Proton Irradiation of CVD Diamond Detectors for High Luminosity Experiments at the LHC

The RD42 Collaboration

D. Meier^{1;�}, W. Adam^2, C. Bauer^3, E. Berdermann^4, P. Bergonzo^5, F. Bogani^6, E. Borchi^7, M. Bruzzi^7, C. Colledani^8, J. Conway^9, W. Dabrowski^1, P. Delpierre^{10}, A. Deneuville^{11}, W. Dulinski^8, B. van Eijk^{12}, A. Fallou^{10}, F. Foulon^5, M. Friedl^2, C. Jany^5, K.K. Gan^{13}, E. Gheeraert^{11}, E. Grigoriev^1, G. Hallewell^{10}, R. Hall-Wilton^{14}, S. Han^{13}, F. Hartjes^{12}, J. Hrubec^2, D. Husson^8, H. Kagan^{13}, D. Kania^{15}, J. Kaplon^1, R. Kass^{13}, K.T. Knöpfle^3, M. Krammer^2, P.F. Manfredi^{16}, R.D. Marshall^5, M. Mishina^{17}, F. LeNormand^8, L.S. Pan^{13}, V.G. Palmieri^{18}, H. Pernegger^2, M. Pernicka^2, A. Peitz^9, S. Pirollo^7, K. Pretzl^{18}, V. Re^{16}, J.L. Riester^8, S. Roe^1, D. Roff^{14}, A. Rudge^1, S. Schnetzer^9, S. Sciortino^7, V. Speziali^{16}, H. Stelzer^4, R. Stone^9, R.J. Tapper^{14}, R. Tesarek^9, G.B. Thomson^9, M. Trawick^{13}, W. Trischuk^{19}, R. Turchetta^8, A.M. Walsh^9, R. Wedenig^1, P. Weilhammer^1, H. Ziock^{20}, M. Zoeller^{13}

1 CERN, Geneva, Switzerland 2 Institut für Hochenergiephysik der Österr. Akad. d. Wissenschaften, Austria 3 MPI für Kernphysik, Heidelberg, Germany 4 GSI, Darmstadt, Germany 5 Centre d’Etudes de Saclay, Gif-Sur-Yvette, France 6 LENS, Florence, Italy 7 University of Florence, Florence, Italy 8 LEPSI, CRN, Strasbourg, France 9 Rutgers University, Piscataway, U.S.A.

10 CPPM, Marseille, France 11 LEPES, Grenoble, France 12 NIKHEF, Amsterdam, Netherlands 13 The Ohio State University, Columbus, U.S.A.

14 Bristol University, Bristol, U.K.

15 Lawrence Livermore National Laboratory, Livermore, U.S.A. 16 Universita di Pavia, Dipartimento di Elettronica, Pavia, Italy 17 FNAL, Batavia, U.S.A.

18 Lab. für Hochenergiephysik, Bern, Switzerland 19 University of Toronto, Toronto, Canada 20 Los Alamos National Laboratory, Los Alamos, U.S.A.

Abstract

CVD diamond shows promising properties for use as a position sensitive detector for experiments in the highest radiation areas at the Large Hadron Collider. In order to study the radiation hardness of diamond we exposed CVD diamond detector samples to 24 GeV/c and 500 MeV protons up to a fluence of 5�10^{15} p/cm^2. We measured the charge collection distance, the average distance electron hole pairs move apart in an external electric field, and leakage currents before, during, and after irradiation. The charge collection distance remains unchanged up to 1 � 10^{15} p/cm^2 and decreases by ß40 % at 5 � 10^{15} p/cm^2. Leakage currents of diamond samples were below 1 pA before and after irradiation. The particle induced currents during irradiation correlate well with the proton flux. In contrast to diamond, a silicon diode, which was irradiated for comparison, shows the known large increase in leakage current. We conclude that CVD diamond detectors are radiation hard to 24 GeV/c and 500 MeV protons up to at least 1 � 10^{15} p/cm^2 without signal loss.

�representing the CERN RD42 Diamond Detector Collaboration, e-mail Dirk.Meier@cern.ch

1 Introduction

Solid state tracking devices have become one of the mainstays of general purpose high energy physics detectors. Detectors in future high energy and nuclear collider experiments will be exposed to high radiation levels. At a distance of 10 cm from the beam axis at the Large Hadron Collider (LHC) at the European Laboratory of Particle Physics (CERN) detectors are expected to receive a 1 MeV neutron equivalent fluence of 1×10^{15} per cm^2 during 10 years of operation [1]. There are very few materials which can withstand this level of radiation. CVD diamond is a radiation resistant detector material which may be able to operate close to the interaction region at future experiments [2, 3]. Radiation resistance of CVD diamond has been demonstrated for photons up to 10 MRad [4] and electrons up to 100 MRad [5] and is currently being studied for pions and neutrons [6]. Here we describe a proton irradiation of CVD diamonds and show results on charge collection and beam induced currents.

The first proton irradiation of CVD diamond samples was carried out at TRIUMF, Canada in 1995. The protons had a kinetic energy of 500 MeV and diamond samples (LANL-1,2,3,4) were irradiated up to ≈ 10^{14} p/cm^2. The proton beam at TRIUMF was continuous with a maximum flux of 8 × 10^8 p/cm^2/s. In June 1997 additional CVD diamond samples (CD12-P1,P2,P3, CD17) were irradiated at the Proton Synchrotron (PS) at CERN in Switzerland up to a total fluence of 5 × 10^{15} p/cm^2. The protons had a momentum of 24.2 GeV/c. At CERN, there were either 2 or 3 spill extractions during 14 s accelerator cycle. The average number of protons per spill was 2.9 × 10^{10} p/cm^2/spill. The cross section for 500 MeV protons with protons or neutrons in carbon is only a few percent below the value for 24 GeV/c protons [7]. The damage constant for both proton momenta therefore is expected to be the same and one can directly compare the TRIUMF irradiation with the CERN irradiation.

1.1 Irradiation Setup

A schematic view of the CERN irradiation setup is shown in Fig. 1. Samples were mounted

Figure 1: Schematic view of the proton irradiation setup at CERN. Samples were located about 3 m behind the end of the beam pipe exit. Due to the relatively high proton momentum flux attenuation along the sample stack is negligible.

in slide holders along the beamline. The flux was measured by two secondary emission chambers (SEC). The beam position could be verified using two glass plates in front and behind the samples which darkened at the beam spot. In order to monitor the presence and actual beam position a luminescence screen was used which was mounted a few centimeters in front of the irradiation stage. The luminescence light from the proton beam could be observed with a camera as soon as protons were present. For silicon detectors the operation temperature matters since the leakage current increases with increasing temperature. The temperature during diamond irradiation at CERN was stable between 23^ffiC and 27^ffiC and between 6^ffiC and 10^ffiC at TRIUMF.

1.2 Samples and Dosimetry

The samples were provided by DeBeers [8] and Norton [9]. All samples were cut from 4” diamond wafers with a thickness between 500 μm and 700 μm. The sample quality from both manufacturers is similar with regard to electrical and optical material properties. Fig. 2 shows a photo of an irradiated diamond and an irradiated silicon diode. The diamond samples were metallized on both sides with ohmic Cr/Au contacts. Samples irradiated at CERN had a central dot with a guard ring.

The absolute proton fluence was measured using an aluminum foil activation method. The amount of^{24}Na generated in the Al-foil under proton irradiation is proportional to the fluence. 24Na decays with a half life time of 15 hours and emits photons of 1.368 MeV. The intensity of this γ-line was measured in a spectrometer and gives the proton fluences. Fig. 3 shows the fluence on samples for the CERN irradiation period up to 5 × 10^{15} p/cm^2. After 70 hours the number of particle extractions was increased from two to three spills per 14 s cycle. Diamond strip detector CD17 received a fluence of 3 × 10^{15} p/cm^2. Sample CD12-P1 received the highest fluence of 5 × 10^{15} p/cm^2.

Figure 2: Photo of an irradiated CERN diamond sample (right) and the irradiated Silicon diode (left). The diamond samples were metallized with ohmic contacts on both sides. The substrate side had a single round contact, the growth side a round contact and a guard ring. The scale is in mm.

Figure 3: Proton fluence on diamond samples CD12-P1,P2,P3 and CD17 as a function of time up to 5 � 10^{15} p/cm^2. The proton fluence was measured every 20 hours using Al-foils. Two curves are shown which were measured using foils of different size. They differ slightly since the proton beam has its highest intensity in the center. The slope of the fluence increases above 70 hours since the extraction changed from 2 to 3 spills per cycle. The graph shows the final fluences reached on each sample.

2 Charge Collection Properties

The charge, Q_{col}, which can be collected at the electrodes after one charged particle traverses the diamond characterizes the performance of the detector. A minimum ionizing particle, mip, deposits 245 keV in a diamond of a thickness D = 500 μm. The energy which is necessary to excite one electron-hole pair in diamond is 13.6 eV. One obtains the number D Q^{(mip)}gen E /D = 36 e/μm of generated electrons or holes for a mip. Electron hole pairs separate in the applied electric field and travel towards the electrodes where they induce a charge Q_{col}. The mean measured charge ⟨Q_{col}⟩ is related to the charge collection distance d of the diamond bulk. Using the approximation from [10] one finds d ≈ ⟨Q_{col}⟩ D Q^{(mip)}_{gen} E /D = ⟨Q_{col}⟩ 36 e/μm , (1)

which relates the charge collection distance to the induced charge at the electrodes. The induced charge can be measured with a charge sensitive amplifier. A setup for measuring charge collection distance is described in [6, 10]. The energy loss of protons in diamond at 500 MeV and 24 GeV/c is slightly greater than that of a mip. Appropriately scaling for the energy loss of protons with such energy and momentum one finds 42 eh-pairs/μm and 38 eh-pairs/μm generated respectively. Fig. 4 shows a characteristic signal distribution measured on sample CD12-P1 before irradiation, after 0.9 × 10^{15} p/cm^2 and after 5 × 10^{15} p/cm^2. The sample was measured in its electron pumped state before irradiation and in the proton pumped state after irradiation. Pumping occurs at a relatively low dose e.g. from^{90}Sr during a measurement of charge collection distance [6, 10] and during proton beam exposure. The charge distributions are fit by a convolution of Landau’s energy loss distribution function for thin detectors and a Gaussian associated with the noise. The measured noise in the characterization setup is about 350 e independent of the irradiation dose. The most probable charge signal, corresponding to the peak of the fit curve, and the mean signal increase slightly after a dose of 0.9 × 10^{15} p/cm^2 compared to before irradiation. This is probably due to additional pumping by the proton beam. Other samples show no change in pulseheight distribution at this fluence compared to before proton irradiation. After the highest fluence of 5 × 10^{15} p/cm^2 the most probable charge signal is decreased by 20% compared to before irradiation, while the mean value decreases by about 40% due to fewer events with high charge signals in the Landau tail.

Fig. 5 shows the pumped charge collection distance as a function of the applied electric field at different proton fluences on CD12-P2. In a range from 0 to ±0.8 V/μm charge collection distance increases. Above ≈ ±0.8 V/μm the velocity of charge carriers saturates and charge collection remains nearly constant. The voltage is applied in a loop starting at 0 V, increasing

Figure 4: Measured charge signal distribution (histogram and fit) at 1 V/μm before proton irradiation, after 0.9 � 10^{15} p/cm^2 and after

5 � 10^{15} p/cm^2.

Figure 5: Charge Collection distance as a function of the applied electric field at different proton fluences on sample CD12-P2.

slowly to +1 V/μm, then decreasing to -1 V/μm and back to 0 V. The measured curve shows a hysteresis because of the resistivity and capacitance of the diamond. Before proton irradiation charge collection distance of sample CD12-P2 is (92 ± 4) μm at 1 V/μm. After irradiation with

Figure 6: Charge collection distance on LANLdiamond samples as a function of the proton fluence normalized to the electron pumped charge collection distance before proton irradiation. These data were taken on LANL-samples irradiated with 500 MeV protons at TRIUMF.

Figure 7: Charge collection distance on CERNdiamond samples as a function of the proton fluence. Samples were depumped under fluorescent light after proton irradiation and then pumped under^{90}Sr. Only fully pumped charge collection values are shown. The charge collection distance is normalized to its electron pumped value before proton irradiation.

0.9 × 10^{15} p/cm^2 the charge collection distance is increased by about 10% compared to before proton irradiation. Other samples show less increase in charge collection distance at this fluence. CD12-P2 was irradiated up to 4×10^{15} p/cm^2. After this fluence its charge collection was decreased by about 27% to (68 ± 3) μm.

Fig. 6 shows the charge collection distance as a function of proton fluence for the samples irradiated at TRIUMF. The pumped value of the charge collection distance before proton irradiation is scaled to be one. The unpumped value before irradiation is also plotted at 2 × 10^8 electrons/cm^2 and used for the relative normalization. The higher fluences up to 1 × 10^{14} p/cm^2 are proton fluences. The “After Irradiation” points in Fig. 6 were all measured immediately after dismounting from the irradiation area and as a result were in their pumped states. This explains the factor 1.5 and 2 increase over the “Before Irradiation” point at 2 × 10^8 electrons/cm^2. These samples show no decrease in charge collection up to 1 × 10^{14} p/cm^2.

Fig. 7 shows the relative charge collection distance as a function of proton fluence for the diamond samples irradiated at CERN. After irradiation with 0.9×10^{15} p/cm^2 the pumped values are slightly increased compared to before proton irradiation. The next measurement at 3 × 10^{15} p/cm^2 shows a decrease by 10% compared to before proton irradiation. Measurements on the other samples at higher fluence show a decreasing charge collection distance. A linear fit to the values above 3 × 10^{15} p/cm^2 intersects the ordinate value one at a fluence of ≈ 2 × 10^{15} p/cm^2. Charge collection distance normalized to the pumped value before proton irradiation appears to decrease linearly above ≈ 2 × 10^{15} p/cm^2 and reaches 60 % at 5 × 10^{15} p/cm^2. As noted earlier the decrease of the most probable value is 20% at a fluence of 5 × 10^{15} p/cm^2. No decrease in charge collection distance below 1×10^{15} p/cm^2 is observed and we therefore conclude that CVD diamond is radiation hard up to at least 1 × 10^{15} protons/cm^2.

3 Particle Induced Currents during Proton Irradiation

A number, ΔN_p, of protons interact in diamond and generate electron-hole pairs. The sum of electron-hole pairs generated by one proton has a charge ΔQ^{(p)}_{gen}. Using the charge collection distance d [Eq.1] and assuming that the beam uniformly irradiates the contact area A one obtains the particle induced current I_{pic} in diamond

I_{pic} ≈ d · A D f_p ΔQ^{(p)}gen ΔN_p , (2)

with the proton flux f_p and sample thickness D. This equation relates the charge collection distance to the particle induced current. All diamond samples were biased during irradiation and the induced current depends via d(U) on the bias voltage U. In particular, U=100 V was applied to samples in the CERN irradiation. The detectors were irradiated under bias voltage which allowed us to measure the proton induced current when a proton spill swept over the samples and also to measure the leakage current during spill breaks when no protons were present.

Fig. 8 shows the proton flux, as measured by the secondary emission chamber, and current measured on CD17 during the the first 55 hours of the proton irradiation at CERN. Protons were only present during a spill of 300 ms. In this time the ON-spill current on CD17 and the proton flux could be measured. The OFF-spill current was measured in breaks between spills. The difference between the ON- and OFF-spill current is the particle induced current. This current correlates with the proton flux. The OFF-spill current shown on the same scale as the ON-spill current is negligibly small. It remains constant during irradiation for all samples. The graph also shows that the induced current in diamond does not change with time and proton fluence which reached 1 × 10^{15} p/cm^2 [see Fig. 3] after 70 hours. At some points the induced current is low although protons were present (e.g. from 30 h to 35 h). This happened because beam steering magnets changed temporarily and shifted the beam spot by several millimeters to essentially miss the detectors. Fig. 9 shows the same

Figure 8: Proton flux as measured by the SEC and current on a 2.9 mm^2 contact pad on the diamond strip detector CD17 during proton irradiation. The thickness of the diamond detector is 490 μm. The current was measured ON- and OFF-spill.

Figure 9: Proton flux and current in a silicon diode during proton irradiation for comparison with the current in a diamond detector.

measurement on the p-on-n silicon diode behind the diamonds. The induced current, the difference between ON- and OFF-spill current, correlates with the proton flux and recognizes the beam shift mentioned above, as well. The dark current in silicon increases from its original value of 60 μA to 110 μA and is also visible as an offset to the ON-spill current. During the extended periods when the beam was off the silicon diode anneals and the dark current decreases exponentially but increases immediately and non-linearly when the beam comes back. It should be noted that the radiation damage induced OFF-spill current for the silicon diode is comparable to the difference between the ON-spill and OFF-spill currents pointing out the difficulty of using silicon detectors in high fluence regions.

At TRIUMF the proton beam was a continous beam and its intensity could be controlled between 0 p/cm^2/s and 8 × 10^8 p/cm^2/s. The flux was measured with an ionization chamber, whose current was proportional to the flux. Fig. 10 shows the induced current in diamond sample LANL-3 as a function of the ionization chamber current. The induced current in diamond is found to be proportional to the proton flux as expected by Eq. 2. The induced current also indicates that the charge collection distance does not change up to 8 × 10^8 p/cm^2/s (equivalent to 5 nA proton beam current) and shows the particle rate capability of diamond detectors. The ratio of the proton induced current in diamond and proton flux measured by the ionization chamber was measured as a function of proton fluence [Fig. 11]. This ratio is constant up to 10^{14} p/cm^2 and agrees with the unchanged charge collection distance up to this fluence.

Figure 10: Beam induced current in diamond LANL-3 as a function of the proton beam current. The proton flux at a proton beam current of 5 nA is 8 � 10^8 p/cm^2/s. The line is a fit to the data.

Figure 11: Ratio (IPR) of the proton induced current in diamond LANL-3 and proton flux measured by the ionization chamber as a function of the proton fluence on the diamond sample.

Eq. 2 can be transformed to predict the charge collection distance at a given proton flux and an induced current. Using the characteristic flux at CERN of 2.9 × 10^{10} p/cm^2/spill and an induced current of (1.5±0.3) μA [Fig. 8] in CD17 (which corresponds to 0.5 μC in the 0.3 s spill period) one finds a collected charge of (3320±650) e which implies a charge collection distance of ≈ (87±17) μm for CD17 at 100 V in agreement with the^{90}Sr measurement of (72 ± 4) μm at 100 V. A similar calculation for the silicon diode with a particle induced current of (40 ± 7) μA [Fig. 9] implies a charge of (16150 ± 3000) e which is less than one would expect for an unirradiated, fully depleted silicon diode of 300 μm thickness (≈ 27200 e). This is indicative of damage in the silicon diode above a fluence of 1.5 × 10^{14} p/cm^2.

4 Summary and Conclusion

CVD diamond detector samples were irradiated with 500 MeV protons up to 1 × 10^{14} p/cm^2 at TRIUMF and 24 GeV/c protons up to a fluence of 5 × 10^{15} p/cm^2 at CERN. At TRIUMF no decrease in charge collection distance is observed below 1 × 10^{14} p/cm^2 and at CERN no decrease below 1 × 10^{15} p/cm^2.

At a fluence of 3 × 10^{15} p/cm^2 charge collection distance decreases by 10%. Beyond a fluence of 2 × 10^{15} p/cm^2, the charge collection distance appears to decrease linearly with a slope of −14 %/(10^{15} p/cm^2) to 60% at 5 × 10^{15} p/cm^2. It is important to notice that the most probable charge signal of the detectors decreases by only 20% at the highest fluence compared to before irradiation. This indicates that for a fixed threshold cut below the most probable value there would be no loss of efficiency compared to before irradiation. The dark current on diamond samples before and after irradiation is unchanged, being of the order of a few pico Ampere. The current during irradiation shows a prompt response to protons and is proportional to the flux. In contrast to the fluence dependence observed in the leakage current in silicon detectors, the OFF-spill current for the diamond detectors is independent of proton fluence. The ON-spill current is of the order of micro Ampere and its response to protons does not change.

The results indicate that the present state CVD diamond detectors are radiation hard up to proton fluences of at least 1 × 10^{15} p/cm^2 and instantaneous rates of at least 1 × 10^9 p/cm^2/s. This is very strong evidence that diamond based detectors will be able to withstand the harsh environment of high luminosity experiments at the LHC very near to the interaction region.

5 Acknowledgements

We would like to thank M. Glaser, F. Lemeilleur and A.Taffard for their help during the irradiation period at CERN and with the dosimetry measurements. We like to acknowledge L. Spiegel for allowing us to participate in the TRIUMF irradiation. At TRIUMF we thank S. Benesch, V. Cupps, C.V. Holm, D. Hutcheon, D.W. Vehar and S. Yen for their help.

References

[1] J.A.J. Matthews. “Effective Silicon Damage Fluences in the ATLAS Inner Detector Extrapolated from CDF”. Technical note, University of New Mexico, 10 (1996). ATLAS/INDET-NO- 145.

[2] F. Borchelt et al. (RD42-Collaboration). “First Measurements with a Diamond Microstrip Detector”. Nucl. Instr. Meth., A, 354 (1995).

[3] W. Adam et al. (RD42-Collaboration). “Development of Diamond Tracking Detectors for High Luminosity Experiments at the LHC”. Status Report/RD42, CERN, (Jan. 1997). LHCC 97-3.

[4] M.H. Nazaré et al. (RD42-Collaboration). “Development of Diamond Tracking Detectors for High Luminosity Experiments at the LHC”. RD42-Proposal, CERN, (May 1994). DRDC 94- 21/P56.

[5] W. Dulinski. “Electron Irradiation of CVD Diamond”. RD42 Collaboration Meeting Notes, (June 1995).

[6] D. Meier et al. (RD42-Collaboration). “Development of CVD Diamond Radiation Detectors”.

In 5^{th} Symp. Diamond Materials. Electrochemical Soc., Paris, (1997).

[7] Particle Data Group. “Review of Particle Properties”. Phys. Rev. D, 50 (1994) 3.

[8] DeBEERS. DeBeers Industrial Diamond Division Ltd., Charters, Sunninghill, Ascot, Berkshire, SL5 9PX England.

[9] NORTON. St. Gobain/Norton Diamond Film, Goddard Road, Northboro, MA 01532, USA.

[10] S. Zhao. “Characterization of the Electrical Properties of Polycrystalline Diamond Films”.

PhD thesis, Ohio State University, (1994).