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Displacement defects  in Diamond



Outline

Radiation damage in diamond
(Thesis  Müller 2011, Guthoff 2014, Kassel 2016) 

Radiation damage in Si 
(Thesis Eber 2013, Nürnberg 2014)
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Main message: 

radiation damage in diamond leads to dynamic (=rate dependent)  
charge collection efficiency through change of electric field by
trapped charges („polarization“)

Difference to Silicon: also change of electric field by trapped
charges, but leakage current >> ionisation current, so no rate 
dependency.



Radiation damage by nuclear recoils in Si and C

Z Ions          NIEL SILICON
14 417 4.2
13 910 9 06

Z Ion            NIEL CARBON
6 698 0.8
5 869 0.77
4 584 0.44
3 1133 0.55
2 10625 2.01
1 30465 0.24
Total 44374 4.81

only He
important
recoil in C
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Displacement defects calculated with SRIM.COM

13 910 9.06
12 1384 12.47
11 1021 8.86
10 1225 8.45
9 265 1.41
8 493 2.09
7 398 1.31
6 909 2.36
5 270 0.55
4 383 0.66
3 662 0.67
2 11152 4.4
1 46107 0.9
Total 6559          57.38

Mg, Al
important
recoils in Si

W. de Boer et al.: Radiation Hardness of 
Diamond and Silicon sensors compared.
Phys. stat. Sol. 204(2007)3004, arXiv:0705.0171



NIEL (Non-Ionizing Energy Losses) in Si and C

Silicon

CarbonLow energy p
C and Si similar

High energy p
C factor 8 better

4Prof. W. de Boer, KIT 2nd ADAMAS Workshop, GSI, Darmstadt, 16.12.2013

Moritz Guthoff, Wim de Boer, Steffen Müller,Simulation of beam induced lattice defects of
diamond detectors using FLUKA , NIM 2014, arXiv:1308.5419



Signal ∝ charge collection 
distance(CCD), which 
decreases with fluence as:

EXPECTED signal vs fluence in Diamond
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CCD(Φ) = CCD0

1+ k ⋅Φ ⋅CCD0



Signal as function of 24 GeV proton equivalent

Simulate DPA values of the CMS 
radiation field at diamond 
locations and scale to 
equivalent fluence of 24 GeV
protons.

Direct comparison with RD42 test 
beam data shows huge 
discrepancy
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discrepancy.

RD42 BCM1L BCM2I -Z BCM2I +Z BCM2O -Z BCM2O 
+Z

k-fit [μm-1cm-2] 6.5 x 10-19 5.0 x 10-17 2.3 x 10-17 5.7 x 10-17 1.7 x 10-17 6.8 x 10-17

Using a hyperbolic fit (without offset) a k value can be calculated:

Discrepancy to test beam between factor 25 and 100. 



CCD(Φ) = CCD0

1+ k ⋅Φ ⋅CCD0

Reason for fast 
decrease in signal: 
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„polarisation“ by
trapping of charges
reduces electric field

1 week LHC, less than 1013 hadrons/cm2



Radiation damage

Radiation damage induces
neutral mid-gap defects,
which can become either
positively or negatively
charged by trapping from
electrons or holes.
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This induces polarization,
with an internal electric
field opposite to the bias
voltage
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Polarization by trapped space charge
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Schuwalow, DESY-Zeuthen, 2008



Efield after strong irradiation
Leakage current +
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Time dependence of TCT signal in sCVD

Am-243                                         .

SR-90

α

E drift

11Prof. W. de Boer, KIT 2nd ADAMAS Workshop, GSI, Darmstadt, 16.12.2013

First pumping of the diamond without HV.

Sr-90 source used for filling traps. Trigger threshold above β-signal

Weak Am-243 source used to probe the electric field.

Decrease in signal height and longer drift time. -> reduced electric field.

β

Signal ∝vdrift∝ Efield
Curve changes with time



Polarization quickly established during LHC fill
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Efficiency changes factor of two during fill



Can „polarization free“ contacts avoid polarization? 
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Answer: highly irradiated sCVD diamond with DLC (Diamond-Like-Carbon) contacts
(made by Pomorski. Saclay) still showed rate dependent signal effiiency, i.e. polarization



Radiation damage in silicon
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Similar introduction of
midgap defects, which can
become pos. or neg. charged
(acceptors or donors)

Parametrize with simple
two- trap model with following
constraints:
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1)Leakage current determines
energy levels
2) TCT determines trapping
probability.

Amazing result:

Can calculate almost
everything, like CCE vs fluence



Radiation damage in Silicon compared with Diamond

Damage leads also to deep level traps leading to polarisation

Same double peak Efield.

Simulation with effective deep level two trap model extremely successful
using commercial TCAD software. Most important: tune energies of two
traps to reproducec leakage current and depletion voltage. (Leakage
current determines trap filling (= ionization current from beam for diamond))
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Similar model being developed for diamond

Main difference to diamond: leakage current large compared with ionisation
current, so little sensitivity to beam rate.

Furthermore: signal can be enhanced by charge multiplication, but only for
rather special design of sensor. Not used for default upgrade for
High-Luminosity LHC project.
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Expected Signal degradation for LHC Silicon Sensors

Note: Measured partly 
under different 
conditions! Lines to 
guide the eye 
(no modeling)!
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Difference between protons and neutrons
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Protons have in addition Rutherford scattering with small momentum transfer
producing pointlike defects (displacement energy 20 eV for Si, 40 eV for diamond)

Neutrons have to hit nucleus centrally, producing clusterlike defects



Lorentz angle shift in magnetic field
Angle ∝ B/E, good indicator for internal electric field.

Measured simply by laser pulse and checking on what electrode
the pulse arrives on the other side as function of magnetic field
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Measurement and simulation: t=0Measurement and first simulation in diamond
(two trap model, like Si, but different parameters)
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X-polarized
pictures of
sCVD (E6)
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Conclusions

 Diamond detectors viable alternative to 
silicon, if
 Cooling presents a problem
 Fast signals for timing needed
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Main problem: reduced electric fields from trapped charge. This 
polarisation leads to STRONGLY rate dependent  charge collection
efficiency

HV switching to avoid signal decrease by polarisation?



Comparison Si and Diamond for DPA and NIEL 
, arXiv:1308.5419
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DPA (NIEL) suggests diamond 12-14  (5-7) x more radiation hard than Si.
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Hadrons below 100 MeV
non-negligible, even
at LHC

Hadron spectra at the LHC
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