
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Si first used as nuclear detector, soon also segmented
~1955 Oak Ridge -2 Ortec

1980

CERN /ENERTEC Strasb0Owg
100 strips x 4000umx200um

~1965
PHILIPS / IKO Amsterdam
80 squares 1370umx1370um

2000
CERN / MEDIPIX
65000pixels x 55umx55um

@)
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Si Microstrip detector

segmentation, full signal processing connected to each element
iIncluding ADC, memory and transmission

conceived at 1979 IEEE-Nuclear Science Symposium in San Francisco
Implemented in collaboration at Enertec, Strasbourg, February 1980

first test setup CERN May 1980 2009 VELO tracker in LHCDb
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Special features Si microstrip detectors

can record energetic quanta/particles: from few keV - GeV
visible indirectly possible visible+photocathode+microchannelplate MCP

segmentation with contiguous elements - charge sharing

detection efﬁciency IS 100% visible+photocathode+MCP is _less
signal processing for each element, including thresholding

threshold adjustment enables noise-free recording

energy/‘color' of each electron/photon can be recorded

allows position measurement better than the pitch

all this equally true for 'pixel detectors'

&N
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segmented Si detectors need readout chips ~1985

SLAC/(DELPHI)

Microplex 1983
Walker, Parker, Hyams, Shapiro
NIM A226 (1984) 200

k4

§9<45BULSISH

o —
- u.ngcswglz‘

'RAL/DELPHI

MX1 MX2 1987
Seller, Allport, Tyndel
IEEE TNS 35(1988) 176
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Chips NOT to scale 5
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Dau uouqc Data readout

Strip detector
6 bit decoder

Comparators
Protection diodes
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T™wr2 Digital driving signals

Number of channels o4
Chip area 635X49 mm

Fig. 1. The layout of the CAMEX chip [5)

CAMEX64/ALEPH-MPI

Buttler, Lutz, Hosticka
Becker et al. IEEE TNS 36(1989) 246

Signal Pads

Control Pads

Fig. 5: A picture of the complete 64 channel chip
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CDF-SVX Kleinfelder 1988

Kleinfelder et al. IEEE TNS 35(1988) 171

AMPLEX (UA2)
Pierre Jarron 1987
classical, continuous feedback

actually the first in a collider:1988
Beuville et al. NIM A288 (1990) 157



|IC technology becomes accessible
after 'Mead-Conway revolution' 1979

particle physics community learns
how to design and implement Si IC

profit from continuous progress in SI CMOS
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Silicon MOS transistor

4+H'M 15KU 5 001

2 um TECHNOLOGY 0.016 pm
1985 2015

HEP was 2 generations behind industry
2015 HEP is 8 generations behind
@)
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Integrated electronics is key: silicon MOS transistor
continuous scaling/miniaturization
2015
ﬁ - same scale

15KV

2 um TECHNOLOGY 0
1985

HEP was 2 generations behind industry

@)
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Integrated electronics is key: silicon MOS transistor

continuous scaling/miniaturization

2015
ﬁ — same scale

gate length .016 um
SiO; gate thickness 2.75 nm
thin gate usually radhard

¢

2017 development at IBM

: gate-all-around
source IBM

15KV

not same scale

2 um TECHNOLOGY 0.005 pm

1985 2017
HEP was 2 generations behind industry

@)
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Si technology 2023+

TSMC May 2023 Potential roadmap extension

PAOKRS 2020 2022

metal pitch nm
Metal Pitch 40 28 22

[nm]

metal track nm

Metal Tracks 7 6 6
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Si technology 2023+

INTEL power supplies
both front and back, with via

Intel 4 + PowerVia: Full-stack Cross-sections

nanosheet transistor TSMC

.L.LJ..L.L..I...».’1
'*'.7:"7 TIISE

W .
FS Metals

- -
.......

improves power distribution
shorter lines

more area available to
solve congestion

needs thin Si & nano — via's

TSMC power supplies
traditionally on front now from back side



Innovative Electronics
developed in Nuclear/Particle Physics

Analog-to-Digital Converters ADC
1948 Wilkinson & Gaitti, etc.

fast analog signal amplifiers

even operating at -200 ° C for Ge detectors
radiation spectroscopy

modular systems for signal/data processing
NIM, Camac, Fastbus, .... (worldwide web.))

ASIC design for analog and digital processing
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2D sensing/imaging instruments
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HYBRID Si PIXEL SENSOR 1991

CERN : CAMPBELL, HEIIJNE
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applied in ATLAS & CMS
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Innermost Si pixel layer




Study of elementary particles:
~ from Bubble Chambers to fully Electronic Imagers

ATLAS experiment 2012

A 20 ~

y ‘\

I o EXPERIMENT
“’ ' 1 1 \ IR \1 R Mt 15908 Evart Murster SATT74
Osle 20000020 130 & CEST
/ EINGEEN, 533
B E B C 1 9 8 1 hitp://atias. web_carn.ch/Atlas/pubic/EVTDISPLAY/events html
. N * '

photo every ~1s

40 million
records per s

Liquid H qilicon for vertexing (butimage information is lost)
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~2000 Medipix hybrid detector identifies particles

256 x 256 pixels
sensor matrix 300 um
pixels just count 'hits’

can be used as
radiaton
dosimeter

IDENTIFY SPECIFIC QUANTA
electrons
photons
MIPs

neutron -> interaction -> alpha
alpha's from decay

pixel records up to 16k hits

in adjustable exposure time
ms — minutes - days

flux over large dynamic range

frame from IEAP CTU Prague

Erik HEIJNE IEAP-CTU & CERN EP Department
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Timepix version in ‘USB’ stick

new features implemented in each pixel:
signal amplitude — in-pixel ADC  ToT
recording time-of-arrival of quantum ToA

IEAP/CTU, Prague
Advacam : miniPix

@)
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TIMEPIX CHIP as SILICON 'EMULSION' or 'pocket BUBBLE CHAMBER'
256 f

H6 PION BEAM 2007

INCIDENT from RIGHT

In which directions move the trails?

need simultaneous ToT & ToA
implemented in TPX3, TPX2 & TPX4 |

Heijne with John Idarraga / Montréal 1 # (column number) 256

y Erik HEIJNE IEAP-CTU & CERN EP De| 0 25



TIMEPIX CELL LAYOUT
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Timepix4 ready 2021
JINST 17 (2022) C01044

Timepix4, a large area pixel detector readout chip which
can be tiled on 4 sides providing sub-200 ps timestamp
binning

X. Llopart,® J. Alozy,? R. Ballabriga,” M. Campbell,** R. Casanova,” V. Gromov,*
E.H.M. Heijne,?“ T. Poikela,”"! E. Santin,%? V. Sriskaran,“ L. Tlustos®*¢ and
A. Vitkovskiy“
2EP Department, CERN,
1211 Geneva 23, Switzerland
b IFAE, Universitat Autonoma de Barcelona,
E-08193 Bellaterra, Spain
“Nikhef, Science Park 105, 1098 XG Amsterdam,
The Netherlands
4JEAP Institute for Experimental and Applies Physics,

Czech Technical University in Prague,
Husova 240/5, 110 000 Prague 1, Czech Republic




Timepix4 30x24.7 mm? connected to 4 Si sensors

448x512 pixels
@ Photo M. Fransen, Nikhef
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Timepix4 Pixel Schematic final

slide Xavi Llopart

1 pixel

< ><€ 3
i 1 1
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|
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— C t s
c:rrnr::nsatlon | Bits l i B
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! & ToA 16 ! !
g | | o Dot
Input f H x 4
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i
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— & o 1
Clock gating
3fF 4
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TpA TpB Global threshold Time stamp OP Mode Control  Data out clock
voltage to EOC (40MHz)
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L T collaboration

TPX4 Pixel Operation in ToA & ToT, data-driven

| tpeak<asns | slide Xavi Llopart
Preamp Out }I‘
Disc Out
e
CIk (40MHz)
Global TOA (16-bit) 65533 65534 65535 0 4
% FTOA R (4 ’ ( % FTOA_F (4 ]
VCO CIk (640MHz) bits)=7 bits)=11
TOA (16-bit) ( X 65534€ TOA (16 bits)=6$534
TOT Clk (40MHz) <[ TOT (10 bits) =4 ]
UFTOA_Start (4-bits) X 0
UFTOA_Stop (4-bits) X 8
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i\ medipi

nm==_tollaboration

- Timepix4 FE performance summary

slide Xavi Llopart

e collection h* collection h coIIec.tlon (log
gain)

Gain ~50 mV/ke- ~50 mV/ke- ~25 mV/ke-
ENC (@Cin=50fF) ~60 e- 6 ~60 e- ¢ ~65 mV/ke-
Minimum threshold < 400 e- < 400 e- < 450 e-
TOA Jitter <40 ps s Qin > 10Ke-
TOT linearity < 250 ke- < 200 ke- < 800 ke-
Pixel analog power <7.5UA (@1.2V, 9 uW)

ENC vs Cin slope ~0.3 e/fF
ENC vs lleak slope ~4 e’/nA

Y Erik HEIJNE IEAP-CTU & CERN EP Department Workshop Days of Detection, Padova 24 October 2023



[©

bump-bonded imagers now quite 'obsolete

this 1965 technology replaced by
3D multi-layer structures
using Cu-Cu interconnects & nano TSV

Monolithic 3D integration Monolayer MosS,

it

Tier3

MoS, phototransistor
g }_ (Tier 3)

2T 1GZO
memory (Tier2)

5i CMOS
(Tierl)

Si Fins

1um

M3D Smart Sensor

Samsung, 3-layer'monolithic' imager circuit
to be published IEDM 2023 image from Semiconductor Digest Oct




'Spin-off' outside particle physics
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applications with single quantum imaging

‘color' X-ray computed tomography
recognize organ composition, cheaper than MRI
analysis space radiation environment : ISS, ProbaV, .
see separate components, better dose value
atomic/molecular mass spectrometry
real-time counting of components
synchrotron X-ray diffraction
real-time instead of photographic film

DNA analysrs—alse-uises nanoscopic integrated circuits

electron microscopy, etc. spares
EN
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progress in X-ray images of objects: 1998 - 2019

LR LS & o

T

Lukas Tlustos ~2001

with first PCC MARS Bio imaging Canterbury
X-ray CT with Medipix3 2019

advances In processing of single photons
full potential finally beqgins to be exploited
@)

veall Erik HEIJNE IEAP-CTU & CERN EP Department Workshop Days of Detection, Padova 24 October 2023




Pixel chips for dosimetry in Int Space Station ISS
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TPX-Lite-A
(1066)
Timepix
K06-W0094

AMS largest experiment....
Pixel chip maybe smallest
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Dosimetry at the Int Space Station ISS

: 5000
I 4s Timepix exposure

taken in ISS
—la000 Passing through SAA
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Dosimetry at the Int Space Station ISS

REM Orbita! Dose Rate Map (uGy/min)
DO3-W0084 (S/N 1007)
GMT 2012/320 through GMT 2013/045
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dosimetry with TPX on ESA satellite Proba-V

frames in LEO orbit ~800km,
different positions

SATRAM paylcad (TPX 300 um sdicon) onboard ESA Proba-V satelite
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Timepix to replace'classical' methods

molecular mass spectrometry
« 'traditionally’ by very slow gel-electrophoresis

= —— ey ——
- — -
— -—eay
-

synchrotron X-ray diffraction
'‘traditionally' by photography
real-time recording
can follow sample degradation

@ Erik HEIJNE IEAP-CTU & CERN EP Department Workshop Days of
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ToF Mass Spectrometry Imagin FOM Insticute
P Y Jing AMOLF

Novel detection capability for large biomolecules in time-of-flight (TOF) based mass
spectrometry imaging (MSI)

Using a Timepix quad (512x512) assembly combined with a chevron microchannel plates
(MCP) captures time-resolved images of several m/z species in a single measurement

Timepix delivers an order of magnitude greater detectable range than an ADC and returns
mass spectra for MCP gains from 4x10° to 6.5x10°
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Timepix to replace’'classical' methods

molecular mass spectrometry
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revealing the earth

nuclear methods, accelerators and detectors:
iInnovation for scientific & practical applications:
an example: absolute geochronology

relative isotope content U-Pb, Pb-Pb, K-Ar ratio's in rock = Ga
Isotope ratio mass spectrometry could use Timepix detector
radiocarbon 14 dating characterizes bio materials over millenia ~60ka

atomic/molecular mass spectroscopy ionToF replacing electrophoresis

detectors always need clever electronic circuits
this Workshop....
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The earth developed over 4550 million years

2 Ma:
230-66 Ma: FatHosgons 4550 Ma:

d|nosaurs vian dinosaur \ Formation of the Earth
Hominins
Mammals

c. 380 Ma: = Land plants

First vertebrate land animals Animals
Mulicelular We
Eukaryotes 4527 Ma:

€. 540 Ma: Prokaryotes _Formation of the Moon
Cambrian explosion...

B6Ma 4.6Ga

. 650-635 Ma:

7;,1‘_‘&4 5 c. 4000 Ma: End of the

animals e Glacon : /“’“‘E Heaw Bombarament first life
(Snowbal Ear B
) 3 v
c.716-660 Ma: R ) % L 4Ga%
Sturtian Glaciation=— % T ‘ 4
(Snowball Earth event) % ‘

¢. 3200 Ma:
Earliest start
of photosynthesis

photosynthesis
earth crust :

O oxygen 46%
Si silicon 28%

diagram
C carbon 0.08% 215G Wikipedia
€. 2300 Ma:
. i jor i in atmospheri levels;
@ atmospheric OXYgen i Saoubal £arh event (uronian glaciaton)
il Erik HENNE IE o4 history with time-spans of the eons to scale er 2023



The earth developed over 4550 million years

2 Ma: detalil
First Hominins
66 Ma: 4550 Ma:
n dinosaur \ Formation of the Earth
> Hominins
Mammals
Land plants
Anmnimals

Muiticellular life

Prokaryotes _,Formation of the Moon
a6 Ma 4.6 Ga

c.40

Late Hi
/ first life
7, 6
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thoughts about some difficulties

collective behaviour of electrons/holes in crystal
unique energy levels & bandgap for charge carriers

other quantum effects in chips at nm dimensions?
particle/wave duality observed/used in chips ?

use of entangled photons or electrons ?

%Y Erik HEIJNE IEAP-CTU & CERN EP Department Workshop Days of Detection, Padova 24 October 2023




A few comments at the end

Use everything that the incoming quantum can tell you
its type/mass, E, dE/dX, position, direction, time of incidence, ..
also polarization, light emission,??? future

Sensor material and thickness can be optimized
thin for timing, thin+low Z for particle tracking
thick + high Z for X-ray imaging

Segmentation depends on area-need processing electronics
large pixels can give better energy value, avoid summing

small pixels give characteric clusters, improved positions
the smaller the better? dynamic sizing of pixels?

Electronics must aim at lowest power and noise

Integration using 3D technologies for better overall system

Erik HEIJNE IEAP-CTU & CERN EP Department Workshop Days of Detection, Padova 24 October 2023



Thank You
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Spares
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silicon for DNA analysis

Crick & Watson used DNA single crystal and X-ray diffraction
photography

limited structural analysis

An X-ray photograph of crystalline DNA in the A form.

nano CMOS technology using ion-sensitive FET:
now the "lab-on-silicon-chip" changes everything
@)
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3;1 ,000 Genome Machine on a Chip
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slide J. Rothberg, plenary 1.3 —IEEE-ISSCC 2017

660 Million Sequencir;é; Reactions
-14 000 on the End of a Human Hair

© 2017 IEEE 1.3: The Development of High-Speed DNA Sequencing: Jurassic Park, Watson, Neanderthal, Moore and You. 18 of 2
International Solid-State Circuits Conference o



1970 ISFET by P. Bergveld

VG ate

Vgate @]
\ Reference
‘ g elecirode
w——’SiGQ -— SiGE

n* i n* n* _ n*

1973 PhD Thesis o == oo o 5 o

Piet Bergveld @  MOE © o

U. Twente NL
detects chemical process —
that changes pH of liquid D|) "

4G| (4 v, T

much more sensitive if Ve [+ STy |
the transistor is very small T. |

then large array possible
with nano-pores

Fig. 3. Schematic representation of MOSFET (a), ISFET (h), and elecronic diagram ic).

a fragment couples to The lon Sensitive Transistor
known DNA in pore --> H*
© 2017 IEEE 1.3: The Development of High-5peed DNA Sequencing: Jurassic Fark, Watson. Neanderthal, Moore and You.

International Solid-State Circuits Conference 14 of 28

basic slide J. Rothberg, plenary 1.3 —IEEE-ISSCC 2017
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'Pre-History' of Imagers

1970 — 1975
delay lines BBD (philips) — CCD (Bell Labs) become imagers

Sangster and Teer, IEEE SC4(1969) 131-136 Boyle and Smith,review IEEE ED33(1976) 661-663

= % & Fig. 4. Image produced by an 8-bit linear array of CCD elements.
et Scanning from left to right was obtained mechanically.
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Fig. 3. The first 8-bit fully integrated device wit (3 ——f—————F————F—+——1—
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Fig. 10. An integrated 70-bucket series aeiay une inciuaing sau- :
. 'p . . - 2 Fig. 1. Reproduction of the notebook sketch of the first three-phase
pling, amplifying, and output stages (chip size 2 X 225 mm?2). Aoy coupted devics.

1980 — 1990

CCD primatrily in science and industry
soon CCD also with IR-sensing matrix & solder bump-bonds
| using ~1965 IBM C4 chip contact bump technology




the 4 early 2D particle imager projects

CCD Damerell et al.

Fig. 3. Photograph of a partly assembled ladder. The 3 upper
CCDs have been mounted on the ceramic mother card. The
ladder would be completed by mounting 2 further CCDs on
the underside, giving continuous coverage over the ladder

length of 5 chips.

Fgd Plot of 250 GeV/ec ploas being w tn
N‘x‘).tdmm A & Ibotv‘.m(‘.h dmnr:::aé

Fig. 2. Typical planar hyorid sensor chips

Gaalema Hybrid SLAC-SSC Shapiro et al.

Hybrid Heijne, Jarron, Campbell ++ HR-SI Snoeys et al. 1991
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il Fig. 15.  Display of a high encrgy particle track through the ielescope. The
'/ /| OMEGA TEST 1992 negative pulse beighes (noise) are not plosicd but are of comparable magnitude
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RD19 telescope in Omega WA94

Y Erik HEIJNE IEAP-CTU & CERN EP Department Workshop Days of Detection, Padova 24 October 2023



Medipix2: Mpix2MXR20 (2005)
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Photographic emulsion
1935 - 1965 |lliford Ltd Kodak "nuclear emulsion"
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