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Outline

ÁDiamond basics and detector 

principle

ÁDiamond strip and pixel detectors

ÁRadiation Hardness 

Á3D Diamond detectors

ÁCurrent and future diamond 

detector installations
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Thanks for the material from the RD42 and ADAMAS collaborations!

Very soon new working group organisation : DRD3 WG6
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PART 1

ÁIntroduction to Diamond detectors 

Áproperties

Áprinciple of operation

ÁStrip and Pixel detectors

ÁRadiation tolerance

ÁHigh rate capability

2026Advanced UK Instrumentation Training

3



Challenges Ahead

ÁLuminosity upgrades of 
the LHC will increase the 
luminosity by factor ~3. 

ÁLuminosity ~ Radiation 
damage.

ÁNeed new technologies in 
the innermost layers to 
survive the radiation 
levels.
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ÁAllotrope of Carbon

ÁHardest natural material

ÁTetrahedral structure

ÁSp3 bonds
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diamond
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material properties

Diamond Silicon

Band Gap [eV] 5.5 1.1 Lower leakage 

current
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material properties

Diamond Silicon

Band Gap [eV] 5.5 1.1

Average Ionisation 

Density for MIP [eh/µm]

36 81

Displacement Energy 

[eV]

43 25

Thermal Conductivity

[W/cm.K] 

10-20 1.5

Atomic Number 6 14

Electron Mobility 

[cm2/V.s]

1900-3800 1350

Hole Mobility [cm2/V.s] 2300-4500 480

Lower signal

Radiation Hardness

Room temperature 

operation

Tissue equivalence

Lower leakage 

current

Fast signal



ÁNatural diamonds have a high defect concentration

ÁGrow in different structure to synthetic diamonds

ÁCompete with jewellery market

ÁThere are radiation sensors using natural diamond!

Natural and synthetic diamond
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CVD

HPHT

Mined



Diamond

Á1941 ðDiamond as particle 
detector ( Stetter )

Á1953- CVD process, synthesis of 
diamond ( Eversole)

Á~1980 ðpolycrystalline CVD 
diamond.

Á1994 ðfirst diamond strip detector

Á1996 ðfirst diamond pixel detector

Á2011 ðfirst 3D diamond detector
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Synthesis of Diamond

ÁChemical Vapour 

Deposition (CVD) 

of diamond in 

the graphit 

phase space.
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Synthesis of Diamond

ÁHydrogen 
terminated 
substrate 
surface

ÁMethan and 
Hydrogen gas 
are heated 
with 
microwaves 
to form a 
plasma

ÁRadicals form
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Synthesis of Diamond

ÁHydrogen 

atoms are 

replaced 

with Carbon
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Synthesis of Diamond
ÁSP2 bonds 

(graphite) are 
weaker then 
SP3 bonds 
(diamond)

ÁHydrogen 
radicals will 
etch away 
graphite, but 
leave 
diamond

ÁA diamond 
film is grown
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Development of CVD Diamond 

for detector applications
ÁToday two main manufacturers of 

detector grade diamond

ÁElementSix Ltd

Á large polycrystalline wafers

Á single crystal diamonds

Á II-VI Semiconductors

Á large polycrystalline wafers

Á relatively recent entry

ÁAlternative sources

ÁDiamond on Iridium ( DoI) (Audiatec , 
Germany)

ÁHetero -epitaxially grown -> large area

ÁHighly oriented crystallites .
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ÁPrinciple of detector operation
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ÁMIP signal is measured, expressed in 

charge collection distance defined as       

d [mm]= Qm[e] / 36 [e/ mm]

ÁMore accurately the òSchubweg ó (l). 

ÁRelation between 

MIP signal efficiency e,

ócollection distanceó d, 

and òSchubweg ó l:
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Development of CVD Diamond 

for detector applications
ÁImpressive progress over the last 20 years. 

ÁCurrent state of the art for polycrystalline CVD diamond  

d~ 250 mm (~9000 e/MIP) commercially available.
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Development of CVD Diamond 

for detector applications
ÁImpressive progress over the last 20 years. 

ÁSingle crystal diamond ~ 100% efficient

ÁDiamond on iridium ~ 97% efficient
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J. Appl. Phys. 97, 073704 (2005) GSI annual report 2013

DoIsingle crystal

241Am 5.4 MeV a 



Strip Detectors

ÁFirst position sensitive 

diamond detectors where 

strip detectors.

ÁMany prototypes tested 

starting around 1994
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ÅThe charge signal is picked up 

by the strip(s) next to the particle 

track.

ÅThe charge is shared by multiple 

strips if the charge collection is 

incomplete.

ÅThe position of the particle track 

can be reconstructed by 

calculating the charge weighted

impact point 

(Center of Gravity)

Principle 25
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ÅA Diamond Testbeam Telescope
26

Diamond 

detectors
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strip strip

~10ke mean signal
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Uniformity in Charge Collection of CVD Diamonds

ÅMeasured with MIPS

ÅPolycrystalline CVD 

diamond exhibits non-

uniform signal response due 

to crystallite structure.

ÅSimilar patterns observed 

as with photon beam 

measurement

28
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Irradiated Strip Detectors

ÁProton Irradiation

15% loss of S/N after 2e15 p cm-2
35% improvement in resolution
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Pixel Detectors

ÁSeveral prototypes of Diamond pixel detectors have 

been developped and tested since aro und 1996.

ÁRead -out chips use ROC (CMS), FE -I4 (ATLAS)

ÁMore recently tested 3D pixel detectors (see later).

ÁSome historic examples in the following.
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ÅDiamond Pixel Detectors 31
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ÁEfficiency = 80%

ÁResolution = digital

ÅResults from Atlas Diamond Pixel Detectors

s=115mms=14mm
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ÁLarge track residuals

ÁNon -uniformity of response qualitatively reproduces by modeling

ÅResults from Atlas Diamond Pixel Detectors

Tommaso Lari (INFN)

Alexander Oh (CERN)

Norbert Wermes (University Bonn)
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Radiation Tolerance
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Tests of Radiation Tolerance

ÁIrradiate with 

proton , pions and 

neutrons .

ÁEnergies within the 

expected radiation 

profile at HL -LHC.

ÁHL-LHC fluence 

requirement about 

2e1016 neq .
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Paul Miagawa , 31st RD50 Workshop on Radiation hard 
semiconductor devices for 
very high luminosity colliders

FLUKA simulation

Proton Pion Neutron

Energy 25MeV ð24GeV 300 MeV 1-10 MeV

Fluence 1.27e16 p cm -2 6e14 pcm -2 1.3e16 n cm -2
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ÁAssume simple effective model for radiation damage:

Radiation damage constant 

is fitted with simple model:

damage constant

particle flux



ÁTypical Landau Spectra after irradiation of pCVD .

ÁFor pCVD see reduction of FWHM / MP with irradiation.

ÁExpected from polycrystalline nature of material!

ÁSingle crystal material almost flat.
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Radiation Tolerance: 

Characterization

800 MeV protons



ÁResistivity 

ÁNo dose 

dependence.

ÁDue to large 

bandgap no 

significant 

temperature 

dependence at RT 

or below.
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Radiation Tolerance: 

Characterization
cf. Silicon

S Seidel 2014 JINST 9 C01013 



ÁDamage factor k is determined 
for each sample.

ÁpCVD diamonds are offset by l0
to account for initial finite carrier 
lifetime.

ÁFinal damage factor averaged 
over all samples.
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Radiation Tolerance: 

Characterization

24 GeV p

RD42 Preliminary

single crystal

poly1

poly2

poly3



Radiation Hardness

ÁDescribe radiation damage using 

Norget -Robinson -Torrens theorem 

to predict displacements per 

atom (DPA).

Á(M. Guthoff et al., arXiv:1308.5419)

ÁDiamond displacement energy: 

43.3 eV

ÁReasonable agreement for 

E>100MeV.
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Radiation Tolerance

Á24 GeV protons

Ákl= 0.67 ± 0.04 ×10-18 cm 2mm -1

Ápolycrystalline diamond 

sample offset by F~5×1015 to 

account for existing traps.

ÁPoly and single crystal 

diamond show consistent 

damage constants.
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L. Baeni ETHZ Thesis

https:// www.research -collection.ethz.ch /handle/20.500.11850/222412

70 MeV p

800 MeV p

24 GeV p



Radiation Tolerance

ÁSummary of RD42 irradiation results:
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*normalized to 24GeV protons

*
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Ák factors typically 2 -3 times higher 
for Silicon.

ÁA comparison to Si needs to take 
into account:

Á leakage current

Á capacitance

ÁPossible figure of merit 
Signal to noise ratio:
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Radiation Tolerance: 

Comparison to Si

24 GeV p

d=200mm

24GeV p

JINST 7 (2012) P09009



High rate capability
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High Rate tests
ÁTests the pulse height as function of particle rate.

ÁTest single and poly crystalline diamond.

ÁIrradiated and un -irradiated.
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Investigations 

triggered by 

indication of rate 

dependence of 

of single crystal 

diamond pixel 

detector installed 

in CMS in 2012.



High Rate tests
Ásingle and poly sample irradiated 

with 5 ×1013 reactor n.

ÁTested with 250MeV pions . 

ÁSlight rate dependence observed 
in irradiated single crystal sample.

ÁNo rate dependence observed for 
irradiated polycrystalline sample.
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END OF PART 1

ÁIn part 2 next week we look at:

Á3D Diamond detectors

ÁApplication of diamond detectors in HEP
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PART 2

Á3D Diamond detectors

ÁApplication of diamond detectors in HEP
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3D diamond detectors
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Planar 3D
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ÁElectrode spacing determines drift distance to induce 1 e charge.

Á3D has shorter electrode spacing compared to planar.

ÁCharge carriers need less drift distance (and time) in 3D then in  planar to 

induce equal signal.

Á Influence of traps and resulting limited lifetime suppressed in 3D.

3D Diamond Detectors



3D Diamond Research -

A relatively young field

Á Laser induced phase change in diamond.

Á E.g.  T.V. Kononenko et al, Diamond & Related Materials 18 ( 2009) 196ð199 
òFemtosecond laser microstructuring in the bulk of diamond ò

Á 3D òPadó detector

Á A. Oh, B. Caylar , M. Pomorski, T. Wengler , Diamond and Related Materials, 38 , 
(2013), óA novel detector with graphitic electrodes in CVD diamondó

Á S. Lagomarsino et al, Appl. Phys. Lett. 103, 233507 ( 2013), òThree-dimensional 
diamond detectors: Charge collection efficiency of graphitic electrodesó

Á 3D òstrip arrayó detector with position resolution.

Á E.g. F. Bachmaier et al , NIM A, 786, (2015) 97-104,  
òA 3D diamond detector for particle trackingó

Á Radiation damage studies.

Á Eg. S. Lagomarsino et al, Applied Physics Letters 106, 193509 (2015)
òRadiation hardness of three -dimensional polycrystalline diamond detectorsó

Á Improvements in graphitization process.

Á Eg. B. Sun et al., Applied Physics Letters 105, 231105 (2014), òHigh conductivity micro -
wires in diamond following arbitrary pathsó

Á 3D pixel detectors

Á RD42, CERN-LHCC-2018-015 ((2018), Development of Diamond Tracking Detectors for 
High Luminosity Experiments at the LHC, HL -LHC and Beyond

Á L. Anderlini et al, Front. Phys., 04 November 2020, Fabrication and Characterisation of 
3D Diamond Pixel Detectors With Timing Capabilities
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Fabrication

ÁConductive columns are 

created by changing 

diamond into a graphitic 

material with a short laser 
pulse:
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64Laser Set-up in Manchester

Laser specs:

Å Wavelength: 800 nm

Å Repetition rate: 1 kHz

Å Pulse duration: 100 fs

Å Max power: 1 W
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University of Manchester,  Laser 
Processing Research Center.

ÁWavelength = 800 nm

ÁRepetition rate = 1 kHz

ÁPulse duration = 100 fs

ÁSpot size  = 10ȋm

ÁPulse Energy ~ 1 ȋJ

ÁSpatial light modulator
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ÁComparison SLM vs

standard process.
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66SLM ðPhase Spatial Light Modulation

66

Simulated

depth = 40ȋm

Measured

depth = 40ȋm

depth = 80ȋm

depth = 130ȋm

66

Std. SLM

Resistivity 1 Wcm 0.1 Wcm

Diameter ~3mm ~1mm

Diamond to 

graphite ratio
~4 ~0.2



ÁComparison SLM vs

standard process.
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67SLM ðPhase Spatial Light Modulation

67 67

Std. SLM

Resistivity 1 Wcm 0.1 Wcm

Diameter ~3mm ~1mm

Diamond to 

graphite ratio
~4 ~0.2

STD

SLM



X-polariser image 68

4
 m

m

4 mm

Å Optical grade scCVD diamond.

4
 

m
m

4 mm

Å Post processing.
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SEM surface image

Å Seed surface

69

Å Exit surface

With SLM

10um/s

400nJ

2um 5um

Without SLM

10um/s

400nJ

Without SLM

10um/s

400nJ

5um2um 5um
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ÁMore energy = thicker column

ÁNon -linear breakdown of diamond

ÁMore focused beam spot at depth 
makes thinner column

Á Immersion Oil helps to reduce refraction 
loss from air -diamond interface

ÁSLM still key!

Making the thinnest column

2026Advanced UK Instrumentation Training

70

Lopez Paz, I., Allegre, O., Li, Z., Oh, A., Porter, A. and 

Whitehead, D. (2019), Study of Electrode Fabrication in 

Diamond with a Femto -Second Laser. Phys. Status Solidi A, 216: 

1900236.

oil

Where we are 
now!



ÁAlso have the possibility to 

move in arbitrary direction

ÁWavefront correction needs 

to be tailored in real -time

ÁFor vertical columns have 

mainly spherical 

corrections

ÁFor horizontal processing, 

the correction is ~elliptical

ÁGets even trickier at 

depth >200µm
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Moving sideways

Sun, B., Salter, P. S., & Booth, M. J. (2014). High 
conductivity micro -wires in diamond 
following arbitrary paths. Applied Physics 

Letters, 105(23), 231105. 



72Internal structure

Patrick S. Salter et al., 
APPLIED PHYSICS LETTERS 111, 
081103 (2017)

Å Prepare sample with 

horizontal graphitic 

wires.

Å STEM image of wire 

cross section.

Å Optical and spectral 

data points to 

micro -cracks and 

nano -clusters of sp 2

bonded carbon.

Å Micro wires are not 

macroscopic 

structures!
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