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We report on the status of diamond detectors developed for atomic, nuclear, and hadron physics 
experiments at GSI, the Helmholtz Center for Heavy Ion Research and at FAIR, the upcoming 
Facility for Antiproton and Ion Research, both situated in Darmstadt, Germany. Three types of 
intrinsic diamond materials produced by Chemical Vapour Deposition (CVD) on various 
substrates have been evaluated for time- and energy measurements: (a) homoepitaxial single-
crystal CVD Diamond (scCVDD) grown on High Pressure High Temperature (HPHT) single-
crystal diamond plates, (b) polycrystalline CVD Diamond (pcCVDD) grown on silicon wafers, 
and (c) CVD Diamond on Iridium (DoI) samples, consisting of ‘quasi-single-crystal’ CVD 
diamond films grown on iridium substrates. We discuss the detector characteristics of each type 
and describe the perspectives for the diamond detectors in current and future experiments. 
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1. Introduction 

The main advantages of wide band gap detector materials such as diamond (Eg
Dia = 

5.48eVT=300K) are their radiation hardness and room temperature detector operation without the 
need of a pn-junction and cooling to control leakage current. Diamond is unique in its 
combination of extreme electronic and thermal properties. It reveals equally high drift velocities 
of electrons and holes at electric fields E ≥ 10 V/µm (ve,h = 1.43 x 107 cm/s [1]), a low dielectric 
constant (εr = 5.7), and exceptionally high breakdown fields EB ≥ 107 V/cm. Thermal gradients 
in diamond are restricted due to its thermal conductivity 20 Wcm-1K-1, which is six times higher 
than the one of copper. Nitrogen (N) and boron (B) impurities are immanent trace elements in 
most natural diamonds and are the origin of inferior material parameters. We investigated 
therefore only intrinsic pc- and scCVDD samples supplied by DDL [2], which have nominal 
concentrations N < 5ppb (scCVDD) to N ≤ 50 ppb (pcCVDD) and boron B < 1 ppb (scCVDD) 
to B < 5 ppb (pcCVDD), respectively. The ‘early’ DoI samples discussed in this report are 
grown with high-purity hydrogen and methane at the University of Augsburg.  

The pcCVDD samples consist typically of large-grain columnar diamond crystals which 
are separated by large-angle grain boundaries. Due to the growth conditions, in most cases the 
films have a (110) fibre texture. The grain boundaries represent structural defects that reveal a 
high concentration of charge-trapping centers. The Charge Collection Efficiency (CCE) of 
pcCVDD detectors used ‘As Grown’ (AG) is rather low (CCE ≈ 10% to 25%). Thinning from 
the nucleation side, i.e. the side closest to the substrate during the growth, provides a more 
homogeneous diamond film of large grain size and a CCE up to 60%: this material is 
denominated ‘Detector Grade’ (DG) pcCVDD. In contrast, growth on HPHT diamond 
substrates with carefully prepared, smooth surfaces provides mono-crystalline sensors with 
negligible dislocations and with a CCE ≈ 100%. On the other hand, the small size (max-area ≈ 
1cm2) of scCVDD is a limitation for many applications. A promising route towards large-area 
‘quasi-single-crystal’ devices was the invention of heteroepitaxy on Iridium (dIr = 3.834Å). 
Using e-beam evaporation at temperatures T > 7000C, iridium films of about 100nm thickness 
are produced on wafer-scale multilayer structures [3].  

In this article, we discuss the status of the detector investigations and the potential of 
diamond sensors for central applications in ‘hadron physics’ research.  

2.  Characteristics of Diamond Detectors  

2.1 Original diamond signals (pcCVDD, scCVDD, DoI) 

The performance of diamond detectors for timing and spectroscopy is tested with the 
Transient Current Technique (TCT) using 241Am-α-particles of a very short range of RDia ≈ 
12µm [4][5]. Depending on the polarity of the applied high voltage (HV) bias, either electrons 
or holes drift only a short distance ddrift < 12µm and contribute very little to the induced current 
Iind. Figure 1 shows Transient Current (TC) signals in detectors fabricated with the various 
diamond materials discussed above. Hole-drift signals are plotted on the left-hand graph and 
electron-drift pulses on the right-hand graph, respectively. The signals have been read out from 
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the HV side electrode(s) with Diamond Broadband Amplifiers (DBA [5]) and recorded with a 
3GHz Digital Storage Oscilloscope (DSO) with 20Gsamples/s. The pulse shape Iind(tdrift) ∝ 
Eint(ddrift) reveals the internal field profile [6] and the corresponding single-carrier drift 
properties. 

     

Figure 1. 241Am-α-signals in CVDD sensors of different quality and thickness measured with 
the same external field Eext = ± 3V/µm. The pulse shapes depict the internal field profile 
Eint(ddrift) of each sensor type indicated by the line colors (thin lines: single-pulses, thick lines: 
averaged).  
 
The trapezoidal shape of the scCVDD signals demonstrates the case of an ideal detector of 
parallel-plate geometry for which the internal field Eint is constant and equal to the externally 
applied field Eext. The α-induced charge drifts to the opposite electrode and the sample thickness 
dependent signal width  (Fig. 1, thick black dashed and solid lines) corresponds to the single-
carrier drift path (FWHM ⇒ ddrift = dD). The signal area ∫ I(t)⋅dt⏐∆tdrift is proportional to the 
measured charge. Excellent energy resolution is expected if single and average pulses are 
identical. Deviations from the trapezoidal shape indicate charge losses (CCE << 100%) and 
such sensors (pcCVDD and DoI) cannot be used for spectroscopy. The early DoI samples 
discussed in this article revealed more trapping than expected but showed relatively high 
amplitudes of less dispersion than those of pcCVDD detectors (sect. 2.3). We measured similar 
rise times of trise ≈ 230 ps, all limited by the bandwidths of the DBA and DSO electronics. The 
signal width of low-quality sensors is defined by the lifetime of the charge carriers (ddrift << dD) 
and by the detector capacitance CD. Accordingly, the rate capability of scCVDD counters is 108 
to 107 ions/s for samples of 50 to 500 µm thickness, respectively, and up to 109 ions/s for 
pcCVDD and DoI detectors with optimized low capacitances. 

2.2_Heavy-ion beam diagnostics and ToF detectors (pcCVDD, scCVDD, DoI) 

All three diamond detector types are capable of high-rate counting (sect. 2.1). Detection 
efficiency close to 100% is achieved by selecting the CCE and the sample thickness according 
to the specific energy loss dE/dx of the particles of interest, taking into account the pair-
production energy of diamond, εDia = 12.84 eV [1]. Diamond beam monitors are unique in the 
sense that a single detector is capable of measuring in single-particle counting mode particle 
rates varying from a single ion to 109 ions/s, and much higher rates in current-integrated mode. 
We have developed beam diagnostic devices (pcCVDD) for high-frequency accelerator bunch 
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and spill analysis as well as beam- and beam-loss monitors for slow and fast extracted ions [7]. 
For intense, highly focused and bunched beams (as used for instance at GSI in Plasma Physics 
experiments) homogeneous detectors (scCVDD) have been provided [8].   

Diamond start detectors for heavy-ion ToF systems should have an intrinsic time 
resolution σi superior to the resolution of the standard ToF detectors by least a factor of two. σi 
is proportional to the noise dispersion, σnoise, and inversely proportional to the slope of the 
leading edge dVDia/dt of the signal. It is therefore not evident a priori that scCVDD sensors will 
in all cases be preferable start detectors. Intrinsic time resolutions of σi ≈ 29 ps and σi ≈ 110 ps 
have been achieved for 52Cr ions (Z = 24) of 650 AMeV and for relativistic 12C ions (Z = 6) of 
2.0 AGeV, respectively (HADES [9]) using 100µm thick AG pcCVDD sensors with DBA 
signal readout. Measurements performed with relativistic 27Al ions of 2.0 AGeV using pc- and 
scCVDD sensors and a four-channel amplifier-discriminator card FEE-1 showed a near 
identical time resolution of σi ≤ 28ps (FOPI [10]), confirming that σi is in practice limited by the 
noise and the bandwidth of present state of the art electronics. 

2.3_Start detectors for relativistic light ions and protons (scCVDD) 

Relativistic particles of Z = 1 slowing down in diamond generate a signal charge of 36e 
per micrometer. Into a 50Ω load, this gives 29µV for protons and 260µV for 6Li ions, assuming 
sensors of 300µm thickness and CCE ≈ 1. In comparison, the DBA noise voltage to consider for 
a good resolution is 3σnoise ≈ 135µV. Due to the poor S/N ratios, pcCVDD sensors may show 
low detection efficiency in such cases. Extended simulations and tests predict best results for 
low-capacitance, broadband amplifiers of low Ci << 1pF, and assemblies with minimized 
detector (CD) and parasitic capacitances (CP). In October 2009, the time resolution of scCVDD 
quadrant sensors was tested with 6Li ions of E = 1.8AGeV using both modular (FEE-1 (mod.), 
dD = 400µm) and integrated (LCBBA-1, dD = 100µm) detector assemblies. FEE-1 (mod.) was 
read out via capacitive buffers followed by FEE-1 cards modified for analogue processing 
(MOS-follower; 1MΩ, 2.1pF, 1GHz). The diamond sensors of the integrated assembly LCBBA-
1 were mounted on the FEE boards and wire bonded to active impedance transformers of Ci = 
0.2 pF. The signals were subsequently shaped with fast booster amplifiers. The quadrant-
detector sector capacitances were low in both cases (CD-400 = 0.2 pF and CD-100 = 0.9 pF) 
compared to the parasitic capacitance values CP = 4pF for FEE-1 (mod.) and CP = 1.7pF for 
LCBBA-1 measured, respectively. The time-difference spectra obtained with these assemblies 
are shown in Figure 2 (blue and red curves) together with a proton spectrum (green lines) 
measured with an older LCBBA amplifier design (LCBBA-0; dD = 300µm, CD ≈ 0.3pF, CP ≈ 
2.5pF) which achieved σi = 101ps [11]. For clarity, an offset has been added to each Y-data set. 
The histograms show the experimental data and the smooth lines are the corresponding 
Gaussian fits.   

 Preliminary resolutions of σDT = 77 ps and σi = 55 ps have been obtained for the FEE-1 
(mod.) assembly by selecting prompt time coincident events with high signal amplitudes. The 
LCBBA-1 data are walk-corrected and processed under the condition that no neighbor sectors 
have triggered. Using a new amplifier transistor (SiGe:C; BFR705L3RH) an excellent σi = 32ps 
was achieved, of which the diamond contribution was 21ps. Previous estimations [10] supported 
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by these results predict that a detector thickness dD = 100µm is adequate for many experiments 
with swift heavy and light particles, despite the larger CD and the lower induced signal charge 

 

Figure 2. Improved time resolution of 
scCVDD sensors for relativistic protons 
and light ions achieved with low-
capacitance assemblies. A σi = 101 ps was 
measured for protons in 2007 (LCBBA-0, 
green lines), and in October 2009, σi = 
32ps (LCBBA-1, red lines) and σi = 55ps 
(FEE-1 mod., blue lines) for 6Li ions of 
1.8AGeV. (see text)   

obtained compared to measurements performed with thicker samples. The reason is the 
dominance of the higher slope dV/dt of the TCT signals of thin sensors (Fig. 1). Superior 
resolution will in the future be possible with fast-ASIC readout [12]. 

2.4_Detectors for beam-energy- and ion-spectroscopy measurements (scCVDD)  

Only homogeneous sensors showing trapezoidal TC-α-signals (CCE ≈ 1) are applicable for 
energy-loss spectroscopy (sect. 2.1). The energy resolutions of homo and heteroepitaxial CVDD 
samples are compared by their ‘broadband line widths’ δEx where we find δEDia/ δEDoI / δEDG-PC 
≈ 1/ 2/ 4 (Fig. 3, Left).  

 

Figure 3. (Left) α-spectra measured with sc (blue)-, pc (black)-, and DoI (red) CVDD detectors 
using DBAs. (Center) Low-energy 12C distributions of pc (black) and scCVDD (blue) sensors. 
(Right) Relativistic heavy-ion spectra obtained with scCVDD (blue), silicon (green), and 
gaseous ionization chambers (cyan) using high-resolution spectroscopy electronics.  
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These results are also confirmed as high-resolution energy measurements performed with 
commercial spectroscopy electronics developed for silicon detectors (Figs. 3, central and right 
part, respectively). The peak value of the 12C spectrum measured with a pcCVDD detector 
(black line) is ≈ 85% lower than the expected value of 99.6 MeV. In contrast, both lines 
measured with a scCVDD sensor correspond exactly to the energy of the 12C ions. Moreover, 
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while the relative resolution of the polycrystalline sensor is δEDia/ ∆EDia = 1.0, the corresponding 
resolution of the scCVDD sensor (blue lines) reaches values ≤ 0.01, which are similar to those 
obtained with silicon detectors working under the same conditions (i.e. without cooling). For 
energy losses of the order of 1 GeV, as it is the case of 131Xe fragments, the performance of 
scCVDD (right plot, blue lines) was found far superior to silicon (green) and its particle-
identification capability approaching that of MUSIC chambers (cyan). These data have been 
obtained in a fragmentation experiment at the FRS of GSI with the test detectors mounted in air. 
In contrast to the silicon detectors, diamond sensors do not show pulse-height defects and 
(similar to MUSICs) they are insensitive for high energetic δ-electrons influencing the energy-
loss straggling and thus the energy resolution. More details can be found in [13][14].  

3._A radiation hardness study with scCVDD samples 
We irradiated scCVDD samples with protons of Ep = 26 MeV and neutrons of En= 20 MeV 

up to fluencies of Φ ≈ 1016 p,n/cm2 [1][15]. Subsequently measured optical absorption 
spectroscopy data revealed neutral vacancies (V0) as the main radiation-induced defect. Similar 
defect production rates βe,h  were found for both p- and n irradiation. The parameter βe,h ≈ 10-15 

cm²/ns is calculated according to the relation 1/τeff = β⋅Φ (Fig. 4, Left) after accounting for the 
effective trapping time τeff extracted from TC signals (Fig. 4, right). τeff and CCE ∝ ve,h⋅τeff both 
decreases in proportion to Φ.  

Figure 4. (Left) Defect production rates (βe,h) of scCVDD after irradiation with 26 MeV protons 
and 20 MeV neutrons: electron data are plotted in blue and hole data in red. (Right) TCT α-
signals of samples BDS14, s256-05-06, and EBS-3 in the virgin state (trapezoidal shapes) and 
after irradiation with protons (slopes on flat top, thin lines) up to fluencies Φ, respectively. After 
trapping correction the signals (thick lines) reproduce those of the virgin detectors.  
 

Signal rise times and amplitudes were preserved even after fluencies of Φ = 6x1014 p/cm², 
and thus, the time resolution as well. The width of signals obtained after irradiation was 

 
     7 

 
 



P
o
S
(
B
O
R
M
I
O
2
0
1
0
)
0
4
0

Diamond Detectors Elèni Berdermann 

unchanged, confirming that (for unprimed detectors) the internal field is unchanged and that the 
radiation induced defects are mainly neutral vacancies (V0). In a real experiment, a slightly 
different Eint may occur due to the charging of the V0 centers by the electrons or holes trapped. 
However, we expect similar velocities also in that case, since the defect density is low even 
after high-dose irradiation. Although the charge loss is significant (reduced signal area), the 
corresponding spectroscopy signals of high-energy 90Sr-β-particles (i.e. MIP) showed a mean 
value of 2000e, and were clearly separated from the electronic noise. In conclusion, the timing 
properties of proton detectors were almost unchanged up to fluencies of Φ ≈ 1015 p/cm2, 
whereas after exposure to still higher fluencies no TC-α-pulses have been obtained. The 
collected charge was decreased by a factor of three after irradiations of a Φ ≈ 1016 p/cm2 [1].  

4._ Status of Technology 

4.1_Detector bulk materials (scCVDD, DoI) 

Isolated threading dislocations are frequently observed in scCVDD samples that lead to 
reduced HV stability of the fabricated sensors, which otherwise show excellent charge-
collection and timing properties at low fields [1][10][16]. They originate from dislocations 
already present in the bulk of the HPHT substrates or from dislocations generated by the surface 
polishing of the HPHT crystals propagating into the overgrown CVDD film. Nucleation on 
iridium substrates yields a unique nucleation density and alignment of diamond grains. The 
material starts with a very high density of dislocations. With increasing thickness the grains 
merge, and the mosaic spread as well as the dislocation density decreases forming a defective 
single crystal. 

4.2_Detector electrodes (scCVDD) 

The objective is to produce electrodes on inert, high-resistivity diamond with an oxygen 
terminated surface, which prevents electron injection from the metal into the diamond. This 
permits the application of large bias voltage, enabling effective and rapid access of particle-
induced charge from the crystal [3]. Accumulation of charge carriers under such a ‘blocking 
contact’ alters the internal field profile, which becomes strongest at that contact and reduced 
towards the opposite electrode. At high particle-rate operation, charge accumulation may take 
place and the electrodes will start ‘leaking’ up to the complete detector break down. So far we 
have obtained the best results from scCVDD samples of perfectly reconstructed and polished 
surfaces with rms roughness < 1nm. CVDD detectors can be metallized using standard 
photolithography techniques with micro-patterned electrodes for position-sensitive readout.  

Conclusions and Outlook 
The most versatile type of artificial diamond is the scCVDD, which has a CCE ≈ 100% 

together with the highest drift velocities for electrons and holes. Samples made with high-
quality contacts can be operated at electric fields as high as 10 V/µm and are capable of usually 
contradictory applications: (a) fast counting and timing with an intrinsic resolution of σi << 
50ps and (b) energy measurements with a precision which is comparable to gaseous ionization 
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chambers. scCVDD sensors can be used for beam diagnostics, for ToF and spectroscopy of ions 
and protons as well as for the vertex detection in high-energy experiments.      

pcCVDD and DoI samples make large-area diamond detectors possible, preferably for 
timing, counting, and tracking applications for which a reduced CCE is acceptable. The higher 
spatial homogeneity of the DoI sensors, in addition to extremely narrow signal shape of 
relatively high amplitudes, open perspectives for improved large-area tracking and ToF devices 
that are capable of operating at the highest ion rates. Our attention is now focused on the growth 
and post processing as well as on the characterization of diamond plates grown on iridium. In 
addition, we are pursuing the fabrication and the test of low-capacitance single-channel 
amplifiers and of a broadband ASIC (PADI-4 [12]), which has been modified for single-MIP 
sensitivity and the readout of diamond strip sensors.  
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