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1. Introduction

Progress in experimental particle physics continues to depend crucially upon the ability to
carry out experiments in a high radiation environment. The flux of highly energetic particles is
strongest close to the interaction point. At the High Luminosity Large Hadron Collider (HL-LHC),
in the best performance scenario, the radiation levels in the innermost layers of the CMS detector
are projected to achieve 3.0×1016 neq/cm2 [1, 2]. The development of new materials and test-
ing new device designs that are able to withstand such harsh radiation levels are most important for
these applications. A particle sensor based on Chemical Vapor Deposition (CVD) diamond is a very
attractive candidate for such an environment. Not only does diamond have a higher displacement
energy than silicon, therefore promising higher radiation tolerance [3], but also, the large band gap
allows for operation of diamond devices without any cooling, and as a consequence, significantly
reduces the infrastructure in the inner layers of particle detectors. The RD42 collaboration [4] stud-
ies CVD diamond for usage in high energy physics experiments as tracking and beam monitoring
devices. In this paper we present the latest results of RD42 collaboration in understanding the ra-
diation hardness of CVD diamond sensors, show advances in 3D sensor technology that promise
to extend the radiation tolerance to even higher levels, and discuss a novel method to investigate
charge transport in single crystal CVD (scCVD) diamonds.

2. Radiation tolerance

The RD42 collaboration has recently updated the study of radiation damage in CVD diamonds
by 800 MeV and 24 GeV protons [5]. A total of four samples, three polycrystalline CVD (pCVD)
diamonds and one single crystal CVD diamond, were irradiated with 800 MeV protons and a to-
tal of three samples, one pCVD diamond and two scCVD diamonds, were irradiated with 24 GeV
protons. Each diamond was irradiated in steps to various fluences. After each fluence the diamond
was metallized with a strip metallization and connected to low noise multichannel readout. The
pulse height in the devices, induced by a minimum ionizing particle (MIP), was measured for sev-
eral bias voltages of both positive and negative polarity. The hit position of the MIP was predicted
with ∼3µm precision by a beam telescope. Figure 1 shows the pulse height distributions in the
fiducial area for negative bias voltage (∼2 V/µm) for different fluences of 800 MeV protons. The
mean of each distribution is linearly proportional to the Charge Collection Distance (CCD), from
which a schubweg λ (an average distance a charge carrier travels before being immobilized) can
be extracted using Equation 2.1.

ccd
t

= ∑
i=e,h

λi

t

[
1− λi

t

(
1− e−

t
λi

)]
(2.1)

where t is the thickness of the diamond.
The inverse schubweg versus fluence is fitted for each sample separately with Equation 2.2 as

shown in the Figure 2.
1
λ

=
1
λ0

+κφ (2.2)

where λ0 the initial schubweg before the irradiation, κ the damage constant and φ is the fluence
[6].
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Figure 1: Pulse height distributions for negative bias voltage after various fluences of 800 MeV
protons [5].

Figure 2: Schubweg versus fluence of 800 MeV for three pCVD diamonds and one scCVD diamond
fitted individually with Equation 2.2 [5].
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Observing that the change in the pulse height of all diamond samples due to irradiation by the
same particle species at the same energy is found to be within one sigma of each other, we average
the result. This observation suggests that the radiation damage in the different samples follows the
same underlying physical mechanism of radiation. The resulting coefficient is the damage constant
for diamond for a particular particle species at a particular energy. The damage coefficient for
24 GeV protons is 0.62±0.07×10−18 cm2µm−1. Dividing the coefficients for other particle species
by the 24 GeV proton damage constant we obtain the relative coefficients shown in Table 1.

Particle Energy Relative κ

Proton 24 GeV 1.0
800 MeV 1.68±0.13
70 MeV 2.6±0.4
25 MeV 4.9±0.6

Neutron ∼1 MeV 4.9±0.5

Table 1: The relative damage constants for various particle species normalized to 24 GeV proton
equivalent [5, 7].

These relative damage coefficients can be used to normalize the fluences of other particle
species to the equivalent fluence of the 24 GeV protons.

3. 3D Pixel detectors

The idea to put electrodes in the bulk of a sensor instead at the surface to bring them closer
to each other and therefore reduce the drift distances of charged carriers (and the probability of
being trapped before reaching the electrode) was introduced by S. Parker et al. in 1997 [8]. In
diamond, the conductive electrodes in the bulk (albeit with a high resistance therefore we will
call them resistive) are formed with the aid of a femtosecond laser. The material in the focal
point of the laser converts from the insulating diamond phase into a mixture of various phases that
includes graphite, which is conductive [9]. By moving the focal point linearly through the diamond
the column electrode is formed. Four resistive electrodes arranged in a square pattern with one
electrode in the middle of the square form a 3D cell. The electrode in the center of the square
is the readout electrode while the electrodes in the corners of the square are the bias electrodes.
Two arrays of approximately 4000 cells with the cell size of 50µm×50µm were fabricated in two
pCVD diamonds. The efficiency of column electrode fabrication with a diameter of ∼2.6µm was
99.7%. The readout column electrodes of one array were ganged together in a 1×5 pattern while
the readout column electrodes of the other array were ganged together in a 2×3 pattern, in order
to match the readout of FE-I4 [10] and PSI46digv2.1respin [11] readout chips, respectively, as
shown in Figures 3a and 3b. The sensors were then bump bonded to the corresponding readout
chips using two different methods. The sensor with the 1×5 pattern was bump bonded to an FE-I4
readout chip with Sn-Ag solder bumps. The sensor with the 2×3 pattern was bump bonded to a
PSI46digv2.1respin readout chip using indium bumps. The indium bumps were deposited on both
the readout chip and the sensor and were then brought into contact using only pressure, i.e. no
melting of indium after the deposition was performed. Thus, the connection was formed by solid
inter-diffusion of indium at room temperature.
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(a) 1x5 (b) 2x3

Figure 3: 3D diamond sensors with 50µm×50µm cells metallized for bump bonding to (left)
FE-I4 chip and (right) PSI46digv2.1respin chip.

Both devices were tested under similar conditions by minimum ionizing particles (∼120 GeV
protons) at CERN’s Super-Proton-Synchrotron test beam area H6A [12]. The data were analyzed
with Beam Telescope Analysis (BTA) software [13]. The hit position of the particles on the de-
tector were reconstructed with a precision of ∼5µm with a beam telescope. The efficiency of hit
reconstruction was measured with respect to hit position (see Figure 4). The efficiency is visibly
higher for the device with the 2×3 pattern (Figure 4b). We suspect that the reason for lower ef-
ficiency in the 1×5 pattern (Figure 4a) was potentially related to the modifications introduced in
the Sn-Ag bump bonding process. A few inefficient spots in the 2×3 pattern device are due to
the broken readout electrodes in the sensor. This was also confirmed by a visual inspection of the
column electrodes in the 3D sensor.
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Figure 4: Efficiency versus hit position for detector readout with (left) FE-I4 chip and detector
readout with (right) PSI46digv2.1respin chip.

The fiducial region, marked by a red rectangle in the plot of Figure 4, was chosen in order to
avoid the known defects in both the 3D sensor and the readout chip. The efficiency versus bias
voltage (Figure 5) in the fiducial region already saturates for both devices at 20 V and reaches
98.2% for the 1×5 pattern device and 99.2% for 2×3 pattern device. The 0.4% inefficiency in the
2×3 pattern device is due to the tracks passing through either one of the column electrodes. The
remaining 0.4% is not understood and may be due to the low field region at the saddle points of
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electric field distribution. Such low field regions are inherent in the 3D sensor design and there-
fore expected. However, further analysis is required to confirm or reject whether this hypothesis
explains the observed inefficiency pattern. At any rate, these results, combined with the ability to
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FE-I4B 1×5
PSI46digv2.1respin 2×3

Figure 5: Efficiency versus bias for detector readout with FE-I4 chip (blue) and detector readout
with PSI46digv2.1respin chip (orange).

operate without any cooling, make such a device an attractive alternative to the tracking devices
based on silicon. Further research is still required to confirm the same high efficiency remains after
irradiation, as well as to scale up the size of the devices and to improve yield of bulk electrodes.

4. 3D charge transport mapping by the edge-TCT method

One way to understand the peculiarities in the behaviour of diamond sensors is to study the
charge transport in diamond. The Transient Current Technique (TCT), whereby a charge in the
sensor is generated by a laser beam entering through the edge of the device (edge-TCT), is an
interesting method for the study of charge transport in scCVD diamonds [14]. This method allows
to infer such parameters as the charge trapping rates, electric field distribution and, through it, space
charge distribution. In diamond, due to a large bandgap, the electric charge generation by a laser
pulse with a 400-nm long wavelength occurs through a two-photon absorption [15]. This effect has
a further advantage; the charge generation is limited to the focal point of the laser beam, where the
density of photons is the highest. Thus, edge-TCT allows for 3D profiling of the electric field in a
diamond device.

The setup, described in detail in [15], consists of a femtosecond laser generating 800-nm
100-fs long photon bunches. The frequency of photons is doubled by a BBO (Barium Borate)
crystal and the laser beam is then focused in the diamond sample. The diamond sample consists

5
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of a diamond plate ∼540µm thick and approximately 4.6 mm×4.6 mm in area, with contact pads
deposited on each side of the plate. The edges of the contact pads are about 200-300µm away
from the edge of the diamond. The charge carriers, generated in the focal point, travel in the
electric field in the diamond producing a current pulse that is amplified by a 40 dB broad band
amplifier and recorded by an oscilloscope. A few samples of such pulses are shown in Figure 6.
Since the bias on the top electrode is negative, the current pulses, originating from the focal point

laser entry positions -1400V

GND

540 μm

Sample Signals

23

Laser System

X

Z

440 μm

390 μm

 340 μm

  290 μm

  240 μm

UBias = - 1400 V

t1 t2

Figure 6: (Top) A side view of scCVD diamond in edge-TCT system. (Bottom) A sample edge-
TCT pulse at X = Z = and several Y positions of the focal point inside the diamond. The X and
Y positions of the focal point are marked approximately with a correspondingly colored dot in the
top Figure.

close to the top electrode, consist first of a combined movement of electron and holes, followed
by electron only drift after the holes are collected. The current pulse in the ballistic center of the
sensor (red curve at 240µm ), where the travel time of electrons and holes to the respective contact
is the same, does not have a step-wise structure.

Measuring the length of the pulses and dividing it by the distance traveled by the charge carri-
ers, one obtains the velocity of the charge carriers. After performing the measurements at different
bias voltages one obtains the dependence of the drift velocity on the electric field (Figure 7). The
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Figure 7: The drift velocity versus electric field for electrons and holes measured at several posi-
tions within the diamond. The data fitted with Equation 4.1

dependence can be fitted with an empirical relation 4.1.

vdri f t(E) =
µ0E

1+ µ0E
vsat

(4.1)

The fit yields the saturation velocity and the mobility at low values of electric field (zero field
mobility). For the diamond under test, the values of saturation velocity for holes and electrons
respectively are: vsat,h = 1.3×107 cm/s and vsat,e = 1.1×107 cm/s, while the values of the zero field
mobility are: µsat,h = 2.0×103 cm2/Vs and µsat,e = 1.3×103 cm2/Vs. These values are in the same
range of values determined by other methods [16, 17].

By integrating the area under the current pulse (Figure 6) one can determine the total charge
collected by the amplifier. Repeating this procedure for different locations of the focal point (where
the charge was generated) one obtains a 3D map of charge collection efficiency. The transverse
slice of that map is shown in Figure 8. One observes that for the diamond under test the charge
collection is uniform with the region between the contacts and that the efficiency diminishes outside
the contact area, as would be expected, because the electric field is lower there.

The electric field can also be deduced by integrating the ∼0.3 ns of the rising edge of the pulse
(0.2 ns before and 0.1 ns after the half height of the pulse’s rising edge). According to Ramo’s the-
orem [18] this integral should be proportional to the electric field value in the immediate vicinity
of the focal point. The 2D map of this integral in Figure 9 shows that the electric field is higher
closer to the negative electrode, which indicates a positive space charge. It can also be noticed
that the electric field change is not uniform, which indicates non-uniform distribution of the space
charge, which would indicate non-uniform distribution of charge trapping defects, probably intro-
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The collected charge at every scan point can be calculated as

where ta and tb denote the integration times (0 – 200 ns in this case). 

Ground

Bias Voltage

Collected Charge Map

25

Figure 8: Collected charge versus x-y position in the diamond.

Electric Field vs. Defect Density in the Diamond

Left: Comparison of the prompt current result (black) to the defect 
density seen by X-ray topography (red).

27

Figure 9: Prompt current profile versus x-y position in the diamond.

duced during the growth process of the diamond. The exact reason for this effect is currently under
investigation.

5. Conclusions

We presented the latest achievements of the RD42 collaboration in the development of dia-
mond detectors for high energy physics experiments. The updated radiation hardness coefficients of
diamond are 1.04±0.07×10−18 cm2µm−1 for 800 MeV protons and 0.62±0.07×10−18 cm2µm−1

for 24 GeV protons. The radiation hardness was measured up to the fluences 2×1016 protons/cm2.
Two 3D pixel detectors with ∼4000 50µm x 50µm cells were fabricated with 2×3 cell ganging for
PSI46digv2.1respin chip readout and with 1×5 cell ganging for FE-I4 chip readout. Laser fabrica-
tion of ∼2.6µm diameter column electrodes, crucial to manufacture 3D devices, reached 99.7%
efficiency. Hit detection efficiency of >99% was achieved for the pixel detector with a 3D sensor
in pCVD diamond. A two-photon edge-TCT was proven to be a useful technique to further the
understanding of charge carrier transport in diamond. 3D maps of electric field in scCVD diamond
can be imaged with high resolution.
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