Characterization of an irradiated Double-sided Silicon Strip Detector with Fast BinaryReadout Electronics in a Pion BeamY. Unno, T. Kohriki, T. Kondo, H. Iwasaki, S. Terada, KEK; M. Takahata, N. Tamura, H. Maeohmichi,Okayama University; T. Ohmoto, M. Yoshikawa, H. Ohyama, T. Handa, Y. Iwata, T. Ohsugi,Hiroshima University: C. Haber, J. Siegrist, H. Spieler, LBNL; T. Dubbs, A. Grillo, B. Hubbard,S.˚Kashigin, W. Kroeger, K. Noble, K. O’Shaughnessy, T. Pulliam, W.A. Rowe, H.F.-W. Sadrozinski,A. Seiden, E. Spencer, A. Webster, R. Wichmann, M. Wilder, Univ. California, Santa Cruz;R. Takashima, Kyoto Education UniversityAbstractWe report on the characterization of an AC-coupled,double-sided silicon strip detector, with fast binary readoutelectronics, in a pion beam before and after proton irradiation.The proton irradiation was non-uniform and to increase thedamage the detector was heated to accelerate the anti-annealing.The effective radiation level was about 1·1014 p/cm2. Both the bias voltage of the detector and the threshold ofthe discriminator of the binary readout electronics were varied,and the efficiency determined. The irradiated detector clearlyshows the effect of bulk inversion. The binary system provedto be efficient well below the full depletion voltage on the p-njunction side. Due to the highly non-uniform irradiation, thedepletion voltage changes from close to zero to about 120Valong a single strip, but the detector appears to work withoutany noticeable failures. I. INTRODUCTIONSilicon strip detectors will play a central role in vertexingand tracking of the charged particles in TeV-energy proton-proton colliders such as the LHC. One of the main concernsfor their use are the high predicted radiation doses. In the LHCdetector ATLAS, the silicon strip detector (ATLAS SCT-strip)[1] expects a cumulative fluence of charged particles of morethan 1014 particles/cm2 over the life of the detector. A n-bulkAC-coupled double-sided silicon strip detector (DSSD) hasbeen designed to have high radiation tolerance [2]. Thestructures of the strips have been improved to allow high biasvoltage operation of more than 150 volts for the 300 micronthick detector. In addition to developing a radiation-tolerantsilicon strip detector, understanding of the detector performanceafter radiation damage is an urgent task. A simple, fast, and low-power electronics has beendeveloped to readout the strip detectors. High speed is requiredto match the 40 MHz bunch crossing of the collider in order totag the bunch crossing of the event and also to keep theoccupancy low. Low power is required because the number ofchannels of a future silicon strip tracking detector would easilyreach over several millions of channels, and cooling is a majorengineering problem. The readout scheme is the "Binary-readout" which registers only one bit for a hit channel withpulse height above a fixed threshold and stores the bits in adigital pipeline until a trigger arrives [3]. A combination of the DSSD and the binary readout hasbeen beam-tested before at KEK for proof of principle, and,subsequently, for characterization of improved versions of theDSSD and the read-out system [4, 5]. In order to characterizean irradiated detector, the DSSD used in ref.5 was irradiatedwith protons at TRIUMF and at LBNL, and, then, beam-testedat KEK. Although the binary readout has a fixed thresholdduring data taking, it is possible to determine the pulse heightby varying the threshold. In this report, we will describe theproton irradiation and a characterization of the non-irradiatedand the irradiated DSSD using 4 GeV pions from the 12 GeVproton synchrotron at KEK. II. PROTON IRRADIATIONThe detector assembly ("module") consisted of a PC boardwhich carried one DSSD and two chip pairs of readoutelectronics as shown in Fig. 1. One pair of chips couldreadout 64 channels, and the two pairs of chips were bonded tothe detector side-by-side. Using three of these detector-boards abeam-test was carried out and the results on signal-to-noiseratio etc. were reported in ref.5.

3.4cm

6.0cm1

Readout area6.4mmReadout LSI’s 234

12 cm12 cmConnectors for Cables y=2.0cmy=1.0cm y=4.2cmy=3.0cm5Ion chamber rings

Fig. 1 Schematic drawing of the detector-board. Two chippairs were mounted to readout an area of 6.4mm width of 6cmstrips. Overlaid is the rings of the ion chambers which reflectthe fluence profile in the irradiation.

After the beam test, one detector-board was irradiated withprotons at TRIUMF and at LBNL. At TRIUMF, a fluence of0.6~0.7·1013 p/cm2 of 500 MeV protons were delivered tothe detector uniformly [6]. An additional irradiation wascarried out at the LBNL 88" cyclotron using 50 MeV protons,with a beam spot much smaller than the detector. The profileof the fluence was monitored with an ion chamber setup whosering structure is overlaid on the detector-board in the Fig. 1.The area and the relative fluence of the ion chamber rings aresummarized in Table I. Table I. Ion chamber area and relative fluence, Fr.Ring#Radius [cm]Area [cm2]Fr.

10.50.781.021.02.360.9732.09.420.424*3.0~140.115*4.0~130.03

(*) The rings 4 and 5 were shadowed by the beam aperture.Active area were ~90% for the ring 4 and ~60% for 5. After the irradiation the leakage current for a sample ofindividual strips were measured across the DSSD and thefluence delivered was calculated to be about 6·1013 p/cm2 in1 MeV neutron equivalent damage at the peak, which wasslightly off-set from the readout area. The irradiation was doneat the room temperature at LBNL and the detectors were kept atbelow 0 �C immediately after irradiation. Because the fluence was still too low for the required1·1014 p/cm2, we increased the damage level by heating thedetector up to 35 �C for 3.3 days to expedite the anti-annealing[7]. It was also heated up to 28 �C for more than 10 days withthe heat of electronics while being tested. After tracing thetemperature history, the depletion voltage was calculated alongthe strip at the time of the KEK beam test as shown in Fig. 2.

02040608010012014001234567-101234567

V d e p l e t i o n

[V]

Fluence [10

1

3 p

/ c m

2

]y [cm]VdepletionFluence

(Fluence+Heat-up)

Fig. 2 1 MeV neutron equivalent fluence (dashed line) andcalculated depletion voltage (solid line) of the irradiated DSSDat the time of beam test.One important property of the radiation damage was itshigh non-uniformity. At y=1cm the detector was almostintrinsic, and at y=4.2cm, the most irradiated region in thereadout area, the depletion voltage was about 120V, which isclose to the expected depletion voltage when the detector hasbeen operated at -10˚�C and accumulated a fluence of 1·1014p/cm2 over 10 years. The beam test was carried out at atemperature of 20˚�C, in which a leakage current of about550mA was drawn over the whole detector. The leakagecurrent was about 1.6mA per strip in the readout area,corresponding to the expected leakage with a fluence of>1·1014 p/cm2 at -10 �C operation. Subsequently to thisbeam test, the detector was allowed to continue to anti-annealand its performance was remeasured using a 106Ru telescope[8].III. BEAM TEST SETUPThe beam test setup was the same as the one used for thenon-irradiated detector [5]. The 4 GeV p- beam was definedby a set of three scintillation counters: one of 2cm·2cm, apair of 2cm·2cm displaced diagonally to have 1cm ·1cmoverlap, and a pair of 7mm(width) · 60mm(height)sandwiching the four planes of detector-boards. Thecoincidence of area £7mm ·10mm supplied a trigger initiatingthe readout. The two outside silicon detectors were used asanchors having identical bonding arrangements. One innerdetector plane, the device under test (DUT), was the detectorbeing irradiated. It had varying strip pitch as explained below. The detectors were n-bulk double-sided AC-coupled with50mm strip pitch, having narrow implant strips to minimizethe interstrip capacitance, developed to have higher toleranceto radiation [2], and fabricated by Hamamatsu Photonics.They were 6cm long, 3.4cm wide, and 300m thick, with axialstrips on the n-side and the stereo strips on the p-side with a10mrad stereo angle. The detectors were instrumented only inthe central part of both sides (6.4mm width) with two pairs of64channel, fast, low-power, low-noise front-end electronics(FEE). A schematic drawing of the detector-electronics chainis presented in Fig. 3.

pn

Vb+-

VthVthTrigger acceptDRS

DSSDBipolar LSICMOS LSI

Fig. 3 Binary readout concept of the DSSD. Two controls inthe system: Bias voltage of the detector and threshold of thediscriminator.

The detector is symbolized by the diode. The FEE consistsof two chips: the bipolar amplifier-shaper-comparator ASIC(LBIC) [3] and the CMOS 40MHz digital pipeline (CDP64)[9]. The bipolar amplifier-shaper-comparator has an unipolarshaping with a peaking time of 22ns. In the binary readoutscheme, two parameters control the performance of thedetector: the detector bias voltage to deplete the detector and thethreshold of the discriminator to suppress noise hits and tocount events which have signals exceeding the threshold. In order to characterize the performance of the detector as afunction of its pitch, we employed different bonding schemesbetween the detector strips and FEE channels. On one chip setof both sides of the detectors, each strip was bonded to acorresponding FEE channel with 50m pitch. On the other chipset, two strips were ganged and bonded into one FEE channelto give 100m pitch, thus simulating larger detector pitch. Onthe n-side of the DUT, the chip set was bonded into fourconfigurations: alternating bonding with one intermediatefloating (100m-float), the ganging of two (100m), the gangingof three (150m), and the ganging of four (200m). IV. RESULTSHere we will report the result on the charge collection ofthe irradiated detector, in conjunction with the non-irradiateddetector. Though the binary system has only one threshold, itis possible to extract pulse height information out of thesystem. This is done by varying the thresholds. With onethreshold the system accumulates the events where the signalpulse height exceeds the threshold, thus giving efficiency. Theefficiency is the integral of the pulse height distribution. Byscanning the threshold, one can map out the integraldistribution and recover the pulse height spectrum bydifferentiation. The median pulse height is the point where theefficiency is 50%. Beam data were collected by changing the bias voltages (40~ 160V), the threshold (0 ~ 6fC), the y positions for thedifferent damage regions (1 ~ 4.2cm), and incident anglesperpendicular to the strips (f angles: 0� ~ 45�). In theprevious beam test, the non-irradiated detector in ref. 5, thescanned ranges were slightly narrower than the irradiateddetector: bias voltage (60 ~ 120V), threshold (0 ~ 2fC; 0 ~ 8fC for 100V), and incident angles (0� ~ 54�). In most of thebeam data, 20k events were accumulated and, at major points,50k events were collected. The trigger rate was limited by theDAQ speed and was about 150 events in the beam spill of 2sec out of the repetition cycle of 4 sec. The data reduction method is similar to that described inref. 5. Because the pulse width of the LBIC was of the orderof 60ns, typical events give hits in two or three time-slices ofthe digital pipeline. For the present analysis, since we are notinterested in the time-walk of the events, we have OR’ed thetime-slices. Essentially the analysis is done for the n-side andthe p-side separately. EfficiencyTo measure the efficiency the hits in the outer anchorplanes were used to predict the position of the expected hit inDUT. Only one hit (or one cluster where consecutive hitswere defined as a cluster) was allowed in each anchor plane. Asearch for a matching hit was made in the DUT within aregion of –three 50m-strips. If none was found the event wasconsidered as in-efficient.

00.20.40.60.811.2050100150200 eff-n50 eff-p50 e f f

- n

5

0Vbias [V](a) Non-irradiated

E f f i c i e n c yVbias [V](b) y=1cm0.8x1013 p/cm2 + Heat-up0 e f f

- n

5

0Vbias [V](c) y=4.2cm4.5x1013 p/cm2 + Heat-up0

Fig. 4 Efficiencies of 50m-pitch single strips as a function ofbias voltages in the n-side (circle) and the p-side (cross) at athreshold at 1fC: (a) non-irradiated, (b) nearly intrinsic region,and (c) the most irradiated region where the depletion voltage isestimated to be 120V.Efficiencies measured with single strips of 50m pitch areshown in Fig. 4 for the non-irradiated, the nearly intrinsicregion (y=1cm) and the most irradiated region (y=4.2cm) ofthe irradiated detector. The data are chosen for a thresholdclose to 1fC: 0.94 fC and 1.03 fC in the n-side and the p-siderespectively for the non-irradiated detector, 0.92 fC and 1.00fC for the irradiated detector. The difference of the n-side andthe p-side was due to the difference of amplifier response to

the positive and negative swing of signals. The difference ofthe non-irradiated and the irradiated detectors was simply thedifference of threshold voltage setting. Clearly seen in the figure is the inversion of the side ofhigh efficiency. In the non-irradiated detector, the p-side hashigh efficiency at low bias voltage, while in the mostirradiated region, the n-side has high efficiency. The highefficiency side is the p-n junction side where the strips are keptin isolation even for bias voltages below the full depletion ofthe silicon bulk. The binary readout is highly efficient wellbelow the full depletion voltage on the p-n junction side. Oneshould note, however, that the data was for normal incidenceand there will be charge sharing among neighboring stripswhen the beams cross at an angle. Median pulse height distributionIn threshold scans, the Landau distribution is calculatedfrom the change in efficiency. A typical example is shown inFig. 5 where the threshold scan was carried out for charges upto 6 fC. In order to estimate the peak of the Landaudistribution, we have fitted the Error function to the efficiencycurves. Since the Landau distribution has a long tail towardlarger values, the fit tends to give a higher peak value than thepeak of the Landau distribution. The fitted Error function hasshown to give a 3% higher peak value using a Monte Carlosimulation of the Landau distribution [10], which we ignore inthis analysis.

00.20.40.60.811.20123456 n200m n150m n100m n50m n

2

0

0 mQth [fC](a) n-side p100m p50m p

1

0

0 mThreshold [fC]

E f f i c i e n c y0(b) p-side

Fig. 5 Efficiencies of various pitches as a function ofthreshold at a bias voltage of 130V at the most irradiatedregion (y=4.2cm): (a) n-side with strip pitches of 50m (cross),100m (diamond), 150m (square), and 200m (circle), and (b) p -side of 50m (square) and 100m (circle).From the Error function fit, we have obtained the medianpulse height distribution as a function of the bias voltage asshown in Fig. 6. This is the charge collected on single strips.At a bias where the pulse height is saturated, the mediancharge collected on the p-n junction side is, for the 50m-pitchstrips, about 3fC and, for 100m-pitch (i.e., ganging of two50m strips), about 3.5fC. No charge loss was observedbetween before and after the irradiation (within a precision of10%). Although the binary electronics had been calibrated byinjecting known charges, the uncertainty of the absolute valueof the charge collected was estimated to be 10% around 4fC,much smaller for smaller charges, due to the non-linearity ofthe amplifier which was designed for low-power. A majorfactor of charge-loss is the ballistic deficit which is morepronounced when the depletion voltage is low, and on the p-side where the slowly drifting holes are collected. The collected charge is reflecting the depth of thedepletion which has the characteristic

V

dependence of thesemiconductor. The pulse heights of the y=4.2cm point afterirradiation shows this behavior in the n-side, while beforeirradiation this is characteristic for the p-side, another proofthat the n-side is the p-n junction and the bulk was invertedfrom n- to p-bulk.

00.511.522.533.54050100150200 n100m n50m p100m p50m n

1

0

0 mVbias [V](a) Non-irradiated

0.511.522.533.54050100150200 n

1

0

0 mVbias [V]0

Median Pulse Height [fC](b) y=4.2cm

Fig. 6 Median pulse height distribution as a function of thebias voltage: (a) non-irradiated detector, and (b) most irradiatedregion (y=4.2cm). The n-side strips are 50m (square) and 100m(circle), and the p-side strips 50m (cross) and 100m (diamond).V. SUMMARYA n-bulk AC-coupling double-sided silicon strip detector,designed to have a high tolerance to radiation, wascharacterized with fast binary readout electronics in a pion

beam. The detector was tested in the beam before and afterproton irradiation. The spot of the irradiation was muchsmaller than the size of the detector and the irradiation wasvery non-uniform. To increase the damage, the detector washeated to accelerate the anti-annealing and the effectiveradiation level was about 1·1014 p/cm2, which is the expectedultimate fluence level of the ATLAS SCT-strip detectors inthe LHC. The detector was characterized by varying two parameters:bias voltage of the detector and the threshold of the compactorof the binary readout electronics. By scanning the thresholdwe could obtain the integral of the Landau distribution in theform of efficiency curves, which we differentiated to get thepulse height distribution of the charges collected on singlestrips. The irradiated detector has clearly shown the effect of bulkinversion, the move of p-n junction from the p-side to the n-side, both in the efficiency variation with a fixed threshold andin the median pulse height distribution, as a function of biasvoltage. In the irradiated region, collected charge in the n-sidehas shown the characteristic

V

dependence of the depletiondepth, while the charge collection on the p-side suffered lossesbelow depletion due to the sharing of charge collection onmany strips and the ballistic deficit of slowly drifting holes. The binary system was proved to be efficient well belowthe full depletion voltage on the p-n junction side. We haveclear evidence that the n-side is highly efficient when the bulkis inverted. Finally, the detector worked without anynoticeable failures whose bulk was irradiated highly non-uniformly and changed from nearly intrinsic to heavily invertedalong the strips, with the effective fluence of about 1·1014p/cm2 at the maximum. VI. ACKNOWLEDGMENTThe authors wish to thank to the staff and the facilities thatprovided the proton irradiation. We thank especially M.Frautschi and his collaborators carrying out the TRIUMFirradiation, and personnel at FNAL and Los Alamos NationalLab for the fluence measurement. The work is supported inpart by DoE and the US-Japan Scientific cooperation program. VII. REFERENCES[1] ATLAS Silicon strip detectors, cf. ATLAS Technical Proposal,CERN/LHCC/94-43, Dec. 1994[2] T.Ohsugi et al., Nucl. Instr. Meth. A342(1994)16[3] E.Spencer et al., IEEE Trans. Nucl. Scie. 42(1995)796[4] Y.Unno et al., 1993 IEEE Conference Record, vol.1, p38[5] J.DeWitt et al., IEEE Trans. Nucl. Scie., 42(1995)445[6] The samples were cooled at -1 to 0 �C during and after theirradiation at TRIUMF. The fluence was measured with Al foilactivation. The calculated fluence from the leakage currentswas consistent with the fluence. [7] H.Ziock et al., Nucl. Instr. Meth. A342(1994)96[8] T.Dubbs et al, 1995 IEEE N.S. Symp., San Francisco, Oct 25-30 1995, SCIPP 95/18.[9] J.DeWitt, 1993 IEEE Conference record, vol.2, p749[10] J.Leslie et al., IEEE Trans. Nucl. Scie., 40(1993)557