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Outline

• Why diamond is a good detector 

• Examples of application  of diamond 
detectors  

• Diamond detector research at ETH
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Why use diamond as detector
• Intrinsic Properties 

- High thermal conductivity (good heat spreader) 

- Wide band gap (no thermally generated noise) 

- Large single atom displacement energy (radiation 
hardness) 

- Large mobility and large saturation velocity (fast 
signals) 

• Device Advantages 

-  Intrinsically simple device 
➡   can fabricate robust, compact devices 

-  High temperature operation (no need for cooling)
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Why aren’t we all use diamonds

• Electronic grade diamond is still a 
“research”  type device  

- Production is expensive 

- Good quality samples are scarce and selecting 
them is not an easy process 

- Electronic properties are not fully understood 
➡ for example, it is very difficult to precisely simulate 

impurities in diamond
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Few examples of where 
diamond detectors are used
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Pad Diamonds at CMS

M.Guthoff 

The two BCM systems 

BCM(1)F 
•  Single particle 

counter. 
•  Histograms particle 

hits in time domain 
•  Luminosity and beam 

gas measurement. 
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IP 

BCML(1/2) 
•  Leakage current 

measurement. 
•  Beam loss monitoring for 

–  active protection 
–  Short intense events 

monitoring 
•  Readout identical to LHC 

BLM system. 

BCM1 BCM2 

• 14 5x5mm2 diamonds
(4 sCVD 10 pCVD)• 16 10x10mm2 pCVD diamonds



Pixelated Diamonds at ATLAS

pCVD diamond 
bump-bonded 
to FE-I4 chip

DBM Module

• Diamond Beam Monitor (DBM)
- 8 Telescopes (4 per side) 24 modules total 
- 18 equipped with pCVD 20 x 20 mm2 

diamond sensors 
- Bunch by bunch luminosity monitoring with 

<1% precision per bunch per lumi block
- bunch by bunch beam spot monitor

DBM 
Telescopes

DBM	Tracking:	first	plots	

N.Venturi	(CERN),	RD42	Mee7ng	4/10/17	 5	

• 	Use	hits	from	the	three	modules	for	reconstruc7ng	tracks	

• 	Can	discriminate	between	IP	and	background	par7cles		

• 	Final	alignment	s7ll	to	be	done	

Radial	distance	of	the	projected	tracks	of		
the	closest	approach	to	the	interac7on	point		

Longitudinal	distance	of	the	projected	
par7cle	tracks	to	the	interac7on	point		

Run	of	July	2015	
clear	separa7on:	

	Collisions:			
						vs		
Background:	
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Diamonds for timing in TOTEM

21 Feb 2017 M. Berretti, RD51 Precise Timing Workshop,  CERN 22

Diamond detector development: a long way of  improvements ….

Cividec

diamonds+ 

electronics

(June 2014)

Final vertical diamond plane with

achieved time resolution (End 2015)

80 to 100 ps time resolution

Development of a double layer geometry (End 2016)

s
T

~ 50 ps/plane obtained !



Diamonds for X-rays at ESRF

from J. Morse presentation at ADAMAS workshop  (2012)
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ID22	nanofocus	beamline,	
	5-6	Sept	2012:	

17keV,	flux	2.5x	109	ph/sec

diamond	piezo	stage		
step-displaced	verIcally:	
10nm	steps	clearly	visible

~50	nm	beam	spot	on	diamond	detector
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Diamond detector research at ETH
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• Radiation hardness study 

• Study of detector response at various rates 

• Study a new (more radiation tolerant) device 
concepts  

- 3D diamond detectors 

• Study of transport properties of diamond 
sensors 

- edge-TCT with femtosecond laser 

• Developing in house methods for constructing 
diamond detectors
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Study of the radiation 
hardness of CVD diamonds 

Diego Alejandro Sanz Becerra (present)
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Felix Bachmair, Lukas Bäni  (past)
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112 CHAPTER 4. PARTICLE TRACKING

4.1 The Silicon Beam Reference Telescope

This section describes the silicon beam reference telescope, its performance
in terms of signal-to-noise ratio, spatial resolution and track prediction. The
analysis methods of determining the pedestal, common mode shift and signal,
hit finding, track finding and detector alignment are also discussed.

4.1.1 The Beam

The beam tests described were performed at CERN using pions in the X5 west area of
the SPS and in beam areas of the PS. A good description of the SPS beam transport to X5,
its conditions and layout may be obtained from reference [88]. The pion momentum in X5
was chosen to be 100 GeV/c at a flux of below 106 particles/spill. The beam was brought to
a focus at the region of the silicon beam reference telescope. The beam had an oval shape
with a width of about 1 cm at the center of the telescope.

4.1.2 Telescope Setup in the Beam Area and Data Acquisition

A schematic diagram of the silicon beam reference telescope used here is shown in Fig. 4.2.
The beam telescope had eight silicon detector planes, each with a size of (length × width ×

Silicon Strip

Particle Track

Reference Detectors
Silicon Strip

Reference Detectors

Diamond 
Tracker

180 mm

Figure 4.2: Schematic of the silicon beam telescope. The telescope had two sets of
modules containing four silicon planes each. The modules were 180 mm apart. The
diamond detectors under test were placed between the two sets of planes.

thickness) = (12.8 mm × 12.8 mm × 300 µm) arranged in two modules of four planes 180 mm
apart. The silicon detectors were single sided p-on-n strip detectors with a strip pitch of
50 µm [89]. The silicon strip detectors in one module had one intermediate strip between
two readout strips, the other module had detectors with two intermediate strips between
readout strips. The strips of a plane were oriented vertically (V) or horizontally (H) in the
order HVVH per module. Diamond detectors under test were placed between the two sets of
silicon reference planes. A fast plastic scintillator trigger (not shown) with a size of 7×7 mm2

was centered in the beam in front of the telescope. The scintillation light was detected by
two photomultiplier tubes: their coincident signal in response to a traversing charged particle
defined a trigger event (beam event).

Testing of radiation hardness of CVD diamonds

• Samples are irradiated prior to the measurement 

- 25MeV, 70MeV, 800MeV and 24 GeV protons 

- reactor neutrons   

• On each sample a strip detector is build with a low noise VA2 
readout 

- Noise is only 80 electrons after common mode subtraction 

• Samples are pumped to fill the active traps before the test 

• Relativistic charged particle beam 

- CERN SPS beam line 120 GeV protons or pions 

• Beam telescope reconstructs particle tracks and predicts their 
impact position in the device under test with ~2 µm precision
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Figure 9.3: Photograph of the diamond sensor [160]. The diamond sample PW205B
on the right is mounted and wire bonded to the VA2.2 readout ASIC on the left.
Each strip was wire bonded to an individual readout channel as shown.

9.2.3 Device Assembly and Preparation

Assembly

For a beam test campaign, DUTs holding one or two diamond samples were assem-
bled at OSU. The diamond was cleaned with hot acids and etched with an oxygen
plasma. After cleaning, both sides were metallised using a photolithographic lift-
off process. On one side, the strip pattern was manufactured. The strips have
a width of 25 µm and are separated by 25 µm resulting in a strip layout with a
pitch of 50 µm to match the readout electronics. A guard ring enclosed the strip
pattern. Similarly, a single pad structure was fabricated on the second side of the
diamond. Both sides were metallised with a chromium layer of 50 nm followed by
a gold layer of 200 nm. After the pattern on both sides was formed, the sample
was annealed in a nitrogen atmosphere at 400 �C.

Similar to the telescope planes, described in section 9.2.2, the diamond sensor
was connected to the read out electronics. A single VA2.2 chip with a signal rise
time set to 2 µs was used to read out 128 strips. The guard ring was connected
to the same potential as the strips using a VA channel and protected them from
edge currents. Figure 9.3 shows a photograph of the assembled diamond detector
connected to the readout electronics. To facilitate handling of the DUT and avoid
light exposure, the sensor was mounted in an aluminium box. These boxes are

Diamond strip detector  
wire bonded to VA2 readout
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2.d. PW205B results - PH distribution 2 out of 10 transparent analysis for different voltages

Keithley
+500V +1100V

<PH> = 103.9 ADC <PH> = 147.0 ADC

Radiation hardness
• Transparent analysis 

- After telescope alignment and pedestal 
subtraction 

-  Look in the 10 strips closest to the hit position 

- Select 2 neighboring strips with the largest 
charge  

• The CCD is deduced from the Landau mean

13

Fluence of 800 MeV 
protons ~1e17 /cm2 

S/N>20

RD42  
Very preliminary!
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Figure 11.1: Evolution of signal pulse height distribution, reconstructed with
the transparent algorithm. The distribution is shown after different accumulated
800MeV proton fluences, observed with the sCVD diamond sample PW205B in
the case of an electric bias field of +2V/µm (left) and �2V/µm (right). Each
distribution’s integral is normalised to unity.

(FWHM) to the MP value, f , was derived. On average a ratio of 0.309± 0.005 was
observed.

Figure 11.2 shows the mean pulse height as a function of predicted hit position
relative to the closest strip centre, �x, after different 800MeV proton fluences.
The pulse height of the strip closest to the track was used for the left plot, while
the sum of the two closest strips was used for the right plot. At all fluence levels,
the charge is shared among two strips for �x < �12 µm and �x > 12 µm. In this
region, a slope of the mean pulse height of two strips was observed indicating an
inefficiency in charge collection. Since the radiation damage is constant along the
strip, observable by the flat ratio distributions, the observed charge loss may be
an effect of the strip geometry.

In the clustering analysis, clusters are searched for independent of the telescope.
Strips belonging to a cluster are identified by thresholds on their individual
pulse heights. For the chosen thresholds, a cluster reconstruction efficiency of
(99.15± 0.30)% is observed. The pulse height of exclusive clusters with a size of
one or two strips is chosen as figure of merit for the signal response. Considering
only such clusters, the efficiency decreases to (87± 7)%.

In figure 11.3 the signal distribution evaluated by the transparent analysis is
compared to the signal reconstructed with the clustering algorithm. The signal
response reconstructed by the clustering algorithm is observed to be smaller

156 CHAPTER 11. RADIATION DAMAGE ANALYSIS

RD42

0 1 2 3

⇥104

0

2

4

6

8

⇥10�2

qsignal (e)

E
ve

nt
de

ns
it
y

/
2
0
0
e

� = 0.00 ⇥ 1015 p/cm2

� = 0.78 ⇥ 1015 p/cm2

� = 2.39 ⇥ 1015 p/cm2

� = 3.05 ⇥ 1015 p/cm2

RD42

0 1 2 3

⇥104

0

2

4

6

8

⇥10�2

qsignal (e)

E
ve

nt
de

ns
it
y

/
2
0
0
e

� = 0.00 ⇥ 1015 p/cm2

� = 0.78 ⇥ 1015 p/cm2

� = 2.39 ⇥ 1015 p/cm2

� = 3.05 ⇥ 1015 p/cm2

Figure 11.1: Evolution of signal pulse height distribution, reconstructed with
the transparent algorithm. The distribution is shown after different accumulated
800MeV proton fluences, observed with the sCVD diamond sample PW205B in
the case of an electric bias field of +2V/µm (left) and �2V/µm (right). Each
distribution’s integral is normalised to unity.

(FWHM) to the MP value, f , was derived. On average a ratio of 0.309± 0.005 was
observed.

Figure 11.2 shows the mean pulse height as a function of predicted hit position
relative to the closest strip centre, �x, after different 800MeV proton fluences.
The pulse height of the strip closest to the track was used for the left plot, while
the sum of the two closest strips was used for the right plot. At all fluence levels,
the charge is shared among two strips for �x < �12 µm and �x > 12 µm. In this
region, a slope of the mean pulse height of two strips was observed indicating an
inefficiency in charge collection. Since the radiation damage is constant along the
strip, observable by the flat ratio distributions, the observed charge loss may be
an effect of the strip geometry.

In the clustering analysis, clusters are searched for independent of the telescope.
Strips belonging to a cluster are identified by thresholds on their individual
pulse heights. For the chosen thresholds, a cluster reconstruction efficiency of
(99.15± 0.30)% is observed. The pulse height of exclusive clusters with a size of
one or two strips is chosen as figure of merit for the signal response. Considering
only such clusters, the efficiency decreases to (87± 7)%.

In figure 11.3 the signal distribution evaluated by the transparent analysis is
compared to the signal reconstructed with the clustering algorithm. The signal
response reconstructed by the clustering algorithm is observed to be smaller

+2 V/µm –2 V/µm
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Radiation hardness (800 MeV protons)

• Convert CCD to mean free path 

-   

• Fit mfp vs fluence for each sample individually  

-   

• Damaged factor is average between all samples 

• The initial “damage” offset for pCVD 
diamonds is adjusted individually to provide 
the best fit to the model
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Figure 11.6: Inverse MFP as a function
of 800MeV proton fluence. The data
points indicate the MFP obtained from
the measured CCD with positive and
negative bias potential, respectively.
The damage model is fitted separately
for each sample.

Figure 11.7: Radiation damage con-
stants of 800MeV protons measured
with the sCVD diamond sample PW205B
and the three pCVD diamond samples
L107-10, L107-11, and L114-13. The
dashed line represents a fit of a constant
to the individual data points resulting
in a goodness of fit of �2/Ndof = 3.33/3.
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Figure 11.7: Radiation damage con-
stants of 800MeV protons measured
with the sCVD diamond sample PW205B
and the three pCVD diamond samples
L107-10, L107-11, and L114-13. The
dashed line represents a fit of a constant
to the individual data points resulting
in a goodness of fit of �2/Ndof = 3.33/3.
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Figure 11.8: Goodness of fit of the ra-
diation damage model fit as a function
of fluence offset. The fluence offset
of the pCVD diamond sample L114-13
is varied from 1.5⇥ 1015 p/cm2 to
3.5⇥ 1015 p/cm2.

Figure 11.9: MFP as a function
of 800MeV proton fluence. A
fluence offset of 2.2⇥ 1015 p/cm2,
2.5⇥ 1015 p/cm2 and 2.4⇥ 1015 p/cm2

is applied to the pCVD diamond
samples L107-10, L107-11, and
L114-13, respectively. The radiation
damage model is fitted to the data
points resulting in a goodness of fit of
�2/Ndof = 21.4/20. A grey uncertainty
band indicates the variation of the fit
parameters by one standard deviation.

between the samples and propagated to the systematic uncertainty of the radiation
damage constant measurement. The combined curve is shown in figure 11.9 where
the fit is indicated by a dashed line. A variation of the fit parameters by one
standard deviation is reflected in the grey uncertainty band. The fitted model
agrees with the data points within their uncertainties and results in a goodness of
fit of �2/Ndof = 21.4/20. A radiation damage constant of

k = 1.240 +0.014
�0.014 (stat) +0.04

�0.04 (syst) ⇥ 10�18 cm2/(p µm) (11.2)

which was observed in agreement with the result in equation (11.1) and a previous
measurement [146]. However, the latter method results in a smaller uncertainty
and thus is defined as reference.

As a cross check, the damage constant was derived from the signal response
reconstructed with the clustering algorithm. Using the values corrected for the
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Particle species k (cm2/µm) 

24GeV protons 0.67 +0.04
�0.04 ⇥10�18 1

800MeV protons 1.24 +0.04
�0.04 ⇥10�18 1.85± 0.13

70MeV protons 1.64 +0.25
�0.27 ⇥10�18 2.5 ± 0.4

25MeV protons 3.02 +0.42
�0.36 ⇥10�18 4.5 ± 0.6

Fast neutrons 3.05 +0.27
�0.27 ⇥10�18 4.5 ± 0.5

Table 11.6: Radiation damage constants for different particle species. The mea-
sured radiation damage constants of 800MeV protons, 70MeV protons and fast
neutrons are compared to the reference results of 24GeV protons and to the pre-
vious result of 25MeV protons [178]. The hardness factor  is calculated using
the 24GeV proton radiation damage constant as reference.

Since the signal response reconstructed with the clustering method is highly biased
by the applied thresholds, this is also true for the damage constant derived from
these results. As a cross check, the results obtained with the clustering algorithm
results were used to derive a radiation damage constant resulting in

k = 2.74 +0.20
�0.20 (stat) +0.16

�0.16 (syst) ⇥ 10�18 cm2/(n µm). (11.10)

The cross check is smaller than the result using the transparent method but is in
agreement within the uncertainties.

11.1.5 Comparison of Radiation Damage

The observed radiation damage constants of different particle energies and species
are compared to previous measurements. Table 11.6 lists the measured radiation
damage constants of 25MeV protons and 24GeV protons together with the results
of this work. The quoted hardness factor  was calculated using the 24GeV proton
result as reference.

The measured radiation damage constant predicts the radiation damage of 800MeV
protons 1.85 times higher than the radiation damage of 24GeV protons, while
70MeV protons were observed to yield a 2.5 times higher radiation damage. In
the case of fast neutrons, a radiation damage constant was measured which is 4.5
times higher than the one of 24GeV protons. The radiation damage constant of
fast neutrons was observed to agree with the radiation damage constant of 25MeV
protons, k = 3.02 +0.42

�0.36 ⇥10�18 cm2/(p µm) [178].

Summary of radiation hardness tests

• Lukas Bäni and Felix 
Bachmair PhD theses 

• Damage constants do not 
seem to follow 
theoretical models 

All data scaled to  
24 GeV proton fluence
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Figure 11.19: MFP as a function of 24GeV proton equivalent fluence. A fluence
offset correction is applied to the pCVD diamond samples. The 800MeV proton,
70MeV proton and fast neutron fluences are converted into 24GeV proton equiva-
lent fluence using the NIEL scaling hypothesis. The radiation damage model fitted
to the data points results in a goodness of fit of �2/Ndof = 32.1/27.

The MFP in sCVD and pCVD diamond follows the same radiation damage mech-
anism [141–143]. Due to its initial traps, pCVD diamond has a shorter initial
MFP than sCVD diamond. When comparing sCVD and pCVD diamond, this char-
acteristic may be regarded as a fluence offset of pCVD diamond. In the case of
the 800MeV proton and 24GeV proton irradiated pCVD diamond samples, this
fluence offset is included in the results of the offset scan. For the 70MeV proton
and fast neutron irradiated samples, the fluence offset of pCVD diamond, �0, was
calculated by

�0 =
1

k�0

. (11.11)

After applying these offset corrections, the fluences were scaled to 24GeV proton
equivalent fluence, using the NIEL scaling hypothesis in equation (8.35). Fig-
ure 11.19 shows the MFP of sCVD and pCVD diamond samples as a function of
24GeV proton equivalent fluence. All points were observed in agreement with the
radiation damage model.

The point at the highest fluence was measured with the neutron irradiated pCVD
diamond sample L107-9. Such a fluence may be comparable to fluences expected
at the innermost layers of experiments at the HL-LHC. An important parameter
for a sensor in such an environment is the SNR. An SNR of 10.8± 1.0 was measured
with the sample L107-9 after irradiation with the clustering algorithm, which may
be used in a genuine detector application. Such an SNR is feasible for a detector

(a) NIEL of Silicon (b) NIEL of Diamond (c) NIEL ratio: Silicon/Diamond

(d) DPA of Silicon (e) DPA of Diamond (f) DPA ratio: Silicon/Diamond

(g) Ratio: DPA/NIEL for Silicon (h) Ratio: DPA/NIEL for Diamond

Figure A.4: The simulated results for NIEL and DPA as function of kinetic energy of the impinging particle for silicon and diamond are shown.
Fig. (a) and (b) show the NIEL results for silicon and diamond and fig. (c) the ratio of both results. Fig. (d) and (e) show the DPA results and fig. (c)
the ratio. Fig. (g) and (h) show the ratios of DPA vs. NIEL for the silicon and the diamond case.
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RD42 data
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High rate tests at PSI

16

Micha Reichmann 

With a strong support from the rest of the crew



Dmitry Hits, RD42, 10 April 2017, CERN

PSI

17

High Intensity Proton Accelerator (HIPA)  
beam line complex
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Beam conditions

• PSI HIPA accelerates ~1016 protons/sec to 590 MeV on two 
fixed targets ((É)paisse and (M)ince) 

• πM1 beam line with beam optics tuned to π+ at 260 MeV/c 

• Rate controlled with two sets of collimators from 2 kHz/cm2 
to 10 MHz/cm2

18
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Test setup (pads)
• Modular reconfigurable 

telescope 

- 100 µm x 150 µm pixels 

- 4 tracking planes 

• up to 6 possible 

- inner tracking planes provide 
masked trigger 

- coincidence with scintillator 
for precise ~ 1 ns event 
timing  

- ~70 µm position resolution at 
PSI 

• limited by multiple 
scattering 

• 2 detectors under test 

- 5 mm x 5 mm CVD 
diamonds, thickness 500 µm 

- pulse height amplified by fast 
CERN/OSU amplifier (a.k.a. 
CVDFE1), 3-6 ns rise time, 
pulse goes in under 20 ns

19

pixel  
silicon sensorDUT

fast amp

scintillator

trigger planes
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Analysis procedure (waveform)

• Pulse height amplified with 
CVDFE1 fast amp 

- 3-6 ns rise time, goes away in under 
20 ns 

• Digitized by DRS4 evaluation board 

- 1024 sampling points 

- Sampling speed 2 GSPS

20

• Find peak in the signal region 

• Integrate in the window around the 
peak 

- Integration window optimized to 
provide best signal to noise ratio 

• Subtract pedestal integral  

- Pedestal integrated exactly one bucket 
in front of the signal
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Pad detector specific cuts

• Careful handling of systematic effects 

- Remove saturated wave forms  
(heavy ionizing particles) 

- Remove calibration pulser events 

- Remove residual trigger jitter 

- Remove events in wrong bucket 

- Accept only events with one hit in each 
plane 

- Accept only tracks predicting into the 
fiducial area 

• Remaining pulse height  distribution 
shown in blue is clean with no remaining 
pedestal events  
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Results (pCVD - pad detector)
• Average pulse height vs pion rate  

• Pulse height was measured at several rate points between 2 kHz/cm2 and 10 
MHz/cm2 

- scanned up and down up to 4 times to check repeatability 

• Pulse height very stable after irradiation 

- slight change in pulse height, ~5-8% before irradiation,  

- could be due to the inadequate surface preparation (we are checking that)

22

pCVD1: II6-B2 Bias: -1000 V

no relative calibration between beam tests

pCVD2: II6-97 Bias: -1000 V
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3D CVD diamond 
Detectors

23
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3D detector concept

• Incorporate bias and readout electrodes into detector’s bulk 

• Same detector thickness - Δ 

- same amount of charge induced by an ionizing particle 

• Shorter drift distance in 3D detectors - L < Δ 

- reduced probability of charge trapping in radiation damaged and/or 
polycrystalline detectors

24

[Parker et al., NIM A395 (1997)]
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4. 3D Diamond Detectors

2.3.3, the drawbacks of pCVD are lower signal response and inhomogeneities within the
material due to grain boundaries. As the MFP is already reduced for unirradiated pCVD
diamonds, the concept of 3D detectors can show its full power for such a trap dominated
material. In such a detector it is possible to reach a larger signal response than in a
planar strip detector.

The chapter ends with a discussion of di�erences between the scCVD and pCVD sam-
ples and an outlook of the next steps towards a large scale 3D detector based on CVD
diamond.

4.1. Detector Fabrication

The detector fabrication consists of four steps, the initial cleaning, the fabrication of the
conductive electrodes, the metalization and the construction of the detector assembly.
The micro machining of the conductive electrodes was performed by the Laser Processing
Research Center at the University of Manchester, while all other steps were carried out
at OSU. In this Section the process of electrode fabrication is briefly discussed, further
details can be found in [130].

4.1.1. Electrode Formation

The conductive electrodes in the 3D geometry are formed with a pulsed laser. In the
focal point of the laser the energy density is high enough to initiate a phase transition
of diamond into a partially conductive material. A sketch of the electrode formation
process is shown in Figure 4.2.

Movement of
diamond

Electrode

Laser

Focal point

Exit side of
electrode
formation

End

Electrode

Laser

Focal point

Mid

Laser

Focal point

Seed side of
electrode
formation

Start

Focal plane

Figure 4.2.: Illustration of the formation process of the electrodes. At the focal point of
the laser the energy is high enough to prompt a phase transition. By the
movement of the diamond with respect to the focal point the electrode is
formed across the diamond.

114

3D detector fabrication

• Femtosecond laser converts insulating diamond into a resistive 
mixture of various carbon phases: DLC, amorphous carbon, 
graphite, etc 

• Early detectors had 90% column yield  

- recently ~100% has been achieved using Spatial Light Modulation to 
correct for aberration in diamond

25

[Bachmair et al., NIM A, 786 (2015)]
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3D detector fabrication

• Femtosecond laser converts insulating diamond into a resistive 
mixture of various carbon phases: DLC, amorphous carbon, 
graphite, etc 

• Early detectors had 90% column yield  

- recently ~100% has been achieved using Spatial Light Modulation (SLM) 
to correct for aberration in diamond

26

Standard SLM

Resistivity 1 Ωcm 0.1 Ωcm

Diameter ~3µm ~1µm

Diamond to 
graphite 

ratio
~4 ~0.2

Standard

SLMSLM Standard

[Bachmair et al., NIM A, 786 (2015)]
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Testing 3D detectors at 
CERN 

Diego Alejandro Sanz Becerra (present)

27

Felix Bachmair, Lukas Bäni  (past)
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112 CHAPTER 4. PARTICLE TRACKING

4.1 The Silicon Beam Reference Telescope

This section describes the silicon beam reference telescope, its performance
in terms of signal-to-noise ratio, spatial resolution and track prediction. The
analysis methods of determining the pedestal, common mode shift and signal,
hit finding, track finding and detector alignment are also discussed.

4.1.1 The Beam

The beam tests described were performed at CERN using pions in the X5 west area of
the SPS and in beam areas of the PS. A good description of the SPS beam transport to X5,
its conditions and layout may be obtained from reference [88]. The pion momentum in X5
was chosen to be 100 GeV/c at a flux of below 106 particles/spill. The beam was brought to
a focus at the region of the silicon beam reference telescope. The beam had an oval shape
with a width of about 1 cm at the center of the telescope.

4.1.2 Telescope Setup in the Beam Area and Data Acquisition

A schematic diagram of the silicon beam reference telescope used here is shown in Fig. 4.2.
The beam telescope had eight silicon detector planes, each with a size of (length × width ×

Silicon Strip

Particle Track

Reference Detectors
Silicon Strip

Reference Detectors

Diamond 
Tracker

180 mm

Figure 4.2: Schematic of the silicon beam telescope. The telescope had two sets of
modules containing four silicon planes each. The modules were 180 mm apart. The
diamond detectors under test were placed between the two sets of planes.

thickness) = (12.8 mm × 12.8 mm × 300 µm) arranged in two modules of four planes 180 mm
apart. The silicon detectors were single sided p-on-n strip detectors with a strip pitch of
50 µm [89]. The silicon strip detectors in one module had one intermediate strip between
two readout strips, the other module had detectors with two intermediate strips between
readout strips. The strips of a plane were oriented vertically (V) or horizontally (H) in the
order HVVH per module. Diamond detectors under test were placed between the two sets of
silicon reference planes. A fast plastic scintillator trigger (not shown) with a size of 7×7 mm2

was centered in the beam in front of the telescope. The scintillation light was detected by
two photomultiplier tubes: their coincident signal in response to a traversing charged particle
defined a trigger event (beam event).

Testing of radiation hardness of CVD diamonds

• On each sample a strip detector is build with a low 
noise VA2 readout 

- Noise is only 80 electrons after common mode subtraction 

• Samples are pumped to fill the active traps before the 
test 

• Relativistic charged particle beam 

- CERN SPS beam line 120 GeV protons or pions 

• Beam telescope reconstructs particle tracks and 
predicts their impact position in the device under test 
with ~2 µm precision

28

SPS H6A
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3D detector in single crystal CVD diamond

• 3 detectors 

-  strip with backside contact for bias 

-  3D with bias and readout contacts on the same side (150µm cell size) 

-  3D phantom (same metal pattern as 3D but without graphitic 
columns) 

• Some broken columns in the detector (90% success rate in 
column drilling)

29

[Bachmair et al., NIM A, 786 (2015)]

bias

readout
cell
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3D detector in single crystal CVD diamond

• Some broken columns in the detector (90% 
success rate in column drilling)  

- Broken readout columns result in cell with 
low signal  

- Broken bias column result in region with 
lower signal 

• For comparison with the strip detector use 
contiguous region with no broken signal 
columns

30

[Bachmair et al., NIM A, 786 (2015)]

4.2. Beam Tests

charges were clustered around a small fraction of bias electrodes. With this rejecting all
events with negative charge, Only events predicted outside of the lozenge-shaped region
around the readout electrodes would be used.

For the analysis of the charge spectra transparent clusters with a cluster size of three were
used. In Figures 4.50 (a) and 4.50 (b) the pulse height spectra are shown. Two di�erent
definitions for the signal are chosen. In Figure 4.50 (a) the positive signal definition is
used. A positive signal is defined as the sum of all signals within the transparent cluster
which are positive. Figure 4.50 (b) uses the full signal definition, in which the signal
is defined as the sum of all signals, both positive and negative, within the transparent
cluster. For the signal in the planar strip detector the positive signal definition is used.
In both Figures the signal spectrum of the planar strip detector is shown as a blue dashed
line.

It can be seen that for both signal definitions the pulse height of the 3D detector is
significantly higher than the pulse height of the planar strip detector. The mean of the
planar strip spectrum is ≥6200 ± 600 e, corresponding to a CCD of 172 ± 16 µm, and
its MPV is 5200 ± 500 e. This measurement is in agreement with the measured CCD of
193 ± 21 µm in the source setup at 500 V. For the positive signal definition a mean of
12 100 ± 600 e and a MPV of 10 600 ± 1000 e can be extracted. As the full signal definition
can add negative charges to the signal, the mean and the MPV of the spectrum are lower.
The mean is measured to be 11 500 ± 600 e and the MPVs to be 9700 ± 1000 e. The MPVs
of the distributions are extracted by a Gaussian fit around the peak position. Due to the
broad distribution the error on that fit is large, resulting in an large error on the MPV.
The measured means result in an equivalent CCD of 336 ± 17 µm using the positive signal
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(a) Positive signal definition.
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(b) Full signal definition.

Figure 4.50.: Comparisons of the signals of the 3D detector, biased at 70 V, and the
planar strip detector, biased at 500 V, using two di�erent signal definitions.
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single crystal 
diamond

polycrystalline 
diamond

+70 V
+500 V
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Charge collection efficiency with a cell

• Overlay average charge 
collected in all “good” cells 

• 3D scCVD 

- Charge collected uniformly 
throughout cell, except for 
location of columns 

• 3D pCVD 

- Charge collection is not uniform 
over the cell  

- low field regions collect less 
charge

31

4.2. Beam Tests
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  Mean: 13820 e

  Width:     422 e

(b)

Figure 4.32.: In (a) the average cluster charge as a function of the predicted hit position
within the cell is shown. The dots indicate the position of the electrodes
of the cell. In Figure (b) the 1D distribution of the average cluster charge
in the 10 ◊ 10 µm2 bins within (a) is plotted. The bins with readout and
bias electrode are highlighted.

Charge Response Within The Cell The 2D charge distribution of all cells with a
functional readout electrode (all but bad cells) were overlaid as explained in Section
4.2.2.2. The distribution is shown in Figure 4.32 (a). Therefore this plot contains the
overlay events of 90 cells. In order to have su�cient statistics in each bin, a bin size of
10 ◊ 10 µm2 has been chosen. There is a significant reduction in the average charge of the
central bin, where the readout electrode is located, relative to the overall average value of
bins. Through optical measurements the bias electrode was estimated to have a diameter
of ≥6 µm, therefore in a 10 ◊ 10 µm bin 30 % of the bin is covered by the electrode. The
signal distribution of events in the central bin shows two distinct distributions with about
30 % of the total entries below 7000 e, corroborating the view that particles traversing
the electrode yield very low or no signals. The bins in the corners contain a quarter of a
bias electrode, therefore, only about 7 % of events are expected to yield lower charge.

Figure 4.32 (b) shows the pulse height distribution of the 225 bins. The bins including
a bias or readout electrode are highlighted in red and blue. By excluding those bins and
fitting a Gaussian a mean of 13 820 e with a standard deviation of 422 e can be extracted,
resulting in a width of 3 %. This shows that the charge response within the cell is very
uniform when excluding areas containing either readout or bias electrodes.

147

good 3D cell in single crystal diamond

good 3D cell in polycrystalline diamond
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Comparison between data and simulations

• Simulated ionizing particle passing through the quarter cell 

- Divided the area into 7.5x7.5 µm bins, and simulated an ionizing 
particle hit at the center of each bin  

• Limit charge lifetime to simulate effects of charge trapping 

• Plot the charge collected as function of hit position  

• Good qualitative agreement between simulation and data
32

Data (F. Bachmair)Simulation (G. Forcolin)
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! ×
! % %Full 3D detector in polycrystalline CVD diamond

• 3 dramatic improvements compared to previous 
generation 3D  

- an order of magnitude more cells: from 99 to 1188  

- smaller cell size: 100 µm × 100 µm  

- higher column efficiency: from 92 % to 99 % 

• analysis in progress 

- some cells are not connected due to problems with 
metallization (too thin strips) 

- contiguous region shows >80% of charge collection

33

! > %

m]µX [
7500 8000 8500 9000 9500 10000

m
]

µ
Y 

[

1500

2000

2500

3000

3500

4000

4500

5000

5500

Pu
ls

e 
H

ei
gh

t [
A

D
C

]

0

200

400

600

800

1000

1200

1400

1600

1800
Mean     1159

Pulse Height [ADC]
0 500 1000 1500 2000 2500 3000

N
um

be
r o

f E
nt

rie
s

0

10

20

30

40

50

60

70

80
Mean     1159

front contact

average pulse height in one strip vs hit positionpulse height distribution in continuous region



Dmitry Hits, Instrumentationseminar DESY/UHH,13 October 2017

Testing 3D detectors at 
PSI 

Micha Reichmann

34
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1. 3D poly diamond with pixel readout

• First assembly with pixel readout chip and 3D 
pCVD diamond produced 

- Bump bonded by B. Harrop, Physics Department, 
Princeton University to the latest CMS digital pixel 
chip with low threshold (~1500 electrons)  

• 3D columns were designed to stop 15µm before the 
end of the material and drilled from both sides 

- produced by: Dr. P. Salter, Prof. M. Booth, Department 
of Engineering Science, University of Oxford

35
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2. 3D poly diamond with pixel readout

• Second assembly with pixel readout chip and 3D 
pCVD diamond produced 

- Bump bonded by B. Harrop, Physics Department, 
Princeton University to the latest CMS digital pixel 
chip with low threshold (~1500 electrons)  

• 3D columns were designed to stop 15µm before the 
end of the material and drilled from both sides 

- produced by: Dr. P. Salter, Prof. M. Booth, Department 
of Engineering Science, University of Oxford
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ROC Electronics
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Tilted view of the 3D poly diamond pixel chip 
assembly

• Tilted image, 
focus on: 

- Bump pads 

- Columns 

- Bias grid

37
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−
/ /

×

Beam test of 3D pixel detector

38

• Latest (August 2017) testbeam at PSI  

- 260 MeV/c positive pions 

• Read-out chip setup 

- Threshold for accepting hits: ~1500 electrons 

• Test performed: 

- rate scan from 7 kHz/cm2 — 7 MHz/cm2 

- Bias scan from 0V to -55V 

- Angle scan 0 — 30 degree 

- rise time scan (varying CMS-Pixel DAC to increase rise time of the ROC)
−

/ /

×

Rotation stage setup  
for 50x50µm2 cell 3D
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 150x100µm2  
3D pCVD diamond

50x50µm2  
3D pCVD diamond

• All results are very preliminary! 

- The peak at 0 we are not yet able to explain 

• Pulse height calibration for diamond samples is approximate 

• Silicon sample was calibrated with X-ray fluorescent lines 

• Mean of the fit for 50x50µm2 is 16ke  

- ~90% charge collection 
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Hit efficiency 

40

planar Si 3D, 50x50µm2 cell 

• Efficiency checked by counting all hits in the device under test and 
dividing them by the number of tracks predicted by the telescope within 
a fiducial area 

• Efficiency very high for all 3 devices 

- 150x100µm2 — 98.5%, 50x50µm2 — 99.4%, planar Si — 99.9% 

• We expect that efficiency will be even higher for the tilted 3D device
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edge-Transient Current Technique 
Christian Dorfer
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Powerful tool to demystify the charge transport properties of (irradiated and 
unirradiated) sCVD diamond: 



ü  space charge thus the electric field

ü  trapping times

ü  charge collection efficiency (CCE)

ü  saturated velocity

ü  mobility electrons and holes


Experimental Method and Setup

Introduction to edge-Transient Current Technique (edge-TCT)


edge-TCT in silicon 

edge-TCT (pads)

• Powerful tool to demystify the charge transport properties of (irradiated and unirradiated) sCVD diamond:  

- space charge thus the electric field  

- trapping times  

- charge collection efficiency (CCE)  

- saturated velocity  

- mobility electrons and holes 
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Electronic Band Diagram of Diamond


Electronic band diagram of diamond 
showing photon absorption by the 
indirect band gap.




Indirect Bandgap 
 

required energy ≈ 5.47 eV / 226 nm

(minus phonon contribution and exciton energy)

1-photon absorption

2-photon absorption: Eγ ≈ 2.74 eV / 453 nm



Direct Bandgap

required energy = 7.3 eV / 170 nm

1-photon absorption

2-photon absorption: Eγ = 3.65 eV / 340 nm

3-photon absorption: Eγ = 2.43 eV / 510 nm







Attoline Laser

•  ~ 25 fs 

•  0.1 – 5 nJ pulse energy, equivalent to 2*108 

– 1010 photons/pulse

•  photon energy of 3.1 eV (400 nm)






Electronic band gap of diamond

43



Dmitry Hits, Instrumentationseminar DESY/UHH,13 October 2017
| | Institute for Particle Physics, ETH Zurich 

13 

mirror 

BBO 
(barium borate 

crystal) 

filter 

mirror 

NDFs 
(neutral 

density filters) 

focusing 
lens 

HV 

LV 

Table control 

photodiode 

photodiode 

‘old’ diamond holder 

DAQ-PC 

April 2017 



Dmitry Hits, Instrumentationseminar DESY/UHH,13 October 2017 | | Institute for Particle Physics, ETH Zurich 14 

DAQ Software Screenshot
DAQ screenshot
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All measurements shown in the next 
slides were done on S116.



•  unirradiated

•  bought from Element 6 (through 

DDL)

•  pad metallized by Rutgers 

University (TiW sputtered with 
shadow mask)


•  metallization distance from edge 
≈400 μm


•  2 edges polished


Diamond Sample

S116: unirradiated sCVD diamond
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All measurements shown in the next 
slides were done on S116.



•  unirradiated

•  bought from Element 6 (through 

DDL)

•  pad metallized by Rutgers 

University (TiW sputtered with 
shadow mask)


•  metallization distance from edge 
≈400 μm


•  2 edges polished


Diamond Sample

S116: unirradiated sCVD diamond


scCVD sample
• un-irradiated  

• bought from Element 6 
(through DDL)  

• pad metallized by Rutgers 
University (TiW sputtered with 
shadow mask) 

• metallization distance from 
edge ≈400 µm 

• Not used in PLT due to poor 
CCD performance 

- requires high field to collect 
full charge 

• 2 edges polished 
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First 3D Scan

6 Use new DAQ and analysis software to perform a 3D scan
þ 

Run parameters:




•  Bias voltage: -400V

•  50 waveform averaging,  

3993 scan points (~0.4s each)

•  Laser pulse energy: 0.2 nJ
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First 3D Scan

6 Use new DAQ and analysis software to perform a 3D scan
þ 

Run parameters:




•  Bias voltage: -400V

•  50 waveform averaging,  

3993 scan points (~0.4s each)

•  Laser pulse energy: 0.2 nJ
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Analysis 
An example of a edge-TCT y-scan


-400V 

GND 

1 slice of 3D scan on previous 
slide. Waveform samples 
selected along red line.


There is a lot of information to 
extract:



•  electrons seem to drift differently 

than holes (uniform positive 
space charge?)


•  drift speed

•  electrical field configuration

•  …


  à work in progress


1st 3D scan
• Test parameters: 

- Bias voltage: -400V  

- 50 waveform 
averaging,  
3993 scan points 
(~0.4s each)  

- Laser pulse energy: 
0.2 nJ 

• Parameters to extract: 

- electrons seem to drift 
differently than holes 
(uniform positive 
space charge?)  

- drift speed  

- electrical field 
configuration  

- trapping rate 

- …

47

Z-scan

Y-scan

-400 V

Ground



Dmitry Hits, Instrumentationseminar DESY/UHH,13 October 2017

| | Institute for Particle Physics, ETH Zurich 25.08.2017 Christian Dorfer 12 

Waveform Analysis


After a baseline correction the following parameters are extracted: 

Total Charge 
Integral of the complete 

baseline corrected waveform 
[0-200 ns] 

 

Prompt Current 
0.3 ns-Integral around the center 
of the rising edge. Integral range 

is selected based on trigger timing 
e.g.: [50.3 - 50.6 ns] 

 In both cases trapping is not considered at the current state of the analysis.  

Iprompt � I(t=0) 
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Waveform Analysis


After a baseline correction the following parameters are extracted: 

Total Charge 
Integral of the complete 

baseline corrected waveform 
[0-200 ns] 

 

Prompt Current 
0.3 ns-Integral around the center 
of the rising edge. Integral range 

is selected based on trigger timing 
e.g.: [50.3 - 50.6 ns] 

 In both cases trapping is not considered at the current state of the analysis.  

Iprompt � I(t=0) 

Waveform analysis

• Total charge 

- Integral of the complete 
baseline corrected waveform
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• Prompt current 

- 0.3 ns-Integral around the 
center of the rising edge
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Total Charge 2D Map and Profiles


-400V 

GND 
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Total Charge 2D Map and Profiles


-400V 

GND 
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Total Charge 2D Map and Profiles


-400V 

GND 

Total charge
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Prompt Current 2D Map and Profiles


-400V 

GND 
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Prompt Current 2D Map and Profiles
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Prompt Current 2D Map and Profiles


-400V 

GND 

Prompt current
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Electric Field 2D Map and Profiles
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Electric Field 2D Map and Profiles
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Electric Field 2D Map and Profiles

Electric field
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Development of in-house 
sensor bump bonding 

Diego Alejandro Sanz Becerra (present)
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Bumpbonding - Processing

add UnderBumpMetal*

sputter

add bump material*

( thinning of CMOS )

*step requires (several) photolithographic steps

reflow

heat

special athmosphere

CMS Pixel Indium processstefan.koenig@psi.ch, (IPRD08) 1-4 October 2008, Siena, Italy – p.22

Bumpbonding - Flip - Chip

CMS Pixel Indium process

flip-chip

pressure

(heat)

2. reflow

stefan.koenig@psi.ch, (IPRD08) 1-4 October 2008, Siena, Italy – p.23

Under bump metal
Ti/W/Pt/Cr/Aupassivation

LOLPhotoresist
UV Bump bonding process

• Deposition of pixel and backside contact metal 

- Cr/Ni/Au (alternatives Ti, TiW, Al) 

• Deposit passivation and etch window to contact metal 

- Al2O3, SiNx, SiON 

•  Deposition of extra UBM in the passivation window 

- Ti/Ni/Au 

• Deposition of indium 

• Reflow of indium 

• Bump bonding and reflow the bump bonded device 

• Process successful up to the reflow step
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Bumpbonding - Processing

add UnderBumpMetal*

sputter

add bump material*

( thinning of CMOS )
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CMS Pixel Indium process

flip-chip

pressure
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Under bump metal
Ti/W/Pt/Cr/Aupassivation

LOLPhotoresist
UV

Bumpbonding - Processing

add UnderBumpMetal*

sputter

add bump material*

( thinning of CMOS )

*step requires (several) photolithographic steps

reflow

heat

special athmosphere

CMS Pixel Indium processstefan.koenig@psi.ch, (IPRD08) 1-4 October 2008, Siena, Italy – p.22

Bumpbonding - Flip - Chip

CMS Pixel Indium process

flip-chip

pressure

(heat)

2. reflow

stefan.koenig@psi.ch, (IPRD08) 1-4 October 2008, Siena, Italy – p.23

Under bump metal
Ti/W/Pt/Cr/Aupassivation

LOLPhotoresist
UV

We were 
stuck here
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Bumpbonding - Processing

add UnderBumpMetal*

sputter

add bump material*

( thinning of CMOS )

*step requires (several) photolithographic steps

reflow

heat

special athmosphere

CMS Pixel Indium processstefan.koenig@psi.ch, (IPRD08) 1-4 October 2008, Siena, Italy – p.22

Bumpbonding - Flip - Chip

CMS Pixel Indium process

flip-chip

pressure

(heat)

2. reflow

stefan.koenig@psi.ch, (IPRD08) 1-4 October 2008, Siena, Italy – p.23

Under bump metal
Ti/W/Pt/Cr/Aupassivation

LOLPhotoresist
UV Bump bonding process

• Deposition of pixel and backside contact metal 

- Ti/Al 

• Deposit passivation and etch window to contact metal 

- SiON 

•  Deposition of extra UBM in the passivation window 

- Ti/Ni/Au 

• Deposition of indium 

• Reflow of indium 

• Bump bonding and reflow the bump bonded device
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We are 
there!
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Bumpbonding - Processing

add UnderBumpMetal*

sputter

add bump material*

( thinning of CMOS )

*step requires (several) photolithographic steps

reflow

heat

special athmosphere

CMS Pixel Indium processstefan.koenig@psi.ch, (IPRD08) 1-4 October 2008, Siena, Italy – p.22

Bumpbonding - Flip - Chip

CMS Pixel Indium process

flip-chip

pressure

(heat)

2. reflow

stefan.koenig@psi.ch, (IPRD08) 1-4 October 2008, Siena, Italy – p.23

Under bump metal
Ti/W/Pt/Cr/Aupassivation

LOLPhotoresist
UV Bump bonding process

• 2 in house produced devices 
ready for testing!
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Bump bonding (problems)

• Investigate matrix of many parameter 

- Varied sizes of under bump metallization opening  

- Varied sizes of the Indium pancakes 

- Different passivations  

• Al2O3 (natural oxide on Al),  

• SiNx, SiON (PECVD deposition followed by RIE) 

- With/without extra UBM in the passivation window  

- Varying top layer of contact metal 

• Au or Al on top of Cr and Ni
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Bumpbonding - Processing

add UnderBumpMetal*
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Bumpbonding - Processing

add UnderBumpMetal*

sputter

add bump material*

( thinning of CMOS )

*step requires (several) photolithographic steps

reflow

heat

special athmosphere

CMS Pixel Indium processstefan.koenig@psi.ch, (IPRD08) 1-4 October 2008, Siena, Italy – p.22

Bumpbonding - Flip - Chip

CMS Pixel Indium process

flip-chip

pressure

(heat)

2. reflow

stefan.koenig@psi.ch, (IPRD08) 1-4 October 2008, Siena, Italy – p.23

Under bump metal
Ti/W/Pt/Cr/Aupassivation

LOLPhotoresist
UV

contact metal, Al2O3 passivation

SiNx passivation

SiON passivation

contact metal,  
SiON passivation, extra UBM

contact metal, SiNx passivation, contact metal, SiNx passivation
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Conclusions
• Diamonds make good particle detectors 

• They used in a wide range of applications 

- beam abort, particle timing, x-ray beam monitoring 

• At ETH we are working to better understand the 
properties of the diamond sensors  

- Radiation hardness study extended to 1017 protons/cm2 

- Study of rate behavior from 10 kHz/cm2 to 10 MHz/cm2 for 
diamonds irradiated to 4x1015 neutrons/cm2 

- Successfully tested two 3D diamond sensors with pixel readout 
➡ 150µm x 100µm cells and 50µm x 50µm cells 

- e-TCT setup is fully operational 

- Bump-bonded our first diamond to a pixel readout using in-
house process  
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Outlook
• Continue study 3D detectors 

- irradiate them to full HL-LHC dose 

• Interpret our eTCT results and test 
irradiated diamonds with it 

- Test 3D diamonds with it  

• Optimize our bump bonding procedure and 
produce a full CMS pixel module with a 
diamond sensor 

• In more distant future investigate building 
electronics on diamond
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Thank you for attention
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Extra Slides 
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Properties of diamond compared to silicon

61

8 CHAPTER 1. INTRODUCTION

silicon a natural

diamond b

proton number [ ] 14 6

atomic number [ ] 28.0855 [9] 12.011 [9]

lattice constant [Å] 5.4310 [10] 3.5668 [10]

mass density
[
g cm−3

]
2.329 [10] 3.515 [10]

cohesive energy [eV/atom] 4.63 [11] 7.37 [11]

melting point [K] 1685 [10] 4100 (c) [10]

band gap [eV] 1.124 [10] 5.48 [10]

relative dielectric constant d [ ] 11.9 [10] 5.7 [10]

resistivity [Ωcm] 20 × 103 (e) > 1013 [11]

[Ωcm] 5 × 1011 (f) [3.2.3] > 1014 (g) [3.2.3]

breakdown field [V/µm] 30 1000

electron mobility
[
cm2 V−1 s−1

]
1500.. [12]

1450 [10] ..2400 [13]

hole mobility
[
cm2 V−1 s−1

]
1000.. [12]

≈ 440 [10] ..2100 [13]

electron saturation velocity [cm/s] 2 × 107 [13]

hole saturation velocity [cm/s] 107 [13]

thermal expansion coefficient
[
10−6K−1

]
2.59 [10] 0.8..1.0 [14]

thermal conductivity
[
W cm−1 K−1

]
1.4 20..23 [14]

energy to create eh-pair [eV] 3.6 [15, 16] 13 [13, 17]

radiation length [cm] 9.4 [9] 12.03 [3.75]

specific ionization loss [MeV/cm] 3.9 [3.3.1] 6.2 [3.3.1]

ave. no. of eh-pairs/mip [pairs/100 µm] 9000 [3.3.5] 3600 [11]

ave. no. of eh-pairs/mip [pairs/300 µm] 27000 [3.3.5] 11850 [3.3.5]

Table 1.1: Properties of silicon and natural diamond that are of interest when consid-
ering the material for use as a particle detector. The properties depend on temperature
and pressure. The values are valid under normal conditions: for temperature around
298 K and a pressure of 1 atm. A reference to an entry in the bibliography or to a
section or an equation in this thesis is given in rectangular brackets.

aThe column gives values for single crystal silicon.
bSelected natural diamond, type IIa, see footnote on page 96.
cDiamond melts at 4100 K and 12.5 GPa., it graphitizes at ≈ 1200 K and 1 atm under oxygen [2].
dVacuum has the dielectric constant (permittivity) ϵ0 = 8.854 pF/m [9].
eThis is the intrinsic resistivity of silicon.
fThis is the resistance of a reversed biased silicon diode.
gThis is the resistivity of a CVD diamond.



Example of 3D detector drilling

Array 3:
10× transmission 
microscope image without 
and with crossed 
polarisers.

Electrode diameter is 
~4.5um. 
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RD42 Collaboration Meeting
CERN, May 23, 2013

Observations from the PLT Pilot Run

7
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Before�Stable�Beams

After�Stable�Beams

TimeTime (ms)

1-pixel clusters
2-pixel clusters
> 2-pixel clusters

100 Hz rate 4 MHz rate

Shift in pulse heights with rate

Reminder from the diamond past

• 2012 pilot run of PLT with single crystal CVD diamonds in the 
CASTOR region 

• Reduction of pulse height at higher rate observed
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Analysis procedure
• Perform pedestal analysis and subtraction 

- Correct for the common mode 

• Cluster channels above threshold(s) 

- “seed” threshold, “hit” threshold 

• Select events with only one cluster in each  telescope plane 

• Align telescope 

• Select events with only one cluster in each  telescope plane and 
only one cluster in the diamond plane 

• Align diamond plane to the telescope 

• Transparent analysis 

- require only “good” tracks in the fiducial region of the telescope 

- no requirement on the diamond plane - unbiased
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https://indico.cern.ch/conferenceDisplay.py?confId=228876
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Seed Cut 

Hit Cut 

Beam test analysis: clustering
• pedestal subtraction 

•  clustering 

- seed cut in diamond plane is 
5σ 

- hit cut 3σ
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https://indico.cern.ch/conferenceDisplay.py?confId=228876
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Mean 56.49 

Alignment

• Correct for shift and rotation in telescope and DUT planes

66

Before  
alignment

After  
alignment

Mean  0.003

https://indico.cern.ch/conferenceDisplay.py?confId=228876
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Transparent analysis

• Telescope plus DUT is aligned 
on a subset of tracks 

-  not used in analysis 

• Use telescope to predict hit 
position in the DUT 

• In 10 strips surrounding the 
predicted position find two 
neighboring strips with the 
largest pulse heights 

- Measure cluster pulse height 

- Measure resolution
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Pulse height: 800 MeV proton irradiation

• scCVD diamond sample 

- CCD = is measured to thickness for unirradiated 

• Noise is on the order 80-110 electrons 

- < 1.6% of the mean pulse height for the highest irradiation dose 

• Pulse heights for 2 highest out of 10 strips closest to the predicted hit 
position 

- Pulse height shown for bias +1000 V (negative are similar)
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Φ:      0 p/cm2 
Mean:1527 adc 
CCD: 466 µm

Φ:        1.0x1015 p/cm2 
Mean:  1177 adc 
CCD:   359 µm

Φ:       4.6x1015 p/cm2 
Mean: 529 adc 
CCD:  161 µm

Noise in non-hit channels 
Common Mode corrected

σ = 6.3 adc

https://indico.cern.ch/conferenceDisplay.py?confId=228876
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Iprompt from data Mobility model scaling 

Use ‘Bisection Method’ to solve for E with the constraint that: 
 
  

A .. Amplification 
e0 .. electron charge 
Ne,h .. number of e,h pairs 
          (constant in first order) 
ve,h .. avg. drift speed of e&h 
W .. weighting field (=1/thickness for 2 
parallel infinite 2D electrodes) 

no trapping 

Electrical Field Extraction

Theoretical background


Characterization of single crystal CVD 
diamond particle detectors for hadron 
physics experiments (M.Pomorski) 

Mobility model 
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Analysis
• For each set of runs the signal region is set around most probable peak 

position for signal events  

• Pedestal region is 40 ns or 2 bunch crossing in front of the signal region 

• Pulser region is set around most probable peak position for pulser events
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4.3 Signal Regions and Pulse Height Definitions 31

Figure 4.11: Regions in the waveforms where Pulser, Signal and Pedestal are defined.
The pedestal region is definded from sampling point 130 to 210 (red region), the signal
region runs from sample point 210 to 290 (yellow region) and the pulser region is defined
in n the region 820 to 900 (green region).

The positions of the signal peaks in the May beam test were located between sample
point 25 and sample point 175. Due to the absence of a scintillator inside the beam
line, the time resolution of the position was smaller. Hence, the position of a peak inside
this signal window was not as well defined as the peak position from the August beam test.

In order to correct for non-zero baselines of the waveforms, a pedestal region is defined,
where the pulse height is measured in the same way as it is measured inside the signal
region. The pulse height of this pedestal region has to be subtracted from the signal pulse
height. This pedestal correction can be applied either on an event basis, where for each
event the pedestal pulse height is subtracted from the pulse height in the signal region,
or, it can be applied globally, where the pulse heights are corrected by the o↵set of the
pedestal distribution. In both cases, after the pedestal correction, the pulse height distri-
butions are shifted to the correct value. Apparently, the pedestal pulse height distribution
is centred at zero after the correction by definition.

4.3.1 Signal-to-Noise Ratio Analysis

The pulse height inside the signal window can be defined in many di↵erent ways. Thus,
in order to find the best pulse height definition concerning the SNR, a SNR analysis on
the August beam test data was performed. The SNR was defined as the ratio of the mean
signal to the sigma of a gaussian fit to the pedestal peak.
Fig. 4.12 shows how the di↵erent pulse heights are defined for this analysis. Within the
windows a, b and c the position of the peak is searched. The window a is a fixed point,
based on the average peak position, hence, the found peak for a is at a. The window b
is scaled such that the found peak is restricted to the first half of the signal region. This
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Analysis 
signal defintion

• Find a peak in the signal region 

• Calculate an integral around the peak 

- for the following plots an integral (-5ns, +12.5ns) was used
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• Range cuts 
- cut out the beginning of the run where the beam stopper and/or collimator changes 

• Beam interruptions 
- cut out regions beam interruptions 

• Pedestal sigma cut 
- cut out events with pedestal > 3*sigma_pedestal 

- removes events with signal in the pedestal region 

• Pulser 
- cut out pulser events
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• Tracks 
- one and only one hit in each plane 

• χ2 of track fit 
- select good tracks  

➡ with χ2 in the lower 90% quantile 

• Track angle 
- select collinear tracks 

➡ < 2 degrees divergence in x and in y 

• Saturated 
- cut out events reaching maximum 

ADC range at any point of the 
waveform
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List of cuts (continued)

χ2

angle (degrees)

slope X

slope Y
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Timing cut
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• Bucket cut 
- due to 25 ns granularity of the fast-Or trigger and 20 ns bunch 

structure, coincidences between fast-Or in the later bucket and 
scintillator in the earlier bucket are possible 

- Only events with absolute peak in the right bucket are considered 
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List of cuts (continued)
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DRS4 signal traces

76
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Analysis

Pulse Height (a.u.)

• Pedestal is 
removed 
completely by 
“all cuts” 

• Basic shape 
of the Landau 
is not affected 

• High end tail 
changes 
slightly after 
“track” cut 
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Charge Carrier’s Generation Volume 2/2

4 Result from beam profiling


Beam profile result from knife edge scan:

   à focal position known

   à beam diameter known

   à length of focal point known



But all outside of diamond! 
Aberration not accounted for 

  à work in progress


1/e2 

Voxel 
(2PA region) 



With the beam parameters 
found in the knife edge 
scan one can draw the 
intensity profile:
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4 Result from beam profiling


Beam profile result from knife edge scan:

   à focal position known

   à beam diameter known

   à length of focal point known



But all outside of diamond! 
Aberration not accounted for 

  à work in progress


1/e2 

Voxel 
(2PA region) 



With the beam parameters 
found in the knife edge 
scan one can draw the 
intensity profile:


Charge generation volume

• Beam profile from the knife edge scan 

- in air, not accounting for aberration in diamond 

- 2.0 mm => 4.8 mm
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• The charge profile is 
proportional to intensity 
squared for 2 photon 
absorption
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2 Double Junction

(Cubic space charge distribution, injection along line, diffusion=on, 

no RC filter, no trapping) 
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y=450μm

y=50μm Very approximate result, further work needed:



à  RC filtering of simulation waveform

à  Clean y-scan (aka data not extracted from xy-

scan)

à  Try different space charge distributions to fit 

shape better

à  Trapping


slowly falling
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à  RC filtering of simulation waveform

à  Clean y-scan (aka data not extracted from xy-

scan)

à  Try different space charge distributions to fit 

shape better

à  Trapping


slowly falling

Preliminary simulation results

• Cubic space charge 
distribution 

• Injection along a line 

• Difusion = on 

• No RC filter, no trapping
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Fig. 4 NIEL damage cross section of Si (left) and Diamond (right) for protons and neutrons (solid lines:
upper one for p, lower one for n) as function of the incident energy. The different cross section contributions
from elastic and inelastic scattering have been indicated as well.

3 Comparison with data

The radiation hardness for diamond sensors has beenmeasured by the RD42 collaboration using a 24 GeV/c2

proton beam at CERN. They found that the decrease in signal was around a factor 2 after a fluence of
(6 ± 2) · 1015 p/cm2 [RD42-Report]. However, during a test of diamond sensors with 26 MeV protons,
the signal decreased much more rapidly, as shown in Fig. 2 (left). The curves were obtained by irradiating
the sample with a high intensity 26 MeV proton current and then reducing the current and measuring the
ionization current for different beam currents. After a fluence of (4.5 ± 1.5) · 1014p/cm2 the ionization
signal or the charge collection distance (CCD) is reduced by a factor two.
There are two experimental worries concerning our method: a) is the online measurement of the de-

crease of the ionization signal determining the real radiation damage? b)for these studies we used rather
cheap diamond sensors from [E6], which were not their sensor grade, but the ”heat spreader” grade. There-
fore the results were repeated with a sensor grade pCVD diamond and a single crystal sCVD diamond, all
from [E6]. The diamonds were either metallized with Al or (Au,Cr) on C. The diamonds were character-
ized before and after irradiation using the standard method of determining the charge collection distance
with a radioactive source. The reduction in signal for sCVD sensors follows a similar decrease as for
the online measurements with the pCVD sensors (see Fig. 2, right), showing that the bulk damage is an
intrinsic property of the sensor material.
In order to check if this is due to the large increase in the cross section from multiple Coulomb in-

teractions the samples were irradiated with neutrons. Since the neutrons yield much less ionization the
ionization current could be monitored on line without saturating the electronics. For the electronics a sen-
sitive ”Current-to-Frequency” converter with a dynamic range from a few pA to a few mA was user. This
8 channel module with an USB readout was developed by the LHC machine group for the LHC beam
monitoring with ionization chambers [Dehning]. The irradiation was performed with the neutron beam at
Louvain la Neuve with a mean neutron energy of 20 MeV [Louvain]. The result is shown in Fig. 3. A

c⃝ 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

RD42 data compared to NIEL hypothesis
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!
!
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× /
Beam test of 3D pixel detector
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hit occupancy of 50x50µm2 3D hit occupancy of 150x100µm2 3D

• Testbeam at Paul Scherrer 
Institute in October 2016 

- 260 MeV/c positive pions 

• Read-out chip setup 

- Threshold for accepting hits: ~1500 
electrons
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Results (II6-B2, pCVD - pad detector)

• Average pulse height vs pion rate  

• Pulse height was measured at several rate points between 2 kHz/cm2 and 10 
MHz/cm2 

- no relative calibration between beam tests 

- scanned up and down up to 4 times to check repeatability 

• Pulse height very stable after irradiation 

- slight rise in pulse height, ~5% before irradiation, probably due to surface preparation
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August 2015,  
un-irradiated

October 2015,  
5x1014 n/cm2

August 2016,  
1x1015 n/cm2
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Results (II6-97, pCVD - pad detector)

• Average pulse height vs pion rate  

• Pulse height was measured at several rate points between 2 kHz/cm2 and 10 MHz/cm2 

- no relative calibration between beam tests 

- scanned up and down up to 4 times to check repeatability 

• Pulse height very stable after irradiation 

- slight change in pulse height, ~8% before irradiation, again surface preparation is a suspect, 
will check in the upcoming beam tests.
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