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The planned upgrade of the LHC to the High-Luminosity-LHC will push the luminosity limits

above the original design values. Since the current detectors will not be able to cope with this

environment ATLAS and CMS are doing research to find more radiation tolerant technologies

for their innermost tracking layers. Chemical Vapour Deposition (CVD) diamond is an excellent

candidate for this purpose. Detectors out of this material are already established in the highest

irradiation regimes for the beam condition monitors at LHC. The RD42 collaboration is leading an

effort to use CVD diamonds also as sensor material for the future tracking detectors. The signal

behaviour of highly irradiated diamonds is presented as well as the recent study of the signal

dependence on incident particle flux. There is also a recent development towards 3D detectors

and especially 3D detectors with a pixel readout based on diamond sensors.
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1. Introduction

The upgrade of the Large Hadron Collider (LHC) to the High-Luminosity-LHC (HL-LHC)
from 2023 to 2025 [M] will push the luminosity limits even above the original design values of
the LHC and will therefore hopefully give us more insights in the fundamental nature of the uni-
verse. In 2028 an instantaneous luminosity of 5 x 103 cm™2s~! is expected. In this environment
the innermost tracking layer at a distance of ~30 mm to the interaction point (IP) is expected to
be exposed to a total fluence of 2 x 10! Neg/ cm? by 2028 [2]. This fluence is equivalent to an in-
tegrated luminosity of ~3000fb~!, but since the current pixel detectors are designed to withstand
~300fb~! the full detector would have to be replaced about every year. This led to research and
development of new radiation tolerant detector designs and materials.

Its large displacement energy of 42 eV /atom and a high band gap of 5.5e¢V make diamond
an excellent candidate for such a radiation tolerant detector which is why the RD42 Collaboration
is investigating single-crystal (sc) and poly-crystalline (p) Chemical Vapour Deposition (CVD)
diamond as an alternative for precision tracking detectors for over two decades. In order to grow
high quality detector grade diamonds, RD42 works together with industrial companies. All results
in this paper were acquired with scCVD diamonds produced by Element Six Technologies [B] and
pCVD diamonds produced by II-VI Incorporated [H]. The main difference between the two types of
diamonds are their sizes of ~0.25 cm? for scCVD and up to 6 inch for pCVD and the smaller signal
in pCVD [H]. In various studies it was shown that compared to corresponding silicon detectors,
diamond is at minimum three times more radiation hard [H], has at least a two times faster charge
collection [[@] and its thermal conductivity is four times higher [H].

It is essential for all modern collider experiments to have an online monitoring of the beam
conditions as close as possible to the beam [M]. Due to the high radiation in that regime presently
all of the four main experiments at the LHC are using detectors with diamond sensors. ATLAS [B],
ALICE [Id], CMS [[] and LHCDb [I2] all make use of various Beam Condition Monitors (BCMs)
and/or Beam Loss Monitors (BLMs) based on both CVD type diamonds for live background esti-
mations and luminosity measurements.

Due to expected high particle flux and expected radiation dose for the HL-LHC it is very
important to understand the behaviour of future detectors in this environment. The RD42 Collabo-
ration has studied CVD diamond detectors with irradiation doses up to 2.2 x 106 p/cm?. In order
to build more radiation tolerant detectors, a new technology - 3D detectors [[3] - in diamond is
being investigated [[4] . The 3D design of these detectors heavily reduces the drift distance of the
created charge carriers without reducing the total number of the created electron-hole pairs. Since
the particle flux of the HL-LHC will be in completely new regime, high rate studies are performed
at Paul Scherrer Institut (PSI) with nearly minimum ionising particles (MIPs) and tunable particle
fluxes from the order of 1kHz/cm? up to the order of 10 MHz/cm?.

2. CVD Diamond Detectors in the ATLAS Diamond Beam Monitor (DBM)

During the long shutdown in 2014 ATLAS installed one of the first diamond pixel detectors
- the DBM - as an upgrade of the BCM. Its purpose is to measure an instantaneous (bunch-by-
bunch) luminosity and the bunch-by-bunch position of the beam spot. The DBM consists of eight
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telescopes, four on each side of the IP. Each of these telescopes comprises three detector planes.
This adds tracking capability to the existing precise time-of-flight (ToF) measurements of the orig-
inal eight pad detectors of the BCM. Using state-of-the-art pixel detectors based on the FE-14B
readout chip (ROC) [[J] increases the segmentation and the spatial resolution of the beam monitor
and due to its projective geometry pointing towards the interaction region it can distinguish par-
ticles coming from collisions and background [[A]. The telescopes - six of which are built from
pCVD diamonds and two from silicon as reference - are positioned symmetrically around the beam
pipe and are shown in Figure [ll. A total number of 45 diamonds with a thickness of 500 um were
available for the project of which 18 were chosen for the detector.

DBM telescope fl: 100777 Magnetic field
ZDD] <J--eeee-- direction
~7em I N G
10 = Collision
beam pipe region

A
\/

~1m

(b) four mounted telescopes

(a) positioning and alignment (from [IA])
Figure 1: The positioning of DBM telescope around the beam pipe of the LHC
The first results already show a clear discrimination between collision and background events as

demonstrated in Figure D. During the shutdown of the LHC in the beginning of 2017 the modules
were recommissioned and are now a part of the ATLAS data taking.
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Figure 2: Reconstruction of tracks from three modules using the initial alignment.

3. Radiation Tolerance

In order to probe the radiation tolerance of CVD diamond sensors several radiation studies
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Particle | Energy Relative «
Proton 24 GeV 1.0
800MeV | 1.79£0.13
70 MeV 2.4+04
25 MeV 4.5+0.6
Neutron | ~1MeV | 4.5+0.5
Pion 200MeV | 2.5-3

Table 1: Damage constants for various irradiations normalised to 24 GeV protons

have been performed varying the types and energies of damaging particles. The sensors were irra-
diated with protons of different energies (24 GeV, 800 MeV, 70 MeV, 25 MeV), ~1 MeV reactor
neutrons and 200 MeV pions up to a maximum dose of 2.2 x 10'® p/cm? which is equivalent to
~500 Mrad.
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Figure 3: Irradiation results for proton energies of 24 GeV (a) and 800 MeV (b). The solid line in
each plot is a fit using equation Bl

In order to build a detector out of a CVD diamond sensor a specific recipe is applied where the
diamond is cleaned and metallised [[8]. Depending on the geometry of the metallisation pattern,
pad, strip and pixel detectors can be built. For the radiation studies, a strip pattern was chosen in
order to correlate the pulse height with the position information.

The characterisation of the irradiated devices was performed at a Super Proton Synchrotron
(SPS) beam line at CERN using charged hadrons with momenta of the order of 120 GeV/c. By
using a customised beam telescope with a spatial resolution of ~2 um one obtains an unbiased hit
prediction of the particle track in the diamond sensor.

The signal behaviour of irradiated material follows the simple damage equation

% = 7\10 + ko 3.
where A is the mean free path (MFP) of a charge carrier, A the initial MFP, k the damage constant
and ¢ is the fluence [H]. Since the measurable quantity is the charge collection distance (CCD) we
make the assumption that the MFP of electrons and holes are the same which was studied in [B].
Due to that one can find a relation of the CCD to the MFP .
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The results of two different types of irradiation are shown in Figure B. As seen in the examples
all of the tested samples follow the equation B-l. Table 0l shows all the extracted damage constants.

4. High Rate Beam Tests

In addition to the radiation studies it is very important to understand the effect of the incident
particle flux on the signal of CVD diamonds. In order to conduct such a study it is essential to be
able to vary the particle flux over a large range. The 7tM1 beam line at the High Intensity Proton
Accelerator (HIPA) at PSI [[Y] can provide beams with continuously tunable fluxes from the order
of 1 kHz/cm? up to 10 MHz/cm? which have a spacing of 19.8 ns between each bunch. For these
studies a 71" beam with with a momentum of 260 MeV /c was chosen in order to reach the highest
possible flux [2].

The diamond sensors were connected in a pad geometry and prepared as described in [Z]. In
order to resolve single waveforms at high particle rates the sensors were connected to a fast, low-
noise amplifier with a rise time of approximately 5 ns. The resulting waveforms were then read out
with a DRS4 Evaluation Board at a sampling frequency of 2 GHz. The final diamond pad detectors
were measured in a beam telescope based on the CMS pixel ROCs PSI46v2 [2A] which provides
tracking with an inherent resolution of ~70 um at the position of the DUT. A better resolution can
be achieved by applying a cut on the x? distribution of the tracks. The telescope did also provide a
trigger of which the area can be masked to increase the efficiency of the data taking. A scintillator
was positioned at the end of the telescope to achieve a precise timing of 1 ns.

An overlay of 30000 resulting waveforms is shown in Figure B. The most frequent peak at
~70ns is caused by the actual particle which was triggered on. The region of 20 ns around this
mean peak position is called signal region. All the other peaks are from particles of other bunches.
Due to the good timing resolution the bunch spacing of the PSI beam can be clearly seen in the
plot. The bunch just before the signal region is forbidden by the trigger logic and is used to extract
the pedestal (base line) of the waveform. The pulse height value is then calculated by averaging
the waveform in a 10 ns window around the maximum value in the signal region.

o

100

Signal [mV

. R SR T U L SRS SRR ST SR SO T
100 200 300 400 500
Time [ns]

Figure 4: Overlay of 30000 waveforms

In order to exclude a dependence on the incident particle flux several rate scans with both
polarities of the bias voltage and different irradiation doses were performed. The typical scan starts
at the minimum flux, goes up to the maximum (up scan) and then goes down to the minimum
again (down scan). In addition, random scan were done whereby systematic effects were excluded.
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Figure B shows the final results for a pCVD diamond both non-irradiated and irradiated with reactor
neutrons to 5 x 10'*n/cm? . An upper limit for a pulse height dependence on particle flux of less
than 5% was observed for a flux up to 20 MHz/cm?. In addition it can also be seen that there
is a slight difference between positive and negative bias which is due to the electronics. After
the irradiation the pulse height decreases due to the radiation damage. There was no absolute
calibration done yet which is required to relate the pulse height values before and after irradiation.
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Figure 5: Pulse height versus incident particle flux for a pCVD diamond for irradiated and non-
irradiated detectors

5. 3D Detectors

After large irradiation, all detector materials become trap limited with a MFP below 75 um.
The concept of a 3D detector is a possible way to reduce the drift distance below the this MFP.
More details about the fabrication and the functionality can be found in [I4], [[3].

In 2015 the first detector was built out of a pCVD diamond sensor which had 3D readout
with ganged readout columns as well as a strip metallisation

on the same sensor. The thickness of sensor was ~500 um
and the 3D cells had a size of 150 um x 150 um. At this
time the column production efficiency was about 92 % [H].

entries a.u.

The mean of the measured pulse height is 13500 e which is
much higher than 6900 ¢ in the strip detector on the same
diamond. The strip signal equates to a CCD of 192 um
whereas the charge in the 3D would have a CCD in a pla-

nar detector of 350 um to 375 um which effectively means

0 I IR e RS I O o A A
5000 10000 15000 20000 25000 30000 35000
signal / electrons

that more than 75 % of the created charge was collected for
the first time in a pCVD diamond. The corresponding pulse
height distributions are shown in Figure B. This detector Figure 6: Pulse height of the 3D
was already a success by showing a working 3D diamond  multi detector
detector.

In 2016 a full 3D detector was constructed with dramatic improvements. The number of cells
was scaled up from 99 to 1188, the cell size was reduced to to 100 pm x 100 um and the column
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production efficiency was increased to 99 %. The analysis of this device is still in progress but
the first results already show charge in the entire area of the detector and it has the largest charge
collection in pCVD with over 85 % in a contiguous region.

Finally at the end of 2016 the first pCVD 3D sensor with pixel readout which was metallised
and then bump bonded to a CMS pixel ROC PSI46digV2.1respin [P2]. The chip was then tuned
to a global pixel threshold of 1500e. The preliminary beam test results show an efficiency of
98.5%. This value is close to the efficiency of a silicon pixel of 99.3 % which was tested in
parallel. Compared to the silicon the 3D pixel detector has a relative efficiency of 99.2 %. The loss
of 0.8 % is believed to originate from the low field regions between the electrodes.

6. Conclusion

By now the technology of diamond detectors is well established in high energy physics. Many
of the experiments are already using BCMs or BLMs based on CVD diamonds. As one of the first
pixel projects the ATLAS DBM was recommissioned for the 13 TeV collisions and started taking
data.

The diamond material was proven to be very radiation tolerant and the signal behaviour after
the irradiation with various particle species and energies is well understood for both scCVD and
pCVD diamonds. In extensive studies it was found that pCVD diamond detectors work reliably and
show no signal dependence up to an incident particle flux of 20 MHz/cm?. This was also shown
for irradiated detectors up to fluence of 5 x 10'* ngq/cm?.

There is also great progress in the development of more radiation tolerant devices. The work-
ing principle of both 3D strip and pixel detectors was proven with great success down to cell sizes
of 100 um x 100 um. For the first time more than 80 % of the created charge in the material was
read out. The efficiency of the column drilling process is now above 99 % and the relative efficiency
of the 3D pixel detectors is 99.3 % compared to a silicon detector.
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