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Results from prototypes of a detector using chemical vapor deposited (CVD) diamond with em-
bedded resistive electrodes in the bulk forming a 3D diamond device are presented. A detector
system consisting of 3D devices based on poly-crystalline CVD (pCVD) diamond was connected
to a multi-channel readout and successfully tested in a 120 GeV /¢ proton beam at CERN proving
for the first time the feasibility of the 3D detector concept in pCVD for particle tracking applica-
tions. We also present beam test results on the dependence of signal size on incident particle rate
in charged particle detectors based on poly-crystalline CVD diamond. The detectors were tested
in a 260 MeV /c pion beam over a range of particle fluxes from 2 kHz/cm? to 10 MHz/cm?. The
pulse height of the sensors was measured with pad readout electronics at a peaking time of 7 ns.
Our data from the 2015 beam tests at PSI indicate that the pulse height of poly-crystalline CVD

diamond sensor irradiated to 5 x 104 Neg/ cm? is independent of particle flux at 3% level.
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1. Introduction

With the planned upgrade of the Large Hadron Collider (LHC) to the High Luminosity LHC (HL-
LHC) by 2026 [1], the inner tracking detectors will be exposed to a total fluence of 2 x 10'6 Neq/ cm?
over their lifetime. The LHC experiments are therefore tasked to develop tracking technology that
will ensure reliable operation of the detectors up to this fluence. Diamond is considered as one of
the candidate technologies to provide sufficiently radiation tolerant sensors. Diamond also offers,
amongst others, the distinct advantage of low leakage currents even after exposure to a high irradi-
ation dose which allows operation without cooling and thus easing the requirements on the support
infrastructure.

The RD42 collaboration at CERN is working to develop radiation tolerant devices based on
poly-crystalline and single-crystal Chemical Vapor Deposition (pCVD and scCVD) diamond as
sensor material. In addition to planar sensors, RD42 recently demonstrated that the 3D sensor
concept can be successfully implemented in pCVD and scCVD diamonds [2]. In 3D diamond
sensors, the readout and bias electrodes are embedded inside the sensor bulk perpendicular to the
surface of the sensor. A 3D device fabricated out of scCVD diamond was able to collect full charge
at much lower bias voltage than the planar device fabricated out of the same diamond [3]. Similarly,
the 3D device made out of pCVD diamond, described in section 2 of this paper, was able to collect
more charge at lower bias than the planar device made out of the same diamond. In addition to
developing new device concepts using pCVD and scCVD diamond, RD42 is working to study the
properties of diamond sensors further. A current priority is the study of the high rate behavior of
pCVD and scCVD diamond sensors. New results of this study are presented in section 3.

2. 3D diamond detector beam tests at CERN

The 3D device [4] was fabricated using a 5 mm x 5 mm x 0.5 mm pCVD diamond. Fig. 1a) shows
a microscope photograph of the finished device and Fig. 1b) shows the design mask pattern used for
metalization. The test device implemented multiple metalization patterns: a planar strip detector
with a 50 pm strip pitch, a 3D detector with a row of resistive electrodes connected by a metal strip
to either readout or bias detector and a 3D phantom detector, where the same readout metalization
pattern was used as in the case of the 3D detector but without the bulk electrodes. The electrodes
were fabricated by exposing the diamond to a femtosecond laser radiation inducing a transition of
the bulk material from the diamond phase to a phase that consisted of a mixture of diamond-like-
carbon, amorphous carbon and graphitic material [3, 5]. The connections to the electrodes of the
3D device were made with Cr/Au metals using a photo-lithographic process. The details of the
fabrication are similar to the device described in Ref. [3], where more information can be found.
The metalized sensor was wire-bonded to a VA2.2 readout chip [6]. The completed detector
was then installed as detector under test (DUT) into a high resolution beam telescope at the HOA
secondary beam line of Super-Proton-Synchrotron (SPS) complex at CERN. The beam line was
tuned to provide 120 GeV /c protons with an average flux of ~10kHz/cm?. The pulse height of
the beam particles in the detector was measured for a set of positive and negative bias voltages. In
order to assess the performance of the detector, the noise of every connected channel was measured
in events with no hit on that channel. Fig. 2b) shows that the noise performance of the planar and
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the 3D phantom detector is approximately the same. The noise in the 3D detector, after exclusion
of four noisy strips is about 17 % higher than the planar or 3D phantom detector which is likely
due to a larger capacitance of the resistive columns of the 3D detector.

(a) Photo of metalization pattern (b) Metalization mask

Figure 1: A picture of a) the 3D device and b) metalization mask. The test device consists of a
planar strip detector with a 50 um strip pitch (b, bottom left), a 3D detector connected by a metal
strip to either readout or bias detector (b, top left) and a 3D phantom detector (b, middle left),
where the same metalization pattern was used as in the case of the 3D detector but without the bulk
electrodes. The structures shown on the right of a) and b) were not tested in this beam test.

After reconstructing the hits in the telescope and the DUT the first 10 % of the events were used
to align the telescope and the DUT. The rest of the events were then used in the analysis. The
track was projected into the plane of the DUT and the average pulse height in the DUT was plotted
versus the predicted hit position. The result is shown in Fig. 2a). Qualitatively it can be observed
that the 3D device provides more charge than the planar device. The dark square-like regions in
the 3D detector pulse height map are caused by non-working bias or readout electrodes [2].
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Figure 2: a) Average pulse height versus predicted hit position in the strip, 3D phantom and 3D
pattern (from left to right). b) Noise in electron equivalent for the three device patterns and for the
3D detector without 4 noisy channels.
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Figure 3: a) Contiguous fiducial region in the 3D detector used for the analysis (marked in green).
Cells with a broken electrode are marked in blue (readout) and red (HV). b) Pulse height distri-
butions of the 3D detector (a) compared with the pulse height distribution of the strip detector
measured with the same electronics.

In order to disentangle the column production efficiency from the 3D detector performance in
comparison to the planar strip device, a continuous fiducial region of working cells was selected
(Fig. 3a). The pulse height spectrum from this fiducial region in the 3D detector and the pulse
height spectrum of the strip detector is shown in Fig. 3b). The average charge collected by the
3D device is about twice as large as the strip detector. Recently further progress was made in
fabricating 3D electrodes allowing us to build much larger structures (about 1000 3D cells). This
pCVD 3D detector was recently measured in the same beam line as above and results are being
analyzed. First preliminary results indicate (in selected regions of the 1000 cell device) a mean
pulse height approaching (85 %) of the full charge collection, indicating the potential of the 3D
pattern technique for diamond sensors.

3. Pulse height vs rate study of pCVD pad detectors at PSI

The study pulse height dependence in the CVD diamond sensors on the particle flux was
prompted by the experience [7] in the pilot run of the Pixel Luminosity Telescope (PLT) [8]. For
our study the TM1 beam line of the High Intensity Proton Accelerator (HIPA) at Paul Scherrer
Institute (PSI) was chosen. It is able to deliver controllable 260 MeV /¢ 7t fluxes from a few
kHz/cm? to a few MHz/cm? in bunches spaced by 19.8ns [9]. Since 2013, RD42 has performed
several successful beam tests at this facility and we report here the latest results. The measurement
setup consisted of a beam telescope for particle tracking and two DUTs. The beam telescope
comprises four tracking planes, two planes positioned upstream of the DUTs and two downstream.
Each plane consisted of pixelated silicon sensors with pixel pitch of 100 um x 150 wm read out by
a PSI46v2 readout chip [10]. A coincidence of the two telescope planes closest to the DUTs and
a scintillator located ~10 cm downstream of the last telescope plane was used for triggering. The
use of the pixel planes for triggering reduced the trigger area to approximately the fiducial area of
the DUTs, while the scintillator determined the timing of particles with precision of 0.7 ns. Each



Beam Tests of 3D and Pad Diamond Detectors Rainer Wallny

DUT plane was a 5 mm x 5 mm x 0.5 mm pCVD diamond sensor produced by II-VI Incorporated
[11] with Cr/Au electrodes patterned by a lift off process. The size of both the front and back
electrodes of this pad detector was 3.5 mm x 3.5 mm and the front electrode was surrounded by a
guard ring. The back of the sensor was glued with a conductive epoxy to a PCB, while the front
was wire-bonded to a fast spectroscopic amplifier [12] with 7 ns rise time and 23 ns fall time.
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Figure 4: A sample signal trace. The horizontal bars indicate the averaging regions for pedestal
(dashed) and for signal (solid).

The amplified signals were recorded with a DRS4 evaluation board [13] at 2 GS per second.
Fig. 4 shows a portion of the DRS4 trace with a typical signal. The full trace is ~500ns long and
can contain signals from particles that came from a bunch other than the one that generated the
trigger. In order to determine the relative timing of the signal with respect to the trigger particle
several waveforms were averaged and the most probable peak time was chosen as the trigger time.
In order to extract the magnitude of the signal the waveforms were time averaged in a 10 ns window
(indicated by the horizontal green line in Fig. 4 and, to extract the pedestal, 4 ns before the peak
and 6 ns after the peak. The pedestal region (dashed aqua-colored line in Fig. 4) was set to exactly
one bunch (19.8 ns) before the mean time of the signal as the probability of a signal contamination
in this bunch was minimal due to the trigger logic. The 10 ns time windows optimize the signal to
noise ratio.

After all analysis cuts are applied no pedestal events remain in the signal region. The same
procedure was applied at all particle flux points and the mean of the resulting histograms was
plotted versus particle flux (in MHz/cm?) as shown on Fig. 5). The uncertainty on the data points
in the plot include statistical and systematic sources. The systematic uncertainty was determined by
assuming no flux dependence below 80 kHz/cm?. Under this assumption, the standard deviation
of the distribution of the average pulse height measurements for all flux points below this flux was
used to quantify the systematic uncertainty.

4. Conclusion and Outlook

We have demonstrated the successful fabrication and operation of a 3D charged particle sensi-
tive detector prototype based on poly-crystalline CVD diamond. The average charge collected by
a continuous fiducial region of cells with successfully formed and connected electrodes is larger
than the average charge collected by a planar detector and collected even with much smaller bias
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Figure 5: Average pulse height versus rate for an unirradiated and irradiated (5 x 104 Neg/ cm?)
pCVD diamond pad detector at positive and negative voltage. The pulse height units are arbitrary
and the unirradiated and irradiated detector use different electronics, whose relative gains are being
determined.

voltage. We have demonstrated that the average signal pulse height of pCVD diamond pad detec-
tors irradiated up to the dose of 5 x 10 Neq/ cm? does not depend on the the particle flux up to
10 MHz/cm?. We plan to study the pulse height dependence of poly-crystalline and single-crystal
CVD diamond sensors with pad and pixel electrodes further with higher irradiation doses up to
2 x 1016 neq/cm?.
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