Beam tests of a double-sided silicon strip detector with fast binary readout electronicsbefore and after proton-irradiationY.˚Unnoa, M.˚Takahatah, H.˚Maeohmichih, F.˚Hinodea, T.˚Akagia, T.˚Asob, M.˚Daigoc, J.˚DeWittd,D.˚Dorfand, T.˚Dubbsd, M.˚Frautschie, A.˚Grillod, C.˚Haberf, T.˚Handag, T.˚Hatakenakah, B.˚Hubbardd,H.˚Iwasakia, Y.˚Iwatag, D.˚Kaplani, S.˚Kashigind, I.˚Kipnisf, S.˚Kobayashij, T.˚Kohrikia, T.˚Kondoa,W.˚Kroegerd, J.˚Matthewsk, H.˚Miyatab, A.˚Murakamij, K.˚Nobled, K.˚O’Shaughnessyd, T.˚Ohmotog,T.˚Ohsugig, H.˚Ohyamag, T.˚Pulliamd, J.˚Rahnd, W.A.˚Rowed, H.F.-W.˚Sadrozinskid, A.˚Seidend,J.˚Siegristf, E.˚Spencerd, H.˚Spielerf, R.˚Takashimal, N.˚Tamurah, S.˚Teradaa, M.˚Tezukaj, A.˚Websterd,R.˚Wichmannd, M.˚Wilderd, M.˚Yoshikawag a Department of Physics, KEK, Tsukuba, Ibaraki 305, Japanb Department of Physics, Niigata University, Niigata 950-21, Japanc Department of Economics, Toyama Univeristy, Toyama 930, Japand SCIPP, University of California, Santa Cruz, CA 95064, USAe Department of Physics, Texas Tech Univeristy, Lubbock, TX 79409-1051, USAf Department of Physics, LBNL, Berkeley, CA 94720, USAg Department of Physics, Hiroshima University, Higashi-Hiroshima 724, Japanh Department of Physics, Okayama University, Okayama 700, Japani Department of Physcis, University of Oklahoma, Norman, OK 73019, USAj Department of Physics, Saga University, Saga 840, Japank Department of Physics, University of New Mexico, Albuquerque, NM 87131, USAl Department of Education, Kyoto University of Education, Kyoto 612, Japan

A double-sided silicon strip detector with a radiation-tolerant design was fabricated and characterized in a sequence of beam tests at KEKusing 4 GeV/c pions. The detectors were combined with newly designed, fast, lower power, bipolar amplifier-shaper-discriminator chips andCMOS digital pipeline chips to record hit-no hit signals in the strips. The responses were measured before and after the proton irradiation at aequivalent fluence of 1

·1014 p/cm2 in efficiencies, noise occupancies, spatial resolutions, presented focusing on incident angle and strip-pitchdependence. The median pulse height distribution extracted from the threshold scan of the efficiency enabled to understand the response. A 1Tesla magnetic field enabled to extract the Hall mobilities of electrons and holes.I. INTRODUCTIONSilicon strip detectors have been proposed to be used as aprecision tracking and vertexing device in high-energy-physics experiments[1]. In an experiment in a super highenergy proton-proton collisions, such as ATLAS[2] inLHC[3], one major concern is the tolerance to the highradiation environment. The ATLAS silicon strip detectoranticipates a cumulative fluence of more than 1014 chargedparticles/cm2 over the lifetime of 10 years.A number of studies has been executed to understand theradiation effect to the silicon strip detectors[4] and a double-sided silicon strip detector (DSSD) has been produced with aradiation tolerant design[5]. The latest specification of thedesign is summarized in Table 1. The axial strips wereprocessed in the n-side, and the stereo strips (10 mrad stereo-angle) in the p-side, with a strip pitch of 50 m. The implantstrips were AC-coupled to aluminum readout-electrodes,sandwiching thin SiO2 and SiN insulators. A goal of thedesign was to operate the detector at a bias voltage up to200V, while grounding the readout electrodes, before andafter the type inversion of the silicon bulk due to the radiationdamage.A simple, fast, and low-power electronics was developedto read out the strip detectors[6]. High speed was required totag a event to the bunch crossing and to keep occupancy low.The bunch crossing will occur at 40 MHz in the collider. Lowpower was required to make the cooling of a large systemmanageable. A system could be over several millions ofchannels. The readout scheme was a simple "Binary-readout"that registered only hit and no-hit information in a channel forthe pulse height above a threshold. The one-bit of data werestored in a digital pipeline until a trigger arrived.Along with developing a radiation-tolerant silicon stripdetector, understanding of the detector response before andafter radiation damage was an urgent task. A combination ofthe DSSD and the binary readout electronics was beam-testedat KEK using 4 GeV pions from its 12 GeV protonsynchrotron, for proof of principle, and subsequently, forcharacterization of improved versions before irradiation(T280, T330). To characterize the detector after radiationdamage, the DSSD was irradiated with protons at TRIUMFand at LBNL, and then, beam-tested at KEK(T355)[7].In previous reports[8,9], we have presented the responsesof the non-irradiated and irradiated detectors mainly to normalincident particles. In the ATLAS layout of the silicon trackingsystem, charged tracks of 1GeV/c momentum hit the detector at an angle of 10� at a radius of 60cm perpendicular to theaxial strips because of the 2 Tesla magnetic field, in additionto a tilt angle of the detectors. The charges, i.e., electron andhole pairs, generated along a inclined track in the silicon bulkwill split into two or more strips. This charge splitting maylead to inefficiency depending on the incident angle and athreshold of the binary electronics.The detector-under-test (DUT) had a basic readout pitch of50mm. A readout region was arranged to have readout pitchessuch as 100m and 150m to evaluate the response to other pitchconfigurations. In this report, we will describe the incidentangle and pitch-configuration dependence of the responses ofthe DSSD with the fast binary readout electronics.Table 1. Specification of the radiation-hard double-sided silicon stripdetector. Two fabrications: DSSD1 with the standard implant-process parameters and DSSD2 with an improved onesb.

(1) SubstrateTypen-type SiResistivity4~8 kW�cmThickness300–10 mm(2) SizeOverall dimensiona 60 mm·34.1 mmStereo-effective area58.8 mm·31.4 mm(3) StripAxial stripsn-sideStereo stripsp-sidePitch50 mmStereo angle10 mradImplant width12 mmImplant depthb>1mm, round edgeAC electrode width<10 mmStrip isolation on n-sidecommon p-implant(4) AC couplingInsulatorSiO2+SiN(5) Bias resistorPolycrystalline silicon250–50 kW a Actual dimension is 60 mm narrower due to sawingII. EXPERIMENT

A. Setup

Three, T280, T330, and T355, were set up at the p2 testbeam line of the 12-GeV proton synchrotron at KEK. Threescintillation counters, S1, S2, S3, were set in the upstream ofthe detectors to make a trigger for 4 GeV negative pions toinitiate a data-acquisition sequence. The S1, S2, and S3 had asize of 2˚cm (width)

·2˚cm (height)

·5˚mm (thickness). TheS2 and S3 were placed nearby but displaced to make a smalleroverlapping region: 2˚cm

·1˚cm by displacing vertically or1˚cm

·1˚cm by displacing diagonally. The S1 was set 3 to 4˚mupstream and the S2¥S3 at about 1m upstream of the detectors.Two additional small counters, F1 and F2, slightly wider thanthe readout area, were placed in front and back of thedetectors, for limiting the trigger area, checking the alignmentof the detectors and consistency of the counts in the countersand the detectors, etc. The F1 and F2 counters were read outwith optical fibers to allow their placement in a magneticfield. Two Cerenkov counters were used occasionally todifferentiate pions and electrons (the fraction of electrons wasa few % of the total particles). The coordinate system definedwas right-handed: + z in the beam-flow and + y in the verticallyupward direction.The silicon strip detectors were placed on a translation-rotation stage inside an aluminum box . The box, 60˚cm(width)

·39˚cm (height)

·65˚cm (depth), shielded the detectorselectrically and optically and made a cooled environment forthe electronics with an forced flow of air. The translation-rotation stage was set in the box to move the detectors in the x-direction, rotate in the f angles around the y-axis, the qangles around the rotated x-axis. The direction of the detectorstrips was set in vertical. In the f angle rotations, two types ofmethods were employed: in the beam test of small rotations,only the stage was rotated (Fig. 1(A)); in the beam test oflarger rotations the detectors were stepped with extra fixturesin addition to the rotations since the readout region waslimited (Fig. 1(B)). In T230, a magnetic field was providedup to 1.0 Tesla vertically (direction towards - y) by a dipolemagnet (USHIWAKA) which had an opening aperture of82˚cm(W)

·40˚cm(H)

·70˚cm(D).

(A)(B)

Fig. 1 Rotation schemes: (A) rotation of the stage for a small rotationangles, (B) with extra stepping fixtures for larger rotation angles.Several types of the stepping fixtures were prepared for differentangles.Three planes of detectors in T280 and four planes in T330and T355 were set and aligned in a mini-crate on thetranslation-rotation stage. A schematic presentation of asetting is shown in Fig.˚2. The detector planes were separatedby 8mm for the multiple-scattering effect to be minimized.For 4 GeV/c pions, the r.m.s. deviation of the hit in the middleplane out of the straight line connecting the hits in the adjacentplanes was calculated to be 0.3 m due to the 300m siliconmaterial in the middle plane.The most-upstream and the most-downstream silicondetectors were the anchors and the inner two detectors werethe detector-under-test(DUT). The anchor and the DUTdetectors were the same double-sided silicon strip detectors assummarized in Table 1. The anchor detectors had an identicalstrip-pitch arrangement and were non-irradiated. The DUT1(LBIC-DUT) was the one tested before and after protonirradiation and having several strip-pitch configurations. Outof the two DUT’s (LBIC-DUT and ATT-DUT) in the T330

and T355, only the results for LBIC-DUT will be presented inthis report.

50m50m100m np200150100100*

LBIC np50m100m

50m(12strips)

50m100m

(64 strips) np50m50m50m50mATT

Beam 8mm Anchor

DUT1

DUT2

(16 strips/each)

Fig. 2 Detector setup of T330 and T355. The n-side was the axialstrips and the p-side the stereo strips (10 mrad. stereo angle).The front-end electronics(FEE) consisted of a pair of twochips: a bipolar amplifier-shaper-discriminator chip, and aCMOS digital pipeline chip(CDP64) clocked at 10 or 40 MHz[10]. Three bipolar amplifier-shaper-comparator chips wereused: TEKZ, LBIC and ATT, all of which had an unipolarPoisson/Gaussian shaping circuitry. TEKZ had a slowpeaking time of 30ns[11]. LBIC had a fast 22ns shapingmeant for the 40 MHz operation[6]. ATT had a slowerpeaking time but had a time-walk compensation circuitry toimprove a time resolution[12]. Due to a two-level buffers inthe digital pipeline chips, the analog signal processing and thedigital buffering in the pipeline with a clock were functioningsimultaneously. The simultaneous data acquisition, i.e.existence or non-existence of a clock pickup, was one of theissues of the beam test. All detectors were instrumented onlyin the central part of the double sides with two pairs of64channel FEEs (6.4˚mm width). The setups used for threeare summarized in Table 2.A schematic drawing of the detector-electronics chain ispresented in Fig. 3. The detector is symbolically drawn by thediode. In the detector and binary-readout electronics,performance can be controlled by two parameters: a detectorbias voltage for depleting the detector, and a threshold of thediscriminator for counting hit-no hit. Although there was onethreshold in the binary system, it was possible to extractanalog information by scanning the threshold.Table 2.˚ A summary of the beam test setupsNumber ofDetectorFront-endClockRotation detectorstypeElectronics[MHz]stage

T2903DSSD1TEKZ10(A)T3304Non-irrad-DSSD2LBIC, ATT40(B)T3554Irrad-DSSD2LBIC, ATT40(B)

pnVb+-VthVthTrigger accept DRS DSSD

Bipolar LSI

CMOS LSI

Amp/Shaper/Discri

LVL1/LVL2 Buffers

Fig. 3 Schematic representation of the DSSD and binary FEE chain.There are two parameters to control the chain: a bias voltage and athreshold of the discriminator.

B. Data Acquisition

The data acquisition (DAQ) was done using a VME-UNIXDAQ system(UNIDAQ)[13]. A UNIX workstation (DECstation 5000/125) communicated with VME modules throughthe DEC Turbo-channel VME adapter in the workstation andthe DEC PMABV-T6000-AA VME module in a VME crate.CAMAC modules were communicated via VME.The communication between VME and the FEE on thedetector was made through a VME module called the digitalreadout sequencer (DRS)[14]. The DRS also received clock,threshold voltage, and calibration signals and routed to thedetectors. The difference (in time) of a trigger and the clockwas measured with a CAMAC TDC.

C. Ganging Case definitions

To characterize the detector performance as a function ofstrip-pitch, the detector strips were wire-bonded to the FEEchannels in several configurations. In one chip set, all stripswere bonded to the FEE channels with the 50m pitch. In theother chip set on the p-side, two strips were ganged into oneFEE channel, giving a 100m pitch. On the n-side of the LBIC-DUT, a chip set was bonded into four configurations: alternatebonding with intermediate strips unbonded, thus giving a caseof one intermediate floating-strip readout (100*m), adjacenttwo strips being ganged into one channel(100m), three stripsinto one channel(150m), and four strips into onechannel(200m). The connection of the detector strips and theelectronics channels are shown graphically in Fig. 4. The caseclassifications of the DUT and the anchor pitches aresummarized in Table 3. Although subtleties such as theelectric field lines, input capacitance of a channel, aredifferent between the ganged-strip pitches and wide-spacingsingle-strip pitches, the performance of these configurationswould be a good guideline of the strip pitches.

(A) No gang: 50mpitch

(C) 2 gang: 100m pitch

(D) 3 gang: 150m pitch

(B) One intermediate: 100*m pitch

Fig. 4 Graphical representation of the ganging of detector strips intoFEE channels (triangle) on the n-side of the LBIC-DUT in T330 andT355.Table 3.˚ Ganging-case classificationDUTAnchor

CaseGangingPitch [mm]pitch [mm]

50mNo5050100*mOne-intermediate10050100m2100100150m3150100

D. Proton Irradiation

The LBIC-DUT of the T330 was irradiated to protons atTRIUMF and at LBNL. The fluence at TRIUMF was below1013 p/cm2. The LBNL irradiation was a spot of a diameterof 1.5cm at the peak. The maximum fluence in theinstrumented area was estimated to be 4.6

·1013 p/cm2. Inorder to get higher damage, the DUT was warmed up for theanti-annealing to be expedited: the expected damage level atthe time of the beam test (T355) was estimated to beequivalent to a fluence of 1

·1014 p/cm2 in depletion voltage(120V estimated). Since the spot was much smaller than thedetector size (6cm

·3.4cm), the fluence along the instrumentedstrips was quite non-uniform: over the 6cm strip, the peak ofthe fluence was at y~4.2cm where the bulk type was inverted(from the initial n-type to the p-type), the intrinsic bulk ataround y~1.5cm. Details of the proton irradiation and thefluence profile can be found in the ref. 9.

D. Data summary

Parameters varied in the three were: (1) bias voltage, (2)threshold, (3) incident angles in the f and q directions wherethe f direction was the angle perpendicular to the stripdirections, (4) magnetic field. In T280, the incident anglesand the magnetic field were varied; in T330 and T355, thebias voltage, threshold, and f angles. There was no magneticfield in these two tests. The range of variations aresummarized in Table 4. The parameter variation wasdiagonalized most of the time, i.e., only one parameter wasvaried at a time. The T280 and T330 data were for non-irradiated and T355 for the irradiated detector.Table 4. Summary of the data taken in T280, T330, and T355BiasThresholdIncident anglesMagnetic voltage [V][fC] f [�]q [�] field [T]

T280100a1.2/0-60-90-540,1T33060-1200-20-5400T35540-1600-60-4500 a Mostly at 1.2fC. x-y means the variation was from the lowest x tothe highest y.RESULTS

A. Response of the irradiated detector

In the binary electronics, a direct observable quantity is theefficiency of the signals above a threshold. In a physicsexperiment the threshold will be kept at a constant value formost of the experimental time. Two issues are important in abeam test: (1) to evaluate the efficiency at thresholds where aphysics experiment would use, and (2) to evaluate a signal andnoise behavior to access the head-room of the system. Theissue (1) is direct in the beam test. The issue (2) can beevaluated, even in a binary electronics, by scanning thethreshold.The efficiency variation as a function of threshold is shownin Fig.˚5(a) for the irradiated LBIC-DUT, in the n-side at themost irradiated point (y=4.2cm) at a bias voltage of 120V forthe normal incident pions. The efficiency was defined by theexistence of a hit within a window (– three 50m-strips) aroundthe interpolated point from the upstream and the downstreamanchor hits or clusters. The cluster was defined when the hitstrips were consecutive; the cluster-center was the geometricalcenter of the hit strips in a cluster. Only one cluster wasallowed in each anchor planes. Below 1.5˚fC the efficiencieswere essentially 100%. Above 1.5˚fC the efficiency started todecrease and reached 50% at above 3˚fC: 3.1˚fC (50m pitch),3.5˚fC (over 100m pitches). The 50% point is the medianpulse height of the energy deposition (Landau distribution).The observation was consistent with that the lower tail-endwas about half of the median pulse height.The electronic noise behavior can be expressed byoccupancy, i.e., the noise hit rate of a single strip. Theoccupancy was evaluated for the strips more than – six 50m-strips away from the interpolated track points, and is shown inFig.˚5(b) as a function of the threshold. There were twocomponents in the distribution: (1) intrinsic electronic noisewhich was increasing exponentially below 1˚fC, (2) nearly flatdistribution above 1˚fC at a level of 10-4. The source of thisflat distribution is yet to be identified. The occupancy at onesampling before the triggered sampling showed an ideal fall-off of the intrinsic noise down to 10-6 over 1˚fC. Thisindicated that the source of the noise was correlated with thehits and not an accidental coincidence.

A scatter plot of the efficiency vs. noise occupancy isshown in Fig. 6. The noise occupancy broke off at a level of10-4. Since the efficiency was still high at the thresholdswhere the noise occupancy broke, the knee of the break-offwas at 90 degrees.The bias dependence of the efficiency is shown inFig.˚8(a). The threshold was fixed at 1˚fC and the bias voltagewas varied from 20 to 150V. The efficiency in the n-side washigh, while that of the p-side was low. This was a clearindication that the p-n junction was in the n-side. There waslittle difference in the efficiency in the different pitches in then-side; a large difference in the p-side.This can be understood from the median pulse heightdistribution shown in Fig. 8(b), obtained from the 50% pointsof the threshold scans at the bias voltages. The n-side medianpulse heights were saturating above 120V; decreasing slowlywith decreasing bias voltage. The p-side median pulse heightswere much smaller; decreasing from much higher biasvoltages. These can be explained by granting the bulk wasinverted from the n-type to the p-type. The variation of the n-side median pulse height was well expressed by the variationof the depletion depth in the bulk in the bias voltages below120V, which was proportional to a square-root of bias voltage.The wider pitches collected more charges than the 50m pitch:more than 10% in the n-side, much more in the p-side.Since the lower end of the Landau distribution is half ofthe median, signals in all pitches were essentially all above1˚fC in the n-side, even at 40V. There was little difference inthe efficiency in the 50m, 100m and 150m pitches. In the p-side, the signals were small and a large difference in the pulseheight made the large difference in the efficiency.Fig. 5 (a) Efficiency and (b) occupancy as a function of threshold forthe normal incident pions. The data were collected for the n-side ofthe irradiated LBIC-DUT at y=4.2cm and at a bias voltage of 120V.Responses of three pitches are shown: 50m (circle), 100m (cross), and150m (diamond).Fig. 6 Efficiency vs. noise occupancy in the irradiated LBIC-DUT aty=4.2cm and at a bias voltage of 120V in the n-side: 50m (circle),100m (cross), 150m (diamond).The data showed that a pulse height difference in the n-sidein the 50m and over 100m pitches was more than 10%. A partof the difference can be understood with a signal simulationprogram[15] which has included: (1) the effect of inducing thecharges in the readout strips by the movement of the electronsand holes, and (2) a ballistic deficit by a fast shapingamplifier. The program has explained the pulse heightdifference of about 3%. The rest could be explained by thecharge spread due to a capacitive coupling between the strips(i.e., interstrip capacitance), which is not implemented in theversion used here. There was a larger charge spread in the p-side in the partially depletion voltages where the undepletedregion spread between the readout strips and the depletedregion in the bulk. A comparison of the non-irradiated and theirradiated LBIC-DUT can be found in detail in the ref. 9.Fig. 7 (a) Efficiency at a threshold of 1fC and (b) the median pulseheight distribution as a function of bias voltage for the normalincident pions. The data was collected for the irradiated LBIC-DUTat y=4.2cm: 50m (circle), 100m (cross), 150m (diamond) in the n-side;50m (square) and 100m (triangle) in the p-side.ANGULAR DEPENDENCE

A. Efficiency

When particles hit the silicon strip detector in angle (the fincident angle perpendicular to the strips), the generatedelectron-holes pairs can be split into two regions sensitive todifferent strips. This leads to smaller collected charges and,depending on the threshold, inefficiency.The angular dependence of the efficiency at the 1˚fCthreshold of the non-irradiated LBIC-DUT is shown in Fig.˚8:(a) in the n-side, and (b) in the p-side at a bias voltage of100V, which voltage was about 30V above the depletionvoltage of the non-irradiated detector. The 50m pitch wasfully efficient above 20� and over 100m pitches above 35�.The n-side was slightly inefficient in larger angles than in thep-side. The angular dependence of the irradiated DUT isshown in Fig.˚9(a) and (b), at 120V, which voltage was aboutthe depletion voltage. The same trend was observed in the n-side. In the p-side, the 50m pitch showed a large inefficiency.The 100m pitch was, on the contrary, fully efficient.The behavior (of the irradiated detector) can be understoodfrom the angular dependence of the median pulse heightshown in Fig. 10. In the n-side, the median pulse heightdecreased as the incident angle increased. The larger pitches(100m and 150m) had a smaller slope than that of the 50mpitch. The effect was basically geometrical. At 30� a tacktraverses 170mm over 300mm thick silicon, i.e., a track issplitting into three 50m-strips. The excess of the pulse height,e.g., 50% over the 1/3 of pulse height of the normal incidencein the 50m pitch at 30�, could be attributed to: (1) 15%increase of track length, (2) contribution from the chargespread of about 15% (observed in Fig.˚7(b)), and (3) partialdepletion depth less than 300mm, which precise informationwas not available from the data. In the larger pitches, splittingof the charges into less strips gave the smaller slopes. In thep-side, the angular dependence was much smaller due to alarger charge spread than that of the n-side. In the efficiency

plot, there was little loss as long as the median pulse heightwas above 2˚fC for the efficiency at the threshold of 1˚fC.In the case of partial depletion, the signals will be lost dueto less depletion depth than 300mm. The angular dependenceof the efficiency can be estimated by combining the Fig. 6(b)and the Fig. 10. As described in the introduction, the particleof 1 GeV/c momentum will hit the silicon strip detectors at anincident angle of 10� + tilt angle of the detector at the radiusof 60cm. For a case of the tilt angle of 7�, the 50m pitch isfully efficient even for a slightly partially-depleted operation;the 100m pitch is fully efficient for well partially-depletedoperation.Fig. 8 Angular dependence of the efficiency at the threshold of 1fCfor the non-irradiated LBIC-DUT at a bias voltage of 100V: (a) in then-side: 50m (circle), 100m (cross), 150m (diamond) pitches; (b) in thep-side: 50m (circle), 100m (cross) pitches.Fig. 9 Angular dependence of the efficiency at the threshold of 1fCfor the irradiated LBIC-DUT at a bias voltage of 120V at y=4.2cm:(a) in the n-side: 50m (circle), 100m (cross), 150m (diamond) pitches;(b) in the p-side: 50m (circle), 100m (cross) pitches.Fig. 10 Angular dependence of the median pulse height of theirradiated LBIC-DUT at the bias voltage of 120V at y=4.2cm: (a) inthe n-side: 50m (circle), 100m (cross), 150m (diamond) pitches; (b) inthe p-side: 50m (circle), 100m (cross) pitches.

B. Spatial resolutions

Another fundamental output from the detector-FEE chainis the spatial resolution of the silicon strip detector. Thespatial resolution was derived from the deviation of the hit orcluster in the DUT from the interpolated position from theupstream and the downstream anchors. The hit or cluster waslimited within the efficiency window (– three strips) in theDUT. The sigma of the deviation was obtained in two ways:(1) in T330, the r.m.s. of the deviation was calculatedsuccessively by eliminating the points which were out of 3sigma’s until the r.m.s converged, (2) in T355 the sigma wasobtained by fitting a Gaussian to the Gaussian-smeared (with asmall sigma) distribution after eliminating the over 3 sigmapoints once. The reason to apply these methods was that thedeviations were quantized because the hits were quantized inthe strip pitches. A straight-forward Gaussian fitting did notwork because there were zero’s between the quantized points.The method (1) would give a smaller sigma while the method(2) would give a larger one. The difference would be theamount of systematic error involved in the estimation ofresolutions.Fig. 11 Spatial resolutions at the threshold of 1fC: (a) the non-irradiated LBIC-DUT at a bias voltage of 100V, 50m (circle), 100m(cross), 150m (diamond) pitches in the n-side, 50m (filled circle),100m (filled square) in the p-side; and (b) the irradiated LBIC-DUTat a bias voltage of 120V and at y=4.2cm, the same designations forthe pitches and the marks.The point spatial resolution was obtained from thedeviation sigma as in the following. (1) For the regions wherethe pitches of the DUT and the anchors were same, i.e., in the50m and 100m pitches, the point spatial resolution wascalculated by multiplying the factor

9 14/

out of the tripletof 1:2 distance. The difference of non-irradiated andirradiated detectors was ignored. (2) For the DUT pitchesother than the 50m and the 100m, the spatial resolution wasobtained by subtracting the anchor resolutions obtained in (1)from the deviation sigma. The angular dependence ofresulting spatial resolutions of the non-irradiated LBIC-DUTis shown in Fig. 11(a) and those of the irradiated in Fig. 11(b).The resolutions at the normal incidence were basicallyconsistent with the expected

pitch/ 12

in the non-irradiatedand the irradiated cases. In the angular dependence, theminima of the resolutions were observed at the angles of

tan / − ( ) 1 pitch thickness

where the maximum charge splittinginto the adjacent two strips were expected. There were slightdegradation of resolutions in the irradiated data over the non-irradiated one, which source would be the systematic error inthe estimation described in the above and/or a real degradationby the radiation damage. The resolutions in the p-side wereslightly better than those of the n-side in the non-irradiatedwhile those of the n-side were better than those of the p-sidein the irradiated detector, which was consistent with that theside of the p-n junction was better. The 50m pitch lostresolutions above 20� coinciding with the loss of theefficiency above the angle.In the ATLAS silicon strip detector, the maximum incidentangle is less than 20� and, thus, a detector with any pitches isexpected to work. If 90� strips were to be used, e.g., in avertex layer where a particle will hit at a maximum angle of50�, a pitch of more than 100m is required above the angle of25�.

C. Effective spatial resolution

As seen in Fig. 11, the spatial resolution was improvedover the

pitch/ 12

for the tracks at the angle of

tan / − ( ) 1 pitch thickness

. This can be explained by the sharing

of charges into two adjacent strips, thus splitting of a pitchinto a single hit and a double hit regions. If the strip pitch(width=

P) is split into a single hit region 1(width=H) and ad o u b l e h i t r e g i o n 2 ( w i d t h =W) , a s s h o w n i n F i g . 1 2 , t h e effective resolution will be_{σ 2 21= −( )∑} N x x(1)

= − ( ) + − ( ) ∑ ∑

n

N n

x x

m

N m

x x

1 1

1

2

2

2

= + n

N m

N σ σ 1

2

2

2

= − +

P W

P

W

P 12

1

2 3 3(2)where

x

symbolizes the track position,

x

the center of thehits,

n

the number of tracks in the region 1,

m

the number oftracks in the region 2, and

N

the number of total tracks in thepitch

P. The improvement factor is the function of the widthW

; t h e r e s o l u t i o n i s h a l v e d w h e n

W=H=P/ 2 . T h e improvement from 14mm to 12mm in the 50m pitch in Fig. 11indicated the double-hit width was about W/P=10% at thethreshold of 1˚fC. Although the charges were maximallyshared in two strips in the

tan / − ( ) 1 pitch thickness

angle, thethreshold of 1˚fC was too high to pick the smaller signals, thusleaving the narrow region where the charges were split nearlyequally.

Double-hit region

PWHSingle-hit region

Readout strip

Fig. 12 A schematic drawing of the splitting of a pitch into a single-hit and a double-hit regions.INTERMEDIATE-FLOATING-STRIP READOUT

A. Efficiency and occupancy

One way to create the double-hit region intentionally is toput an extra strip in the middle of the readout strips. This wasdone in the case of one intermediate floating strips, 100*m.The intermediate strip had the bias voltage on the implant,thus collecting charges to the strips. Since no amplifier wasconnected to the readout electrode, the collected charge had tobe divided into the neighboring strips, which were groundedor connected to the amplifier (i.e., virtually grounded),according to the inter-capacitance. In the DUT geometry,where the strips were narrow to reduce the interstripcapacitance, there were nearly equal coupling capacitances toeach of the adjacent neighbors and to the backplane. Oneneighbor would see about 1/3 of the charges collected in thefloating intermediate strips. A real design can be optimizedby balancing the maximum coupling to the neighbors and theminimum noise increase by the capacitance. An extremedesign of this sort is the charge division readout by insertingmore intermediate strips and reading out the amount ofcharges by an analog readout electronics.The efficiency of the 100*m case is shown in Fig. 13 as afunction of the threshold for the irradiated detector, aty=4.2cm at a bias voltage of 120V for the normal incidentpions. The shape of the distribution was quite different fromthat of no-intermediate case shown in Fig. 5(a): there was akink at a threshold of 1.5˚fC. The distribution above 1.5˚fCcan be understood to come from the single-hit region aroundthe readout strip while below 1.5˚fC from the double-hitregion. The efficiency reached 100% at a threshold of 0.7fCwhich was a half of the no-intermediate case.The noise occupancy is also shown in the Fig. 13. Theoccupancy was about equal to that of the 50m case. This wasmore than the expected noise for the 100*m case where theinterstrip capacitance would be halved due to the seriesconnection of the basic 50m-pitch interstrip capacitances.Fig. 13 Efficiency(circle) and noise occupancy(cross) distributionsof the 100*m case in the n-side of the irradiated detector as a functionof the threshold at y=4.2cm and at a bias voltage of 120V for thenormal incident pions.

B. Local Median Pulse Height distribution

Since the total efficiency was the sum of the single-hit andthe double-hit, the region of one pitch of the 100*m case wasrequired to be mapped out. The DUT could be measured at aquantization step of 8.3mm. This was because: the pitch of theanchor of the 100*m case was 50m and the quantization in oneanchor plane was 25mm, combination of two anchors in the1:2 separation to the DUT made the interpolated positions in astep of 8.3mm. By binning the efficiency distributions as afunction of threshold in the 8.3m steps, a local median pulseheight distribution was derived as shown in Fig. 14. The unitof the horizontal axis was the 50m-pitch strips: the positions 0and 2 were where the intermediate strips were and the position1 the readout strips. There was a offset in the distribution dueto an alignment of the anchors and DUT.

Fig. 14 Local median pulse height distribution in one pitch of the100*m case in the n-side of the irradiated detector at y=4.2cm at abias voltage of 120V for the normal incident pions.Two regions were clearly observed: an area of a full chargecollection of 3.4 fC at the readout strips and an area of lesscharge collection, about 1/3 of the full charge, in theintermediate strip regions. The boundary of the regions wassmeared out, attributed to a charge spreading. The thresholddependence of the efficiency in Fig. 13 can be understoodfrom the local median pulse height distribution.

C. Spatial resolution

The spatial resolution of the 100*m case(circle) is plottedin Fig. 15 as a function of the threshold together with those ofthe no-intermediate strips: the 50m(cross) and the100m(diamond). Both the 50m and the 100m showed a smallimprovement in the resolution as the threshold was loweredbelow 1˚fC. This was the effect of picking up a wider double-hit region in the middle of the readout strips. Below a verylow threshold the resolutions were quickly getting worse dueto the contribution of the intrinsic electronic noise.The 100*m case showed a large improvement in the spatialresolution: nearly from the resolution of the 100m at thethreshold of 1˚fC down to close to that of the 50m at 0.5˚fC,much larger improvement than those seen in the no-intermediate 50m or 100m cases. No further improvement wasobserved below 0.5˚fC because of the noise contribution.Over 1˚fC in the 100*m case, the resolution started to beimproved again. This was an superficial effect due to the lossof efficiency.The whole behavior can be understood as in the following.When the threshold was very low, the whole pitch, i.e., 100m,was sensitive and the spatial resolution would be ideallyhalved due to the splitting of the single-hit and the double-hitregions. As the threshold was getting higher, one of thedouble-hits was lost and the whole pitch became a single-hitregion, thus the spatial resolution would reach that of thereadout pitch. In the threshold further higher, both signals inthe double-hit region were lost and only the region around thereadout strips was sensitive, thus resulting the spatialresolution being that of 50m.Fig. 15 Spatial resolutions as a function of threshold of the floating-intermediate-readout 100*m case(circle), the no-intermediate50m(cross), and the 100m (diamond) in the n-side of the irradiateddetector at y=4.2cm and at 120V for the normal incident pions.

D. Angular dependence of efficiency and resolution

The incident angle dependence of the efficiency, etc. couldbe interesting because a segment of a track, which was in thedouble-hit region for the normal incidence, would get into thesingle-hit region because of the inclination and the efficiencywould be increased. The efficiency distributions as a functionof the incident angle ( f angle) are shown in Fib.˚16(a) for twothresholds: at 0.6˚fC(circle) and at 1.0˚fC(cross). Theimprovement of the efficiency was observed in the 1fC case:88% at 0� to >99% around 20�. The corresponding spatialresolutions are shown in Fig.˚16(b). The spatial resolution gotbetter where the efficiencies were higher in the angles over20�. In the 0.6fC threshold, the efficiencies were essentially100%; losing a bit around 20� where the resolutions wereslightly worse than those at the higher efficiencies.Fig. 16 (a) Efficiencies and (b) spatial resolutions as a function ofincident angles for two thresholds: 0.6 fC(circle) and 1.0 fC(cross), inthe 100*m configuration.

E. Enhancement to a binary electronics

In the floating-intermediate-strip readout, the improvementof the spatial resolution was limited by the intrinsic noise ofthe front-end amplifier . There are two ways to improve thesituation: (1) to use a amplifier with lower noise, (2) to add acircuitry to suppress the noise. The former is already difficult:the present electronics was barely fulfilling the requirement tobe efficient and low occupancy for the no-intermediatereadout.One idea for (2) is to add two thresholds, high and low, anda neighbor logic of AND and OR as shown in Fig. 17[16].When the signals are high, i.e., the signals are in a single-hitregion, the signals pass through the high threshold, much likethe no-intermediate readout and a threshold. When the signalsare in the double-hit region, the signals are picked up by thelow threshold in the neighboring channels. Without furthercircuitry, the low threshold can not be lowered because of theintrinsic noise. With the two-fold coincidence (ANDcircuitry) of the output of the low thresholds, the intrinsicnoise can be suppressed to a squared level because it israndom. The output of AND is fed back into neighboringchannels through the three-fold OR logic to keep theinformation and to keep the number of output channelsconstant. This circuitry can also enhance efficiency andresolution in the double-hit region in the no-intermediatereadout scheme.

Amp/Shaper/Discri

ORDigital buffer AND High

LowAmp/Shaper/Discri Low

Fig. 17 An idea to enhance a binary readout electronics utilizing twothresholds (high and low) and a neighbor logic (AND and ORcircuitry).MEASUREMENT OF HALL MOBILITYThe swath of electron and hole pairs along a passage ofcharged particles in 300 m thick silicon splits into more thansingle strips by incident angles ( f-angle) or by the deflectionof carriers in a magnetic field (Hall effect). The effect can beobserved as a change in the fraction of multiple-strip hits. Thedistributions of the multi-hit fraction were measured in thebeam test T280 for a non-irradiated detector with and withouta magnetic field[17]. A clear dependence on the incidentangle and on the magnetic field were observed as shown inFig. 17: (a) in the null (

B=0T) and (b) in the 1.0 Tesla field(

B=1T). The n-side fraction was higher than that of the p-side,possibly for the charges being spread over strips due to alarger interstrip capacitance.The minimum in the f-angles corresponds to the Hall angleof a carrier where the Hall effect is canceled out by theincident angle. A hyperbolic function,

y c x a b = + −( ) 1_2 /

was fitted to the data to extract the minimum. The offset inthe

f-angle were calibrated using the

B=0T data. From the

B=1T data, the Hall angles (qH) for the electrons and the holesw e r e o b t a i n e d t o b e + 7 . 8 7 – 0.24� ( e l e c t r o n s : n - s i d e ) a n d - 1 . 8 5 – 0 . 1 7 � ( h o l e s : p - s i d e ) . T h e c o r r e s p o n d i n g H a l l m o b i l i t i e s w e r e

μHe

= 1 3 9 1 – 43 cm/s/(V/cm) (electrons) and

μHh

= 325–30 (holes) using the relation tanqH

=10-8mH B. Thed o p a n t c o n c e n t r a t i o n o f t h e s i l i c o n w a s e s t i m a t e d t o b e (1.02–0.15)·1012 cm-3 from a measurement of the depletionvoltage of the non-irradiated detector.Fig. 18 Multi-strip hit fraction as a function of the f-angles: (a)

B=0T, (b)B=1T; n-side (circle/solid line), p-side (cross/dashed line).The minimum was obtained by fitting a hyperbolic function to thedata (overlaid curves).SUMMARYA double-sided silicon strip detector with a radiation-tolerant design, and an improved version, were fabricated andcharacterized in a sequence of at KEK using 4 GeV/c pions.The detectors were combined with newly designed fast, lowerpower, bipolar amplifier-shaper-discriminator chips andCMOS digital pipeline chips to record hit-no hit signals in thestrips (binary readout scheme). The analog signal processingand the digital buffering proceeded simultaneously at a clockof 40 MHz. Three were successfully carried out: T280 forproof of principle of the detector and the front-end electronicsand a data taking with and without a magnetic field, T330 forthe improved double-sided detector and a faster electronicsbefore irradiation, and T355 for the same detector in the T330after irradiation to the protons to an equivalent fluence of1

·1014 p/cm2.Efficiencies, noise occupancies, spatial resolutions weremeasured by varying the bias voltage to the detector andvarying the threshold of the binary electronics. Theobservables were measured in the n-side and the p-sidesimultaneously in the double-sided detector. Comparison ofthe non-irradiated and the irradiated detector showed clearconsequence of the bulk type-inversion from the initial n-typeto the p-type after irradiation. The high-efficiency side movedfrom the p-side to the n-side. The median pulse height of thecharge deposition (Landau fluctuation) were extracted fromthe threshold scan of the efficiencies. The charge collection inthe n-side of the irradiated detector decreased as a function ofbias voltage as expected for the partial depletion of the bulk.The variation of the pulse height was consistent of thevariation of the depletion depth developed from the n-side.The proton irradiation was non-uniform in the detector. Therewere regions where type was well-inverted, intrinsic, and non-inverted in the detector. Despite the non-uniformity, thedetector worked without any failure.Incident angle dependence were extracted for theefficiencies and the resolutions in several pitch configurations:50m (basic pitch), 100m (two-gang), and 150m (three-gang).The detector strips were connected to the readout electronicsby ganging the strips into a readout channel with wire-bonding. The angular dependence was consistent basicallywith geometrical effect, in addition to a plausible chargespreading. The spatial resolutions were consistent with

pitch/ 12

as long as the efficiencies were high at thethreshold. There was a small improvement where the chargesharing was maximum in the angles defined by the pitches andthe silicon thickness.

The effect of charge division was evaluated in a oneintermediate-floating -strip readout of 100*m pitch. Theconfiguration showed an improvement in the spatial resolutionbeing understood as making a separation of a single-hit and adouble-hit regions. Although an improvement was observed,the noise level of the amplifier was prohibitive to use thescheme.Angular dependence of the multi-hit fractions in a 1 Teslamagnetic field enabled to extract the Hall mobility of theelectrons and the holes in the high resistivity silicon:

μHe

=1391–43 cm/s/(V/cm) (electrons) and

μHh

= 325–30cm/s/(Vcm) (holes) for a dopant concentration of(1.02–0.15)·1012 cm-3.REFERENCES[1] Presentations in these proceedings: M.˚Tyndel, ATLAS;J.˚Spalding, CDF; R.˚Wheadon, CMS; P.˚Gutierrez, D0;P.˚Collins, DELPHI; T.˚Matsuda, KEK-B; R.˚Johnson, SLAC-B;A review for LEP detectors: A.˚Schwarz, Nucl. Instr. Meth.A342(1994)218[2] ATLAS Silicon strip detectors, cf. ATLAS Technical Proposal,CERN/LHCC/94-43, Dec. 1994[3] L.R. Evans, "The Large Hadron Collider", submitted to the 1995Particle Accelerator Conference, Dallas, 1-5 May, 1995[4] T.˚Ohsugi et al., Nucl. Instr. Meth. A342(1994)22; T.˚Ohsugi etal., in these proceedings.[5] T.˚Ohsugi et al., Nucl. Instr. Meth. A342(1994) 16, and animprovement afterward.[6] E. Spencer et al., IEEE Trans. Nucl. Sci. 42(1995)796[7] Y. Unno et al., KEK PS experiment proposals (test beam): T280:March 4 - March 9, 1993; T330: June 2 - June 9, 1994; T355:Feb. 23 - March 2, 1995[8] J. DeWitt et al., IEEE Trans. Nucl. Sci., 42(1995)445[9] Y. Unno et al., "Characterization of an irradiated double-sidedsilicon strip detector with fast binary readout electronics in apion beam, to be published in IEEE Trans. Nucl. Sci., 43(1996)[10] J. DeWitt, "A Pipeline & Bus Interface Chip for Silicon StripDetector Read-Out", 1993 IEEE Conference record, vol.2, p749[11] D. Dorfan, Nucl. Instr. Meth. A342(1994)143[12] H. Spieler, Nucl. Instr. Meth. A342(1994)205[13] A. Fry and M. Nomachi, "UNIDAQ: a portable data-acquisitionsystem for SSC detector R&D", 8th Real-time ComputerApplications in Nuclear, Particle, and Plasma Physics (RT93),June 8-11, 1993, Vancouver, Canada[14] B. Hubbard et al., "A Digital Readout Sequencer (DRS)", SCIPP93/43, Univ. of California, Santa Cruz[15] J. Leslie, A. Seiden, Y. Unno, IEEE Trans. Nucl. Sci.,40(1993)557[16] An idea generated through a discussion between Y. Unno andW. Dabrowski, FPNT, Cracow, Poland. A circuit simulationand implementation are being carried out by W. Dabrowski.[17] Y. Unno et al., "Beam Test of the SDC Double-sided SiliconStrip Detector", 1993 IEEE Conference Record, vol.1, p38