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A Fast Low-Noise Charged-Particle
CVD Diamond Detector

H. Frais-Kolbl, E. Griesmayer, Member, IEEE, H. Kagan, and H. Pernegger

Abstract—This paper presents the design and test results of a
charged-particle solid-state detector with ultrafast signal response
based on polycrystalline chemical-vapor-deposition (pCVD) dia-
mond as active detector material and a high-bandwidth RF am-
plifier. We tested the detector at the Indiana University Cyclotron
Facility Bloomington, IN, in a proton beam with a Kinetic energy
ranging from 55 to 200 MeV. The detector signals showed an av-
erage pulsewidth of 1.38 ns, which enables single-particle counting
at instantaneous rates approaching the gigahertz range. The de-
tector operated with a signal-to-noise ratio of 7:1 for 200-MeV
protons and a single-particle detection efficiency up to 99%.

Index Terms—Biomedical nuclear imaging, diamond,
high-speed electronics, proton accelerators, proton detectors,
semiconductor radiation detectors.

1. INTRODUCTION

E developed and tested a solid-state detector for very
high particle rates. As part of the European Organiza-
tion for Nuclear Research (CERN), Geneva, Switzerland, RD42
test program, we built the detector system for possible use in
the beam diagnostic system of MedAustron, a proposed medical
accelerator facility for ion-radiation cancer therapy [2]. The de-
tector system is based on polycrystalline chemical-vapor-depo-
sition (pCVD) diamond [1] as active sensor material and analog
front-end electronics operating in the gigahertz range. The com-
pact solid-state detector produces fast signals which enables the
detection of single particles at rates approaching the gigahertz
range per channel. Detectors with these properties have appli-
cations in medical instrumentation, instrumentation in the fields
of particle and nuclear physics, or as a beam condition monitor.
Advantages of diamond detector material are that no doping is
required as in silicon detectors, that it can be operated at leakage
currents of less than 1 nA because of its high intrinsic resistivity,
that the ionization current pulses are very fast due to the high
charge-carrier velocity combined with the short life time and
that the material is radiation hard at fluences exceeding 2 - 10'®
protons/cm? [3].

The fast signal response of natural and standard quality CVD
diamonds with charge collection distances of tens of microm-
eters is well established [4]-[6]. These diamonds have previ-
ously been combined with broadband amplifiers for example
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for heavy-ion detection [7], [8]. These applications or measure-
ments are typically characterized by large energy deposition in
the diamond, therefore, even moderate noise performance of the
readout electronics is sufficient for reliable particle detection.

The focus of our work is to use high-quality CVD diamonds,
with a charge collection distance well above 100 pm, as fast
particle detectors for applications with low, few times minimum
ionizing energy deposition and develop suitable high-bandwidth
electronics with high amplification and very low noise. Further
work is currently ongoing to extend the method to the detec-
tion of single minimum-ionizing particles with signals in the
nanosecond range, which will make it ideally suited for a large
range of beam diagnostic systems.

In particle-detection applications pCVD diamonds are usu-
ally plated with electrodes ranging from a few micrometers to
several centimeters in size with bulk thicknesses of 500 pm or
less. The flexibility in choice of electrode geometry allows po-
sition sensitive structures on a single detector as well as dose
measurements. An overview of properties of CVD diamond de-
tectors can be found in [9] and [10].

II. CVD DIAMOND DETECTOR

The CVD diamond used for this test has been developed by
the CERN RD42 collaboration in cooperation with Element Six
Ltd., Ascot, U.K. The detector diamond measures 10 x 10 mm?2
and is 500 pm thick. Its surfaces were mechanically polished
prior to metallization. Subsequently the substrate is plated with
square Cr/Au electrodes on the top and bottom of 7.5 x 7.5 mm?
by evaporation and annealed at 400 °C for 5 min. The charge-
collection distance is § = 190 pm, equivalent to a mean charge
signal of 6800 electron-hole pairs for a minimum-ionizing par-
ticle, which generate a charge of qp; = 36 e-h pairs per mi-
crometer of path length [11]. We measured the diamond charge
collection distance using a collimated °Sr source and readout
the CVD diamond through a calibrated charge-sensing ampli-
fier. Further details of method and setup are described in [11].
A grounded guard ring on the top side precisely defines the sen-
sitive area. The top side of the pad, which is placed on the dia-
mond substrate side, is connected to the ground through a 1-M(2
resistor and ac coupled to the preamplifier through a 1-nF cou-
pling capacitance. The bottom side of the pad is connected to
the bias voltage. The diamond detector was operated at a bias
voltage of 950 V equivalent to an electric field of 1.9 V/um.

III. DETECTOR ELECTRONICS

We designed a preamplifier without feedback in order to
amplify the detector-current pulse. This design allows a higher
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Fig. 2. Simulated pulse response of an MIP signal with an FWHM of 1.4 ns.
bandwidth compared to a charge-sensitive amplifier and makes
the electronics noise independent of the detector capacitance.
We used an RF amplifier with a bandwidth of 2 GHz. The
preamplifier is comprised of three stages with 20-dB gain each,
resulting in a total gain of 60 dB.

A schematic of the preamplifier is shown in Fig. 1. The three
stages are ac-coupled with 1-nF coupling capacitors, resulting in
an overall lower cutoff frequency of approximately 3 MHz. The
dc is applied via 150-€) resistors. A simulated pulse response
obtained in a SPICE simulation of the RF amplifier is shown in
Fig. 2. For the RF amplifier we used high-gain and low-noise
Gali-52 chips from MiniCircuit.

The specifications of the RF amplifiers are:

* signal bandwidth B = 2 GHz;

* signal amplification G = 20 dB;

* noise figure F' = 2.7 dB.

The parallel noise figure for three amplifier stages is
F-1 F-1

F+ a + = 1.87
which results in the equivalent noise power at the input of the
amplifier

Fior = ey

3
N; = (Fuor = no Bz = 41 pW @

where ng = 4 - 10~2! W/Hz denotes the spectral power density

of white thermic noise. The input noise can be expressed as rms
noise current

3)
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Schematics of the preamplifier consisting of three stages. R, and C; denote equivalent resistance and capacitance of the detector. Details of the detector

IV. SIGNAL ESTIMATION

In the following we provide an estimation of the initial-cur-
rent signal of a minimum-ionizing particle (MIP). For an ap-
proximate evaluation of the expected signal-to-noise ratio, we
use the estimated signal and the parallel noise of above. It should
be noted that the serial noise is omitted in the noise calculation.

The ionization charge drifts in the electrical field and recom-
bines with charge traps leading to an effective charge-collection
distance ¢. For the estimation, given our large operating electric
field, we use the saturated electron and holes drift velocity of
v = 180 pm/ns and v, = 120 pm/ns, respectively [9].

The drift induces a current pulse at the electrodes. The in-
duced initial current ¢y can be calculated by the Shockley—Ramo
Theorem [12], [13] for a uniform constant field between the two
electrodes as

. v
10 = R
0—=49 d
where ¢ denotes the total ionization charge, v the drift velocity,
and d the gap between the electrodes, which is equal to the
thickness of the detector. The total initial ionization charge is

q = qu - d which yields an incident detector current of

“

)

which is independent of the detector thickness d and the charge-
collection distance ¢. The input resistance R; of the RF amplifier
is 50 €2 and the input voltage for an MIP signal is u; = 86.4 uV
which is amplified by 60 dB to vy = 86.4 mV.
The pulsewidth 7 can be estimated from the charge-collection
distance and the mean drift velocity by
20

T = =1.27 ns.
Ve + Uh

i0 = qnr - Ve + qar - vp = 173 pA

(6)

The ratio of the peak signal to the rms noise, which is denoted
as signal-to-noise ratio (SNR) can be calculated for an MIP as
0 _6.07 )
IN;
which corresponds to a theoretical mean SNR of 36 for 55 MeV,
and 14 for 200 MeV protons, respectively.

SNR =

V. RESULTS OF THE BEAM TEST

The detector was tested at the Radiation Test Facility of the
Indiana University Cyclotron Facility (IUCF), Bloomington,
IN, which provided a proton beam with a kinetic energy
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Fig. 3. Layout of diamond detector pad and guard ring (top), the detector
bias circuit used during the test (middle) and schematic illustration of detector
arrangement during the beam test (bottom, not to scale).

ranging from 55 to 200 MeV and adjustable intensities which
match medical treatment conditions. The detector diamond was
mounted and carefully aligned upstream of a trigger scintillator
with an active area of 5 x 5 mm? and a trigger diamond detector
with a pad size of 2.5 x 2.5 mm?. Fig. 3 shows the layout of the
detector diamond together with its alignment in the testbeam
and detector bias circuit.

The trigger diamond uses an identical setup and read-out elec-
tronics as the diamond under test. The preamplifier was located
close to the diamond detector. The output of the preamplifier for

the diamond under test and the trigger diamond was connected

by a 15-m-long shielded cable to a LeCroy WaveMaster 8600
digital oscilloscope with an analog bandwidth of 6 GHz and a
sampling frequency of 20 GSPS. For timing measurements the
scope was located close to the preamplifier and connected by a
1-m cable.

The detector was exposed to beam energies of 200, 150, 105,
75, and 55 MeV, which covers the typical proton energy range
for medical accelerators. This energy range corresponds to a
theoretical mean energy loss in diamond of 2.3-5.9 times min-
imum ionizing. The typical flux during the measurements was
108 protons/cm?s.
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Fig. 4. Signals at the output of the preamplifier. (a) Single pulse with an
FWHM of 0, 93 ns. (b) Double pulse with a double-pulse separation of 4.3 ns.
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Fig. 5. Measured FWHM-pulsewidth distribution.

A. Signal Response and Timing Characteristics

For measuring the properties of the detector, we recorded
50-ns-long sequences of detector signals which were triggered
by the coincidence of the scintillator signal and the trigger
diamond. Fig. 4 shows the signal response of a single pulse
[Fig. 4(a)] and a double pulse [Fig. 4(b)], where two particles
traverse the diamond detector within 4.3 ns. The full-width at
half-maximum (FWHM) pulsewidth distribution is shown in
Fig. 5. This distribution starts at 600 ps and shows an average
value of 1.38 ns. The average rise time is 350 ps. Shorter pulses
are weakly correlated with pulses of lower amplitude.
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Fig. 6. Measured pulse-height distributions for 55-, 105-, and 200-MeV
protons and the corresponding Landau fits (dashed lines).

B. Amplitude Distribution and Energy Dependence

Fig. 6 shows measured amplitude distributions for three
different beam energies. The distributions follow the expected
Landau characteristics. At the measurement energies of 55, 75,
105, 150, and 200 MeV we find most probable amplitudes of
301, 228, 182, 142, and 113 mV, respectively. For the same
energies we recorded a most probable SNR of 14.5:1, 11.6: 1,
9.2:1,7.2:1,and 7.1: 1, respectively.

Fig. 7 shows the most probable signal amplitude as a func-
tion of the kinetic beam energy and compares it to the calcu-
lated Bethe—Bloch energy loss [14]. Due to the uncertainty of
the calibration for our diamond detector we normalized the cal-
culation to the test data at 105 MeV. Vertical error bars show
the error on the most probable signal extracted from a convo-
luted Landau—Gauss fit to the data, horizontal error bars indicate
the uncertainty in beam energy from the accelerator. The plot
clearly shows the decrease of signal amplitude with increasing
beam energy, which is consistent with the expected behavior.
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Fig. 7. Measured and calculated dependence of the most probable signal
amplitude as a function of the proton kinetic energy.

The measured values for signal amplitudes and the width of the
signals correspond well to the estimation in Section I'V.

C. Detector Efficiency

The counting efficiency of the detector was determined as the
ratio of number of events with signals on the test diamond to the
number of trigger events. We rejected signals with amplitudes
less than three times baseline noise. The detector shows an effi-
ciency of 99.9% at 55 MeV, 99.6% at 105 MeV, and 96.8% for
200 MeV, respectively.

It should be noted that the detection efficiency is limited by
the electronic noise rather than the detector material, as the dia-
mond is close to 100% efficient at this charge collection distance
and thickness. The change of efficiency is a direct consequence
of the decreasing signal amplitude with increasing beam energy
at constant noise level.

VI. CONCLUSION

Combining the fast signal response of a high-quality CVD
diamond detector with a fast low-noise RF amplifier allowed us
to develop a charged-particle detector with very fast signal re-
sponse and low noise level. Further work is ongoing to increase
the sensitivity to the detection of single minimum-ionizing
particles while maintaining the speed characteristics. Analysis
of the pulse shape suggests that the detector is capable of
counting single charged particles at rates approaching the giga-
hertz range. We measured an average rise time of 350 ps and a
mean pulsewidth of 1.38 ns. The amplitude distribution shows
the expected Landau characteristics and energy dependence in
the energy range of 55-200 MeV protons. The most probable
SNR was 7: 1 for 200 MeV protons. The efficiency was 96.8%
at 200 MeV and 99.9% at 55 MeV, respectively. This clearly
demonstrates the functionality of the detector for applications
as ultrafast particle counter for protons in this energy range.
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