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Abstract. The radiation tolerance of chemical vapor deposition (CVD) diamond against different particle species
and energies has been studied in beam tests and is presented. We also present beam test results on signal size as a
function of incident particle rate in charged particle detectors based on un-irradiated and irradiated poly-crystalline
CVD diamond over a range of particle fluxes from 2 kHz/cm 2 to 20 MHz/cm2. The pulse height of the sensors was
measured using readout electronics with a peaking time of 6 ns. In addition, the functionality of poly-crystalline CVD
diamond 3D devices is demonstrated in beam tests and 3D diamond detectors are shown to be a promising
technology for applications in future high rate/high intensity experiments.
Key words: Poly-crystalline CVD diamond, rate dependence, 3D sensors, radiation tolerance

1. INTRODUCTION
Diamond is a material with extraordinary
properties which rival any other semiconductor
material. The low dielectric constant, high heat
conductivity, large band gap, high threshold
displacement energy, high electron and hole mobility

make it an especially attractive candidate for particle
detection in the high radiation environments.
Since its formation in 1994 [1], the RD42
collaboration at CERN has investigated Chemical
Vapor Deposition (CVD) diamond for applications in
collider experiments that include among others
charged particle tracking, beam monitoring and
luminosity measurement. Here we describe the
highlights of these developments.
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2. RADIATION TOLERANCE
The innermost regions of current and future hadron
colliders have unprecedented radiation levels. The
detectors at 3 cm radius from the beam axis at the High
Luminosity Large Hadron Collider (HL-LHC) are
expected to receive total fluence 2.3 × 1016 neq/cm2
during their lifetime [2]. The range of particle species
contributing to the damage of the detectors is fairly
broad, with the main contribution coming from
charged hadrons while the other species (neutrons,
electrons and photons) also have non-negligible effects.
Therefore, tracking, beam monitoring, and luminosity
detectors that occupy those regions should possess a
sufficient degree of radiation tolerance and they should
be tested against a broad spectrum of particles.
The RD42 collaboration has shown that photons do
minimal damage to the diamond sensors at up to
10 MRad [1]. The collaboration has also published the
diamond radiation damage factor for 24 GeV protons
[3]. Recently the collaboration has measured the
radiation tolerance of polycrystalline and single crystal
CVD diamonds against protons with energies 25 MeV,
70 MeV, and 800 MeV protons, as well as against
reactor neutrons [4,5].

further analysis. The final pulse height distributions
were formed by adding the amplitudes from the two
strips with highest signals within 10 strips around the
predicted hit position in the device under test.
Table 1. The relative to the 24 GeV proton irradiation
hardness factors for different particle species [5]

Particle species

κ

24 GeV protons
800 MeV protons

1
1.85±0.13

70 MeV protons

2.5±0.4

25 MeV protons

4.5±0.6

Reactor neutrons

4.5±0.5

2.1. Experimental details
The ratio of the collected charge to the expected
generated charge per unit length of the sensor (also
known as Charge Collection Distance (CCD)) of nonirradiated samples was measured first, in order to
determine the initial charge collection properties of the
diamond. Prior to each irradiation the metal contacts
were stripped, in order to reduce the “cool down” time.
After each irradiation the samples were acid cleaned
and re-metallized with a strip metallization pattern on
the “growth” side and a backplane contact on the
“substrate” side. The charge collection properties of the
samples at 2 V/µm bias field were then measured in a
high energy (100 – 200 GeV) hadron beam. The signals
formed by charged carriers released through ionization
by the beam particles were amplified by a multichannel
VA2.2 amplifier [6]. The amplified signals were
multiplexed, digitized with a Sirocco digitizer and
saved to disk. Prior to each measurement the sensors
were “pumped” in order to fill traps using a high
intensity 90Sr source for approximately 4 hours. The
total dose received by the diamond sensor in the
process was on the order of a few µGy. The pulse height
was measured for both positive and negative bias
polarity. A high resolution (~4 µm) beam telescope was
used to predict the particle hit position in the device
under test [7]. For more details on the experimental
setup and procedures please refer to [4,5].
2.2. Analysis and results
In order to determine the charge collection
properties of the sensors, the raw data were preprocessed. The pedestal and common mode were
subtracted, then, based on a predetermined cut, the hit
clusters were formed in both the telescope planes and
in the device under test. The hit clusters were used to
align the telescope and the device under test. The
events used for the alignment were discarded from the

2

Figure 1. The average mean free path versus particle fluence
of 24 GeV protons. The fluences of reactor neutrons, 800
MeV protons and 70 MeV protons, were scaled using the
relative damage coefficient (κ) in Table 1.

The average values of the distributions were
converted to Schubweg or mean free path (λ (µm)) by
numerically inverting the following formula:

(1)
n0 (µm-1)

where q (C) is the elementary charge,
average
number of electron hole pairs created by the detected
charged particle per unit distance, d (µm) is the sample
thickness. The Qcoll (average collected charged in
Coulombs) is linearly related to the average pulse
height through a calibration constant. For simplicity,
the mean free path of electrons and holes were
assumed equal.
In order to determine the damage constant k
(cm2/µm), the inverse mean free path values were
plotted against the corresponding fluences Φ
(particles/cm2) and fitted with the following empirical
equation [8]:
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3.2. Results
(2)
where λ0 (µm) is the mean free path at zero fluence.
The resulting damage factors for each particle species
relative to the damage factor of 24 GeV protons are
shown in Table 1. By scaling the fluences of all the data
with these relative damage factors, we can plot the data
for all measured particle species on one graph
(Figure 1).

3. SIGNAL PULSE HEIGHT VERSUS PARTICLE RATE
The detectors in a collider experiment must operate
in a wide range of particle rates, from few hundreds of
Hz/cm2 to several hundreds of MHz/cm2. It is,
therefore, necessary that the luminosity and the
tracking detectors operate at a stable and high (>99%)
efficiency over this range of rates. The efficiency of the
particle detectors depends on the pulse height
distribution of the sensors and on the threshold of the
readout electronics. Therefore, the dependence of the
pulse distribution on incident particle rate should be
studied over a wide range of rates prior to installing
them in the collider experiment.

The pre-processing of the data is similar to the one
described in Section 2.1 with a few nuances introduced
by the high particle rates, differences in the trigger
logic and the data-taking system. For details on data
pre-processing and analysis please refer to reference
[4]. For the final results, we used the mean of the pulse
height distribution in a fiducial region that was slightly
smaller than the metallized part of the diamond.
Figure 2 shows the average pulse heights versus the
particle rate for several rate points between few
kHz/cm2 and 20 MHz/cm2 for un-irradiated and
irradiated polycrystalline CVD diamond with pad
electrodes.
The result was obtained by varying the incident
particle flux (both increasing and decreasing) several
times, in order to ensure the repeatability. In order to
emphasize the relative change, the pulse height for
each point of a scan was arbitrarily normalized to the
pulse height of the first lowest point rate for this scan.
For un-irradiated diamond, there is a slight (~2%)
variation around the mean in the average pulse height.
The variation of irradiated diamond the pulse height is
<1% over the whole range of incident fluxes. This
measurement will be extended in the future to higher
fluences.

3.1. Experimental details
We studied the dependence of the pulse height on
particle rate at the test beam facilities of Paul Scherrer
Institute (PSI) in Villigen, Switzerland. The πM1 beam
line of the High Intensity Proton Accelerator (HIPA)
was tuned to provide positive pions (π+) with a
momentum of 260 MeV/c [9]. The rate of the π+ varied
between 2 kHz/cm2 and 20 MHz/cm2 with the aid of
two sets of collimators. The pulse height of the device
under test was measured at several rate points.
Charged particle tracking was performed with
compact beam telescope [4] having 4 tracking planes (2
upstream and 2 downstream from the device under
test) each containing PSi46v2 [10] analog pixel readout
chip mounted on a silicon sensor. Due to the small
angle multiple scattering of the low momentum beam
at PSI the hit resolution in the device under test was
limited to ~100 µm.
Two polycrystalline CVD diamond sensors were
pre-selected for this test based on their leakage current
and CCD characteristics. The samples were metalized
on both sides with a single pad electrode of 3.5 x
3.5 mm2 surrounded by a guard ring.
The samples were irradiated at Jožef Stefan
Institute in Ljubljana, Slovenia. As with the proton
irradiated samples (above) the contacts on the sensors
were stripped, prior to irradiation, in order to
accelerate the “cool down” process. After each
irradiation the samples were re-metallized as described
above.
The signals produced by π+ passing through the
sample were amplified with a peaking time of 6 ns and
a return to baseline of 20 ns. The signals were then
digitized by a DRS4 evaluation board with a sampling
rate of 2 GS/s [11].

Figure 2. The average pulse height versus rate for an unirradiated and irradiated polycrystalline CVD diamond pad
detector at positive and negative bias. The pulse height for
each point of a scan was arbitrarily normalized to the pulse
height of the first lowest point rate for this scan.

4. 3D DIAMOND PIXEL SENSORS
3D sensor design was proposed in 1997 [12], in
order to overcome the limitation of decreasing mean
free path in irradiated sensors. It is achieved by
incorporating the bias and the readout electrodes into
the sensor’s bulk and, as a consequence, reducing the
distance between the electrodes without reducing the
thickness of the sensor. This results in a higher
radiation tolerance.
Previously,
the
RD42
collaboration
has
demonstrated the successful implementation of a 3D
structure in single crystal CVD diamond [13].
Here we show the results of the first
implementation of the 3D structure in polycrystalline
CVD diamond with a pixelated readout.
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4.1. Experimental details

whose cells had pitches of 150 µm and 100 µm. The
total active area of the 3D pattern was 3.0×3.1 mm2 or
60×62 3D cells. PSI46dig chip [16] with a threshold
tuned to 1500 electrons was used for readout. The
sample was tested at πM1 beam line at PSI. The beam
parameters and the tracking telescope were similar to
those described in Section 3.1.
4.2. Results

Figure 3. Detector efficiency versus predicted hit position at
67 kHz/cm2 particle rate. The red square identifies the
fiducial region. The fiducial region avoids “hot” and “dead”
pixels in the readout electronics. Detector bias -55 V.

The pre-processing of the data was similar to the
one performed for the rate dependences studies
described in section 3. Only events with a single track
in the telescope were selected for efficiency
measurements. The detector under test was considered
efficient only if there was a signal recorded within
~1000 µm of the predicted hit position. Figure 3 shows
the efficiency map versus the predicted hit position.
Most of the area of the 3D diamond is >90% efficient.
The area in the upper right corner had some known
bump-bonding problems.
In order to determine the inherent efficiency of the
3D detector, we selected a fiducial region that avoids
the areas with problematic bump-bonding, as well as
the “hot” and the “dead” pixels in the readout chip. The
resultant efficiency versus time, shown on Figure 4, is
stable around 99.2% when the detector was operated at
-55 V bias. This represents a lower limit since the
efficiency has not been corrected for cells with missing
readout columns.

5. CONCLUSION

Figure 4. Detector efficiency in the fiducial region versus time
at 67 kHz/cm2 particle rate. Detector bias -55 V.

A 5×5×0.5 mm3 polycrystalline CVD diamond
sample manufactured by II-VI technologies [14] was
chosen for the 3D detector based on charge collection
properties. The 3D conductive electrodes with a
resistivity of 0.1-1 ohm-cm in the diamond were
fabricated with 100-fs laser pulses of 800-nm
wavelength. The laser light was focused to a spot ≤1 µm
diameter, while the sample was pulled throught it at 10
µm/s [15]. The bias and readout electrodes were
formed from opposite sides of the sample in such a way
that only one end of the electrode reached either the
bias or readout surface, the other end terminating 15
µm below the opposite surface. Four bias electrodes
arranged in a square 50×50 µm2 pattern with one
readout electrode in the middle formed one cell. All
bias electrodes were connected together with a contact
grid on the bias side. The readout electrodes were
ganged in groups of six on the readout side. Such
ganging was dictated by the readout chip geometry
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We have presented the most recent results of RD42
collaboration. The radiation tolerance of CVD diamond
samples was measured for particle species. The pulse
height of non-irradiated polycrystalline CVD diamonds
varies less than 5% for particle rates from 10 kHz/cm2
to 10 MHz/cm2. The pulse height of the samples
irradiated to neutron fluences from 5×1013 n/cm2 to
4×1015 n/cm2 varied less than 1% for the same range of
pion fluxes. The 3D sensors based on polycrystalline
CVD diamond had efficiency of 99.2% without
removing the cells with missing readout columns.
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