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1. Introduction

At present most experiments at the CERN Large Hadron Collider (LHC) are planning up-
grades in the next 5-10 years for their innermost tracking layers as well as their luminosity moni-
tors in order to be able to take data as the luminosity increases and CERN moves toward the High
Luminosity-LHC (HL-LHC) [1]. These upgrades will require detectors with radiation tolerance
up to a total fluence of ~ 2 x 10'¢ hadrons/cm?. This requirement is driving all LHC experi-
ments to undertake intense research programs in radiation tolerant sensor technologies and geome-
tries. Chemical Vapor Deposition (CVD) diamond has been used extensively and successfully in
beam conditions/beam loss monitors as the innermost detectors in the highest radiation areas of
essentially all LHC experiments [2],[3],[4]. As a result, CVD diamond is considered a candidate
technology for beam conditions/beam loss monitors and possibly tracking layers very close to the
interaction region of the LHC upgrades where the most extreme radiation conditions will exist.

The RD42 collaboration at CERN is leading the effort to develop radiation tolerant devices
based on poly-crystalline CVD (pCVD) diamond as a material for tracking detectors operating in
harsh radiation environments. During the last three years the RD42 group has succeeded in pro-
ducing and measuring a number of devices to address specific issues related to use at the HL-LHC.
This paper presents the status of the RD42 project with emphasis on recent beam test results. In
particular results are presented on new material development, on the independence of signal size on
incident particle rate in pCVD diamond detectors over a range of particle fluxes up to 20 MHz/cm?
and on the 3D detector geometry where the first pCVD 3D detectors produced were shown to col-
lect nearly all of the charge deposited in the material and are expected to be extremely radiation
tolerant devices. The startup of the LHC in 2015 brought a new milestone for diamond detector
development where the first planar diamond pixel modules based on pCVD diamond bump-bonded
to FE-14 ASICs [5] were installed in the ATLAS experiment[6] (the ATLAS Diamond Beam Mon-
itor [7],[8]) and successfully began taking data.

2. Material Development

One of the focus areas of the RD42 program is the characterization of diamond material. The
goal is to provide diamond manufacturers with feedback to enhance the quality of the material pro-
duced. Over the years this program has yielded dramatic results. The diamond material used in the
construction of the ATLAS DBM in 2013 was 500um thick and had a charge collection distance
(CCD: the mean distance the electron-hole pairs move apart under the influence of an applied elec-
tric field) of 200-225um and an initial uniformity of 25% causing extensive selection procedures
to be necessary to secure enough material for the project. Since the DBM project, production ca-
pabilities have been expanded, higher quality material has been produced and the uniformity has
dramatically increased. At present, routine wafer production yields 500um thick parts with charge
collection distance of 300-325um starting from an initial uniformity of 5%. Moreover the under-
standing of the growth process has been expanded to the extent that the manufacturers are striving
to reach a 400um CCD in a 500um thick production part.
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3. Rate study of poly-crystalline CVD detectors at PSI

In order to study the dependence of signal size on incident particle rate, RD42 performed a
series of beam tests in the ZM1 beam line of the High Intensity Proton Accelerator (HIPA) at Paul
Scherrer Institute (PSI). This beam line is able to deliver 260 MeV/c n* fluxes from a rate of ~5
kHz/cm? to a rate ~20 MHz/cm? in bunches spaced 19.8ns apart [9].

Last year RD42 published the results of rate studies up to 300 kHz/cm?, showing that the pulse
height in diamond detectors was independent of flux up to these rates [10]. This year this study was
extended up to 10 MHz/cm?. In order to extend the rate studies new front-end electronics based on
a CERN fast amp [11] was designed which, when connected to a detector with ~ 2 pf capacitance,
has a peaking time of ~6 ns, a return-to-baseline in ~18 ns and 550 e noise. Sensors made from
pCVD material [12] were tested in a beam telescope [13] based on 100 um x 150 pum pixel sensors
readout by the PSI46v2 pixel chip [14]. As in the original test the amplified signals were recorded
with a DRS4 evaluation board [15] operating at 2 GS/s. The entire system was triggered with a
scintillator which determined the timing of the beam particles with a precision of ~0.7 ns.

Figure 1 shows a single DRS4 trace of a typical diamond signal for a minimum ionizing par-
ticle. For each triggered event the signal was measured at a fixed time (69 ns) after the scintillator
trigger by averaging the waveform in the 10 ns window labeled “peak” in Fig. 1. Likewise the
pedestal was measured in the window one bunch (19.8 ns) before the mean signal time by averag-
ing the waveform in the 10 ns window, labeled “pedestal” and indicated in Fig. 1.
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Figure 1: A sample signal trace. The horizontal bars indicate the regions where pedestal (dashed)
and signal (solid) were calculated.

A series of cuts were applied to the data. These include removing 60s of seconds of trig-
gers at the beginning of each run, removing triggers from heavily ionizing particles with saturated
waveforms (mostly protons), removing calibration triggers, removing triggers in the wrong beam
bucket, removing triggers with no tracks in the telescope and removing triggers with large angle
tracks in the telescope. After applying this procedure all telescope tracks which project into the
diamond fiducial region have a pulse height well separated from the pedestal distribution in the
diamond i.e. the diamond is 100% efficient at all rates. The same procedure was applied to all
particle flux points and the resulting mean pulse height versus rate is shown in Fig. 2.

The uncertainty on the data points in the plot include both statistical and systematic sources.
The systematic uncertainty was determined by assuming any deviations in pulse height for rates
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below 80 kHz/cm? was due to systematic effects. Under this assumption (which is consistent with
source measurements), the standard deviation of the distribution of the average pulse height mea-
surements for all flux points below this flux was used as the estimate of the systematic uncertainty.
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Figure 2: Average pulse height versus rate for an un-irradiated and irradiated (5x 10'* n/cm?)
pCVD diamond pad detector at positive and negative voltage. The pulse height units are arbitrary
and the un-irradiated and irradiated detectors used different readout electronics. The resulting elec-
tronics gain corrections and the relative gain correction for the different signal direction (positive
versus negative signals) in the electronics is still being determined and has not been applied.

4. 3D diamond detector beam tests at CERN

3D sensors with electrodes in the bulk of the sensor material were first proposed by Parker, et
al. [16] in 1997 in order to reduce the drift distance of the charged carriers to less than the sensor
thickness. This is particularly beneficial in detectors with a limited mean free path such as trap
dominated sensor materials like heavily irradiated silicon and poly-crystalline diamond. Last year
RDA42 published results of a 3D device fabricated in single-crystal CVD diamond [17]. This year
we fabricated the first 3D device in poly-crystalline diamond. The electrodes in the bulk of the 3D
diamond device were fabricated with lasers as described in [17]. The bias electrodes were placed
at the corners and the readout electrodes were placed in the middle of the cells.

For the first 3D device in pCVD material a Smm X Smm X 525um diamond was used [12].
The metalization combined three different patterns on one pCVD diamond: a planar strip detector
with 50 um strip pitch operated at 500 V, a 3D detector with electrodes in the bulk forming 150um
x 150um cells connected with metal strips to either the readout electrodes or the bias electrodes
operated at 60 V and a 3D phantom with the same metalization pattern as the 3D detector but
without any bulk electrodes also operated at 60 V. Fig. 3a) shows a photograph of the finished
device and Fig. 3b) shows the metalization mask pattern.

In order to improve the contact with the resistive columns and thereby increase the number
of working cells the same metalization pattern was put on both top and the bottom of the 3D and
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(a) Photo of the 3D device showing the metalization pattern (b) Metalization mask

Figure 3: a)Photograph of the 3D device and b)drawing of the metalization mask. The test device
consists of 3 detectors: a planar strip detector with a 50um strip pitch operated at 500 V (b, bottom
left), a 3D detector connected by a metal strip to either readout or bias detector operated at 60 V
(b, top left) and a 3D phantom detector (b, middle left), where the 3D detector metalization pattern
was used but with no bulk electrodes operated at 60 V. The structures (b, top right) and (b, middle
right) were not connected for this test.

the phantom devices while the planar pattern received a pad metalization on the back side. The
details of the fabrication are similar to the device described in [17], where additional details on the
fabrication may be found.

The metalized sensor was wire-bonded to a VA2 readout chip[18]. The completed detector
was then installed into a high resolution beam telescope in the H6A secondary beam line of SPS
complex at CERN. The beam line was tuned to provide a 120 GeV/c positive beam with an average
flux of ~30 kHz/cm?. The pulse height of the beam particles in the detector was measured for both
positive and negative bias voltages. In order to assess the performance of the detector, the noise
of every connected channel was measured in the events in which there was no hit on that channel.
The width of the pedestal distribution yields the noise on a given channel. The average noise of the
planar device was measured to be 80 e, of the 3D phantom device to be 82 e and in the 3D device
to be 94 e after removing two noisy strips. This roughly scales like the capacitance of the devices.
In total 16 planar strips, 9 ganged columns from the 3D phantom and 7 ganged columns from the
3D detector were used in the analysis. After reconstructing hits in the telescope and the 3D device
the first 10% of the events were used for alignment. The rest of the events were then used in the
analysis. Tracks were projected into the plane of the diamond and the average pulse height in the
diamond was calculated with respect to the predicted hit position.

In order to disentangle the column production efficiency from the 3D detector performance
and compare it to the planar strip device, a continuous fiducial region of working cells was selected
(Fig. 4a). The pulse height spectrum of the 3D detector fiducial region and the pulse height spec-
trum of the strip detector are shown in Fig. 4b. The average charge collected by the 3D device
is about twice as large as that of the strip detector. Recently the RD42 group has achieved three
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Figure 4: a) Average pulse height versus predicted hit position in the strip, 3D phantom and 3D
pattern (from left to right) b) Pulse height distributions of the 3D detector in the fiducial region of
(a) (marked in green) compared with the pulse height distribution of the strip detector measured
with the same electronics on the same diamond.

dramatic improvements in 3D device fabrication: an order of magnitude larger structures (1188 vs
99 3D cells), smaller cell size (100um vs 150um cells) and higher column production efficiency
(99% vs 92%). After these improvements a new pCVD 3D detector was fabricated and measured
in the same beam line as above. The data are being analyzed. Preliminary results indicate (in a 10%
contiguous region of this device) a mean pulse height approaching ~85% of full charge collection
for a corresponding thickness. This represents the largest charge observed with a pCVD diamond
detector, confirming the potential of the 3D pattern technique for diamond sensors.

5. The ATLAS Diamond Beam Monitor

The ATLAS Diamond Beam Monitor (DBM) is the first installed diamond pixel detector in a
high-energy physics experiment. Its purpose is to measure instantaneous luminosity, background
rates and the beam spot position. A single DBM module consists of a 18 mm x 21 mm pCVD
diamond 500 pum thick instrumented with the FE-14 pixel chip. The 26,880 pixels are arranged
in 80 columns on 250 um pitch and 336 rows on 50 wm pitch resulting in an active area of 16.8
mm X 20.0 mm. This fine granularity was designed to provide high precision particle tracking.
Moreover, with the Time-over-Threshold measurement the deposited charge from a particle can be
determined.

The DBM diamond module production (flip chip to FE-14, assembly by gluing and wire-
bonding) was mainly performed during the LHC long shutdown in 2013-2014. The DBM uses
diamonds with a CCD of 200-220 pum at an applied bias voltage of 500 V. Three telescopes (plus
1 telescope with silicon sensors) each with 3 diamond DBM modules mounted one in front of the
other, were installed inside the pixel detector services on each side of the ATLAS interaction point
at90 cm < Izl < 111 cm, 3.2 <INl < 3.5 and at a radial distance from 5 cm to 7 cm from the center
of the beam pipe. The modules have an inclination of 10° with respect to the ATLAS solenoid
magnetic field direction to suppress erratic dark currents [19] in the diamonds. The DBM data-
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acquisition system is shared with the ATLAS IBL [20]. After initial installment data were collected
in the July 2015 run. These data have been analyzed and the first results of the DBM tracking
capabilities are shown in Fig. 5. A clear separation between background particles from unpaired
bunches and collision particles from colliding bunches is observed. After two electrical incidents
in July 2015 with consequent loss of several modules, the DBM is now in re-commissioning phase.
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Figure 5: Radial distance (left plot) and longitudinal distance (right plot) of the closest approach
of the projected particle tracks to the interaction point as recorded by a single DBM telescope with
no alignment included yet.

6. Conclusion

The following milestones have recently been achieved: demonstration that the average signal
pulse height of pCVD diamond detectors irradiated up to the dose of 5 x 10'* n/cm? does not
depend on the the particle flux up to 10 MHz/cm?; successful fabrication and operation of a pCVD
diamond 3D detector where the average charge collected in a continuous fiducial region of cells is
larger than the average charge collected in a planar detector on the same diamond by more than
a factor of two and collected at a smaller bias voltage; the successful operation of the first pCVD
diamond planar pixel device in an LHC experiment. In the future RD42 plans to study the pulse
height dependence of CVD diamond sensors with pad and pixel electrodes and higher radiation
doses up to 2 x 10'® n/cm? and also continue the development of 3D diamond detectors.
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