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Broadband electronics for CVD-diamond detectors
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Abstract

The application of CVD-diamond detectors for particle detection has created a demand for the development of very fast,
low-noise electronics operated at high dc bias voltages. To take advantage of the high charge-carrier mobility of the new detector
material the signal processing is performed using microwave layout techniques as well as picosecond pulse shapers and
GHz-frequency dividers. The particle detection limits of CVD-diamond detectors processed with low impedance broadband
electronics are described. The properties of the developed electronics are discussed in conjunction with results from beam
diagnostics operation in the broad energy range of 120 keV�amu up to 2 GeV�amu for GSIs heavy ion accelerators. � 2001
Elsevier Science B.V. All rights reserved.
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1. Introduction

Polycrystalline CVD-diamond films of 10�1000 �m
thickness have been commercially available for several
years. After metallization of their surface, they can be
used for particle detection. Charged particles passing
through the CVD-diamond material generate elec-

Ž .tron�hole e�h pairs by their energy loss. An energy
loss of 13 eV is required for each generated e�h pair.
Accelerated heavy ions passing a diamond detector
undergo a relatively high energy loss; it is proportional
to the square of the atomic charge number Z. Thus,
this detector material is well suited for applications at

� �heavy ion accelerator facilities 1,2 . In a CVD-
diamond detector strip with an electrical capacity of 10
pF, approximately 104 e�h pairs produce a signal am-
plitude of 100 �V and a pulse width of 1 ns. These
detectors have to be DC biased at several hundred
volts.

The most remarkable features of CVD-diamond
detectors are:
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� very good timing capability, due to the short rise-
Ž .time �100 ps of the signals;

� high counting rate capability, up to 108 to 109

particles�s due to the short output pulses;
� zero idle counting rate due to the band gap of 5.6

eV;
� radiation hardness, almost no structural damage at

high particle fluxes; and
� robust and simple device with respect to mechanical

and electrical layout.

2. Broadband preamplifiers

Charged particles passing through the diamond de-
tector produce short electrical pulses. The pulse rise-
time of less than 100 ps is short due to the high
mobility of both electrons and holes in the diamond.
The pulse fall-time is determined by the electrical
Ž .R�C time constant being determined by the capacity
C of the diamond electrodes and the system impedance
R of the connected preamplifier. At an electrode ca-
pacity of 10 pF and a system impedance of 50 �, the

Ž .time constant is 500 ps and the resulting FWHM
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pulsewidth less then 1 ns. The pulse amplitudes are in
the range of 100 �V for protons to 1 V for uranium

� �ions 3 .
For the amplification of the short low-level pulses,

broadband preamplifiers of more than 2 GHz band-
width are required. Discrete GaAs-MESFETS and also
the new SiGe bipolar transistors as well as GaAs-

Ž .MMICs monolithic microwave integrated circuits that
are available on the market provide the required low
noise figure of less than 2 dB at frequencies above 1
GHz.

Fig. 1 shows the Diamond Broadband Amplifier
DBA-II, originally designed for diamond detectors. It
has been developed by the beam diagnostics division of
GSI. The electrical parameters of the amplifier are
listed in Table 1.

The following features characterize the preamplifier
design:

1. The preamplifier input has to be carefully matched
to the impedance of the transmission line that
connects it with the detector. Otherwise, reflections
of the incident signal at the preamplifier’s input
will travel back to the detector. The detector’s
impedance is almost pure capacitive and its reflec-
tion coefficient gets close to 1, which would result
in a total reflection of the backward travelling
signal. This multiple reflection would distort the
pulse fidelity and would continue until transmission
line attenuation renders the amplitude down to
negligible values.

2. The electrical interface between the detector and
preamplifier input, the bias tee, has to provide
isolation against the diamond bias voltage of
500�2000 V without degradation of the 100-�V
pulse signal. Therefore, the bias tee is integrated
within the preamplifier, and this keeps the overall
dimensions of the frontend compartment small.

Table 1
Electrical properties of the DBA-II amplifier

Type GaAs two-stage MMIC
inverting broadband amplifier

Input impedance 50 �, SWR �1.5:1
Output impedance 50 �, SWR �1.5:1
Coupling Detector to output: AC;

bias to detector: DC�filter
Ž .Bandwidth �3 dB 0.003�2.3 GHz

Gain �42 dB
Ž .Noise figure input terminated 2.5 dB

Max. output power�level �18 dBm�2Vpeak
Ž .at �1 dB gain compression

Max. DC bias for the detector 2000 V
Power supply 12 V DC, 120 mA

3. The preamplifier’s noise characteristics require
careful consideration to obtain a signal-to-noise

Ž . Ž .ratio SNR of at least 10 dB 3:1 in absolute value
for the amplified output of a 100-�V input signal
amplitude.

The noise figure F and the bandwith B of the
preamplifier determine the obtainable SNR at the am-

Ž .plifier’s output for a given noiseless input signal. F is
a figure of merit for any low noise amplifier and de-
scribes how much additional noise power is created in
its input circuit compared to the thermal noise power

Ž .produced by the real input termination resistance.
Except for very low noise figures, below 1 dB, it is

Ž .measured at room temperature 300 K .
The total effective input noise power P can bein

calculated:

Ž . Ž .P ��174 dBm�F�10�log B 1in

�174 dBm is the thermal noise floor power per Hz
bandwidth at 300 K, F is the noise figure of the

Ž .amplifier, B is the �3 dB bandwidth of the amplifier.

Fig. 1. Photograph of GSI DBA-II amplifiers.



( )P. Moritz et al. � Diamond and Related Materials 10 2001 1765�1769 1767

The minimum detectable input signal voltage from
Ž .the detector at SNR�1 is then:

� Ž .U � P Z 2'min in

Z is the input impedance of the amplifier, for the
DBA-II it is 50 �.

The noise figure depends on the source impedance
that is seen by the input of the amplifier. For broad-
band amplifiers, the value is usually measured at 50 �
non-reactive input termination. In the case of other
values, the noise figure varies with the source
impedance. In a narrowband application, an optimum

Žsource impedance for lowest noise figure usually reac-
.tive can be realized with matching networks, but there

is only a marginal improvement possible using match-
ing networks for broadband amplifiers. Fig. 2 shows the
output noise level of the DBA-II amplifier for different
input impedances.

Fig. 3 shows pulse signals from a single uranium ion
at an energy of 200 MeV�amu passing two CVD-

Ždiamond detectors. The first one is a square 30�30
.mm carrying nine parallel strips, and the second one is

Ž .a smaller square 20�20 mm with 16 pixels in a 4�4
array arrangement. The signals were amplified by
DBA-II amplifiers and they have been recorded by a

Ž .four-channel digital storage oscilloscope DSO with
3-GHz analog bandwidth at 10 Gsamples�s in the

Ž .single shot mode Tektronix TDS 694C . Since the two
detectors were only 30 mm apart, the signal in the
second detector is delayed by 200 ps emphasizing the
excellent time resolution of diamond detectors.

Fig. 2. Measurement of the preamplifier noise vs. frequency and
source impedance. The measurement bandwidth is 3 MHz.

3. Pulse shaping and pulse frequency dividers

The AC-coupling in the amplifier chain results in a
DC baseline shift when the particle counting rate in-
creases. Fast analog differential voltage comparators,
which compare the incident input signal with a time
delayed replica of itself and respond within some hun-
dred picoseconds, perform very well as so-called lead-
ing edge discriminators, and are used at the same time
to suppress the DC-baseline effect. They also provide a
time-shaped digital output for the signal processing
stages. The type that has been chosen for this function
responds in less than 500 ps for input levels of some
few millivolts. Thus, the modern dual channel ECL-
output comparators can be triggered at frequencies of

Ž . Ž .Fig. 3. A single uranium ion at 200 MeV�amu � � 0.57 c passing through two CVD-diamond detectors. The first detector lower two traces is
Ž .passed first at one strip, the second detector upper two traces is passed last. The ion trajectory in the second detector lies between two pixels

and so the signal has been coincidentally recorded on two electrodes of the same detector.
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more than 1 GHz. Their use together with 150-MHz
pulse counters or scalers, described below limits the
particle counting rate to some 107 counts�s. To achieve
higher counting rates pulse frequency dividers have to
be applied. A frequency divider designed to operate up
to 2.8 GHz can be inserted electronically between the
preamplifier output and the scaler. The division factor
N can be selected to be 64, 128 or 256. A maximum of
2�N pulses is swallowed by the divider. This counting
error can easily be tolerated in all cases.

4. Pulse counting and data acquisition

A new dedicated pulse counter board has been de-
veloped. Each board contains eight counter channels
with 150-MHz maximum counting frequency per chan-
nel. A counter channel is 32 bits wide and provides
on-the-fly readout in time intervals. Each time interval
can be defined from 10 �s to seconds with microsecond
resolution. The total number of time intervals per

measurement is not restricted, but the available total
memory space of 4 Mbyte per board must not be
exceeded. In this way, a time interval analysis is avail-
able which can be used for extracted particle spill
studies. Fig. 4 shows the data acquisition system.

One scaler-rack can take up to 15 boards with eight
counter channels each. An additional microcontroller
provides remote access for all boards in this rack via
an RS-485 Arcnet bus running at 5 MBits�s. RS485-
to-optical converting hubs make the connection to a
bidirectional fiber optic bus. The bus can serve 16
complete racks. In this manner, at 16 locations, 120
channels per location can be served, which amounts to
1920 counter channels. A PC running Windows NT is
used as master computer for central data processing
and is connected to the fiber optical bus. The low-cost

Ž .fiber bus built with hard coated silica HCS fibers
guarantees communication distances of 500 m between
any two hubs, so more than 5 km total fiber bus length
is possible. Realtime triggering of the measurements is
achieved with a programmable timing controller also
connected to the fiber bus.

Fig. 4. Diagram of the data aquisition system.



( )P. Moritz et al. � Diamond and Related Materials 10 2001 1765�1769 1769

5. Outlook

Ž .The first series of amplifiers DBA-II is in use for a
lot of applications that were not entirely foreseen dur-
ing its development 3 years ago. The use of diamond
detectors for ion beams was extended to low energies
around 1 MeV�amu, where the ions are stopped inside

Žthe diamond layer used in a 120-keV�amu�1.4-
� �.MeV�amu bunch shape monitor 4 . At CERN the

preamplifiers are tested together with CdTe detectors
which are developed for minimum ionizing particles
Ž . � �MIPs , see 5 . Recently, the same application has

� �been tested using diamond detectors for MIPs 6 .
Ž .Meanwhile, a new series of amplifiers DBA-III is

under development. This new type is designed for cont-
Žinuous gain variation of a 40-dB range 1:100 in abso-

.lute gain value with remote control of the gain. In this
way the amplification can be matched to a broad range
of detector pulse levels. These levels are observed for
different particle species in the very large energy span
from 120 keV�amu to 2 GeV�amu for particles from
protons to uranium ions.
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