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Abstract

Beam test results of the radiation tolerance study of chemical vapour deposition (CVD) diamond
against different particle species and energies is presented. We also present beam test results on the
independence of signal size on incident particle rate in charged particle detectors based on
unirradiated and irradiated poly-crystalline CVD diamond over a range of particle fluxes from 2
kHz/cmZ2to 10 MHz/cm?Z. The pulse height of the sensors was measured with readout electronics with
a peaking time of 6 ns. In addition functionality of poly-crystalline CVD diamond 3D devices was
demonstrated in beam tests and 3D diamond detectors are shown to be a promising technology for
applications in future high luminosity experiments.
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1 Introduction

Diamond features some distinct properties which make it useful as a sensor material in applications
with high fluences and/or high particle fluxes [1]. The large band gap (5.5 eV) of diamond allows
operation at ambient temperature due to low leakage currents. Diamond’s large displacement
energy (42 eV) makes it inherently a radiation tolerant material. The RD42 collaboration has
developed and studied position sensitive detectors based on chemical vapour deposition (CVD)
diamond for the last 20 years [2—8]. As a result, diamond detectors have been successfully operating
in beam monitoring systems of the present Large Hadron Collider (LHC) [9-13].

The innermost layers of tracking detectors and beam monitoring systems at the future High
Luminosity LHC(HL-LHC) are expected to be exposed to a particle fluence of ~2 x 106 hadrons cm2
and a high particle rate of approximately 100 MHz cm~ to 200 MHz cm2 [14]. The RD42 collaboration
studied the radiation tolerance of CVD diamond sensors against different particle species and
energies as well as the signal response dependence on the particle rate up to a flux of 10 MHz cm™2.
Furthermore, devices with a 3D electrode geometry were developed and tested for applications at
the HL-LHC. Results from these studies are presented in this paper.

2 Radiation tolerance

The RD42 collaboration has conducted a program to characterise the radiation tolerance of CVD
diamond detectors. Multiple series of irradiations with protons and neutrons were carried out and
their effect on the devices’ signal response to charged particles was characterised.

One single-crystalline CVD (sCVD) diamond sample and three polycrystalline CVD (pCVD) diamond
samples were irradiated with 800 MeV protons at the Los Alamos Neutron Science Center (LANSCE)
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[15]. Two pCVD diamond samples were exposed to 70 MeV protons at the Cyclotron and
Radioisotope Center of Tohoku University (CYRIC) [16] and a pCVD diamond sample was irradiated
with fast reactor neutrons (> 100 keV) at the Jozef Stefan Institute (JSI) [17].

After each irradiation step, strip detectors were fabricated on the diamond samples. A 50 um pitch
strip detector was metallised on the growth side of the samples and a bias pad on the substrate side.
Each strip was wire bonded to a VA2 readout channel [18] and the high voltage was applied on the
bottom bias pad through an RC filter circuit.

The fully assembled detectors were probed in the H6 secondary beam line of the Super Proton
Synchrotron (SPS) at CERN [19]. The beam line was tuned to a 120 GeV ¢! hadron beam. A high
resolution beam telescope [20] consisting of four times two silicon strip planes was used to
reconstruct tracks and predict the hit position in the diamond plane. A resolution on the predicted hit
position of 1:3 um was reached at the diamond plane. The readout was triggered usinga 7 mm x 7
mm plastic scintillator. For each run, the first 10 % of the events were used to determine initial
pedestals and for alignment. With the remaining events the device under test (DUT) was analysed.
The signal response was measured as a function of the predicted hit position and the mean free path
(MFP) was derived from the average pulse height.
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Figure 1. Inverse MFP as a function of 800 MeV proton fluence [21]. Error bars include statistical and
systematic uncertainties added in quadrature. Reproduced with permission from [21]. @2018 ETH
Library.

The MFP is inversely proportional to the trap density which increases linearly with fluence. Thus, the
radiation damage model can be written as

1
T=xtko (2.1)



where k is the radiation damage constant, @ is the fluence, and A, is the initial MFP before
irradiation. In figure 1, the inverse MFP is plotted as a function of 800 MeV proton fluence. An initial
MFP of 10.0 f‘é% x 103 um was assumed for sCVD diamond, while the pCVD diamond samples’ initial
MFP was measured with a source setup and is smaller due to their higher initial trap density. The
damage model was fitted to the data points of each sample. The parallel slopes indicate a common
damage mechanism between sCVD and pCVD diamond.

Resulting slopes were averaged to derive the damage constant of 800 MeV protons. Damage
constants for 70 MeV protons and fast neutrons were derived similarly. As a reference, the 24 GeV
proton data from ref. [22] was re-evaluated by re-fitting using the above procedure. Table 1
summarises the relative damage constants.

Particle species k

24 GeV protons 1

800 MeV protons 1.85+0.13
70 MeV protons 25+04
Fast neutrons 45+0.5

Table 1. Relative radiation damage constants for different particle species [21]. Reproduced with
permission from [21]. ©2018 ETH Library
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Figure 2. Mean free pass as a function of 24 GeV proton equivalent fluence [21]. Reproduced with
permission from [21]. @2018 ETH Library.

In figure 2, the MFP is plotted as a function of 24 GeV proton equivalent fluence for all irradiated
samples. In order to account for the number of traps in the initial state, an offset correction for the
pCVD diamond samples of

@0 =

1

(2.2)

was applied. The equivalent fluence was then derived by



Doy = k 0 (2.3)

where k is the relative damage constant. With these corrections, the data in figure 2 line up clearly
on a single damage curve.

3 Rate study

To measure the dependence of the signal response on the incident particle rate in diamond
detectors, a series of beam tests [6, 23] was performed at the Paul Scherrer Institut (PSI) [24]. The
M1 beam line of the High Intensity Proton Accelerator (HIPA) was tuned to a 260 MeV ¢! " beam.
The particle flux of this beam line can be varied from a rate of 5 kHz cm? to 20 MHz cm™ with a
bunch spacing of 19.8ns [25].

For this study the pCVD diamond samples were metallised with a pad configuration on both sides. A
Cr/Au metallisation was used. The readout electronics were a modified version of a CERN fast amp
[26] which has a peaking time of 6 ns and returns to baseline in 18 ns for a detector with a
capacitance of 2 pF [23]. A beam telescope [27] made of silicon pixel detectors was used to track
particles into the DUTs. The 100um X 150um pixel sensors were read out with the PSI46v2 readout
chip [28]. The readout of the system was triggered by a scintillator and the amplified diamond signals
were digitised with a DRS4 evaluation board [29]. A typical waveform of a diamond detector is shown
in figure 3. The signal was measured at a fixed time of 69 ns after the trigger by taking the average in
a 10 ns window around the peak.
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Figure 3. Sample signal trace of a diamond signal.

A measurement cycle included tests at different particle fluxes. After each test, the beam line was
closed and tuned to the new particle flux. Tests up to a particle flux of 10 MHz cm™ were performed.
Figure 4 shows the pulse height, averaged over the entire detector, as a function of the particle flux
for both positive and negative voltage. The signal response was observed to be independent of the
particle flux up to a particle rate of 10 MHz cm™2, both before and after a neutron fluence of 5 x 1014
n cm2. In this figure the pulse height units are arbitrary since the unirradiated and the irradiated
detectors used different electronics. The resulting electronics gain corrections and the relative gain
correction for different signal polarity in the electronics is still being determined and was not applied
to the data in this figure.
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Figure 4. Average pulse height of pCVD diamond detectors as a function of particle flux before and
after a neutron fluence of 5 x 10 n cm [23]. The black triangles indicate the start and end of a
measurement cycle. Reproduced from [23]. Copyright owned by the original author(s) under the
terms of the Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International License
(CC BY-NC-ND 4.0)

4 3D diamond sensors

The concept of 3D detectors with electrodes in the bulk of the material was proposed in ref. [30].
Sensors with limited MFP, such as highly irradiated pCVD diamond or silicon detectors, may profit
from the reduced charge carrier drift distance in 3D detectors.

iD

3D phantom

Figure 5. Metallisation mask [23]. The device is divided into three regions, each comprising a
different detector: a 3D detector (top left) with a cell size of 150 um x 150 pm, a 3D phantom
detector (middle left) with the same metallisation pattern as the 3D detector but without any bulk
electrodes, and a strip detector (bottom left) with a 50 um strip pitch. The patterns on the right were
not used. Reproduced from [23]. Copyright owned by the original author(s) under the terms of the
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The RD42 collaboration successfully constructed a 3D detector based on sCVD diamond in 2015 [31].
Results of the first pCVD diamond 3D sensor are shown here and were published in 2016 [23]. The
metallisation pattern of this device consists of three different regions as illustrated in figure 5. The
first region is the 3D detector operated at a bias potential of 60 V. Its bulk column electrodes were
fabricated with a laser as described in ref. [31]. These bulk column electrodes are connected to either
readout or bias metal strips forming 99 150 um X 150 um cells. The second region is a 3D phantom
detector with the same metallisation pattern as the previous region but without the bulk column
electrodes. For reference, a 50 um pitch strip detector defines the third pattern. The strip detector
was operated at a bias voltage of 500 V.
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Figure 6. Average signal response as a function of predicted hit position in the diamond plane [23].
Reproduced from [23]. Copyright owned by the original author(s) under the terms of the Creative
Commons Attribution-NonCommercial-NoDerivatives 4.0 International License (CC BY-NC-ND 4.0)

The multi-region device was probed with a beam telescope in a 120 GeVc! hadron beam at CERN as
described in section 2. Figure 6 shows the average pulse height of the multi-region device as a
function of the predicted hit position. The 3D phantom region collects less charge than the other two
regions. In the 3D region, some cells with decreased average pulse height due to broken readout
columns were observed. In the further analysis, a contiguous fiducial region of working cells was
defined. Figure 7 compares the signal response of this fiducial selection to the strip region. The
average pulse height of the 3D region is roughly twice as large as the signal response of the strip
detector and corresponds to 75% of full charge collection.
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Figure7. Normalised pulse height distribution of the strip and 3D regions [23]. Reproduced from [23].
Copy-right owned by the original author(s) under the terms of the Creative Commons Attribution-
NonCommercial-NoDerivatives 4.0 International License (CC BY-NC-ND 4.0)

In 2016, the RD42 collaboration assembled an improved full 3D device based on pCVD diamond. This
device has a smaller cell size of 100 um X 100 um and with 1188 cells, an order of magnitude
increase in number of cells. Furthermore, the column production efficiency was improved from 92 %
to 99 %. Figure 8 shows the metallisation of the readout side with the 3D cells ganged together and
read out as strips. With this full 3D device 85 % of the deposited charge was collected for the first
time with a pCVD diamond device. The corresponding pulse height distribution is shown in figure 9.

Figure 8. Photograph of the metallisation of the readout side. The bias column electrodes form a
total of 1188 cells.
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Figure 9. Pulse height distribution of the single 3D diamond device.

5 Conclusion

The radiation tolerance of CVD diamond sensors has been probed up to fluences relevant for tracking
detectors at the HL-LHC. Before and after irradiation, the signal response of pCVD diamond detectors
was observed to be independent of the particle rate up to a flux of
10 MHz cm2. The functionality of pCVD diamond 3D devices was demonstrated in beam tests. These
results show 3D diamond detectors are a promising technology for applications in future HL-LHC
experiments.
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