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Abstract—. The MoniDiam project of the LPSC laboratory is 

part of the French national collaboration CLaRyS (Contrôle en 

Ligne de l’hAdronthérapie par RaYonnements Secondaires) for 

on-line monitoring of hadron therapy. It relies on the imaging of 

nuclear reaction products that is related to the ion range. The goal 

here is to provide large area beam detectors with a high detection 

efficiency for carbon or proton beams giving time and position 

measurement at 100 MHz count rates (beam tagging hodoscope). 

High radiation hardness and intrinsic electronic properties make 

diamonds reliable and very fast detectors with a good signal to 

noise ratio. Commercial Chemical Vapor Deposited (CVD) poly-

crystalline, heteroepitaxial and monocrystalline diamonds were 

studied. Plasma microwave aluminum metallization is performed 

at the LPSC laboratory. Their applicability as a particle detector 

was investigated using α and β radioactive sources, 95 MeV/u 

carbon ion beams at GANIL and 8.5 keV X-ray photons from the 

European Synchrotron Radiation Facility (ESRF). This facility 

offers the unique capability of providing a focused (~1 µm) beam 

in bunches of 100 ps duration, with an almost uniform energy 

deposition in the irradiated detector volume, therefore mimicking 

the interaction of single ions. A signal rise time resolution ranging 

from 20 to 40 ps rms and an energy resolution 7 to 10% were 

measured. This enabled us to conclude that polycrystalline CVD 

diamond detectors are good candidates for our beam tagging 

hodoscope development. The final detector will consist in a mosaic 

arrangement of double-side stripped diamond sensors read out by 

a dedicated fast integrated electronics of ~1800 channels. 

 
Index Terms— Synthetic diamond detectors, on-line monitoring 

of hadron therapy, charge collection efficiency, time resolution, 

integrated fast read out electronics 

I. INTRODUCTION 

HE treatment of tumors by a beam of carbon ions or 

protons is an alternative cancer therapy known as hadron 

therapy. The ions deposit a large fraction of their dose at the end 

of their path, in the Bragg peak. Compared to conventional X-

ray radiotherapy, it allows a more efficient dose delivery in the 

tumor, with a reduction of the dose deposited in the nearby 
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healthy organs. One of the main issues is the conformation of 

the deposited dose to the tumor volume, provided by multiple 

Bragg peak juxtaposition. Since multiple sources of uncertainty 

on the ion range may cause deviations from the planned dose 

distribution [1], online control of the ion range is  required. 

During an irradiation with hadron beams, photons in the 

range 1-10 MeV are emitted almost isotropically within much 

less than a picosecond after nuclear reactions occurred on the 

hadron path in the patient body. It has been shown that the 

longitudinal distribution of these prompt-gamma production is 

highly correlated to the primary ion range [2], [3]. In the 

CLaRyS collaboration, two systems for prompt gamma 

detection are currently under development [4], [5], [6]: a 

collimated gamma camera and a Compton camera (Fig. 1). The 

originality of the two present systems is the use of time of flight, 

that can be provided by means of a beam tagging hodoscope. It 

plays a major role in all the detection concepts as it provides 

position and timing information of the incident hadron beam at 

count rates of about 100 MHz. The collaboration has initiated 

the MoniDiam project which aims to develop a diamond-based 

hodoscope and its dedicated integrated fast read-out electronics. 
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Fig. 1 Scheme of the combination of a Compton camera and a beam hodoscope 

for time of flight prompt-gamma range verification. 
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II. DIAMOND SENSORS 

Polycrystalline CVD diamond is a synthetic diamond 

material grown by the technique of microwave plasma 

enhanced chemical vapor deposition. It can be grown to large 

areas (2×2 cm2 are commercially available) and its qualities 

and detection properties are reproducible by tightly controlling 

its growth parameters. Its radiation hardness has already been 

demonstrated. Compared to other semiconductor detectors, 

such as silicon ones, detectors based on CVD diamonds exhibit 

several advantages. A high resistivity (>1013 Ω m) coupled to a 

large electronic gap (5.48 eV) results in a lower noise level and 

an almost negligible leakage current even at room temperature. 

Despite the fact that the energy required to produce electron-

hole pairs is 3.6 times larger than in silicon, the signal to noise 

ratio is higher for diamond. The high charge carrier mobility 

leads to a very fast detector response allowing excellent time 

resolution (few tens of picoseconds) and high counting rates to 

be reached.  

Poly- and single-crystal CVD diamond samples produced by 

different manufacturers were used. Their metallization was 

locally performed by using the DMW (Distributed Microwave 

Plasmas), a fully original technology developed by LPSC [7]. 

The crystal surface preparation and metal deposition were thus 

performed by a sequential plasma process consisting in two 

steps of reactive plasma processing followed by plasma-

assisted sputtering.  

The sensor contact for the disk-shaped metallization consists 

of a 50 nm thick aluminum layer deposited both on the growth 

and the substrate sides. Diamonds are mounted on sample 

holders with 50 Ω adapted impedance and SMA connectors, 

enabling reversible bias and signal readout from both sides of 

the diamond as illustrated by Fig. 2. Several preamplifiers were 

tested: the CIVIDEC C2 low noise broadband RF amplifier (2 

GHz, 40 dB from CIVIDEC Instrumentation company [8]) and 

the DBA III (Diamond Broadband Amplifier [9]) from GSI (a 

similar 2 GHz design with a gain remotely controlled from 0 dB 

to 38 dB. These amplifiers are intended for use with fast 

detectors. They exhibit a 50 ohms input impedance and are able 

to work with FWHM pulse widths of less than 1 ns. 

The metallization process allows strip metallization (one side 

in X direction and the other in Y direction) for a position 

sensitive detector development (Fig. 3). Unlike in the case of 

the disk shaped metallization, wire bonding ensures the 

electrical connection between each diamond strip and the PCB. 

In addition, a set of low cost discrete current amplifier designed 

at LPSC (1 GHz, 30 dB) are mounted on the circuit board. The 

whole set-up is placed inside an electromagnetic shielding box 

surrounded by SMA connectors to enable bias and signal 

readout. Such a prototype detector is to be tested in 2017 with 

photon radiation at the Grenoble European Synchrotron 

Radiation Facility (ESRF). 

If such a detector concept with double-sided stripped 

diamonds satisfies our requirements (in terms of spatial and 

timing resolution for a hodoscope development purpose) then 

we will go one step further with a diamonds mosaic 

arrangement as shown on Fig. 4. The sensors read out will be 

performed by a dedicated, multipurpose fast integrated 

electronics that is currently under development at LPSC. 

 

III. CHARACTERIZATION OF CVD DIAMOND 

In the following sections, we report on the charge collection 

properties of CVD diamonds as it was investigated in 2016 [10] 

with disk shaped metallized sensors (Fig. 2). Several synthetic 

CVD grown diamond detectors were tested: single crystal and 

polycrystalline from the Element 6 manufacturer and one 

diamond_on_iridium heteroepitaxially grown from Audiatec 

[11].  

At first, tests were carried out using 233U and 241Am α 

sources. Since the mean free path of the α particles (about 12 

µm) is much smaller than the diamond thickness, all the current 

due to the migration of charge carriers comes from a single 

species (either electrons or holes) traversing the whole detector 

thickness. This enabled us to explore the diamond sensitivity to 

polarization effects.  

Then a 8.5 keV photon focused micro-beam with a well-

defined time structure was used at ESRF. As regards energy 

deposition in the diamond, in the ESRF 4-bunch mode, the ~100 

ps duration X-ray pulses, containing a fixed number of photons 

varying up to ~1400, separated by 704 ns intervals, mimic the 

passage of single ionizing particles. Indeed, 35 % of the beam 

is absorbed in 300 µm diamond material, which makes the 

Fig. 2 The diamond sensor with a disk shaped metallization housed in its 

socket. 

Fig. 4  The foreseen detector and it integrated electronics developed at LPSC. 

Fig. 3 The double side stripped diamond sensor housed in its socket 
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energy deposit almost constant and continuous along the beam 

path.  

Finally, to evaluate the diamond performances under carbon 

ion irradiations a test with a 95 MeV/u 12C carbon beam at the 

GANIL facility was carried out. The energy deposit by such 

ions in a 300 µm thick diamond is 25 MeV.  

The pulse shape readout mode was performed with a 500 

MHz, 3.2 GS/s digital sampling 'Wavecatcher' [12] system, and, 

at ESRF, with a 2 GHz, 20 GS/s analog bandwidth DSO 

(LeCroy 620Zi) [13]. The Wavecatcher system could be 

configured in a continuous acquisition mode, recording a set of 

waveforms, and thus enabling large statistics offline analysis.  

IV. RESULTS 

A. Time resolution measurement 

 

An offline procedure was established to determine the time 

resolution of the detectors. The readout signal waveforms are 

recorded independently on both faces of a detector. A numerical 

Constant Fraction Discrimination (CFD) was used by averaging 

the background, determining the maximum of the pulses, and 

interpolating the 50 % rise time value. The distribution of the 

time difference between two faces of a detector is characteristic 

of the readout chain jitter.  

At the GANIL facility, the dedicated experimental set-up 

enables us to measure a time resolution between two diamond 

samples positioned one behind the other. Here a time resolution 

lower than 20 ps rms was reached using a 0.45 × 0.45 cm² × 518 

μm single-crystal sample provided by Element 6 coupled to a 

0.5 × 0.5 cm² × 300 μm poly-crystal grown heteroepitaxially 

provided by Audiatec (spinoff from Augsburg University). 

Such results are very promising but rely on developments of 

very fast front-end electronics for our future prototype detector. 

B. Energy resolution measurement 

Energy resolution measurements were performed both at the 

ESRF and GANIL facilities. At GANIL, with a 95 MeV/u 

carbon ion beam impacting a 0.5 × 0.5 cm2 × 300 µm 

polycrystalline diamond, an energy resolution at the level of 7 

% rms was reached (Fig. 6). Using the same diamond sensor, 

with the 8.5 keV pulsed photon beam at ESRF an energy 

resolution at the level of 9% rms was obtained. 

 

 

C. Surface mapping. 

 

 

The DSO data acquisition was fully integrated into the ESRF 

ID21 SPEC software acquisition framework which enabled us 

to measure the temporal response of the detectors as they were 

motor scanned in the beam, thus creating 3D maps (x,y position 

and response). Fig. 7 shows an example of a polycrystalline 

detector map (1 × 1 cm2 × 500 µm detector from Element 6) on 

a 1 mm2 area. The grey scale corresponds to the charge 

collection efficiency measured by an electrometer. Clearly, the 

response of the detector reflects the spatial distribution of grain 

boundaries in the polycrystalline material.  

In addition, Fig. 7 shows the diamond response versus the 

photon pencil beam localization for the same pc-CVD diamond 

detector. With such a sample, a factor two of difference is 

observed between the clearest point and the darkest one. It has 

been checked that such an amplitude variation will introduce an 

acceptable time walk in time measurement. 

V. CONCLUSION 

Synthetic pc-CVD diamond detectors are foreseen for on-

line hadron therapy beam tagging applications. They will be 

Fig. 7 Amplitude (right) of the signal versus the ESRF-ID21 pencil beam 

localization from point 1 up to 4 on the surface map (left) of a 1 mm2 area of 

a 1×1 cm2 × 500 µm polycrystalline diamond detector 

Fig. 6 Energy resolution measured on a 0.5 × 0.5 cm2 × 300 µm poly-

crystalline diamond at the GANIL facility with 95 MeV/u carbon beam. 

Fig. 5 Time resolution measured between  a 0.45 × 0.45 cm2 × 518 µm 
mc-CVD diamond and a 0.5 × 0.5 cm2 × 300 µm pc-CVD diamond, with 

a 95 MeV/u carbon ion beam. 
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used as a hodoscope which plays a major role for particle 

identification both in a gamma camera and Compton camera 

projects proposed by the CLaRyS collaboration. The diamond 

radiation hardness, fast response and good signal to noise ratio 

make diamonds good candidates.  

In 2016 we have carried out tests with disk shaped metallized 

diamonds. A time resolution ranging from 20 up to 40 ps rms 

and an energy resolution ranging from 7 up to 9 % rms were 

measured when irradiating the whole surface of pc-CVD 

diamond using various ionizing particles. These results satisfy 

our requirement despite the obvious non uniformity of the 

crystalline structure observed thanks to X-ray analyses. 

In 2017 we aim to test double side stripped detectors (8 strips 

in X and 8 strips in Y) in a single housing to check signal 

characteristics (cross talk, spatial resolution, timing resolution, 

…). 

The final foreseen detector would consist in a ~15×15 cm2 

mosaic arrangement of stripped sensors read out by a dedicated 

integrated electronics (~1800 channels). The expected counting 

rate per channel is 10 MHz, the time resolution is at the level of 

few tens of picoseconds and the spatial resolution is at the level 

of 1mm (readout strip pitch). 
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