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AbstratThis doument presents the tehnial layout and the envisaged performane of the CLAS12Forward Tagger (FT). The FT, omposed by an eletromagneti alorimeter (FT-Cal) a ho-dosope (FT-Hodo) and two layers of Miromegas trakers (FT-Trk), has been designed tomeet the physis goals of the meson spetrosopy program and other experiments running inHall-B.
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1 Exeutive Summary1.1 The MesonEx experimentThe phenomenology of hadrons and in par-tiular the study of their spetrum led morethan forty years ago to the development of thequark model, where baryons and mesons aredesribed as bound systems of three quarksand of a quark-antiquark pair, respetively.While this piture still holds and has beenproved to reprodue many features of the hadronspetrum, now we know that the hadron massannot be explained only in terms of the quarkmasses, but it is mainly due to the dynamisof the gluons that bind them. Measuring thespetrum of hadrons, studying their proper-ties and inner struture is therefore ruial toahieve a deep knowledge of the strong fore.Mesons, being made by a quark and ananti-quark, are the simplest quark bound sys-tem and therefore the ideal benhmark to studythe interation between quarks, understandwhat the role of gluons is and investigate theorigin of on�nement. The quark model pre-dits the existene of multiplets of mesonswith similar properties, that are lassi�ed a-ording to their total angular momentum J ,the parity P , and harge onjugationC. Whilemost of the lowest mass states have been learlyidenti�ed and studied [1℄, several open issuesrelated to the mass hierarhy and deays ofexited states remain and still await for athorough experimental investigation. In ad-dition phenomenologial models [2, 3, 4, 5, 6,7℄ and lattie QCD alulations [8, 9℄ suggestthat states beyond the simple qq̄ on�gura-tion, as hybrids (qqg), tetraquarks (qqq̄q̄) andglueballs, should also exist. If so, we shouldexpet to �nd a muh riher spetrum thanthat predited by the quark model and, inpartiular, we should be able to observe newmeson multiplets orresponding to these un-onventional on�gurations. Hybrid mesonsare of partiular interest as they are the lean-est experimental signature for the presene of

gluons in the dynamial mass generation pro-ess. A preise determination of their spe-trum and properties an provide a unique op-portunity to study the role of the glue andto understand the phenomenon of on�ne-ment. An unambiguous identi�ation of thesestates an in general be rather di�ult, sinethey an mix with ordinary mesons havingthe same quantum numbers (JPC). However,the additional degrees of freedom present inthese states an also lead to exoti quantumnumbers that are not allowed in qq̄ systemsand therefore provide a unique signature oftheir unusual struture.MesonEx (JLab Exp-11-005 [10℄) is an ex-perimental program to study meson spetrosopyvia quasi-real photoprodution in Hall B, us-ing the CLAS12 detetor and a new ForwardTagger faility (FT).The 12 GeV eletron beam available af-ter the upgrade of Je�erson Lab, the exel-lent harateristis of the CLAS12 detetorand of the new FT faility will give the pos-sibility of exploring a broad mass range au-mulating data of unpreedented auray andstatistis.1.2 Eletroprodution at very smallQ2Phenomenologial models, like the �ux-tubemodel, indiate that the photon may be moree�etive in produing exotis hybrids than,for example, the pion. The rational for thislies in the fat that the photon spin is 1 and itan �utuate into a qq̄ pair with spins aligned.When a qq̄ pair with ~S = 1 is exited intoan hybrid, the prodution of exoti quantumnumbers is expeted to be favored. On theontrary, when in the initial state there isa qq̄ pair with ~S = 0, like for pion beams,the resulting hybrid mesons are more likely tobe non-exoti. Phenomenologial studies alsoindiate that exoti mesons an be produedwith photon probes with ross setions thatare omparable to ordinary mesons [11, 12℄.Finally, the linear polarization of the quasi-10



real photons is expeted to be a very pow-erful tool for high preision amplitude anal-ysis, sine it an provide information on theprodution mehanism and at as a �lter onbakground from other proesses.The urrent photoprodution setup of theCLAS experiment, produing real bremsstrahlungphotons tagged by a magneti spetrometer,an not be operated at 11 GeV energies be-ause of the limitation of the existing mag-net. Instead, we are planning to use quasi-real photons produed when eletrons are sat-tered at very small angles (small Q2).Eletron detetion at very small angles,(Q2 values of about 10−1 GeV2 or lower) withthe oinidene detetion of the hadroni �-nal states in CLAS12, is a very attrativealternative to pure photoprodution experi-ments [13℄. This tehnique was used in thepast to produe high energy (∼ 100 GeV)photon beams at CERN (Ω [14℄ and COM-PASS [15℄ Collaborations) and DESY (ZEUS[16℄ and H1 [17℄ experiments). First testswere performed with CLAS, by looking forhadroni events where the eletron was unde-teted. Final states where the hadron four-momenta were ompatible with an eletronsattered at ∼ 0◦ were seleted. The reon-struted mass spetra of π0π0 and π0η showlear evidene of low ross setion mesons ex-peted in these hannels (f0(980), f2(1270),
a0(980)) demonstrating the potential of thistehnique (see Fig. 1).At very low values of Q2 the virtual pho-ton beam beomes, for all pratial purposes,almost a real photon beam, sine

ǫL =
Q2

ν2
ǫ = 10−3ǫ ≈ 0.Via these relations, the photon polariza-tion an be de�ned on an event-by-event ba-sis, simply measuring the eletron three mo-mentum. The polarization plane oinideswith the eletron sattering plane and the de-gree of polarization mainly depends on theenergy. The assoiated systemati unertainty

Figure 1: Invariant mass distribution for π0π0(left) and π0η (right) for the reations ep →
pπ0π0(e) and ep → pπ0η(e), respetively. Inboth ases, the protons and 4 photons from themeson deays were deteted while the �nal stateeletron was unmeasured, being emitted at 0◦.is only a�eted by the eletron detetion reso-lution. These are signi�ant advantages withrespet to oherent bremsstrahlung beams,where only the average polarization an bedetermined and its value is based on modelalulations (or parallel measurement of re-ations with known linear polarization asym-metries). Among other advantages of low Q2eletroprodution is the possibility of runningon thin targets and the better ontrol on theabsolute photon �ux normalization. Sineeletrons are tagged after their target inter-ations, this tehnique allows the use of higheletron urrents, permitting to ahieve highluminosity on thin (gas) targets not operablewith photon bremsstrahlung beams. With noneed for dediated normalization equipmentand proedures [19℄, the number of photonsan be diretly alulated from the measuredeletron beam urrent.1.3 The CLAS12 detetorThe 12-GeV upgrade of the Continous Ele-tron Beam Aelerator Faility (CEBAF) atJe�erson Lab inludes the upgrade of ma-11



hine energy to 12 GeV and equipment in theexperimental Halls. The detetor in Hall B,CLAS [19℄, will be upgraded to CLAS12 [20℄.The CLAS12 detetor, see Figure 2, is de-signed to arry out experiments using highenergy eletron beams inident on polarizedand unpolarized targets at luminosities up to
L = 1035 m−2 se−1. CLAS12 will arry outthe ore program for the study of the inter-nal dynamis and 3D imaging of the nuleon,quark hadronization proesses, and hadronspetrosopy in multi-partile, exlusive andsemi-inlusive �nal states. CLAS12 onsistsof two parts, a forward detetor (FD) and aentral detetor (CD).

Figure 2: The CLAS12 detetor in Hall-B.The FD makes use of some of existing de-tetor omponents of CLAS and the Hall Binfrastruture. Major new omponents in-lude the superonduting torus oils, nowonly overing the forward angles, a new gasCerenkov ounter for eletron/pion separa-tion, a new forward vertex traker and for-ward drift hambers, some additions to theeletromagneti alorimeters and to the time-of-�ight system.The CD is based on a 5T superondut-ing solenoid magnet and onsists of barreltraker and time-of-�ight sintillators. Thesolenoid �eld will also be used to shield Móllereletrons for the FD. CLAS12 target systemwill be loated at the enter of CD. Plannedtargets for CLAS12 range from liquid hydro-gen to tin. CLAS12 will have longitudinally

and transversely polarized hydrogen and deu-terium targets as well. There are ongoing ef-forts in the ollaboration to supplement thebase equipment in Hall B with detetor om-ponents that will improve the overall CLAS12apabilities (e.g. neutral detetion in CD,high energy kaon identi�ation in FD).Parameters Forward DetetorCharged traks:polar angular range (θ) 5◦ to 35◦polar angular resolution (δθ < 1 mrazimuthal angular resolution (δφ) < 4 mrmomentum resolution (δp/p) < 1% at 5 GeV/Neutral partiles:polar angular range (θ) 5◦ to 40◦polar angular resolution (δθ < 4 mrEnergy/momentum resolution < 0.1/
√

(E)Partile identi�ation:e/π in full momentum range
π/p in full momentum rangeK/π < 3 GeV/K/p < 4 GeV/Parameters Central DetetorCharged traks:polar angular range (θ) 35◦ to 125◦polar angular resolution (δθ < 10 mr to 20 mrazimuthal angular resolution (δφ) < 5 mrmomentum resolution (δp/p) < 5% at 1.5 GeV/Neutral partiles:polar angular range (θ) 40◦ to 125◦ (neutrons)polar angular resolution (δθ < 10 mrEnergy/momentum resolution < 5%Partile identi�ation:e/π NA
π/p < 1.25 GeV/K/π < 0.65 GeV/K/p < 1 GeV/Table 1: CLAS12 design harateristis.
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1.3.1 CLAS12 omponentsThe design harateristis of CLAS12 arepresented in Table 1. Partiles in CLAS12will be deteted and identi�ed by measur-ing their momenta, time-of-�ights, numberof photons produed in threshold Cherenkovounters, and energy losses in the alorime-ters and sintillator ounters.The forward detetor will detet and iden-tify harged and neutral partiles satteredbetween 5◦ and 40◦, in the full momentumrange. Partiles will be deteted in six identi-al magneti spetrometers based on six oils,superonduting toroidal magnet. Eah spe-trometer, orresponding to eah setor of theFD, will be equipped with a forward vertextraker (FVT), high threshold Cherenkov ounter(HTCC), a set of drift hambers (FDC), lowthreshold Cherenkov ounter (LTCC), sin-tillation ounters (FTOF), and eletromag-neti alorimeters (FEC), see Figure 3. Tra-jetories of harged partiles, and hene theirmomenta and path lengths will be measuredusing FDC. FDC has three regions. Eah re-gion onsists of two stereo superlayers (±6◦stereo angles). The FDC �rst region will beloated in front of the torus oils, outside ofthe torus �eld region, the seond region willbe positioned between the oils, inside thehigh �eld region, and the third region willbe plaed outside the torus oils. Eah su-perlayer will onsist of six layers of hexago-nal drift ells where wires are strong perpen-diular to the mid-plane of the given setor.The FVT will be based on Si-strip detetorsand will be mounted ∼ 25 m downstreamof the solenoid enter (target enter). Vertextraker will give an aurate reonstrution ofthe trak parameters at the prodution ver-tex in presene of a high longitudinal mag-neti �eld of the solenoid. Three planes ofsintillator ounters, with ∼ 80 ps time res-olution form the forward time-of-�ight sys-tem, FTOF. The time measured in FTOFwill be used together with the path lengthand momentummeasured in FDC for harged

hadron identi�ation. Two threshold Cherenkovounters, HTCC with CO2 radiator and pionmomentum threshold of 4.9GeV/, and LTCCwith C4F10 radiator and pion momentum thresh-old of 2.7 GeV/, will be used to identifyeletrons and high momentum harged pions.The forward eletromagneti alorimeters willbe used to measure energy of em showeringpartiles (e−, γ) and hit time. Calorimetershave stereo readout system in the transverseplane (transverse to the mid-plane of the se-tor) and are segmented in the longitudinaldiretion. Stereo readout system with �netransverse segmentation will allow to deter-mine hit position with ∼ 1m auray andseparate lose lying showers (e.g. from highenergy π0 → γγ deay). The longitudinalsegmentation will help in identi�ation of ele-tromagneti showers for e/π separation. FECis the main detetor in forward region of theCLAS12 for neutron detetion. Identi�ationof neutrons and determination of their mo-menta will be done by timing measurementsin FEC.

Figure 3: Midplane view of the CLAS12 forwarddetetor.The entral detetor is meant to measure13



harged hadrons and neutrons in an angularrange from 35◦ to 125◦ and momenta < 1.5GeV/. Charged partiles will be deteted bytwo barrel shaped detetors, Si-traker (BST)and time-of-�ight ounters (CTOF), see Fig-ure 4. Both detetors are positioned insidethe solenoid magnet and over the full az-imuthal angular range. BST will measuremomentum of harged traks with a resolu-tion better than 5%. CTOF will measureharged partiles time-of-�ight with 60 ps res-olution. BST onsists of four two layer sili-on planes. CTOF onsists of 50 sintillationounters. As was previously mentioned, therewill be a neutron detetor positioned betweenCTOF and the ryostat of the solenoid, seeFigure 5. Neutrons will be deteted with 10%e�ieny and with momentum resolution of
∼ 5%.

Figure 4: CLAS12 entral detetor.CLAS12 will have free running DAQ sys-tem. ADCs and TDCs will ollet data inpipeline mode. Readout of data will be per-formed after trigger deision is made. Theexpeted event readout rate is of the order of10kHz.1.3.2 Partile Identi�ationCLAS12 partile identi�ation (PID) sys-

Figure 5: Neutron detetor of CD.tem has three main omponents; eletron iden-ti�ation, harged hadron identi�ation (p,
π±, K±), and neutral partile identi�ation(n, γ). Eletrons and photons will be de-teted and identi�ed in FD, while hargedhadrons and neutrons in both FD and CD.Eletron identi�ation is the most impor-tant omponent of PID and will be used foreah CLAS12 experiment. A relable eletronID is required not only for the o�-line analysisbut also at trigger level. To keep the triggerrate at a manageable level, a harged pionsuppression at level of few ×103 is required.Eletrons with P< 4.7 GeV/ will be iden-ti�ed using photoeletron statistis in HTCCand frational energy deposition in FEC. Above
4.7 GeV/ only energy deposited in FEC willbe used for eletron identi�ation. In Fig. 6the eletron identi�ation sheme is presented.On the left graph, rates of negative pions andeletrons are shown as a funtion of momen-tum. By requiring the oinidene of HTCCand FEC, pions will be suppressed by threeorders of magnitude (shown by the red linedistribution on the graph). In order to makeHTCCxFEC oinidene, the traking infor-mation is need at the trigger level to onnetHTCC segment with a luster in FEC. In o�-14



line analysis, using transverse and longitudi-nal distributions of the shower in FEC, pionredution an be improved by another fatorof 10-100, depending on the momentum of thetrak.

Figure 6: Eletron identi�ation in FD. On theleft expeted rates of eletrons (blak line) and
π−s (blue line) at beam energy of 11 GeV andat luminosity of 1035 m−2 se−1. The red lineshows pion suppression at the trigger level. Thelower blak line is pion suppression available ino�-line analysis. On the right graph eletron ef-�ieny vs. pion suppression fator for momenta
4.7 GeV/ where for eletron ID only frationalenergy deposited in FEC will be used.Charged hadron identi�ation in both FDand CD will rely on momentum and timemeasurements. Time di�erene as a fun-tion of momentum between di�erent partilespies is presented in Figure 7. FTOF, with atime resolution of 80 ps and an average pathlength of ∼ 650 m from the target to theplane, will allow 5σ K/π separation with mo-menta P< 2.6 GeV/, p/K separation withP< 4. GeV, and p/π separation with P< 5.GeV/ (see left graph of the �gure). CTOFtime resolution will be 60 ps. This will allowK/π separation for up to 0.6−0.7 GeV/ andp/K separation for up to 1.2 GeV as shownby solid and dashed lines on right graph ofFigure 7, respetively. In some ases, exploit-ing the exlusive kinematis of the �nal state,the above momentum ranges an be extendedlarger values. In addition to time-of-�ightmethod, Cherenkov ounters in the FD an

Figure 7: Charged hadron ID. On the left graphtime di�erene vs. momentum of a trak is shownfor kaons and pions (red), protons and kaons(blue), and protons and pions (green). On theright graph the same dependene is shown forkaons and pions (solid line) and protons andkaons (dashed line).be used for pion identi�ation, e.g. LTCC forpions with momenta > 2.7 GeV/ and HTCCfor momenta > 4.9 GeV. As was mentionedabove, there are plans to improve partile ID,in partiular for high energy harged kaons.A possible option is to replae LTCC withring imaging Cherenkov ounter (RICH).Neutrons and photons in forward dete-tor will be deteted and identi�ed using iso-lated lusters in FEC (not orrelated with anytrak in FDC). Time resolution of FEC willbe ∼ 300 ps. Distane from the target toFEC is ∼ 700 m. This will allow to separateneutrons and photons with momenta up to
2.5 GeV/ at 5σ level. The neutron detetorof CD will be made by 10 m thik sintilla-tor bars. Low rate of photons at large anglesand low detetion e�ieny for photons in thesintillator will make neutron detetion in CDless hallenging. A neutron in the neutrondetetor will be identi�ed by a signal above a�xed threshold without a orresponding trakin BST. The threshold value strongly a�etsthe detetion e�ieny.
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Figure 8: CAD drawing showing the integrationof the FT in CLAS12. The FT is loated inthe free spae between the HTCC and the �rstDC layer. The FT alorimeter shown in blueis loated at about 190 m from the interationpoint, shown by the green ross, and is enlosedin a Rohaell ase to provide thermal insulation.The sintillation ounter (green) and �rst trakerlayer (red) are loated in front of the alorime-ter. A tungsten one in blak shield the FT fromMøller eletrons and eletromagneti bakgroundreated by the beam.1.4 The Forward TaggerAn experimental program foused on searhfor exotis and the study of rare mesons re-quires measurements of a broad sope of �nalstates in order to onsolidate the possible ev-idene of a resonane by looking at di�erentdeay modes and explore poorly-studied re-ation hannels. The harateristis of thedetetor and the trigger onditions foreseenfor the experiment - 11 GeV eletron beamsattering on a 5 m long LH2 target withthree prongs in the �nal state - will allowmeasurements of many �nal states simulta-neously. While the hadrons will be detetedin CLAS12, the eletron sattered at verysmall angles (low Q2) will be deteted in theForward Tagger (FT). The FT spei�ationswere thus de�ned to have the optimal ele-tron detetion at low angles ompatible withthe high rate of eletromagneti bakground.

To reonstrut the quasi-real photon vari-ables is neessary to measure the satteredeletron three momentum. The relevant quan-tities are:� the energy Ee′ : sine the photon en-ergy is given by Eγ=ν=EBeam-Ee′ andits linear polarization by Pγ = ǫ−1 =

1 + ν2

2EBeamEe′� the polar angle φe′ to determine the po-larization plane� the azimuthal angle angle θe′ : sine Q2 =
4EBeamEe′ sin

2 θ/2The Forward Tagger will be made of: aneletromagneti alorimeter (FT-Cal), to iden-tify the eletron, measure the eletromagnetishower energy and provide a fast trigger sig-nal, a traker (FT-Trk), to measure the sat-tering angles (θe′ and φe′) with the requiredauray and a sintillation ounter (FT-Hodo)to provide e/γ separation. A dediated trig-ger system will be develop to provide a fastsignal to trigger the data aquisition in oin-idene with signals from CLAS12.The alorimeter, the sintillation ounterand the traker will be plaed between theHigh Threshold Cerenkov Counter (HTCC)and the torus support, at about 190 m down-stream of the target (nominal) position. Thelose proximity to the beam line (2.5◦ or-responds to ∼ 8 m) and the limited spaeavailable (at most ∼ 40 m along the beamaxis), requires a ompat alorimeter with smallradiation length and with very good radiationhardness. Figure 1.4 shows a CAD draw-ing of the FT integrated in CLAS12. Thesintillation ounter, plaed in front of thealorimeter, will be made of plasti sintilla-tor tiles read-out by silion photomultipliersvia wavelength shifting �bers. The trakingdetetor will be loated in front of the sintil-lation ounter to extend the CLAS12 forwardtraker down to 2.5 degrees. All these ompo-nents will be designed to �t within a 5◦ onearound the beam axis to have no impat on16



the operation and aeptane of the CLAS12equipment.In the following requirements on the dif-ferent FT omponents and possible tehnialsolutions are disussed in more detail.1.4.1 The em alorimeter (FT-Cal)The FT-Cal has to ful�ll demanding require-ments in terms of:� high radiation hardness,� high light yield,� small radiation length and Moliere ra-dius,� fast reovery time,� good energy and timing resolution.As will be disussed in Se. 8.3, the ele-tron energy resolution is a ruial fator todetermine preisely the photon energy andensure the exlusivity of the measured rea-tion via missing mass tehnique. However,sine we are interested in low energy eletronsand high energy photons, the energy resolu-tion on the latter will be signi�antly betterthan the resolution on the eletron. For ex-ample, an eletron energy resolution of 2%(at 1 GeV) would result in an energy resolu-tion of ∼ 0.2% for the orresponding 10 GeVphoton and would allow the use the missingmass tehnique for the most part of the stud-ied reations.The FT should also have a fast reoverytime (τ ∼ 10 ns) to sustain high rates withsmall pile-up e�ets and provide the satteredeletron interation time with good auray(<1 ns) to rejet bakground and identify thesignals via oinidene with CLAS12.Due to the expeted high rate from ele-tromagneti bakground, the alorimeter shouldbe highly segmented in the transverse dire-tion in order to maintain eah hannel at asustainable readout-rate. The size of eahpixel should be omparable with the hara-teristi transverse size of the eletromagneti

shower or Moliere radius to ontain the signalindued by inident eletrons to few pixels,thus minimizing pixel rates and pile-up.Finally, the photodetetors for the lightread-out will be plaed in a sizable magneti�eld and will have to be small in size to �twithin the available spae. The standard pho-tomultiplier readout seems to be exluded whilephotodetetors based on semiondutors, e.g.Avalanhe Photo Diode (APD) have been shownto meet the required riteria. Silion PhotoMultipliers (SiPM) an also be a valuable op-tion but radiation hardness has to be tested.To obtain the best performane we fousedon a alorimeter based on homogeneous rys-tals. In fat, if the shower is longitudinallyand transversely ontained, the photoeletron�utuations are the only sizable ontributionto the energy and time resolution. In thereent years materials suh as PbWO4 havebeen extensively studied and shown to be veryresistant to radiation damage. They are nowused in large sale detetors involving up tohundreds of thousands of rystals, suh asCMS-ECal [21℄, ALICE-PHOS [22℄), PANDA-EMC [23℄ and CLAS-IC [24℄. Against a veryfast sintillation deay time (6.5 ns), a verysmall radiation length (0.9 m) and one ofthe smaller Moliere radii (2.1 m), the maindisadvantage of the PbWO4 is the poor lightyield (only 0.3% of NaI(Tl)). A 5% energyresolution, at 1 GeV, has already been ahievedby the existing CLAS-IC with an APD-basedreadout. Aording to the PANDA-EMC study,new rystal manufaturing proedures (PbWO-II from BTCP) and the operation at temper-ature below 0◦ C should ensure a better per-formane, with a gain of a fator of 3-4 inlight [23℄∗.With this design an energy resolution of(2%/
√

E(GeV ) ⊕ 1%) is expeted. Otherrystals as LSO/LYSO (or the very reentLaBr) share almost all the good spei�ations
∗Due to the improvement in the rystal prodution,the PbWO Type-II LY is about two times of what quotedby CMS, resulting in a total gain of a fator of 6-8.17



of the PbWO4 with a light yield more than100 times bigger. However, the lak of exten-sive studies on radiation hardness and limitedexperiene in the manufaturing proeduresprevent them to be onsidered as an alterna-tive.PbWO4 is the hosed option for the For-ward Tagger eletromagneti alorimeter FT-Cal.1.4.2 The hodosope (FT-Hodo)The primary aim of the FT-Hodo is to dis-riminate between photons and eletrons thatprodue eletromagneti shower in the alorime-ter. In the design, the sintillation hodosopewill omprise of an array of plasti sintilla-tors tiles overing individual or groupings ofalorimeter elements. It should be possibleto use larger tiles overing multiple alorime-ter elements at the largest distane from thebeam axis to redue the level of instrumenta-tion and readout required.The high segmentation and restritive ge-ometry of the forward tagger preludes theuse of light readout from the sintillator el-ements using standard light guides. Lightreadout with wavelength shifting (WLS) sin-tillating �bers embedded into the sintillatortile appears the most viable option and o�ers�exibility in routing away from the devie.For e�etive operation the timing resolutionof the hodosope should be su�ient to selethodosope-alorimeter oinident hits with asu�iently low rate of aidentals. The tim-ing resolution of the forward tagger alorime-ter elements is expeted to be better than 1ns so the hodosope timing should be om-parable with this as not to ompromise theahievable oinidene time resolution. Sim-ilar systems [25, 26, 27℄ have employed su-essful sintillator tile arrays ahieving timingresolutions at the level of ns, using ombina-tion of WLS �ber oupled to optial �ber.Measuring the energy deposits in the ho-dosope elements with good energy resolutionis not ritial for our purpose. The vast ma-

jority of inident harged partiles on the for-ward tagger will be highly relativisti result-ing in a �xed minimum ionizing energy de-posit regardless of partile type. The mainrequirements on the light olletion are thatsu�ient photoeletrons are inident on thephoton detetion devie onsidering the ahiev-able light oupling in the sintillator and prop-agation in the �bres. Previous systems us-ing WLS and optial �ber readout have suf-�ient photoeletrons per minimum ionizinginteration to ahieve e�ienies for hargedpartile detetion above 99.7% [26℄. Readoutsensors ompatible with the high magneti�eld present in the FT region are silion pho-tomultipliers (SiPM) that have already beenused in this kind of detetor. The sintillatorhodosope developed for the CLAS-IC pro-dued 15 photoeletrons per minimum ioniz-ing event from 1m thik sintillator tiles withWLS �bers and 1x1-mm2 SiPM readout [27℄.1.4.3 The traker (FT-Trk)The role of the FT-Trk is to reonstrut thevertex angles of harged partiles, essentiallyeletrons, with polar angles between 2.5◦ and4.5◦. This is ahieved by measuring the par-tile hit position with a dediated trakingdevie, loated in front of the FT alorime-ter at few entimeters from the front faeof the rystals. The reonstruted positionwill be used to evaluate the vertex angle, af-ter orreting for the rotation indued by the5 T solenoid �eld. The size of this rotationdiretly depends on the partile momentumand an be estimated based on a preise knowl-edge of the magneti �eld map and the energyreonstruted by the FT-Cal. With a trakerspatial resolution of ±200µm a ∼ 1.7% and
2.8◦ resolution on θ and φ eletron angles re-spetively, are expeted.The traking devie will onsist of two double-layer Miromegas, eah providing an indepen-dent measurement of the (X,Y) oordinatesof a trak. Double-faed Miromegas disks,bulked on a ommon PCB, will be used. Eah18



Range
Ee′ 0.5 - 4.5 GeV
θe′ 2.5o - 4.5o

φe′ 0◦ - 360◦

Eγ 6.5 - 10.5 GeV
Pγ 70 - 10 %
Q2 0.01 - 0.3 GeV2 (< Q2 > 0.1 GeV2)W 3.6 - 4.5 GeVTable 2: Kinemati range of the FT.side of the PCB displays strips with 500 µmpith, the downstream ones being perpendi-ularly oriented to the upstream ones. Thehits reonstruted in both trakers will bemathed, allowing to determine the traje-tory parameters and to suppress noise. Thereonstruted trajetory will be orrelated withhits in the sintillator hodosope and alorime-ter to redue bakgrounds and improve reso-lution.1.4.4 Kinemati, rates and bakgroundThe kinemati range overed by the FT isshown in Tab. 2 for an inoming eletron beamof 11 GeV. The energy range for eletron de-tetion was hosen to tag large energy pho-tons and the angular range is the maximumallowed ompatibly with the eletromagnetibakground.The total eletron sattering ross setionontains ontributions from one-photon ex-hange (Born proess), from QED vauumpolarization loops, and from the emission ofadditional real photons (radiative orretions).The importane of the internal radiative or-retions in relation to the Born proess de-pends on the kinematis. Radiative orre-tions inrease with dereasing Q2 and inreas-ing Eγ. We used the program RADGEN 1.0[28℄ to alulate the ontributions of inter-nal radiative orretions to the total inlusiveross setion. Inluding suh e�ets, the total
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6 6.5 7 7.5 8 8.5 9 9.5 10 10.5 11Figure 9: Angular and energy distribution ofsattered eletrons (top) and virtual photon en-ergy distribution (bottom) within the geometri-al and momentum aeptane of the FT.inlusive eletron rate within the geometri-al and momentum aeptane of the forwardtagger will be of about 130 kHz (∆Ee′=0.3-10.8 GeV and ∆θe′=2.5o-4.5o). Inelasti pro-esses represent about 45% of the total rosssetion in our kinemati range. The remain-ing 55% is due to elasti events where at mostone proton will go in the ative area of CLAS12.It is, therefore, bene�ial for our measure-ments to require a tight time oinidene be-tween the forward tagger and the detetionof multi-partile �nal states in the CLAS de-tetor as disussed in Se. 7.The total rate of inelasti events in theforward tagger aeptane with Eγ=6.5-10.5GeV, is expeted to be about 6.5 kHz (whilethe radiative rate in the same energy range isabout 40 kHz). The energy and the angulardistributions of inelasti events are reportedin Fig. 9. Figure 10 shows the Q2 and thelinear polarization for the same events.Eletromagneti bakgrounds in the FTinlude bremsstrahlung and Møller proesses.Bremsstrahlung photon prodution peaks at19
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6 6.5 7 7.5 8 8.5 9 9.5 10 10.5 11Figure 10: Q2 and linear polarization of inelas-ti events within the geometrial and momentumaeptane of the FT.very forward angles (about δθ ≈ me/EBeam),therefore their ontribution at angles θ > 0.5ois very small. Møller eletrons and their se-ondaries are the dominant ontribution to theexpeted FT rate. The Møller ross setion isalmost �at within the FT aeptane with asizable value of about dσ/dθ ∼ 10-20 mb/rad.However, the Møller kinematis is highly on-strained and, for angles above 2.5o, the Møllereletron energy is less than 0.5 GeV, i.e. out-side the kinemati range of interest. Theselow energy eletrons are bent in the 5T sole-noidal �eld of CLAS12 and foused towardsthe beam line. Here they enter into a tung-sten one that shields CLAS12 and the FTfrom this bakground and from other seon-daries produed along the beam line (low en-ergy photons, X-rays, beam halo ...). Thesebakgrounds have been studied using GEANT4simulations. All details are reported in Se. 2.7.7.The total expeted eletromagneti rate is about50 MHz, dominated by low energy (< 100MeV) seondaries that will be further sup-pressed by optimization of the shield. Sup-pression at the level of the on-line trigger is

disussed in Se. 7. This ontribution an bealmost totally rejeted in the o�-line analysiswhen a time oinidene of a few nanoseondswith the rest of CLAS12 will be required,sine there are no hadrons assoiated withsuh events to reah the CLAS12 detetor.1.4.5 Other requirementsThe FT will be designed as a part of theCLAS12 standard equipment and in parti-ular, the tagger operations will be possiblein parallel to the detetion of the eletronat larger angles (θe > 5◦) as required in thestandard CLAS12 runs. In that respet, theFT faility an be viewed as an extensionof the CLAS12 Eletromagneti Calorimeter(EC) allowing not only the measurement ofeletrons sattered at small angles but alsoproviding an exellent overage for π0 and γemitted in the forward diretion. In partiu-lar the leading DV CS experimental programin CLAS12 will bene�t by the detetion ofthe low-angle/high energy photon produedin the reation. The FT overage leads toa signi�ant extention of the minimum mo-mentum transfer allowing a preise mappingof this kinemati regime. For this reason theFT maximum energy detetion should go upto 8 GeV keeping the good resolution nees-sary for gamma identi�ation.1.5 ConlusionThe MesonEx experiment(JLab Exp-11-005[10℄) aims at the study of meson spetrosopyusing quasi-real photoprodution with CLAS12.The ombination of CLAS12 and of the newFT system presents unique properties as:� high intensity photon beams with ener-gies up to 10.5 GeV,� large degree of linear polarization deter-mined on an event-by-event basis withsmall systemati unertainty,� full determination of the initial state and�nal state four-momenta,20



Required performaneEnergy range Emin − Emax 0.5-8.0 GeVEnergy resolution σE/E ≤ 2%/
p

E(GeV ) ⊕ 1%Energy threshold (single rystal) Ethr 10 MeVRMS noise (energy equiv.) Enoise 3 MeVAngular resolution σθ/θ 1.5%Angular resolution σφ 2◦Time resolution σT /T ≤300 psReovery time ≤10 nsMaximum rate (per rystal) 10MHzMaximum dose rate (per rystal) 10 rad/hMaximum integrated dose (per rystal) 5000 rad (before annealing)Table 3: FT spei�ations.� large aeptane and good resolution forthe measurement of the deay produts,� kaon identi�ation to study strangenessprodution.The expeted performane of the FT are sum-marized in Tab. 3.In this TDR we'll demonstrate that a de-tetor based on a PbWO alorimeter, a sin-tillating hodosope and Miromegas trakersatis�es these requirements.
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2 FT-Cal2.1 PbWO4 rystalsThe use of the lead-tungstate (PbWO4) rys-tal for eletromagneti alorimetry has beenextensively studied in reent years. The ele-tromagneti alorimeters built for leading ex-periments at CERN as CMS (EM-Cal) [21℄)and ALICE (PHOS) [22℄) were based on thistehnology. Against a high density, a smallradiation length a very fast deay time and avery high radiation hardness, the lead tungstatelight yield is quite poor (only a fration of %of the NaI light yield). This an be a prob-lem for preise spetrosopy of low energyshowers (in the range of 10-100 MeV). In thelast years the PANDA Collaboration devotedgreat e�orts to inrease the lead tungstateperformane in terms of light emission [23℄.The R&D performed in ollaboration withthe Bogoriditsk Tehnial Chemial Plant (BTCP- Russia), lead to an improved version of PbWO4,alled Type-II, now ommerially available fromthe same and other produers. Table 4 re-ports the main harateristis of the standardand improved lead tungstate.As shown in Fig. 11 the temperature oef-�ient is dLY/dT ∼ -3.0 %◦C in a wide tem-perature range. This would require a temper-ature stability of the whole volume of the FT-Cal at level of 0.1-0.2 ◦C. A dediated ativeooling system and an appropriate thermaldesign will provide the required stability. Anadditional inrease in light yield, up to a fa-tor of three-four ompared to the room tem-perature operation (RT=+20 ◦C), is obtainedooling the PbWO (up to -25 ◦C). On theother hand low temperature operation wouldompliate the mehanial design requiring athiker thermal insulation and a more sophis-tiated ooling system.Other disadvantages related to the rystallow T operation are:� redued radiation hardness shown by ooled

Parameter PbWO4 PbWO4-II
ρ (g/m3) 8.28
X0 (m) 0.89
RM (m) 2.00

τshort (ns) 6.5 (97%)
τlong (ns) 30.4 (3%)
λmax (nm) 420
natλmax 2.24/2.17LYRT (%RT NaI) 0.3 0.6LY

−25◦C (% NaI) 0.8 2.5dLY/dTRT (%◦C) -2.7 -3.0dE/dx (MeV/m) 10.2Table 4: Properties of standard and improved(Type-II) lead tungstate.

Figure 11: Temperature depends of the lightyield of PBWO-II in the T range -25 ◦C +25
◦C [23℄.lead tungstate rystals. Figure 12 learlyshows this e�et;� longer deay time: aording to the mea-surement reported in Ref. [29℄, at �rstorder, the time ostant hanges from 15ns at RT to 23 ns at -20 ◦C. This impliesthat to ollet 90% of the signal the in-tegration gate has to hange from 35 nsto 50 ns.For these reasons we are onsidering operat-ing the FT-Cal at room temperature as mainoption, but the whole design will allow us torun it at 0 ◦C.
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Figure 12: Relative hange of light yield of twoPbWO samples as a funtion of radiation dose(irradiation dose) at two temperatures [23℄.2.1.1 Crystal geometryDi�erent geometries and sizes were tested bymeans of realisti simulations (see Par. 2.7.5).The length of the rystal was hosen aord-ing to the longitudinal propagation of the ele-tromagneti shower and the available spaein CLAS12. The response of the alorime-ter with rystal sizes of 18 m, 20 m, 22 mhas been simulated for eletron/photons upto energies of 5 GeV. Results are reportedin Fig. 71. For length longer than 18 mthere is not a signi�ant loss of resolutionand therefore we �xed the rystal size to 20m. As a thumb rule, the rystal ross se-tion should be small enough to distribute theinoming rates on di�erent rystals (high pix-elization) and optimize the optial mathingwith the light sensor. On the other hand, dueto the intrinsi radial dispersion of the ele-tromagneti shower, the minimum size has tobe omparable with the Molier radius. Werun simulations for di�erent Crystal shapes:- parallelepiped, - trunated pyramid (withfoused geometry towards CLAS12 target po-sition), - parallelepiped with hexagonal faes.Sine we did not �nd a lear advantage adopt-ing a spei� geometry, we deided to use thesiplest one: parallelepiped shape with square

faes. The size of the fae, 15x15 mm, washosen taking into aount the maximum pos-sible overage with the ommerial LAAPDsprodued by the Hamamatsu.2.1.2 Crystal properties: ACCOSTo de�ne a rystal haraterization proedure,size, deay time, light yield, and light trans-mission have been measured on a sample of9 BTCP PANDA-like rystals by using theACCOS (Automati Crystal quality ControlSystem) faility at CERN [30℄. ACCOS wasbuilt to measure properties of the CMS/EMCPbWO rystals and is now extensively used totest part of the PANDA/EC PbWO-II rys-tals. Properties are measured at room tem-perature and relative to a referene samplewhose absolute properties are known. Sineour rystals di�er from PANDA only for ge-ometrial size, the mahine was alibrate inabsolute value using a PANDA rystal.Geometrial dimensions A 3D mahine isused to measure rystal dimensions: �fteenpoints are measured on eah lateral fae ofthe rystals and nine points on the two endfaes, allowing preise reonstrution of thesix planes. The analysis algorithm reonstrutsthe shape of the rystal, performing a best-�tto eah set of points belonging to a fae witha plane. In this way, the best-solid mathingthe rystal is found. The minimum-solid andthe maximum-solid are also reonstruted:� theminimum-solid is formed by 6 planes,parallel to those of the best-solid, eahpassing trough the most inner point ofthe orresponding fae;� themaximum-solid is formed by 6 planes,parallel to those of the best-solid, eahpassing trough the most outer point ofthe orresponding fae.As an example Fig. 13 shows the longitudi-nal and transverse dimensions of the 9 rys-tals; the quoted error, asymmetrial, is alu-lated onsidering the di�erene between the23



Figure 13: Longitudinal (top) and transverse(bottom) dimension of the 9 rystals tested withthe ACCOS mahine. Figure 14: Longitudinal transmission (top) asmeasured with the ACCOS mahine. In the bot-tom part of the �gure, the ACCOS measurement(blak) has been ompared to a more preisespetrophotometer (in red).
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Figure 15: Distribution of the longitudinaltransmission values for �xed wavelength values:
λ=360 nm, 420nm and 620 nm.

Figure 16: Wavelength distribution for a �xedvalue of transverse transmission T=50%.measured values (i.e. the dimensions of thebest-rystal) and those of the "minimum" and"maximum" rystal. The dimensions of rys-tal 2 are di�erent from those of the other rys-tal highlighting a damage, evident also by aneye survey, near the orners of both bases. Allrystals are slightly smaller than the "nomi-nal" ones (15 x 15 x 200 mm), re�eting theproedure used to ut and polish rystals atBTCP fatory.Longitudinal transmission TL Figure 14-topshows the measured light transmission alongthe longitudinal axis as a funtion of the ini-dent wavelength. All the 9 rystals show thesame value of the optial transmission in the"plateau" region (TL ∼ 75%). The results ob-tained with ACCOS were ross-heked witha spetrophotometer with higher sensitivity(δλ = 5 nm). Figure 14-bottom shows theomparison of the two measurement for onerystal: spetrophotometer in red and AC-COS in blak. Results are the same on the"plateau" while a small di�erene in the re-gion around 350 nm indiates a slight misal-ibration of the ACCOS system in that region.Interpolating the previous measurement Fig. 15show the distribution of the longitudinal trans-mission for a �xed wavelength λ=360 nm,420nm and 620 nm for the whole sample.25



Figure 17: Relative light yield measured alongthe rystal n.4 longitudinal size.

Figure 18: Average value of the relative LY forthe 9 rystals in the sample.Transverse transmission TT To evaluate theuniformity of the transverse light transmis-sion, Fig. 16 shows the wavelength distribu-tion for a �xed value of TT=50%. The re-quirement of RMS≤3 nm is full�lled by ev-ery rystal in the sample. No requirementsare plaed on the absolute value of TT .Light Yield LYR : The relative light yieldhas been measured, for eah rystal in 12points along the longitudinal size. As an ex-ample, Fig. 17 shows the results for rystalnumber 4. The mean value, for all rystalsin the sample, is reported in Fig. 18. Therelative LYR is useful to hek any signi�antdi�erene between rystals.

2.1.3 Absolute Light Yield LYAThe absolute light yield have been measuredat room temperature using the CERN failityBenh 3 (B3). Measurement at di�erent tem-peratures (T=+20 ◦C and T=-20 ◦C) withboth radioative soures and osmi rays havebeen performed in our Lab.B3 measurement A 60Co soure was movedalong the rystal longitudinal axis by meansof a stepping motor The bak fae of the rys-tal was optially oupled to a PMT (PhotonisXP2262B, QE∼ 25%) via a layer of optialglue (n=1.5). The size of the PMT exeededthe size of the rystal to ollet all the emittedlight. A thermostat integrated in the benhkept the rystal termperature onstant at 18
◦C during the san. The PMT signal, overa ertain threshold, generated a 150 ns gateused to integrate the harge by a QVT unitworking in Q-mode. The QVT analog out-put, was then onverted to a 1024 bits digi-tal value by a analog to digital onverter andthen transferred to a PC and shown as a mul-tihannel spetrum. Pedestal in the spetrumwas generated by a random pulse generator.Genova Lab measurement The response ofthe rystals at di�erent temperatures has beenmeasured in Genova. The LYA for one rys-tals was derived by using radioative soures(60Co and 22Na) and osmi muons. The rys-tal was read by di�erent light sensors: a Pho-tonis XP2262B tube and a Large Area APDHamamatsu S8664-1010. During the mea-surement the temperature was kept onstantat ±0.5◦C. The PMT was oupled by usinga silion optial pad and optial grease �nd-ing onsistent results. The APD was glued tothe rystal by optial ement. In all measure-ments, the rystal was wrapped by VM2000on the free 5 faes. A test performed by us-ing a di�erent wrapping foil showed a LYAdeterioration of about 30%. The number ofphoto-eletrons per MeV using the PMT set-26



up with radioative soures, was found to be:� Npe/MeV=37±4 at -23◦C;� Npe/MeV=11±1 at +18◦C.The response to osmi rays of the PbWO-II rystal was measured as a funtion of thetemperature from +18◦C to -25◦C. The DAQwas triggered using two plasti sintillatorsloated above and below the rystal. ThePMT signal was aquired with a QDC. Foreah temperature setting, the pedestal sub-trated QDC spetrum was normalized to thesingle photoeletron harge to extrat the num-ber of photoeletrons; this was then dividedby the most probable energy deposition forosmi rays evaluated with GEANT4 simula-tions (16 MeV) to extrat the light yield. ThePMT single photoeletron signal was mea-sured with the same DAQ system and QDCfor eah temperature to ensure the gain ofthe PM was not a�eted by the temperaturevariation. The distributions were �tted witha Landau funtion to extrat the peak posi-tion. Results of the measurement are shownin Fig. 19. the LY extrated at +18◦C isabout 20% higher than the one evaluated fromthe soure measurements while the LY mea-sured at -25◦C is onsistent with the souremeasurement. The LY gain from +18◦C to-25◦C appears to be of the order of 2.5. Themeasurement with osmi ray was repeatedoupling the rystal to a LAAPD. The APDgain was kept onstant at 150 hanging theHV from 365V at +18◦C to 355.4 at -25◦C.The gain in LY from +18◦C to -25◦C ap-pears to be of the order of 2.7, 10% higherthan what found for PMT measurement. Thenumber of photons emitted by the rystal werefound to be:� Nphotons/MeV = 121 ± 10 at +18◦C(Nphotons/MeV/mm2 = 0.54);� Nphotons/MeV = 325 ± 30 at -25◦C(Nphotons/MeV/mm2 = 1.45);to be ompared to 0.7 photons/MeV/mm2obtained by our and PANDA measurement

Figure 19: Light yield, in arbitrary unit, as afuntion of the operation temperature. Resultswhen the LAAPD is glued to the rystal faeare shown in blak. The same but with an opti-al pad oupling are shown in green while resultswith PMT readout are shown in red.at T=-25C using a PMT (see Ref. [23℄).These values were derived assuming thefollowing parameters:� APD Gain = 150;� Preamp Gain = 1800;� Deposed energy (from GEANT4 simu-lation) = 16 MeV;� Measured harge = 26 pC at +18◦C and70 pC at -25◦C;� APD QE = 70%;� Area ratio = (10x10)mm2/(15x15)mm2.A summary of the di�erent measurements per-formed in Genova is reported in Fig. 20.2.1.4 Deay timeDue to the expeted high rate the rystalshave to sustain, a fast response is manda-tory to avoid pile-up e�ets or a degrada-tion of the resolution for a partial light olle-tion. The reent study of the kinetis of the27



Figure 20: Light yield, in arbitrary unit, as afuntion of the operation temperature. Resultswhen the LAAPD is glued to the rystal faeare shown in blak. The same but with an opti-al pad oupling are shown in green while resultswith PMT readout are shown in red.PbWO revealed some rather ompliated fea-tures of the luminesene deay. The proessis non exponential and an be onventionallydivided into three harateristi time inter-vals [29℄. During the �rst 5-10 ns after theexitation, the luminesent intensity rapidlydereases by two orders of magnitude. Thesubsequent deay is slower, however, after 50ns only a very small fration of the total lu-minesene is still observable. The harater-isti deay time of this superslow omponenthas been reported to be between 500 ns andseveral miroseonds.We used two di�erent methods to mea-sure the deay time distribution of a SICCASPbWO Type-II rystal:1. Diret method. If a sintillation event isenergeti enough and a signi�ant num-ber of photons are deteted by the PMT,the PMT anode signal orresponds tothe time distribution of the sintillationsignal. It is a simple and diret method.The soure of ionizing radiation an bea osmi muon so that no radioativesoures are needed.2. Start-stop or delayed oinidenemethod.The optial output of the sintillator isattenuated down to only reord single

Figure 21: Experimental setup for diret mea-surement.photon events. With this method, anadditional start trigger is needed e.g. afast sintillator. The trigger should befast enough to provide the preise starttime of the inoming muon. Sine therate of osmi radiation is low, one mayalso use a β emitter with energy highenough to ross the trigger ounter andreah the speimen sintillator. In thisase the trigger ounter is plaed be-tween the soure the rystal. An alter-native way is to use a radioative sourewhih emits one eletron together withanother eletron or gamma ray in theopposite diretion. In this ase the soureis plaed between the trigger ounter andthe rystal. The advantage of using thisseond method relies on the fat thateah photon arrival time is measured withhigh preision.Measurements were performed at +23◦C, 0◦C.and -25◦C. We only report details of the di-ret method sine results obtained with theStart-stop tehnique were found to be onsis-tent. The measurement was performed withthe rystal in a vertial position to obtainthe maximum energy release. To ontrol thegeometry of the passing muons and to re-28



Figure 22: Three examples of PMT signals fora muon rossing. Signals are presented for threetemperatures together with the one deay om-ponent �t (blak lines).due the bakground two additional sintilla-tor ounters were plaed on top and bottomof the rystal.To mantain the desired temperature a 5mmdiameter tube with a oolant was wrappedaround the rystal. The assembly was in-serted in a plasti tube and sandwihed withtwo plasti sintillator ounters. The shemeis presented in Fig. 21.The three signals, one from the PbWOrystal and two from the sintillator ounterswere put in oinidene. This allows to de-tet vertial osmi muons passing throughthe setup and releasing energy in the PbWOrystal and produing a su�ient amount oflight to measure the arrival photon time dis-tribution. All PMT signals were split into twoequal parts: one was used to set the triggerwhile the other was fed to a CAEN digitizerV1720: 8 hannels, 250 MHz sampling rate,2 V range and preision better than 0.5 mV.Thresholds for the disriminators were set tobe about half of the typial signal indued bya muon rossing. The disriminator outputswere onneted to a logi board where thethree signals were ANDed.For a vertially rossing muon, a depositedenergy in the rystal of about 200 MeV isexpeted. Considering the SICCAS rystal's

T (o C) τfit(ns) τ1
int(ns) τ3

int(ns)23 10.5 ± 1.2 8.4 ± 1.5 11.3 ± 0.20 13.5 ± 0.6 11.6 ± 0.5 13.0 ± 0.2-25 19.8 ± 0.6 14.5 ± 0.5 20.2 ± 0.3Table 5: Results of the measurements for thethree di�erent temperatures using the one deayomponent �t and the two integral methods - for
τ and 3τ .LY, one should expet from 4000 to 20000photons for temperatures ranging from +23oC to −25o C. An additional attenuation fa-tor should be onsidered to aount for thelight olletion geometry. A threshold of about500 p.e. was set to the PMT together witha rather high threshold for PMTs attahedto the plasti sintillators to suppress bak-ground. A hek on the time di�erene be-tween the three peak positions was also im-plemented to further redue the bakground.The measurements were performed for threedi�erent temperatures: +23o C, 0o C and
−25o C. The temperature was measured bya thermoouple attahed to the rystal. Asrosshek the T of the ooling liquid was alsomeasured. The number of aepted eventswas greater than 10 for every temperatureorresponding to one day of data aquisition.Three examples of digitized signals are re-ported in Fig. 22. The �t were performedwith the hypothesis of one and two deayomponents. Results were onsistent with asingle omponent. As a rosshek, the deaytime τ for a pure exponential deay was alsoextrated from the area of the signal, alu-lated from 0 to τ A(0 ÷ τ) = (1 − e−3)Atot.Results are summarized in table 5. Onean see that the value of τ derived with thetwo methods are onsistent within the error.However τ from the A(0 ÷ τ) area is sys-tematially smaller. This an be asribedto the distribution shape that di�ers froman exponential funtion. The delay time in-reases by a fator of two when T hanges29



from +23oC to −25oC, remaining within areasonable window. In all ases the require-ment LY (100ns)/LY (1000µs) > 90% is ful-�lled.2.1.5 Quality requirements and ontrolThe FT-Cal requires 332 PbWO-II rystals(+ 10% spares) for a total of 370 rystals.The envisaged high performane of the dete-tor imposes strit requirements on the rys-tal parameters, suh as su�ient and uni-form light yield, short deay time, very lim-ited light yield loss under irradiation and �-nally preise geometrial dimensions. A de-tailed list of spei�ations is reported below.General properties� Crystal dimensions: all rystals are iden-tial with a parallelepiped shape 200x15x15mm3 (tolerane +0/-0.15 mm)� All faes are polished with a roughnessof Ra â�¤ 0.02 µmOptial properties� Longitudinal transmission (absolute val-ues):
≥ 35% at 360 nm
≥ 60% at 420 nm
≥ 70% at 620 nm;� The non-uniformity of the transverse trans-mission Tr at the transmission value ofTr = 50% has to be δλ ≤ 3 nm for 4measurement every 4 m. The �rst oneis at 1.5 m from the front fae.� Light Yield LY≥ 13 phe/MeV at T=18◦C;� Light Yield when ooled: LY (T=-25◦C)
≥ 3.0 LY (T=+18◦C);� Deay Time LY(100ns)/LY(1000ns)>90%at T=18◦C and T=-25◦C.

Radiation Hardness Radiation hardness isevaluated by measuring the indued optialabsorption in rystal along its axis after irra-diation with a prede�ned dose and dose rate.� The rystal is kept at T=(20±5)◦C be-tween irradiation and ompletion of themeasurements;� Irradiation will be performed plaing a
60�¡�¾ soure on the side of the rystal.The total aumulated dose should be of3 kRad, at a dose rate of 5-50 kRad/h.� The Indued absorption of the rystalshould not exeed ∆k≤ 1.0 m−1 at λ=420nm.� The mean value of the ∆k distributionof eah lot and based on the measure-ment of not less than 50% of the lotshould be ∆kAverage ≤ 0.75m−1.Certi�ation General properties, optial prop-erties, and radiation hardness of all rystalswill be tested by the manufaturer. A er-ti�ation of spei�ation-ompliane will bereleased and sent with the rystals. After de-livery, we will arry out an independent erti-�ation onerning general and optial prop-erties of rystals using the ACCOS faility atCERN and will run radiation hardness tests.2.2 Photo-detetors2.2.1 APDAvalanhe Photodiodes (APD) are reverse-biased diodes with an internal high eletri�eld used to multiply the harge arriers troughan avalanhe mehanism. In past years, alot of studies have been done by HamamatsuPhotonis to build an APDs suitable for PbWO4rystal, leading CMS and PANDA experimentsto hose these APD as the optial sensors intheir eletromagneti alorimeters [23℄, [31℄.There are many advantages in using APDs:small sizes, high quantum e�ieny (≃ 70%in the region of the PbWO4 emission) and,30



Figure 23: The Hamamatsu Photonis s8664-1010 Large Area APD.most important, unsensitivity to magneti�elds. The main disadvantage is that, due tothe low gain, the output signal is too smallto be diretly aquired, and needs to be am-pli�ed by a suitable iruit. APDs also needto be operated at ontrolled temperature toavoid variations in gain and noise.Hamamatsu Photonis made ommeriallyavailable a large-area APD (Fig. 23), with anative area of 10x10 mm2 (model S8664-1010)that ould �t the requirements of the FT-Cal.The APD layout Figure 24 shows the work-ing priniple of an APD: the inident photonsenters rossing a N layer and moves aross theP layer, produing eletron-hole pairs into thedepletion region. If a reverse bias is applied tothe APD, the high eletri �eld in the deple-tion region multiplies the harge-arriers byimpat ionization, giving an avalanhe gain.Eletrons are then olleted in the N layer,while holes are olleted in the P layer: aurrent proportional to the intensity of theinident light �ows aross an external iruit

Figure 24: Sheme of an APD.onneted to the two juntions. Figure 25shows the equivalent iruit of an APD, simi-lar to the equivalent iruit of a standard pho-todiode. CJ is the intrinsi apaitane of theAPD, RSH is the shunt resistor and RS is theseries resistane: typially, RS is a few ohms,while RSH ≃ 107 − 1011 Ω.The relation between the urrents is thefollowing:
I3 = I0 − I1 − I2

I3 = I0 − Is · (exp(
qeVd

KT
) − 1) − Vd

RSH

(1)The detetor apaitane Cj has to be takeninto aount to determine the ut-o� frequenyof the system when onneting the APD toan external load or iruit (with input re-sistane R): it adds a pole to the transferfuntion of the whole system, at a frequeny
fcut = 1

2πRCJ
.Internal Gain The APD dark urrent Idand intrinsi gain G strongly depend on thetemperature, due to the interation of theharge arriers with phonons: inreasing thetemperature the gain beomes smaller. Tomeasure the internal gain G at �xed temper-ature T as a funtion of the bias voltage we31



Figure 25: Equivalent eletri iruit of an APD.
I3 is the urrent aross the external load.used the following proedure: we measuredthe dark urrent Ioff and the urrent due toa ontinuous illumination Ion at di�erent val-ues of the reverse bias voltage VB. As a lightsoure we used a blue LED, with an emissionpeak similar to the maximum emission wave-length of PbWO4 (420 nm): the stability ofthis soure was heked using a stable PMTand measuring the output urrent while ex-posed at the LED light. We did not see anyappreiable variation during a measurementperiod of several hours. We alulated thegain trough the following relation:

G(VB) =
Ion(VB) − Ioff (VB)

Ion(G = 1) − Ioff (G = 1)
(2)

Ion(G = 1) and Ioff (G = 1) are, respe-tively, the value of the urrent due to the in-ident light and the value of the dark urrentwhen the internal gain of the APD is equalto 1, i.e. when the avalanhe mehanism isnot present: these values must be measuredindependently to know the gain G. Figure 26shows the behavior of Ion and Ioff as a fun-tion of the bias voltage. For low values of thebias voltage that the dark urrant is smallerthan the urrent under illumination (the ra-tio is ≃ 1000) and the urrent under illumi-nation is onstant and does not depend on
VB. It's possible to alulate Ion(G = 1) and
Ioff (G = 1) onsidering only the values of

 (V}bias V
0 50 100 150 200 250 300 350 400

 C
ur

re
nt

 (
nA

)

-210

-110

1

10

210

310

410

 as a function of the bias voltageoff and IonI

onI

offI

Figure 26: Behavior of Ion and Ioff as a funtionof the APD bias voltage.the urrents measured for VB < 50 V, per-forming two best-�ts with linear funtions.
Ion(G = 1) and Ioff (G = 1) are the interse-tions of these funtions with the y-axis. Theexperimental result of the measure on one ofthe APDs is reported in Fig. 27. A stand-alone HV soure was used to bias the de-tetor, and a pio-amperometer (KEITHLEYModel 6517A) was used to measure the ur-rent from the APD. This measure was done ata �xed temperature of 18.5◦. We also studiedthe dependene of the gain from temperature:results are shown in Fig. 28.In �rst approximation we an parametrizethe gain dependene on the bias voltage VBand on temperature T with a linear ombina-tion:

G(VB, T ) = G(αVB − βT ) (3)Performing a best-�t using a simple expo-nential funtion for G, we derived α = and
β =. The relative dependene of the gainfrom temperature and from bias voltage isthen given by these simple relations:

1

G

∂G

∂VB

= α (4)
1

G

∂G

∂T
= −β (5)32
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Figure 27: APD intrinsi gain G as a funtion ofthe bias voltage.At room temperature we measured 1

G
∂G
∂V

=
3.9% for G = 50, in agreement with similardata from CMS [32℄ and PANDA [23℄. Wealso measured the gain dependene from tem-perature founding: 1

G
∂G
∂T

= 3.3%.Dark Current The dark urrent is due totwo di�erent ontributions: the bulk urrent
Ib and the surfae urrent Is. The latter isindependent from the APD intrinsi gain G,while the �rst inreases with G, sine it un-dergoes the harge multipliation inside thedepletion region. The total dark urrent isthe sum of these terms:

Id = Ib + Is = Ib + Is0 · GThe dark urrent behavior as a funtionof the gain, is reported in Fig. 29 for roomtemperature. The data show learly a lin-ear relation between these two quantities, inagreement with the preditions of a model ofthe dark urrent.Faility for APD Gain Measurement Inantiipation of the ostrution of the full FT-Cal detetor we have developed in Genova afaility for the automati measurement of the

Figure 28: Intrinsi gain of one APD as a fun-tion of the bias voltage and of the temperature.
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Figure 29: Dark urrent of the APD as a funtionof the intrinsi gain G.
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intrinsi gain and dark urrent of APDs, as afuntion of bias voltage and at di�erent oper-ating temperatures. This faility an measureup to 24 APDs at one: the full measurementfor eah temperature takes ∼ 5 hour, and thefull haraterization within 1 day. The fullset of ∼ 400 APDs will be measured withthis faility in less than 20 days.The faility operates as follows: the gainof eah APD is measured with the DC teh-nique already desribed in the previous twoparagraphs. However, only one high-voltagesoure and one pio-amperometer are used forthe whole setup. Both these devies are em-bedded in a eletrometer, KEITHLEY Model6517A. During operations, the 24 APDs areall biased with the same HV: the HV soureof the eletrometer is onneted to the APDathods via independent bias resistors (seeFig. 30 for a shemati). The photo-detetoranodes are onneted to the inputs of a ur-rent multiplexer, that feeds only one of themat time to the input of the eletrometer, whilekeeping the other 31 to ground.The urrent multiplexer (see Fig. 31 fora piture) is the �ore� of the faility: it hasbeen ustomly designed in Genova, using me-hanial relays (type SPDT) as swithes. Re-lays have been hosen beause the urrentsfrom the APDs that are measured are of theorder of 10−100 nA. All other kins of switheswould introdue a leakage urrent of the sameorder, leading to a wrong gain measurement.Tyo �T7SS5E4-12� relays have been hosenfor this appliation, due to their high isola-tion between the two outputs and the PCBmounting. They are operated trough a dedi-ated hip (ULN2003A). The APDs are moun-ted on two drilled opper plates, that keepthem at onstant temperature: a pipe on-neted to an external hiller is welded on eahof the two plates to provide the neessaryooling. Both plates host 12 APDs. Eah ofthem is mounted in orrespondene of a hole,and is onneted trough a dediated onne-tor to a PCB mounted on the opposite side

Figure 30: Shemati of the APDs bias iruitof the faility for APD Gain Measurement, fortwo hannels. HiV is the ommon bias voltage ofthe two APDs, that are onneted trough CON2onnetor (1: anode, 2: athode).of the plate. This PCB distributes the HVbias to eah APD and feeds their urrentsto the input of the urrent multiplexer. Fig-ure 32 shows one of the two plates, with twoAPDs already mounted. During the opera-tions the two holding plates are inserted in adark and vauum-tight box, �ushed with N2to prevent moisture formation. The wholesystem is ontrolled via Labview, to keep theinteration with the user as simple as possi-ble. The user an hoose the temperature setand selet, independently for eah measure-ment, whih HV values have to be use dur-ing the DC san. Data are analyzed with aROOT maro, using the same proedure de-sribed in the previous paragraphs, to obtainthe intrinsi gain G. Relevant parameters,as the bias voltage orresponding to a gainof 150 at room temperature and the relativevariation of the gain respet to the tempera-ture and the bias voltage in the neighborhoodof the nominal working point, are reorded ina �le.For a deposited energy E in the PbWO4rystal, Nγ = ε ·E photons hit the APD sur-fae where ε is the produt of the LY andthe geometrial oupling between rystal andthe APD. This leads to Ne primary harge-arriers in the APD, via a statistial proess34



Figure 31: The urrent multiplexer of the failityfor APD Gain Measurement.

Figure 32: The metalli plate hosting APDs inthe faility for APD Gain Measurement. A pro-totype of the PCB that distributes HV and ol-lets signal from the sensors is mounted on thebak of the plate.

with standard deviation σNe =
√

Ne. Sub-sequently eah of these harges undergoes toan independent avalanhe multipliation pro-ess. Flutuations in gain σG are then relatedto inhomogeneities in the gain region: thisgives another ontribution to σG ·
√

Ne [33℄.The energy resolution is given by the sum ofall these ontributions:
σQ

Q
=

σE

E
=

1√
Ne

·
√

G2 + σG
2

G
≡ F√

Ne

(6)Exess Noise Fator F The exess noisefator F is introdued into the usual parametriza-tion of energy resolution to take into aountthe e�et of gain �utu We measured the ex-ess noise fator F for one APD using, as lightsoure, a YAP pulser oupled to the dete-tor trough an optial pad (Saint-Gobain BC-634A, n=1.42 @ 400 nm). The APD was readusing an ampli�er developed for the CLASIC detetor, with a nominal gain in harge
Gc ≡ 2600 [24℄.To measure F we used the following pro-edure:1. We measured the output harge Q andits �utuations σQ from the APD as afuntion of the bias voltage VB. We alsomeasured the ontribution to the resolu-tion given by the eletroni noise, mea-suring the harge �utuations σQn outof time respet to the signal.2. We estimated the number of primary

e−−h+ ouples Ne from the harge mea-sure performed at the nominal gain ofthe APD. We alulated the APD in-trinsi gain for eah measure using G =
Q

qe·Ne
.3. For eah measure, we alulated the truestatistial resolution subtrating the on-tribution of the noise:

σQreal
=

√

σQ
2 − σQn

2.4. We alulated F via eq. 6:
F = Ne · ((

σQreal

Q
)
2

− (δYAP)2)35



Figure 33: Top: measured harge �utuationsof signal and bakground, and their di�erene.Center: relative resolution as a funtion of thebias voltage. Bottom: exess noise fator F as afuntion of the APD intrinsi gain G.In the formula above, δYAP is the ontribu-tion to the relative resolution from the YAPpulser, assumed to be 2.2 %.Final rsults are reported in Fig. 33. We ob-tained F = 1.29 for G = 50 and F = 1.8 for
G = 100, in good agreement with the mea-surement from PANDA [23℄.2.2.2 SiPMSilion Photomultipliers (SiPM), also alledMulti-Pixel Photon Counters (MPPC), werepossible andidates as optial sensors in theFT-CAL thanks to their ompat size, insen-sitivity to magneti �eld, ative surfae thatgoes from 1 mm2 for single sensors to morethan a m2 for sensor arrays. Beause oftheir high gain, SiPM are known to be sensi-tive to a single photon. In addition, sensorswith large number of pixels should provide

Parameter Measure Conditions ValueAtive Area (mm2) 10 x 10Quantum E�ieny λ = 420 nm 70%Spetral Response Range 320 to 1000 nmIntrinsi Capaitane CJ 270 pFDark Current Id G=50, T=20◦ 5 nAExess Noise Fator F G=50, T=20◦ 1.29Table 6: Hamamatsu Photonis Large Area APDmain harateristis.the neessary dynamial range. In Genoawe performed some tests on seleted sensorsprodued by Hamamatsu Photonis, modelSiPM S10931-025P. This SIPM is harater-ized by an ative surfae of3 × 3 mm2 subdi-vided into 14400 25 µm pixels. The e�etivequantum e�ieny is ≃ 25%.SiPMs layout A SiPM an be viewed asan array of avalanhe photodiodes detetors(APDs) working in Geiger-Mode, i.e. with aself-sustaining avalanhe proess, harater-ized by a positive feedbak mehanism. Thedetetor produes an avalanhe urrent (lim-ited by a series resistor) when a photon hitsone hannel and it is onverted into an eletron-hole pair. A quenhing mehanism is imple-mented into the devie to swith o� this ur-rent and let the SiPM hannel detet anotherphoton. The equivalent eletri iruit of asingle SiPM hannel is reported in Fig. 34.
CD is the internal apaitane, RQ is the re-sistor that provides the quenhing mehanismand RS is the series resistor that limits theurrent �owing into the detetor. Typially,
RS ≃ 1kΩ and RQ ≃ 300kΩ. VBD is theintrinsi potential of the P-N juntion, and
VBIAS is the external voltage soure used topolarize the SiPM: VBIAS > VBD.The swith takes into aount the avalanhemehanism, that orresponds to the �lose�state: the transition between the �open� and�lose� states is haraterized by two param-eters.� P01 is the trigger probability, i.e. theprobability that an inoming photon ini-tiate the avalanhe mehanism. This36



Figure 34: Equivalent eletri iruit of a singleSiPM hannel.parameter is related to the internal stru-ture of the SiPM and strongly e�ets thequantum e�ieny of the devie.� P10 is the probability to quenh the ava-lanhe mehanism by a statistial �u-tuation to zero of the number of arriersinto the high-�eld region.The time evolution of the output signal fora single hannel after a photon detetion (attime t0) an be divided into 4 steps:1. t < t0: there's no avalanhe. The swithis open, CD is harged to VBIAS andthere's no urrent �owing aross RQ.2. t = t0: the avalanhe starts. The swithloses, and CD disharges aross RS un-til it reahes the VBD potential, with atime onstant τ1 = RS · CD.3. t = t1: the quenhing mehanism stopthe avalanhe. The swith opens and
CD reharges to VBIAS with a time on-stant τ2 = RQ · CD.4. t > t2: the quenhing mehanism is over.The swith is open, there's no urrent�owing aross RQ.The output signal from the whole detetor isjust the sum of the signals from eah hannel.

Figure 35: Time evolution of the eletri signalfrom a SiPM hannel: ID is the urrent arossthe quenhing resistor.Photon ounting and saturation Sine ina SiPM eah hannel is working in GeigerMode, it produes the same output signal in-dependently of the number of photons hittingit: this fat introdues some non-linearitieswhen reonstruting the intensity of the ini-dent radiation. When a SiPM with Nc ellsand quantum e�ieny ε is hit by Nph optialphotons the number n of interations that anlead to the avalanhe in eah ell is a Poissondistribution with mean number Nph · ε Nc :
Pn =

exp(−Nph·ε

Nc
)(

Nph·ε

Nc
)n

n!
(7)Consequently, eah ell an produe its signalwith probability given by:

Pcell = (1 − P0) = 1 − exp(−Nph · ε
Nc

) (8)The distribution of ative hannels in thewhole SiPM is binomial, with mean value givenby:
NON = NC ·PCELL = NC ·(1−exp(−Nph · ε

Nc

))(9)From eq. 9, the relation between the num-ber of inoming photons and �ring ells is lin-ear as long as Nph ≪ NC : for higher intensi-37



Figure 36: Shematis of the experimental setupfor the measure with SiPM.ties, a non-linear relation holds.We measured the response of the Hama-matsu S10931-25P SiPM as a funtion of theinident light intensity: the measurements wereperformed using a laser as light soure withthe setup shown in Fig. 36. The experimentalsetup onsists of:� a Hamamatsu Photonis K.K. M 10306-06 laser. The laser power is 63mW witha pulse duration of 101 ps. The laserwavelength is entered at 439 nm, wellmathed to the emission spetrum of thePbWO4 rystals that will be used in theFT alorimeter. The laser ontroller al-lows to vary the power and the laserpulse rate, providing an external triggersignal through the SYNC OUT onne-tor;� optial �bers, splitters and mehanialsupports to onvey the light from thelaser to the sensor under test and to apower meter (Newport M 2930 C) lo-ated outside the box;� a variable attenuator (Crisel InstrumentSRL BB-500-11-440-50/125-M-35-33-3-1-ND) inserted between the laser andthe light sensor in order to vary the lightintensity. The attenuator is mathed tothe wavelength of the laser light and op-erates from 0 to -40 dB.
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Parameter Measure Conditions ValueFill Fator 30.8Ative Area (mm2) 3 x 3Quantum E�ieny λ = 420 nm 25%Spetral Response Range 320 to 900 nmIntrinsi Capaitane CJ 320 pFDark ount T=25◦, 0.5 phe threshold 4 MHzGain 2.75 · 105Table 7: Hamamatsu Photonis S10931-025PMPPC teh spes.This additional ontributions are larger thanthe deviation of the measured points from thelinear funtion. The maximum number ofpixel �ring is of about 500 for a light powerof 1 µW. Considering that the quantum e�-ieny of this sensor is expeted to be of theorder of 25%, the number of inident pho-tons an be estimated to be of ∼2000. Thisnumber is still fairly small with respet to thenumber of pixel of this sensor and thereforethe good observed linearity is onsistent withexpetations. For the Gaussian �ts, an addi-tional hek was performed omparing the σfrom the �ts with the �utuations expetedbased on the �tted pixel number. For a purestohasti proess, the σ of the Gaussian inin fat expeted to be equal to √
NPE. Thedata are onsistent with this ondition with10%.subsubsetionLAAPD vs SIPM After on-sidering the di�erent advantages and disad-vantages of APD and SiPM, we deided touse the LAAPD. The main reason is relatedto the unknown tolerane of SiPM to radia-tions. APDs requires a more omplex signalproessing, higher gain preampli�er, betternoise shielding et., but this tehnology hasproved to work pretty well for CMS and IC-Cal and is the same hosen by the PANDA-EC.2.3 FE & RO eletronis2.3.1 The Orsay preampli�er: FT-OrsayThe APD urrent signal is onverted to avoltage pulse whih is transmitted to the sub-sequent eletronis hain via a trans-impedane39



Figure 39: Front and rear view of an ampli�erboard.ampli�er (i.e. an ampli�er whih onverts aninput urrent pulse into an output voltagepulse, without performing any time integra-tion). This ampli�er has been developed inollaboration with the �Servie d'EletroniquePhysique� (SEP) of the �Institut de PhysiqueNuleaire� (IPN) in Orsay.Ciruit Desription The shemati of theampli�er, exluding the HV bias network, isshown in Fig. 40. The �rst stage is basedon a BJT NPN transistor in a ommon-baseon�guration, while the seond and the thirdare based on operational ampli�ers in a non-inverting on�guration. The two BRF182 havebeen hosen sine they are low noise bipolartransistors (the noise �gure F is 0.9dB for I= 2 mA at 900 MHz), with a high ut-o� fre-queny. The DC harateristis of the �rststage an be easily alulated negleting thesmall base urrent (Ib ≃ 0) and therefore Ie =
Ic. Sine the base is onneted to the ground,the emitter voltage Ve is equal to the base-to-emitter drop-o� Vbe = −0.76V . The emit-ter urrent is then given by Ie = VEE−Ve

Re
=

630µA, and equal to the olletor urrent Ic.A urrent pulse at the input orresponds to avariation in the emitter urrent ie. Consider-ing that the variation in the olletor urrent
ic is the same, the voltage signal at the ol-letor is given by: vc = ie · Rc. The urrent-to-voltage gain of the �rst stage is given bythe olletor resistane, G1 = Rc = 3.9kΩ.The input impedane of the �rst stage an bealulated using the hybrid-pi model for theBJT, obtaining Rin = VT

Ie
, where VT is the

Figure 40: Shemati of the ampli�er: the DCharateristis are reported in red.thermal voltage: for T=300 ◦ K, Rin = 41Ω.The seond transistor is just a voltage fol-lower to deouple between the �rst stage andthe seond one. The seond stage is om-posed by a OPA694 operational ampli�er in anon-inverting on�guration: its gain is givenby G2 = 1+
Rf

R
= 2.7. This stage is oupled tothe �rst one trough a 100 nF apaitor to re-move the DC omponent of the signal omingfrom the seond transistor. In the third stagean AD8067 operation ampli�er is used for itshigh bandwidth (54 MHz for a gain of 10) andbeause it is a rail-to-rail ampli�er, letting themaximum output signal to be 5 V; the gainin bandwidth of this stage is G3 = 8.7. Thebandwidth of the ampli�er is limited by theolletor resistane Rc of the �rst stage andby the olletor apaitane Cc. The ut-o�frequeny is given by fcut = 1

2·π·Rc·Cc
. With

Cc = 2pF , fcut = 20.5MHz.Performanes The overall urrent-to-voltagegain of the transimpedane ampli�er is givenby the produt of the gains of the three dif-ferent stages: G = G1 · G2 · G3 = 91kΩ. Theharge gain (i.e. the ratio between the hargedelivered by the input urrent pulse and theharge measured by a harge integrating de-vie fed with the ampli�er output signal) isgiven by Gc = G
Zin

, where Zin is the inputimpedane of the harge-integrating devie.For Zin = 50Ω, Gc ≃ 1800. Figure 42 showsthe measured harge gain for a prototype of40
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Figure 41: Measured harge-to-voltage gain ofthe Orsay ampli�er.
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Figure 42: Measured harge-to-harge gain of theOrsay ampli�er.the FT-Orsay ampli�er. It is not possible tode�ne the harge-to-voltage gain of this am-pli�er without onsidering the time strutureof the input urrent pulse sine the ampli-�er does not perform a harge integration ofthe input signal. Fig. 41 shows the mea-sured gain when a signal generator is oupledvia a 4.7 pC injetor apaitane. The signalrise time is 20 ns, similar to the rise time ofthe signal produed by the APD oupled tothe PbWO4 rystal. The measured value is
Gv = 3.36 ± 0.04V/pC. The setup to mea-sure the two gains (Gv, Gc) is reported inFig. 43. C is a known apaitor (4.7pF ±2%)used to injet the input harge into the ampli-�er. The outputs signal is analyzed by a digi-

Figure 43: Setup used to measure the harge-to-voltage gain of the Orsay ampli�er. R=50 Ω isused to terminate the oaxial able.tal osillosope (model LeCroy �WaveRunner6100A�, 5 GS/s, 1 GHz bandwidth) and inte-grated is a 100ns gate.The ampli�er intrinsi noise has been mea-sured with the same experimental setup de-sribed above, for di�erent working tempera-tures (−20◦, −10◦, 0◦,10◦,20◦) using di�erentapaitors plaed in parallel to the input tosimulate the detetor apaitane. The RMSof the output signal has been measured andthe ENC† has been alulated aording to:
ENC =

RMS

Gc · qe

e− (rms) (10)Figure 44 shows the results obtained withfour di�erent input apaitanes at di�erenttemperatures. The relationship between theoutput noise and the input apaitane is notlinear, but exhibits a sort of �saturation� forhigh values of Cd. The temperature depen-dene is weak.For an operating temperature of +20◦ themeasured noise of the preampli�er, with a de-tetor apaitane of Cd=280 pF, the same ofthe LAAPD we are planning to use, is:
ENC = (9000 ± 100) e− (rms)Fig. 45 shows the ampli�er power onsump-tion as a funtion of operating temperature,

†The ENC, �equivalent noise harge� is de�ned as theharge transported by that input signal giving, at theoutput of the ampli�er, a signal whose amplitude is equalto the RMS of the output noise.41
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Figure 45: Measured power onsumption of theOrsay ampli�er as a funtion of the operatingtemperature.inluding the total power and the single on-tributions from the +5 V and -5 V supplylines‡. For T=+18◦C the power onsump-tion is ≃ 140mW , with equal weighs fromthe +5 V and -5 V supply lines. This valueslightly dereases while dereasing tempera-ture, down to 135 mW at -20 ◦C. Measure-ments did not show any dependene of thepower onsumption on the event rate, up to500 kHz.
‡Measurements have been done with an input signal tothe ampli�er equivalent to ≃ 100 MeV deposited in thePbWO4 rystal.

Figure 46: Layout of one of the two half of theFT-Cal motherboard.Future upgrades Some modi�ations of theurrent design of the FT-Orsay ampli�er havebeen tested to hek the design against futurerequirements of the experiment. In partiu-lar we hehed the possibility of reduing thegain without a�eting the overall preamp per-formane (noise, dynami range energy andtime resolution ...). The simplest way is toderease the gain of the seond stage. Thisgiven by G2 = 1 +
Rf

R
, Rf being the feedbakresistane and R the inverting resistane. Ran be inreased to derease G2, down toG2 =

1, i.e. non-inverting voltage follower. Thismodi�ation has been tested and shown tonot a�et the performanes of the ampli�er.2.3.2 FT-Cal motherboardA ustom PCB motherboard has been de-signed by INFN-Genova Eletroni Group todistribute LV and HV to eah preampli�erand ollet output signals. FT-Cal hannelsare divided in two symmetri groups, eahoupled to a idential PCB. The motherboardhas two rigid ears hosting signal and volt-age onnetors outside the thermal insula-tion. Figures 46 and 47 show the mother-board layout and full assembly in the bak42



Figure 47: The FT-Cal motherboard mounted inthe FT-Cal.side of the FT-Cal.2.3.3 Readout eletronisAfter the ampli�ation, the signal has to beaquired via a proper DAQ system and pro-essed to extrat the relevant physial infor-mation: the energy deposited in the PbWO4rystal and the time of the interation. TheCLAS12 DAQ system in not based on on QDCsand TDCs, as for the CLAS detetor [19℄, butit makes use of fADCs: the signal is ontinu-ously digitized by a fast �ash analog to digitalonverter, and, if a trigger ondition is satis-�ed, samples are stored for further analysis.TDCs (multi-hit) are still present in the sys-tem. The main advantages of this solution,ompared to the �standard� one, are the fol-lowing:� Instead of only having the informationof the harge, fADCs reord the wholewave form, as a sequene of samples.This o�ers the opportunity to perform amore sophistiated o�-line analysis, e.g.by appling some digital algorithms to �l-ter signals from noise before alulatingthe harge.� The digitization is ontinuous and theaquired samples are stored in a irular

Figure 48: Top: the existing CLAS DAQ sys-tem, based on QDCs and TDCs. Bottom: theDAQ system for CLAS12, inluding fADCs anda smart trigger logi.bu�er inside the fADC. When a triggeris sent to the board the urrent bu�eris freezed and ready for readout, whilethe aquisition ontinues, writing to an-other irular bu�er reduing the dead-time of the system.� There is no need to use delay ables,sine the lateny between the waveformdigitization and the trigger arrival is pro-grammable up to 8 µs (existing CLASdetetor has more than 50 km delay a-bles just for TOF!).Finally, the use of fADCs gives the opportu-nity to develop a �smart� trigger logi: sim-ple information about signal shape, time andharge are available on-line, and more sophis-tiated seletion algorithms an be used toform the trigger. For more details about DAQand trigger, see Se. 7.fADC Je�erson Lab developed a ustomfADC that will be used by all 12 GeV up-graded experiments. This board, based onthe VME64x standard, has a sampling rateof 250 MSamples/s, with an input range of2 V. The harateristis of the board are re-43



Figure 49: The JLab FADC.ported in tab.8. JLab-fADC is equipped witha Swithed Serial Extension (VXS),in addi-tion to the standard VME bakplane: it antransfer trigger information trough an high-speed serial data line (≃ 4 Gb/s) to a dedi-ated board, mounted into a speial slot intothe rate. This feature will be widely usedin the CLAS12 smart trigger (see Se. 7.3 formore details).TDC To preisely measure the interationtime, the FT-Cal will make use of ommer-ial TDCs developed by CAEN SpA,model VX1190A, the same used by the otherCLAS12 subsystems. Tehnial spei�ationsare reported in Tab. 9. It worth mentioningthat the time an also be derived by the dig-itized wave form stored by the fADC. Thetime resolution ahievable with this methodis, in general, worst than using a dediatedTDC but, in our ase, being the overall FT-

Parameter ValueInput signals 16Input range User seletable (0.5 V, 1 V,2 V)Sampling lok 250 MHzResolution 12 bits (8 bits available by hip replaement)O�set regulation ±10% FS, hannel by hannelTrigger lateny up to 8µsData memory 8 µsTable 8: JLab fADC spes.Cal timing dominated by the light statistis,a time resolution of few hundreds ps an beobtained. We are still onsidering the two op-tions: using only fADC or fADC + disrimi-nators and TDCs.Splitter A Y on�guration, passive resistivesplitter will be used to split the signal fromthe ampli�er, for the fADC and the Disrim-inator + TDC hain. The internal resistivenetwork is designed to have equal signals atthe two outputs. The possibility to performa non-equal division of the input has beenonsidered and will be applied, if neessary,to further adjust the overall dynami rangeof the system to the fADC maximum inputvoltage of 2 V. This devie has been proved tonot introdue any further noise ontribution.Possible modi�ations At the time this do-ument is being written, the JLab fADC �rm-ware is being upgraded to embed inside TDCand saler funtionality. This feature is stillunder test, but �rst results show that the ob-tained resolution is ompatible with that of astandard board. If this feature will be fullyavailable at the time of the FT-Cal onstru-tion, we plan to simplify our read-out haineliminating TDCs. Splitters will be kept asa path panel to onnet the 3M ables fromthe FT-Cal motherboard to the LEMO on-netors inputs on fADC boards, and to reduethe signal amplitude if needed (hanging theirdivision fator).
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Parameter ValueInput signals 128Dynami range 52 µsResolution 19 bitsLSB 100 psTrigger window width User programmable, from 25 ns to 100 µs.Table 9: CAEN VX1190A TDC harateristis.2.4 Slow ontrolsSlow ontrols for CLAS12 will be based onEPICS [34℄. For standard equipment, e.g.HV, LV we will use modules whih are re-ommended and supported by JLab and havestandard EPICS drivers.2.4.1 APD bias systemTo operate, eah APD needs to be reverse-biased with an high-voltage positive powersoure,(see also Par. 2.2.1). The APD in-trinsi gain depends on the bias voltage with
1

G
∂G
∂V

≃ 4% and therefore the power supplyneeds to be stable in time, with low outputnoise. The CAEN board A1520P is an exel-lent hoie: it has been expressly designedfor the APDs of the CMS eletromagnetialorimeter ful�lling all our requirements interms of dynami range, linearity and noise.Eah board is equipped with 12 independenthannels: after measuring eah APD intrinsigain as a funtion of the bias, we are planningto arrange them in group of tens, with rela-tive gain variations not greater than 5%.Inthis way, only three boards will be neessaryto power the whole detetor.2.4.2 Low voltagesThe ampli�ers used in the FT-Cal need tobe operated with +5 V and -5 V, as shownin Par. 2.3.1. The power onsumption fromeah of the two voltage soures is approxi-mately 70 mW, almost independent on theevent rate, giving a power onsumption of
≃ 140 mW per board, for a total of 56 W fora 400-hannels alorimeter. For lab testingand operations with FT-Cal prototypes, see

Parameter ValueOutput Voltage 0-500 VOutput Voltage resolution 1 mVOutput Noise < 20 mV ppVset vs Vout auray ±40 ppmThermal stability ±3 ppm ◦CTable 10: CAEN A1520P harateristis.Se.2.8.1 and 2.8.2, we used a Delta Elelk-tronika SM 18-50 dual power supply. Thiswould also be a suitable hoie for the wholealorimeter, being the maximum power (900x2W) greater than the requirement, and theoutput RMS noise su�iently small (≃ 2 mV )to not a�et the ampli�er behavior.The full FT-Cal will be powered by a Wie-ner MPOD universal low voltage power sup-ply. This hoie has been done to be fullyompatible with the CLAS12 slow ontrol sys-tem, that has hosen the Wiener system asthe standard low voltage power supply for thewhole experiment. The low-voltage require-ments of the detetor in terms of total power(∼30 W at +5 V and -5 V) and RMS noise(lower than≃ 5mV ) an be easily be ahievedusing the MPV8008L board. This model isequipped with 8 independent hannels, eahdelivering up to 40W at 8 V. Sensing is pro-vided to ompensate the voltage drop arossthe onneting ables.2.4.3 Chiller and T ontrolTemperature stability will be provided by aLauda XT150 hiller unit. This is a self reg-ulating unit and will not require EPICS on-trol, however, we will monitor the output tem-perature of the unit using the EPICS streamDe-vie module. The FT-Cal temperature willbe also be monitored by a set of PT100 thermo-resistors. For the prototypes operations weused an Agilent 34972A Data Logger. TheFT-Cal will use Omega modules whih havebeen standard for CLAS and have EPICS sup-port.
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Figure 50: Single rystal assembly: from thefront to the bak, the PEEK holding nose, thewrapped rystal, the LAAPD in the PEEK hous-ing, the FT-Orsay preapli�ers grounded with aCu plate.2.4.4 LED monitor system.The light monitoring system will use a multi-plexed LED �asher desribed in Se.2.6. Theurrent version is programmed via a USB in-terfae. For the �nal design an ethernet inter-fae will be used and EPICS support devel-oped based on the EPICS streamDevie mod-ule.2.5 Mehanial designThe mehanial design of the alorimeter ismainly driven by three onsiderations:� minimization of the empty spaes be-tween rystals;� ooling to 0◦C;� optimal overage of the requested aep-tane without interferene with the restof CLAS12.2.5.1 Single rystal assemblyThe building blok of the alorimeter is thesingle lead tungstate rystal. Eah rystalwill be 15 × 15 × 200mm3, for a weight of
∼ 370 g. Eah rystal must be optially ou-pled to a large area APD and to a pulsed lightsoure for alibration. To ahieve the maxi-mum light olletion e�ieny, the APD ov-ers almost the whole area of the downstream

Figure 51: Insertion of the rystals in the upperthermal/grounding shield.end of the rystal, so the LED for monitor-ing will be hosted on the upstream end. Thisre�ets onto the mehanial design of the sin-gle rystal assembly, sine we foresee to havea monolithi self-supporting element made ofthe rystal itself, the APD, the re�etive oat-ing of the rystal and some support stru-ture. To avoid dead volume in the detetor,the mehanial support for eah rystal willbe provided by the re�etive material. Wehose 3M Vikuiti re�etive �lm. This mate-rial is non ondutive, has a re�etivity higherthan alluminated Mylar one and, if properlyhot-formed, an hold the weight of a rys-tal. Eah rystal will be prepared as follows.First of all, a retangle of 3M Vikuiti �lm willbe hot-formed to �t the rystal shape. In themeantime, the APD will be glued with properoptial glue to one end of the rystal. Thenthe rystal with its APD and two properlyshaped PEEK bloks will be plaed in theVikuiti �lm and only the PEEK bloks willbe glued to the re�etive �lm. The resultingassembly has pins on both ends to be �xed toproper plates and the weight is transferred viathe PEEK bloks. Figure 50 shows the singlerystal assembly from the frontal PEEK sup-port to the FT-Orsay preampli�er. In Fig. 51is shown how eah rystal will be onnetedto the upper/grounding thermal shield.46



Figure 52: The upper thermal/grounding shieldwith the ooling pipes.2.5.2 Module designThe rystal assemblies will be installed in anarray to allow omplete shower ontainmentfor eletrons in the FT angular aeptane.Two opper plates, plaed upstream and down-stream the alorimeter, will provide load pathand positioning for the rystal assemblies. Onthe APDs side there will be ampli�ers foreah APD and a mainboard whih will pro-vide power supply and signal olletion foreah hannel. The ampli�ers will be installedto allow the replaement of eah one of themwithout dismounting anything else. The up-per thermal/grounding shield with the ool-ing pipes is shown in Fig. 52. A shaped op-per vessel will enlose the rystal assembliesto provide proper grounding and the requiredthermal stability and uniformity. A setionview of the omplete alorimeter is shown inFig. 53.2.5.3 CoolingThe FT alorimeter has been designed to op-erate between 0◦C to room temperature. Thistemperature will be ahieved via irulationof oolant in a iruit welded on the rear op-per plate and on the inner and outer op-per vessels. The ooling system has been de-signed to ompensate the heat inlet oming

Figure 53: Cross setion of the FT alorimeter:in blak, the rystals, upstream the PEEK for-ward bloks and the forward opper plate, down-stream the rear opper plate, the preampli�ers(in green) and the mainboard (in white), in lightblue and yellow, part of the insulation.from the outside world, taking into aount
20mm of insulating foam (Polyisoianurate,delared thermal ondutivity 0.024W/m·K)and from the ampli�ers, whih are expetedto dissipate ∼ 150W.The insulation is less e�etive between thealorimeter and the inner tungsten pipe. Therethe maximum allowable thikness for the in-sulation is smaller than 20mm, there is noonvetion with air but the ondution in thetungsten pipe and there are the PEEK rodsthat provide the path load for the alorime-ter. In that region, the e�etive ondutaneis 0.056W/m·K over 20mm.We have performed Finite Elements al-ulation to evaluate the needed ooling powerand the temperature distribution on the de-tetor, and the result is that we an man-age to ahieve the design temperature anduniformity, but the inner tungsten pipe andthe tungsten one are expeted to stabilizeat a temperature just above than the dewpoint. A typial temperature map is shownin Fig. 54.
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Figure 54: Temperature distribution on the FTalorimeter obtained taking into aount theheat dissipated by eletronis, air onvetion andheaters upstream and downstream the insulation.Note that the sale is not homogeneous, to ap-preiate small variations at lowest and highesttemperatures.2.6 Light Monitoring SystemLead tungstate sintillating rystals are knownas an appropriate material for use in total ab-sorption shower detetors. Unfortunately, al-though relatively radiation tolerant, they dolower their light output when exposed to radi-ation and reover when the radiation soure isremoved. Extensive studies performed at theInstitute for High Energy Physis (IHEP) inProtvino, Russia, on�rmed that the PbWOlight output hanges with the irradiation doserate. Dediated measurements showed thatdegradation of light output in PbWO rys-tals under pion irradiation with dose rates upto 20 rad/h ours due to light transmission

loss only, rather than hanges in the sintilla-tion mehanism [35℄. Further ompliationsarise beause at the same irradiation inten-sity, hanges in light output may vary fromone rystal to another [36℄ [37℄. In order tomaintain the intrinsi energy resolution, rys-tals have to be ontinuously monitored andif neessary, realibrated. Sine rystals areoupled to a light sensor, an APD in ourase, the monitoring system should be ableto test the response of the whole hain: rys-tal, APD, redout eletronis rather than toonly measure the hange in light transmis-sion. In partiular it will be used for mon-itoring the hannel mathing and the rys-tal transpareny, the optial ontat betweenrystals and sensors, preampli�er gain andstability, the linearity of the entire eletronisetion and the timing. Sine the PbWO4light yield and the APD gain depend on thetemperature a stable formalization ,with∆T =
0.1◦C, is required.There are di�erent options available, basedon di�erent methods:� Monitoring with a radioative soure,for instane a small YAP sintillator withan alpha emitter deposed on top is ou-pled to eah hannel. Despite an ex-ellent stability of the emitted light thismethod presents some disadvantages: the�xed light output doesn't allow to varythe intensity to hek the system linear-ity; the measurement of the relative tim-ing is not possible beause the souresare independent and are not to trigger-able by an external signal.� Monitoring with a laser. In this ase thelight intensity an be varied in a ho-sen range and the light pulse generationan be ontrolled via an external triggersoure. However lasers are in generalvery omplex and are very sensitive tovariations of environmental onditionssuh as temperature. This method hassome other disadvantages related to theomplex optial-�bers system to distribute48



the light to the rystals.� Monitoring with a LED. In spite of theneed of a thermal ontrol, LEDs o�eronsiderable advantages: mathing withrystals is more simple than for lasers,sine eah rystal an have a LED infront of it and the arrangement of ele-tri wires is less ritial than optial �bers.The main disadvantage is related to theomplexity of the eletri iruitry: toover a large light range keeping a goodtiming, eah LED needs a separate driverleading, for alorimeter of signi�ant size,to a large number of eletroni iruits.Many eletromagneti alorimeters based onPbWO tehnology used a monitoring system:CMS-EC (CERN LHC) adopted a laser mon-itoring system; the signal was distributed tothe rystals through optial �bers. PANDA-EMC (FAIR), developed a LED monitoringsystem onsisting in few LED bloks that il-luminate 1000-1200 rystal at time; the lightdistribution is ahieved via an optial-�bersystem. ALICE-PHOS alorimeter (CERNLHC) used a LED monitoring system witheah rystal oupled to a single LED/driver.For the FT-Cal, we are developing a moni-toring system based on LEDs. LEDs havea number of advantages, in partiular it ispossible to obtain a shape and a durationof the monitoring-light �ash that would besimilar to the features of the rystal sin-tillation. In fat: the emission spetrum ofthe monitoring light an be hosen similar tothe radio-luminesene spetrum of PbWO,the e�etive optial path length for monitor-ing light in the rystal an be mathed tothe average path length of the sintillationlight produed by an eletromagneti shower,and pulse length an be tuned to reproduethe PbWO sintillation deay time. Theserystals have a rather omplex emission spe-trum, onsisting in two main omponents: oneblue, peaking at 420nm and one green, peak-ing at 480-520 nm. Fig. 55 shows the emissionspetrum of PbWO4 rystal (blue), ompared

Figure 55: Emission spetrum of PbWO4 (blueplot)with the longitudinal transmission (red). Tooptimize the monitoring of the rystal lightoutput hange, we are using a blue light LED,with wavelength lose to the 430 nm emissionpeak of the PbWO4 rystal and where theradiation damage may have the maximum ef-fet.Considering the design performane of theFT-Cal, the monitoring system requirementsare listed below:� The alibration fator of eah hannelshould be determined with a relative a-uray better than 5 ∗ 10−3 to ahievethe required energy resolution.� The LED housing should be loated onthe upstream fae of eah rystal, at theopposite end respet to the light sensorsand eletronis.� The LED intensity should adjustable ina range from 500 to 100.000 photons.� The Pulse rise time should be in therange from 500 ps to 2 ns.� The Time jitter (hannel by hannel)should be ≤ 200 ps.� The Pulse frequeny should be in a rangefrom 10 to 100 Hz.� The LED wavelength should be lose to450 nm.49



Figure 56: Charge distribution (up) and time dis-tane between trigger and PMT signal distribu-tion (down)� The work temperature should be from+15 to -25 Celsius.� The LED light emission spread (hannelby hannel) should be within 10%.We assume that eah LED, plaed in the losedenvironment of the rystal, will be kept atonstant temperature with an auray of∆T =
0.1◦C. The monitoring system has to showa long-term stability, omparing results fromseveral monitoring runs, a and short-term sta-bility, during a single monitoring run. Thestability an be haraterized by measuringthe variations of the monitoring-signal ratioR of two di�erent hannels. In both asesa relative spread of few part per mill is re-quired (σR/〈R〉 < 5 ∗ 10−3). We initiallylooked for some ommerial solution �ndinga LED system developed by CAEN ompanyas part of their SiPM evaluation kit. The sys-tem is based on a fast eletroni iruit driv-ing a blue LED (λ=470 nm). Light is guidedto the light sensor via an optial �ber. TheLED light intensity an be manually varied,

Figure 57: Blok diagram of the FT-Cal LEDalibrator.while the trigger an be given either via an in-ternal or an external soure. We performed aset of measurements by using a PMT (Hama-matsu R2083) as light sensor, to haraterizethe harge released and the time property ofthe driver. Figure 56 shows the harge dis-tribution (up) with a spread of 3.5% and thetiming resolution (down) that is about 45 ps.The CAEN driver has exellent time prop-erties with a very small jitter largely exeed-ing out requirements but the requirements onthe dynamial range, the light distributionand the FT-Cal geometry alled for a non-ommerial solution. For this reason, in ol-laboration with the Eletroni Servie of theINFN-GE, we developed a ustom iruitry.2.6.1 INFN-LEDMON prototypeThe LED monitoring system is splitted in twoboards: one ontaining the ontrol logi andthe LED driver iruits, and the other, to bemounted in front of the FT-Cal rystals, host-ing the LEDs. The two boards are onnetedvia a board-to-board onnetor allowing therequired �exibility to math the FT-Cal ge-ometry and positioning. The shemati is re-ported in Fig. 57. The meaning of the di�er-ent bloks is reported below:� 1. Adjustable ontrol voltages genera-50



Figure 58: The experimental set-up used to mea-sure the performane of the NFN-LEDMON pro-totype.tor. This iruit is omposed by a dou-ble 12bit DAC and some OpAmps Itgenerates two voltages to independentlyontrol the LED pulse width and the theLED urrent. The two voltages are ad-justable via the I2C bus in the ranges 5to 15 ns and 5 to 25 mA respetively.� 2. Programmable lok generator. Thisiruit is omposed by a quartz osil-lator and a synhronous programmablefrequeny divider. It generates a squarewave used by the pulse module as a trig-ger. The frequeny is programmable viathe I2C bus from 62.5 Hz to 8 KHz.� 3. Internal/external lok swith. Viathe I2C bus, this swith/bu�er sets theinternal or external lok to be sent tothe pulse module. An output syn sig-nal is available. The iruitI2C bus.� 4. I2C address deoder. It is used toaddress any single LED by means of arows/olumns grid.� 5. Pulse module. This module is om-posed by N pulse iruits (N=16 for theProto-16 and N=332 for the FT-Cal de-tetor). Eah iruit is apable to powerits LED by means of two VHF tran-sistors ontrolled by a fast di�erentialvoltage omparator that sets the pulsewidth. A third transistor, ontrolled byan OpAmp ontrols the LED urrent.

Figure 59: Number of photoeletrons as a fun-tion of the driver urrent. The orresponding en-ergy per rystals range form 10 MeV to 10 GeV.� 6. USB to I2C Module. This is an exter-nal, ommerial board onneted to themainboard logi via a 5V/3.3V voltagetranslator.� 7. LAN to I2C module. This is an-other external, ommerial board basedon the PIC32 miro-ontroller onnetedto the mainboard with a high densityboard-to-board onnetor.� 8. LED board. This board is populatedonly by LED (blue) and diodes. Somespeial are is taken to ouple LED torystal to avoid rosstalk between dif-ferent hannels.Eah LED is individually lighted by a pro-grammable lenght and intensity pulse. It isalso possible to simultaneously swith on a setof LED with a programmable pattern. Thesystem is triggered by an internal lok or byan external signal. In both ases the trig-ger signal is available for a preise time ref-erene. The performane of the LED driverhas been measured oupling a single moni-toring hannel to a photomultiplier. The ex-perimental set up is shown in Fig. 58. Thedriving pulse is very narrow (5ns) keeping asmall width when onvoluted with the LEDemission (<20ns), being the PMT (Photonis51



Figure 60: Time resolution measured as the dif-ferene of trigger signal and the PMT pulse.XP2262B) time response negligible. Resultsonerning the dynami range and the timeresolution are reported in Figs. 59 and 60.Figure 59 shows the measured photoeletronsas a funtion of the led urrent. Resalingresults to take into aount the APD read-out and the rystal LY/MeV the equivalentenergy ranges from 10 MeV (500 phe) to 10GeV (500k phe) perfetly mathed to the ex-peted energy olleted by eah rystal. Fig-ure 60 shows the measured time resolution asa funtion of the number of photoeletronsde�ned as the sigma of the time di�erene dis-tribution between the trigger signal and thePMT output. The PMT time resolution hasnot been subtrated by the data. A time res-olution of ∼100 ps is reahed at high lightintensity. The two plots show that a gainmathing between di�erent rystals exploringthe whole dynamial range and a time jittermeasurements are possible running the LEDmonitoring systems in the two di�erent se-tups. As an example of the stability in timeof the system, Fig. 61 and 62 show hannels5 and 13 of the Proto-16 at the beginningand at the end of 100h (∼ 4 days) run atT=+18OC. The stability of eah individualhannel is in the range of 2%. When the ra-tio of the two hannels is onsidered, Fig. 63,the stability is at level of few h. The plots

Figure 61: Stability of Proto-16, hannel 5, mea-sured at the beginning and at the end of 100hrun at T=+18OC

Figure 62: Stability of Proto-16, hannel 13,measured at the beginning and at the end of 100hrun at T=+18OCrefer to data samples taken in few minutes,running the LED driver at 1 KHz to avoidany temperature drift and minimize other in-stabilities.The LED monitoring system an be re-motely ontrolled via ethernet and USB ports.The USB is used for debugging and easy pro-gramming while via ethernet an EPIC serveran be downloaded and run on the miro-ontroller.2.6.2 INFN-LEDMON �nal designThe �nal LED monitoring system to be in-stalled in the FT-Cal will split the drivers andthe LEDs on 6+6 ards. A further ontrollerard, ontaining the ommon iruits, will beadded. The following paragraphs give a shortdesription of the various bloks and the maindi�erenes respet to the prototype. The lay-52



Figure 63: Stability of Proto-16, ratio of hannel5 and 13, measured at the beginning and at theend of 100h run at T=+18OC

Figure 64: Layout of the INFN-LEDMON sys-tem.out of the new design is shown in Fig. 64.Control board The sheme of the new on-trol board is shown in Fig. 65.1. Same as the previous version2. This blok is the same as in the INFN-LEDMON prototype,is kept for debugging.The LAN only will be used to ontrol the al-ibration system.3. Same as the previous version. Probablya miro SD ard will be added in order tostore the neessary software.4. Same as the previous version with somemore bu�ers will be added sine the lok sig-nal is now sent to several pulse boards.5. This is a new module required to on-trol and power the expeted number of han-

nels.Pulse module The sheme of the new pulsemodule board is shown in Fig. 66.1. This module is simply a I2C to 64bitdeoder. Every bit enables a LED.2. In INFN-LEDMON prototype the volt-age referene module was used only by theDAC. In this new version the referene volt-age is also used by the pulse generator to havea more stable pulse duration.3. This blok is similar to the previousversion exept than now it generates only theurrent ontrol voltage. The pulse duration is�xed to 5ns beause from the tests we under-stood that this adjustment an be eliminated.4. In the previous system a urrent ontrolfor eah LED was provided and al the pulsemodules were powered. In the �nal versiona single urrent ontrol is provided and onlythe enabled pulse module is powered in orderto redue power onsumption and rosstalkbetween hannels.5. These modules produe the urrentpeaks neessary to the LEDs. As alreadywritten only one module a time is poweredand only the related LED will �ash.LED board This board is populated onlyby the LEDs and their ounter diodes. TheINFN-LEDMON prototype used a 2 layersboard; in the �nal version, two further groundlayers will be added to improve signal shield-ing.We are in the proess of testing a new pro-totype based on the new design. Results willbe inluded to a newer version of this dou-ments as available.2.7 FT-Cal simulationsDetailed simulations of the FT-Cal have beendone with the GEANT4-based Monte Carloode for CLAS12, GEMC [39℄ to understand53



Figure 65: The ontrol board of the INFN-LEDMON system.

Figure 66: The pulse module of the INFN-LEDMON system.the alorimeter performane and optimize itsdesign.2.7.1 GeometryThe geometry was implemented in GEMC,assuming the FT-Cal made of PbWO4 rys-tals. Fig. 67 show setions of the detetor inthe GEANT4 viewer. The alorimeter, on-sisting of 332 rystals, was plaed at a dis-tane of 188.6 m from the CLAS12 nomi-nal enter. The rystals have a retangularshape with a setion of 15 × 15 mm2 and alength of 200 mm, orresponding to about 23radiation lengths. The rystals are arrangedaround the beamline to over angles from 2◦to 5.5◦ to ontain the eletromagneti showerprodued by eletrons in the angular range

Figure 67: Full view (top) and setion view (bot-tom) of the FT as implemented in the CLAS12GEANT4 simulation ode. The rystals (pur-ple) are enlosed in the opper ase (orange) thatats as thermal shield. This is supported by thetungsten beam pipe (green) and surrounded bythermal insulation material (white). The FT-Hodo (blue) and FT-Trk (red-gold) are plaed infront of the FT-Cal. The extension of the FT-Calmotherboard (dark green) and the FTM fron-endeletroni rates (green), loated along the dire-tion of the torus oils are also shown. A tungstenone (orange) is loated in the upstream regionto shield the detetor from eletromagneti bak-ground.54



from 2.5◦ to 4.5◦. The rystals are plaedinside a opper ase that ats as a thermalshield. A tungsten up, omposed by a thikplate and a onial struture, is loated onthe rear part of the rystal assembly, outsidethe opper ase to shield the forward part ofCLAS12 from shower leakages. In addition tothe rystals, the other omponents of the FT-Cal, suh as the PEEK supports, APDs, PCBmotherboard and thermal insulation, are re-alistially desribed in the geometry imple-mentation. Simulations were run inludingthe other omponents of the FT (see Se. 8)and the Møller shield to have a realisti de-sription of all the materials partiles wouldross and an aurate determination of bak-grounds.2.7.2 DigitizationThe energy deposited in the FT-Cal rystalsby inident partiles is transformed into theorresponding eletrial signal as follows. Foreah step i generated by GEANT while trak-ing partiles in the ative volume, the energydeposited, Ei, and the time of deposition, Ti,are evaluated and saved in arrays. The in-formation related to steps ourring in thesame rystal within a user-seleted time win-dow are grouped, de�ning a hit. For the FT-Cal, this time window was �xed to 4 ns, orre-sponding to the sampling time of the fADCsthat will be used for the signal readout. Foreah hit, the values of Ei and Ti are analyzedto determine to overall energy and time in-formation as well as the related digitized in-formation orresponding to the output of thereadout eletronis (fADCs and TDCs). Themain steps of the hit information proessingare outlined in the following.Energy:� the values of deposited energy, Ei, ineah hit are summed to determine thetotal deposited energy Etot;

� the total energy Etot is multiplied by a�xed light yield to estimate the numberof optial photons generated in the sin-tillator NOP ;� the number of optial photons reahingthe rystal fae, NF , where the light sen-sor is loated is then estimated as NF =
NOP × fLT where the fator fLT rep-resents the light transmission e�ienyin the rystal and was hosen in orderto reprodue the values measured in thelaboratory tests;� the number of optial photons hittingthe sensor surfae is de�ned as NS =
NF × Asensor/Acrystal, where Asensor isthe ative area of the sensor and Acrystalis the rystal fae area;� the number of eletron-hole pairs, Neh,reated in the sensor by the inidentlight is extrated randomly aording toa Poisson distribution with mean equalto Neh = NS×QEsensor, where QEsensoris the e�etive quantum e�ieny of thesensor evaluated as the onvolution ofthe quantum e�ieny reported on themanufaturer data sheets with the lightemission spetrum of the sintillator;� the signal produed by the sensor is ob-tained multiplying the number of eletron-hole pairs, previously determined, by thesensor gain G; for APDs the gain is ran-domly seleted with a Gaussian distri-bution with the mean orresponding tothe set gain, e.g. 150, and the sigmaaounting for the gain �utuations in-dued by temperature or supply volt-age variations within 0.1◦ and 10 mV;using the values of dG/dT and dG/dVmeasured experimentally and reportedin Setion 2.2.1, the total gain �utua-tions are of the order of 0.33%;� the e�et of the preampli�er noise is in-luded summing to the sensor signal arandom number extrated aording to55



a Gaussian distribution with zero meanand sigma equal to the preampli�er in-put noise (ENC) of 9000 eletrons; thisnoise level orresponds to energy �utu-ations of the order of 1.6 MeV on a singlerystal operated at room temperature.� the resulting number of eletrons is mul-tiplied by the preampli�er gain (1800)to obtain the output signal; this is thenonverted in Coulomb and �nally in ADChannels aounting for the resolution ofthe eletroni boards.Time:� the time values of eah step in one hit,
Ti, are averaged to de�ne the hit time,
T ;� the arrival time of the optial photonson the sensor, TS is evaluated summingto the hit time T the propagation time
L/vlight, where L is the distane betweenthe hit position and the sensor and vlightis the veloity of light in the rystals;� the �nite time resolution of the systemis aounted for summing to TS a ran-dom number extrated aording to aGaussian distribution with zero meanand sigma set equal to 200 ps;� the resulting time value is onverted intoTDC hannels aounting to the timeresolution of the boards of 25 ps.Using this algorithms, the output informationprovided by GEMC for eah simulated eventontains for eah hit the rystal ID, the en-ergy deposited Etot, the time of deposition T ,the oordinates of the hit position, the identi-�er of the partile induing the hit, the fADChannels and TDC hannels.2.7.3 Shower reonstrution algorithmThe output of the GEMC simulation were an-alyzed to determine the energy and time reso-lution. A luster algorithm was developed to
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Figure 68: Top: number of rystals involved in aluster indued by eletrons with energy of 0.5-4.5 GeV, assuming a 10 MeV equivalent thresholdon the single-rystal signal. Bottom: energy dis-tribution of the single rystal signal for the sameevents.identify the ourrene of an eletromagnetishower indued by an eletron or a photon,group the rystals involved and determine thetotal energy and time of the shower.The lustering algorithm identify �rst thehit with the highest energy deposition and as-soiate to it other hits ourring in adjaentrystals within a hosen time window. Thesame proess is repeated for eah of the se-ondary rystals assoiated to the �rst, addingto the luster all the hits with a transversedistane from the primary hit less than threetimes the Moliere radius, until a spae or timegap is found.After the �rst luster is identi�ed, the samealgorithm is applied iteratively to the remain-ing hits, until they are all assoiated to a lus-ter. Assuming an equivalent threshold of 10MeV on the signal deteted in the single rys-tal, the number of rystals involved in a lus-56
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the alorimeter, by uts in the lustering al-gorithms and thresholds in the hit detetion.An example of the di�erene between the re-onstruted luster energy and the simulatedeletron energy is shown in the top panel ofFig. 69. This was obtained assuming an equiv-alent threshold on the APD signals of 10 MeV:the leakage varies from ∼ 80 MeV (16%) for500 MeV eletrons to ∼ 300 MeV (6.6%) for4.5 GeV eletrons.One the geometry of the detetor, thedigitization and reonstrution algorithms are�xed, this e�et an be easily orreted for,by parametrizing the leakage as funtion ofthe reonstruted luster energy and positionin terms of an analyti funtion and applyingthe orretion. In this spei� ase, the de-pendene of the di�erene between the reon-struted luster and simulated eletron ener-gies was �t to a 4th-order polynomial funtionwhih was then used as an additive orretionto the reonstruted luster energy. The �-nal dependene of the di�erene between or-reted luster energy and simulated energy isshown in the bottom panel of Fig. 69.2.7.5 Energy ResolutionThe energy resolution was estimated from theGEMC simulation assuming di�erent thresh-olds on the single rystal readout and dete-tor geometries. The distribution of the dif-ferene between the reonstruted luster en-ergy and simulated energy for a �xed eletronmomentum was �t with a Gaussian funtionand the σ from the �t was used to determinethe energy resolution.Fig. 70 shows the values obtained for ele-tron momenta between 0.5 and 4.5 GeV, as afuntion of the eletron (top) and virtual pho-ton (bottom) momenta. The points of di�er-ent olors shows the resolution for di�erentonstraints on the luster reonstrution:� light-green: no threshold on the singlerystals and no spae onstraints on thetransverse size of the luster,57
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E ⊕ 0.5)%.Dependene on the rystal sizeThe results desribed in the previous se-tion were obtained for a rystal size of 15 ×
15×200 mm3. While the transverse size of therystals was �xed based on onsiderations re-lated to the PbWO Moliere radius (∼ 2 m),the length was hosen based on the availablespae and of the results of a study of thedependene of the energy resolution on thisparameter. Given the available spae, therange of rystal length that ould be onsid-ered is from about 12 to 26 m. Fig. 71 showsthe results of these simulations assuming a10 MeV equivalent threshold on the rystalsignal. The resolution both for the detetedeletron and for the inferred virtual photonenergy shows a signi�ant improvement when58



the rystal length is inreased from the thelower limit to 18 m, while tends to saturatefor higher values. This saturation is due tothe dominane of other e�ets, suh as signaldigitization and threshold, over the longitu-dinal �utuations of the shower for lengthslarger than 18 m. Similar �ndings were ob-tained by the ALICE-PHOS Collaboration intheir simulation studies [22℄. Based on theseresults, the rystal length for the FT-Cal was�xed to 20 m.Dependene on the light readout system,rystal material and operating tempera-tureThe dependene of the energy resolutionon the sintillator material, on the operatingtemperature of the rystals and of the lightsensors was studied performing detailed sim-ulations of the alorimeter response assum-ing di�erent light yield of the rystals (120photons/MeV for PbWO-I @ +18◦, 240 pho-tons/MeV for PbWO-II @ +18◦ and 960 pho-tons/MeV for PbWO-II @ -25◦) and light read-out based on SiPMs or APD. More spei�-ally, the light sensors that were simulatedare the following:� 5 × 5 mm2 APDs with quantum e�-ieny of 70%,� 10 × 10 mm2 APDs with quantum e�-ieny of 70%,� 7 × 14 mm2 APDs with quantum e�-ieny of 70%,� 2× 2 SiPM arrays, based on 3× 3 mm2sensors, with pixel size of 25 µm, �ll-ing fator of 30% and e�etive quantume�ieny of 25%.The results of these simulations are shownin Fig. 72: the resolution ahieved for thesmaller size APDs and SiPM arrays are om-parable but signi�antly worse than the res-olution for the 10 × 10 mm2 or 7 × 14 mm2APDs that give the best performanes. Withthese sensors, the resolution appears to be
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Figure 74: Simulation of the eletromagnetibakground with GEMC. Energy deposited inthe alorimeter in MeV/nsof the luster. The best determination of theimpat point is obtained by evaluating foreah luster the energy-weighted average ofthe x and y positions of the involved lusters.The resulting resolution is of the order of 2mm as shown in Fig. 73.2.7.7 Eletromagneti bakground ratesThe eletromagneti bakground produed bythe interation of the eletron beam in thetarget at the nominal CLAS12 luminosity wasalso simulated§. Fig. 74 shows the energy de-posited in the alorimeter in MeV/ns: themaximum energy deposition per rystals isestimated to be less than 0.02 MeV/ns. Mostof this dose is due to very low energy parti-les as shown by Fig. 75. The overall partilerate is of about 120 MHz with only 6% dueto partiles with energy above 100 MeV. Inthe energy range to be tagged (0.5-4.5 GeV)
§For this purpose, in eah event, about 115000, 11GeV, eletrons were generated originating 10 m upstreamthe target. The eletrons were distributed randomly withthe 2 ns radio-frequeny struture of the CEBAF beamin a 250 ns window, whih orresponds to the data a-quisition window that will be used for the CLAS12 DriftChambers. This number of eletrons orresponds to thenumber of beam eletrons that would pass through thetarget in the hosen time window at the nominal CLAS12luminosity of 1035 m −2s−1.
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Figure 77: Radiation dose on the FT alorimeterrystals in rad/hour at 1035 m−2s−1 luminos-ity. The maximum values of about 5 rad/h areobserved for the innermost rystals, i.e. at thesmaller angles.2.8 Prototype testsTwo prototypes of the FT-Cal, with 9 and16 hannels respetively, have been assem-bled and tested with osmi rays and eletronbeams. The prototypes were used to hekthe single rystal mehanial assembly, thethermal performane, the front-end and read-out eletronis, the eletrial onnetions viaa motherboard. The response to osmi rayswas studied for both prototypes while the re-sponse to eletromagneti shower was stud-ied at JLab and LNF. The Proto-9 has beentested at JLab using 2-3 GeV eletrons devi-ated by the Hall-B tagger system while theProto-16 has been tested at the Beam TestFaility of LNF with a 0.7 GeV eletron beam.Extensive simulations have been performedand ompared to the results of the two setsof measurements. Main goals of tests were:� to measure the energy resolution as afuntion of single-rystal threshold;� to measure the energy resolution as a61



Figure 78: Proto-9 single rystal assembly.

Figure 79: Proto-9 full assembly.funtion of T (+18◦, 0◦, -10◦, -25◦);� to measure the time resolution;� to verify the system linearity;� to hek rate performanes;� to validate GEMC simulations;� to measure the eletroni noise in real-isti onditions;� to perform detailed studies of eletro-magneti shower signal: shower pro�le,APD signal shape, and test of �lteringalgorithm.2.8.1 The Proto-9In the �rst version of the prototype we as-sembled 9 BTCP rystals and 6 stainless-steeldummies in a mehanial struture that simu-lated the real assembly. Eah rystals, wrap-ped in a VM2000 foil, was read by a Hama-matsu S8664-1010 LAAPD, an FT-Orsay pre-

Figure 80: Proto-9 piture.ampli�er onneted to the motherboard,grounded by using two opper rails and holdby a PEEK support in the front. Figure 78shows all omponents of the single rystal as-sembly. The 9 rystals were then inserted ina mehanial struture made by two opperplates where a pipe was soldered for ooling.Only one side of the 3x3 matrix has beenooled in order to reprodue the realisti on-dition of the �nal mehanial assembly whererystals are ooled only from the the externalside of the ylinder. Figure 79 shows the fullassembly. The detetor was then inserted ina gas- and light-tight box surrounded by 5 mthik insulation. An external hiller providesthe neessary ooling power to operate theprototype in a temperature range between 0◦C to +18◦ with a thermal stability of 0.1◦ C.A system �ushing of dry N2 prevented mois-ture formation within the box when the pro-totype was operated below the dew point. Apiture of the plasti box with ooling pipesand signal onnetors is shown in Fig. 80.The Proto-9 response to osmi muons wasmeasured in Genova. The experimental set-up is reported in Figs. 81. The detetor wasinserted within three plasti sintillator barsread by eah side by a PMT. The 6-folds o-inidene of the PMTs triggered the data a-quisition. The hit position along the bar wasreonstruted by the time hit di�erene al-lowing a preise geometrial traking of themuon trak. The time resolution of the over-onstrained trigger system was estimated tobe 75 ps. Figure 82 shows the energy distri-62



Figure 81: The experimental set-up used to mea-sure the Proto-9 response to osmi muons.butions of the osmi muons deteted in oneof the rystal of the Proto-9.The detetor was operated at di�erent tem-peratures on�rming the light yield depen-dene measured with a single rystal setup(see Se. 2.1.3). Figure 83 shows the LY asa funtion of the temperature, T, measuredin di�erent experimental onditions: single-rystal with PMT readout in red; single-rystalwith APD readout) in green, Proto-9 resultsin blak. All results are onsistent showingan inrease of a fator 2.7 between +18◦ and-25◦.The Proto-9 response to eletromagnetishower was tested at JLab using di�used ele-trons from the real photon Bremsstrahlung

Figure 82: Cosmi-ray energy distribution mea-sured by a single rystal of Proto-9.

Figure 83: Light yield as a funtion of the rystalT measured with di�erent experimental set-ups.
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Figure 84: Proto-9 positioning under the taggerhodosope in Hall-B at JLab.radiator during a photoprodution experiment.The prototype was plaed below the Hall-B tagger hodosope to detet eletrons af-ter their interation with the E and T tag-ger ounters. Figure 84 shows a sketh of theHall-B tagger system and the positioning ofthe Proto-9.The energy resolution of the Proto-9 de-tetor was evaluated by means of Monte Carlosimulations. The tagger omponents (plastisintillators) the air gap and all the other pas-sive materials were inluded in the detetordesription in order to obtain a realisti es-timate of the expeted resolution. Figure 85shows the energy resolution as a funtion ofthe inident eletron energy. Di�erent olorsorrespond to di�erent thresholds on the ol-leted energy on eah rystal. The test on-ditions orresponds to an energy threshold of10 MeV (blue dots). The response to twodi�erent energies, 1.31 GeV and 1.92 GeV,was measured by hanging the primary ele-tron beam energy from 2.282 GeV to 3.356GeV. For these energies, the expeted resolu-tions are 2.2% and 1.9%, respetively. Thetypial signal produed by an eletron hit-ting the entral rystal is reported in Fig. 86.The plot shows the 9 rystals matrix with theshower maximum in the entral one. Thenoise level, well visible in hannel 8, showsan RMS of 8 LSB orresponding to 4 mV(∼ 8 MeV) and therefore indiating an e�e-tive energy threshold of 10 MeV for this ex-

Figure 85: Expeted resolution of the Proto-9detetor as a funtion of the inident eletronenergy and di�erent threshold on the minimumdetetable energy.perimental setup. The exellent performaneof the FT-Orsay preampli�er did not requireany digital �ltering. The total energy de-posited in the prototype was obtained sum-ming up the ontributions of the 9 rystalsafter equalizing the peak position to maththe individual gains. Figure 87 shows the en-ergy resolution obtained with 1.31 GeV (top)and 1.92 GeV eletrons (bottom). In the up-per plot, the distribution is peaked around
Emeasured=1.1 GeV (Etrue=1.31 GeV) beauseof the side leaks with a relative σ of σEtrue

Etrue
=

2.5% ( σEmeasured

Emeasured
= 3.0%). Results for ele-trons with Etrue=1.92 GeV are shown in thebottom plot: Emeasured=1.6 GeV and σ of

σEtrue

Etrue
= 2.2% ( σEmeasured

Emeasured
= 2.64%) with theexpeted saling behavior proportional to the√

E.2.8.2 The Proto-16An improved version of the prototype, Proto-16, was built assembling 16 rystals in a 4 ×
4 matrix (8 provided by the BTCP and 864



Figure 86: Signal indued by an eletromagnetishower in the 9 rystals of the Proto-9 matrix.
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Figure 87: Energy resolution obtained with 1.31GeV (top) and 1.92 GeV eletrons (bottom).

Figure 88: Exploded view of the Proto-16 assem-blyfrom the RIINC ompany). The mehanisof the Proto-16 was modi�ed ompared to theProto-9 based on the experiene gained withthe previous prototype. Figure 88 shows theProto-16 omponents. In partiular, the rys-tal assembly proedure was improved by im-plementing the usage of dediated tools forthe APD and wrapping gluing, as well as de-tailed quality assurane proedures. The gro-unding of the FT-Cal preampli�ers was im-proved by replaing the separated rails withhorizontal opper plates with arved slots forthe insertion of the PCBs. The ooling sys-tem was simpli�ed by soldering the oolingpipe to the thermal shield and to the bakplate, whih is shaped to host a 5-mm pipe.The new LED alibration system was alsomounted in front of the rystal matrix andused for the initial tests of the system. Allthese new features are inluded in the �naldesign of the FT-Cal that was presented inthe previous setions.Due to the larger rystal matrix. the ex-peted performane of Proto-16 in terms ofenergy resolution are similar to what expetedfor the the FT-Cal. A omparison of the ex-peted energy resolution is shown in Fig. 89.The green points orrespond to the expetedperformane of Proto-16 with a minimum en-ergy threshold per rystal of 10 MeV. Thesealmost superimpose to the blak dots thatshow the expeted resolution for the wholeFT-Cal with the same threshold.65



Figure 89: Expeted resolution of the Proto-16 detetor as funtion of inident eletron en-ergy and di�erent threshold on the minimum de-tetable energy per rystal.The Proto-16 was tested at the Beam TestFaility (BTF) [40℄ of the INFN Frasati Na-tional Laboratory, using a 500 MeV eletronbeam. Two separate runs were performed inMay 2012 and Otober 2012: here we reportthe results of the later run, where the proto-type resolution was studied as a funtion ofthe energy and alorimeter temperature. TheBTF eletron beam is haraterized a repeti-tion frequeny of 50 Hz and a pulse durationof 10 ns. The beam intensity an be varied byoperating di�erent sets of slits, seleting thenumber of eletrons per bunh at the levelof a single partile. The prototype perfor-mane an therefore be studied as a funtionof the number of eletrons hitting simultane-ously the rystal matrix, i.e. of the detetedenergy.Fig. 90 shows the experimental hall afterthe installation of the Proto-16 and assoi-ated equipment. The detetor was plaed ona moveable table that an be displaed in thex and y diretion with 0.1-mm auray. Thisfeature was exploited to enter the alorime-ter with respet to the beam. A plasti sin-tillator bar, read by two PMTs, was plaed infront of the beam pipe exit window and wasused to determine the arrival time of the ele-tron within the 10-ns bunh duration. The

Figure 90: Experimental setup in Otober Proto-16 test at the Frasati Beam Test Faility (BTF).data aquisition, based on the JLAB DAQstandard CODA, was triggered by the RFsignal of the Frasati aelerator. For eahtrigger all the signals of the Proto-16 rystalmatrix and of the sintillator-bar PMTs werereorded by CAEN VME boards. Both theProto-16 and sintillator signals were sent toa passive splitter whose two outputs were on-neted the 250 MHz fADCs and to leading-edge disriminators. The disriminator out-put was sent to pipeline TDCs. The wholeeletroni hain, even if not yet based on JLabfADCs and disriminators, is fully ompliantwith the CLAS12 front-end eletronis andDAQ.Pulse digitization and reonstrution Thesamples reorded by the fADCs in a 800 nswindow were reorded for eah trigger and an-alyzed o�ine to evaluate the harge and timeof any deteted pulse, using the following pro-edure. The signal pedestal were omputedfor eah hannel on an event-by-event basis,averaging the �rst 40 samples and reord-ing the mean and the σ. The presene of apulse in the remaining samples was detetedby requiring at least one sample exeeding thepedestal values by at least 4 σ. If a pulse wasdeteted, the adjaent samples exeeding thepedestal by at least 3 σ were summed to es-66
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Figure 91: Energy spetrum of a single rys-tals for event with one 500 MeV eletrons hittingthe prototype. The blak histograms inludes allevents while the red on is obtained requiring tohave less than 200 MeV deteted energy in theneighboring rystals.timate the pulse harge. For eah pulse, thehighest sample de�ned the pulse peak am-plitude and position. The samples preedingthe peak position were proessed to obtainthe signal arrival time, using the same algo-rithm that is presently implemented on theFPGAs of the JLab fADCs.Energy alibration The onversion betweenharge and energy of the pulses deteted inthe Proto-16 was �rst determined using thealibration onstants derived by osmi raymeasurements. The alibration onstants werethen optimized at the Frasati BTF by study-ing the response of eah rystal to 500 MeVeletrons. For this purpose, di�erent runswere reorded displaing the Proto-16 withrespet to the beam to have eletrons hit-ting eah of the 16 PbWO rystals. Eventswith only one 500-MeV eletron hitting thealorimeter were seleted by utting on thetotal reonstruted energy; the response ofeah rystal was evaluated by requiring tohave less than 200 MeV deteted in the neigh-boring rystals. Fig. 91 shows the single rys-tal spetrum when no uts are applied in blakand with the uts outlined above in red. Theproedure was applied to all the 16 rystals,
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Figure 93: Proto-16 reonstruted energy as afuntion of the beam bunh energy. The redpoints were obtained at room temperature andwith a APD gain of 150. The linear regression ofthe experimental points show no deviation fromlinearity.tering the beam on the alorimeter to havethe maximum ontainment of the eletromag-neti shower. This was repeated varying theProto-16 on�guration and in partiular:� varying the APD HV to have a gainG=150 or G=75;� varying the temperature of the PbWOrystals from room temperature (+18◦)to 0◦ and −20◦;� onneting the output of the preampli-�ers diretly to the fADC, removing thepassive splitter and therefore simplify-ing the eletroni hain.The purpose of these tests was to determinethe optimal operating temperature of the alorime-ter, to hoose the optimal gain for the APDsand to selet the best on�guration of ele-troni hain. Fig. 93 shows the �tted peakposition as a funtion of total energy in thebeam bunh for APD gain of 150 and PbWOtemperature of 18◦. The linear regression ofthe experimental points show no deviationsfrom linearity in the explored range. Thesame measurement performed in di�erent on-�gurations gave onsistent results, on�rmingthat the system is linear up to the maximummeasured energy of 4 GeV.
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Figure 94: Proto-16energy resolution as a fun-tion of the beam bunh energy. The red and or-ange points were obtained at room temperaturefor an APD gain of 150 and 75, respetively. Thegreen points orrespond to o◦ degrees; the darkerpoints were obtained removing the passive split-ter. The blue and dark-blue points orrespondto −20◦ with APD gain of 150 and 75, respe-tively. The open blak irle show the expetedresolution based on GEMC simulations. Onlystatistial errors are shown.Fig. 94 shows the energy resolution as afuntion of the energy in the beam bunh.The olored points orrespond to the reso-lution measured with the Proto-16 while theblak open irle are the results of the GEMCsimulations. The error bars in the graph showthe statistial unertainty while the system-ati unertainty was estimated to be in theorder of 5%. As expeted, the experimen-tal resolution inreases for inreasing energy,reahing an asymptoti behavior at about 3GeV. The measurements performed in di�er-ent on�guration are in general onsistent,varying within a range of 0.5% exept for theresolution obtained at room temperature andG=75 (orange points). The resolution in thisase is systematially worse then what ob-tained at the same temperature but G=150.This was interpreted as due to the preampli-�er noise being the dominant fator in de-termining the resolution at this temperature.From this we onluded that working at highAPD gain is the preferable on�guration.68



The omparison of the resolution obtainedat di�erent temperature show that lower tem-peratures, orresponding to higher light yieldand therefore larger signal, give better resolu-tion. The best values were obtained at −20◦,where the experimental points are in goodagreement with the simulation results. Thedependene of the resolution on the tempera-ture is more evident for high bunh energies,where threshold e�ets are smaller. Above2 GeV, the resolution at room temperatureseems to be systematially higher than theone obtained at 0◦ or−20◦ with a di�erene ofabout 0.5%. The di�erene of the resolutionobtained at 0◦ and −20◦ is on the ontraryquite small and negligible within the system-ati errors. Based on this results and on-sidering the tehnial di�ulties in operatingthe FT-Cal at very low temperature, we on-luded that the optimal operating tempera-ture of the alorimeter is 0◦.Finally the omparison of the light anddark green points show that no signi�ant dif-ferene is observed when the passive splitteris removed and the preampli�er signals areonneted diretly to the fADC. This indi-ates that similar energy resolution an beahieved both in the ase fADCs and TDCswill be used or in the ase fADCs will be usedboth for energy and time measurement.2.9 Planning, osts and funding2.9.1 PlanningThe FT-Cal projet is distributed over 4 years.The starting date bak to the presentation ofthe MesonEx proposal to the JLab PAC inJanuary 2011 and its approval few monthslater. From this date, 1 year was devoted tothe R&D phase on the di�erent omponentsof the FT-Cal: PbWO rystals, light sen-sor, preamps and LED monitoring system. Inyear 2012 we started the prourement of thePbWO rystals by alling an internationalbid that is expeted to end by 2013. At thesame time the∼400 preampli�ers (FT-Orsay)

have been ordered from Orsay. In year 2013the APD prourement is also expeted. Thereadout eletronis has partially been ordered(JLab fADCs) expeting to omplete the pro-urement for the beginning of 2014. We areurrently working on the mehanial designinterating with engineers at JLab. The fullFT mehanial design is expeted to be readyfor the beginning of year 2013. The full FT-Cal assembly is expeted to happen in Gen-ova at the end of 2014. The FT will thenbe moved to JLab where we plan to installit in CLAS12 in spring 2015, to be ready forthe detetor hekout and ommissioning ex-peted for the end of the same year. TheMesonEx experiment is expeted to be the�rst to run in the Hall-B. During the pro-urement phase, we are running an extensiveprogram of tests and measurements with thedetetor prototypes in order to �nalize thethermal and mehanial design of the FT-Calomponents.The INFN-GE, together with the otherinstitutions involved in the projet, Univer-sity of Edinburgh, CEA-Salay, Ohio Univer-sity, James Madison University and NorfolkState University, is ommitted to develop andapply a detailed ommissioning plan for theFT system in ollaboration with the CLAS12Calibration and Commissioning Committee.The full plan is presented in Se. 6. We arealso ommitted to provide the neessary soft-ware for the FT online monitoring and theo�ine FT alibration. A preliminary Javaversion of the FT-Cal online monitoring hasalready been developed and implemented inthe standard online monitoring proedures ofCLAS12 software group. A omplete moni-toring/alibration pakage is expeted for theend of year 2014. This will be tested withosmi ray and on-beam tests. FT alibra-tion proedures will be developed in advaneand optimized during the FT ommissioningat JLab.
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Item Desription N e/h Total keCrystals PbWO Type-II 330+40 0.4 150Light sensors LAAPD S8664-1010 330+40 0.5 185RO eletronis fADC/Disr/TDC 330+40 0.5 185FE eletronis FT-Orsay preamps 330+40 0.06 20Monitoring LED system 40LV/HV/Cables Crates/boards 40Cooling Chiller/pipes/T monitor 20Mehanis 15Trigger Jlab boards 15Total 670Grand Total VAT(21%) and ontingeny(10%) 892Table 11: Cost estimate for the FT-Cal ompo-nents.2.9.2 CostsTable 2.9.2 shows the ost estimate for theFT-Cal (R&D is not inluded).2.9.3 FundingsThe FT projet has been inluded in the INFN6-years funding plan (2009-15) providing full�nanial support for the FT-Cal onstrutionand FT mehanial assembly. The FT tehni-al design report has been evaluated and ref-ereed by a dediated INFN Review Commit-tee: about 0.5M e has already been alloatedfor R&D and onstrution and other 150k eare foreseen for the near future to ompletethe alorimeter and the mehanial assemblyof the FT. Other funds (∼ 30ke, mainly forpersonnel) were also olleted from the HP3initiative within EU FP7.
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3 FT-Hodo3.1 Design RequirementsThe primary task of the Forward Tagger Ho-dosope (FT-Hodo) will be to separate ele-tron and photon events in the alorimeter.These events annot be distinguished usinginformation from the FT-Cal alone due tothe similarity of their eletromagneti showershapes. Eletrons will be identi�ed by ob-serving the presene of a hit in the FT-Hodoarray, whih is orrelated in both position andtime with a luster observed in the alorime-ter.The main design requirements of the FT-Hodo are to provide a highly e�ient hargedpartile signal with a spatial and timing reso-lution similar to that of the alorimeter. Fur-ther, to minimise possible misidenti�ation ofphotons the detetor should be designed to(i) suppress the ontribution of false eventsarising from photon onversion in the FT-Hodo detetors and (ii) suppress ontribu-tions from the �splashbak� of the eletromag-neti shower reated by events depositing en-ergy in the FT-Cal. As disussed in setion3.3.2 this requires a 2 layer design. The tim-ing resolution of FT-Hodo should be ompa-rable with FT-Cal so as not to ompromisethe ahievable oinidene timing resolution.This requires a timing resolution of the order1 ns or better. The aurate timing wouldalso allow its potential future use in experi-mental trigger deisions. The hodosope willbe loated within CLAS12 in a region wherethe ombined magneti �eld from the solenoidand torus is su�iently large to render on-ventional photomultiplier tubes unusable.The detetor geometry and readout is on-strained by the surrounding apparatus. Thedevie will be positioned upstream of the FT-Cal, �tting into a irular disk of diameter330 mm and depth 42 mm.

330 mm

Figure 95: upper: Layout of plasti sintillatordetetors in FT-Hodo. Blue squares represent15 x 15 mm pixels and red 30 x 30 mm. lower:Geant4 visualisation of the position of the 2 ho-dosope detetor planes (dark blue). The FT-Calrystals (light blue) and shielding are also shown3.1.1 DesignA FT-Hodo detetor whih meets these de-sign requirements has been developed. It om-prises a segmented array of plasti sintil-lator tiles (Eljen-204), embedded with wavelength shifting (WLS) �bres (Kuraray K11)and read out by Hamamatsu 3x3 mm2 sil-ion photomultipliers (SiPM) via optial �-bres. The plasti sintillators provide fasttiming and su�ient resistane to radiationdamage for use in the high rate environmentsof the Forward Tagger. The need to min-imise material outside of the ative area ofthe hodosope, to operate in high magneti�elds and tolerate the high bakground ra-71



diation environment neessitates the sintil-lation light from the detetor elements to betransferred away from the hodosope for anal-ysis. This is ahieved by embedded WLS �-bres whih are fusion splied to 5m long op-tial �bres. The WLS �bres absorb the UVlight produed in the plasti sintillator andemit at a larger wavelength (green), whihmathes well with the optimal quantum e�-ieny of typial SiPMs. The WLS �bre hasa relatively small attenuation length (> 3.5m). These will be fusion splied at a distaneof 10m from the sintillator tile to lear 5 mlength optial �bres whih have attenuationlength > 10m. The spliing indues a photonloss of less than 2%. The use of optial �breallows the aptured light to be transportedwith a light loss less than ∼40% over the 5metre path to the SiPM.3.1.2 Detetor Element designTo math the geometry of the FT-Cal the ho-dosope requires pixels of 15 x 15 mm (P15)overing a single rystal and 30 x 30 mm(P30) overing an array of four rystals. Thearrangement of these detetor elements to makeup a layer of the hodosope is shown in Fig. 95.To inrease the number of sintillation pho-tons olleted from eah tile they will ontainmultiple embedded WLS �bres, 2 for P15 and4 for P30. The �bres will be embedded ingrooves angled into the sintillator blok (seeFig. 96). This hoie ensures that the dete-tor elements an touh at their interfae with-out interferene from the �bres. The WLS�bres will be surrounded on all sides by sin-tillator and have an inreased path length inthe sintillator than a surfae groove design.Eah pixel will be painted with Biron BC620re�etive paint to optially isolate eah de-tetor element. This has a similar re�etivity(95%) to re�etive wrappings suh as Mylar.Eah �bre will be glued in position, usingBiron BC600 glue. The �bre will be Ku-raray Y11, hosen beause of its establishedresistane to radiation and its good timing

Figure 96: upper: A mok up of the hodosopemade from sized perspex bloks and using ablesheaths to show the route of the optial �bres.lower: A single sintillator element with diagonalholes drilled to aommodate the �bres.properties. The �bre has been used suess-fully in other detetors suh as the hodosopeused with the inner alorimeter of CLAS [27℄.The hodosope will omprise 2 detetorlayers, eah having 44, 15 x 15 mm (P15)and 72, 30 x 30 mm (P30) pixels as shownin Fig. 95. One layer will be made from 7mm thik plasti sintillator tiles with theseond utilising 15 mm thik tiles. A twolayer solution is the preferred option for thehodosope. The thin (7 mm) front layer ofthe hodosope is employed to redue photononversion in the hodosope while the thiker(15 mm) bak layer provides a signal with alarge number of photoeletrons at the SiPM,giving the most aurate timing information72



for the event. The Geant4 simulations andpseudo-analyses illustrating these bene�ts areoutlined in setion 3.3.2.The hodosope will utilise 3 x 3 mmHamamtsuS10362-33-100C SiPMs, whih an easily a-ept the maximum of 4x1 mm �bres to bereadout by eah SiPM. The SiPMs have 100miron pith and a quantum e�ieny of∼50%.The maximum number of photons to be in-put to a SiPM from the hodosope will be200. The 100 miron pith is suitable forsuh a multipliity as an be seen in Fig. 97where the alulated SiPM pixel multipli-ity is plotted versus the number of inidentsintillation photons for di�erent pithes ofSiPM. The smaller pith designs have signif-iantly lower quantum e�ieny and so werenot onsidered. The SiPMs provide a oste�etive solution to reading out a large num-ber of hannels. Manufaturers other thanHamamtsu were investigated but others werefound to have inferior quality. Conventionalmultianode photomultiplier tubes were alsoonsidered but were rejeted as they had aquantum e�ieny less well mathed to theoutput of the WLS �bres.The SiPMs will be loated ∼5 m awayfrom the detetor, next to the readout ele-tronis. Loating the ampli�ers and SiPMsin this region ensures there is minimal ad-ditional material introdued around the ho-dosope and that the detetors will be loatedin a region of lower bakground radiation.3.1.3 Mehanial struture and readoutThe hodosope sintillator tiles will be paintedin re�etive paint and held in position on thesurfae of a 2 mm thik plasti support board.This board will be formed from two 1 mmplasti sheets whih will be ut to the geom-etry of the hodosope and bolted together.This will allow the 2 layers of the hodosopeto be separated for maintenane and also too�er �exibility in the deployment of the de-tetor in future experiments.

Figure 97: upper: Piture of the SiPM to be usedin the hodosope. lower: Simulation showing theefeft of pixel size on the linearity of the outputfor the 4 �bre design to be used in the hodosope.A mok up of half of one layer of the de-tetor has been made to aid the design of thedetetor (Fig. 96). The routing of the wave-length shifting �bres from eah of the tileshas been explored using this mok-up andthe on�guration shown in the �gure was thepreferred option. There are 2 designs for theWLS entry point into the tiles (i) orner entry(74 tiles per layer) or (ii) side entry (42 perlayer). The �bres exiting the tiles will need 9mm learane so as to be able to route easilyto the bottom of the hodosope. The totallearane needed for the 2 layers of the ho-dosope is then 42 mm given by sum of sin-tillator thiknesses (22 mm), support stru-ture (2 mm) and WLSF learane (18 mm).The WLSFs will be fusion splied to lear73



Figure 98: upper: The proposed sheathing sys-tem for the 1 mm thik optial �bres. Bunhes of4 �bres (usually from a single detetor element)are grouped into 4 to make a bundle. lower: CADdrawing of the blok onnetor whih attahesthe bundle sheaths to the hodosope mountingboard.optial �bre (KURARAY CLEAR-PSM) at adistane of ∼10 m from the hodosope tile.The optial �bre has an attenuation lengthof ∼10 m. These �bres will be grouped intobunhes of 16 as shown in Fig. 98. Groupsof four will be sheathed in olour oded light-proof sheaths and these inserted into a larger�bundle sheath�. This system was hosen toallow larity in the optial onnetions withinthe detetor to the SiPMs loated a signi�-ant distane away. The bundles of 16 �breso�er reasonable �exibility and the minimumbend radius of the bunh is approximately25m.

The sheathed bundles will be attahed tothe hodosope mounting board using a blokonnetor (Fig. 98). Eah bundle sheathwill be ∼8 mm in diameter so the blok on-netor will have dimensions of 121 mm widewith 20 mm depth and 18 mm learane fromthe mounting board (Fig. 99). The bundlesheaths will be glued in plae in the ylin-drial mounting holes of the onnetor blok.The joints will be sealed at both ends usingan optial sealant. The sheath will extend be-yond the onnetor blok by ∼5 mm to give agood ontat to optially seal the onnetion.The design has 24 mounting holes allowinga total of 384 �bres per layer to be routed.Eah layer of the hodosope requires 376 �-bres so the design will allow 8 spare �bres tobe routed into the hodosope whih may fa-ilitate repairs if neessary. The spare �breswill also provide optial �bre inputs to thelight tight setion of the hodosope whih willprovide a route for pulsed light, whih an beaptured by the �bres and used in testing.The 48 bundle-sheaths from both layerswill be routed vertially downward from thehodosope. The route of the �bres near tothe hodosope is shown in Fig. 100. Thebundles will be routed via a support tray tothe loation of the eletronis, overing a to-tal distane of ∼5 metres. The bend radius istaken to be around quarter of a metre, om-patible with tests using �bre bundles madeup in Edinburgh. The optial interfae tothe eletroni modules will be a plasti routermodule, eah of whih takes 2 bundle sheathsand guides them to 8 separate SiPMs (Fig.101). The �bres will exit the router through4 separate matries of holes, with dimensionsmathed to the size of the SiPM. The �breswill be glued into the holes and then the pro-truding �bres will be ut and polished downuntil they are �ush with the outer surfae ofthe router. This will provide a reliable lightonnetion to the SiPM. A similar glue andpolishing tehnique was employed in beamtests of the detetor modules at Frasati. A74



polished onnetion is shown in Fig. 100. Us-ing a ombination of optial sandpapers thesurfae was polished to a uniformity of ap-proximately 3 mirons. The router will beonneted to the SiPMs using a srew tight-ened onnetion. The entrane to the routerwill be lightproofed using rubber owl andopaque sealant.The entire ative area of the hodosope(delimited by the extent of the supportingboard shown in Fig. 99 and inluding theonnetor blok) will be enlosed in a light-proof enlosure. The optial �bres inside thisenlosure will be unsheathed so are will betaken to test the integrity of the lightproo�ng.The surfae of this area will be formed fromlightproof Tedlar material. The supportingstruture for the Tedlar will be formed froma series of hexagonal plasti spaers (5.5 mm)wide and 22 or 15 mm tall depending on thehodosope layer. The hexagonal spaers willhave a male threaded setion at the bottomend to attah them to the hodosope sup-port board. Beause of the di�erenes be-tween the outer ontour of the sintillatorsand that of the supporting board there arepositions to loate the spaers every approxi-mately 20 degrees around the edge of the ho-dosope. These will support a 1 mm thik�exible plasti strip whih will trae the outerontour of the hodosope and will be srewedor glued to the spaer supports. This will re-ate an outer edge at the appropriate height toattah the tedlar without putting pressure onthe optial �bres. The Tedlar will be gluedto the edge of the strip and also �xed usingplasti srews whih will attah to the upperthreaded portion of the spaers. For trans-porting the hodosope a further rigid box willalso be manufatured to protet the optial�bres.3.1.4 Resistane of hodosope and read-out to radiationThe hodosope tiles and �bres will be exposedto maximum dose of 3.8 rad per hour. This

Figure 99: upper: CAD drawing of the ho-dosope showing the loation of the hexagonalplasti supports for the lightproo�ng strutureand the plasti light prro�ng strip on the on-tour of the detetor.was obtained from a GEMC alulation of theforward tagger within CLAS12 with realistibeam and target parameters and without theshielding e�ets of the Moeller one. The sim-ulations are disussed in more detail in se-tion 2.7.8.The resistane of plasti sintillator andthe wave length shifting �bres to radiation iswell doumented. A 116 krad dose (equiv-alent to 3.5 years of ontinuous running atCLAS12) will ause loss of 20% of light inwavelength shifting �bre [41℄. For plasti sin-tillator a 20% redution in light output oursonly after 10 Mrad [42℄. Both sintillatorsand �bres also show natural annealing pro-esses. At 0.64 krad per hour the annealingproess an e�etively ompensate for the ra-diation damage [43℄.A potential loss of 20% of the sintilla-tion light over the operational lifetime of thedetetor has been aounted for in the de-sign. Even with suh losses the hodosopewill operate satisfatorily and ahieve the de-75



sign aims.The SiPMs are known to be sensitive toneutron damage whih inreases the dark ountrate. This is a problem when using the de-vies in single photon ounting appliations.In the hodosope the threshold for detetionwill be equivalent to 3-4 photoeletrons andso these e�ets are less ritial. however theloation of the SiPM away from the hodosopeensures the damage over the lifetime of thedevie will not be an issue.Tests of the resistane of SiPMs to neu-trons has been arried out at Belle and forthe Glue-X experiment. GEMC simulationsof the forward tagger indiate that duringoperation at full luminosity the neutron �uxis 400 neutrons m−2s−1 at 1 metre distanefrom the alorimeter. At 5 m negleting thee�et of shielding and taking a 1

r2 fall o� in�ux would give 16 neutrons m−2s−1 orre-sponding to 0.5×109 neutrons m−2year−1 ofonstant running. Notieable inreases in thedark single photoeletron ount rate of theSiPMs was only obtained after an integrateddose of 3×109 neutrons m−2, whih wouldorrespond to 6 years of onstant running.3.2 Data AquisitionThis setion will disuss the readout systemsfor the FT-Hodo SiPM inluding the ampli-�er design and the �ash ADC to be used tostore the harge of the signals and extrat thetiming of the signals.3.2.1 Front End and Readout eletronisAnalog ampli�er for SiPM The analoguesignal from the SiPM will be fed diretly toa ustom designed pre-amp board. Theseboards have been designed by the INFN-Genovaeletroni group, starting from the existingCLAS-IC ampli�er [24℄.The boards will host 8 independent han-nels, eah oupled to a SiPM, and will bemounted in pairs in the slots of a ustomrate, mehanially ompatible with the VME

Figure 100: upper: An example of a glued andpolished optial �bre onnetor used in the beamtest at frasati. lower: The forward tagger withinCLAS12 showing the route of the optial �bresbelow the detetor.standard. The 16 SiPMs onneted to eahpair of boards will be mounted on a mezza-nine PCB. This mezzanine will distribute thebias HV to the detetors SiPM and ollettheir signals for the ampli�ers inputs. Fig.102 shows a prototype of a SiPM ampli�erboard onneted to a prototype of SiPM mez-zanine, respetively.Tests have been done to on�rm that thepresene of the mezzanine, as well as of theonnetor between the mezzanine and the board,doesn't introdue any further noise ontribu-tion.The shemati of one hannel of the SiPMampli�er board, exluding the HV bias net-work, is shown in Fig. 103.76



Figure 101: CAD drawing of the onnetor be-tween the bundle sheaths and the SiPMs. Theupper portion of the onnetor has been removedto illusrate the internal struture of the onne-tor The �rst stage is based on a BJT NPNtransistor in a ommon-base on�guration,while the seond is based on a operationalampli�er in a non-inverting on�guration. Thetwo BRF92 have been hosen sine they arelow noise bipolar transistors (the noise �gureF is 2.4dB for I = 2 mA at 500 MHz), witha high ut-o� frequeny and good stability.The gain of the transistor stage is alulatedonsidering that a urrent pulse at the inputorresponds to a variation in the emitter ur-rent ie. The variation in the olletor urrent
ic is the same, so the voltage signal at the ol-letor is given by: vc = ie·Rc. The urrent-to-voltage gain of the �rst stage is given by theolletor resistane, G1 = Rc = 3.9kΩ. Theseond transistor is used to deouple betweenthe �rst stage and the seond one.The seond stage is omposed by a OPA694operational ampli�er in a non-inverting on-�guration: its gain is given by G2 = 1+

Rf

R
=

6.4. This stage is oupled to the �rst onetrough a 100 nF apaitor to remove the DComponent of the signal oming from the se-ond transistor.The ampli�er is oupled to the output on-netor trough a 100 nF apaitor and a 50 Ωresistor to remove any DC omponent from

Figure 102: A prototype of the SiPM ampli�erboard onneted to a prototype of the SiPM mez-zanine. Two SiPM are atually mounted on themezzanine. Only the 8 hannels on the left partof the board are atually used.

Figure 103: Shemati of a single hannel of theampli�er board for SiPM.the last stage and math the impedane ofthe output able.The overall urrent-to-voltage gain of thetransimpedane ampli�er is given by the prod-ut of the gains of the two stages: G = G1 ·
G2 = 23.7kΩ. The harge gain (i.e. the ra-tio between the harge delivered by the inputurrent pulse and the harge measured by aharge integrating devie fed with the ampli-�er output signal) is given by Gc = G

Zin
, where

Zin is the input impedane of the harge-integrating devie. For Zin = 50Ω, Gc ≃ 470.The board has been tested with the samelaser system already desribed in 2.2.2. Fig.104 shows the results of a measurement donelighting the sensor (SiPM Hamamatsu S10931-100, with ative surfae 3mm2 and pixel size77



Figure 104: Results of the test of a prototype ofthe SiPM ampli�er board. The vertial sale onthe sope is 100 mV/division.
100 µm) with a low-intensity, 10 µs pulsedlaser beam.The output signal from the board has beensent diretly to a digital osillosope (LeCroymodel �WaveRunner 6 Zi�), and a syn signalfrom the laser driver was used as trigger. Theoutput signal was integrated within a 70 nstime window. The yellow histogram in �g.104 shows the distribution of the measuredharge, while the pink one shows the distribu-tion of the measured amplitude of eah pulse.The digitized waveforms of the pulses are alsoshown (in persistene mode).Single photoeletrons peaks are learly vis-ible, both in the 2 distributions as well as inthe waveform.Readout eletronis After ampli�ation, thesignal has to be aquired trough a properDAQ system and proessed in order to ex-trat the relevant physial information, thatis the time of the interation (to perform o-inidene with the FT-Cal). Also, the num-ber of photoeletrons is a quantity that anbe measured for eah event and ould helpduring the analysis.The DAQ system for the FT-Hodo is sim-ilar to the FT-Cal one, and shares some om-ponents with it: for the detailed desriptionof suh system, see 2.3.3. Here only a briefsummary is reported.The signal from eah SiPM, after been

ampli�ed, is ontinuously digitized by a fast�ash-ADC and, if a trigger ondition is satis-�ed, samples are stored for further analysis.TDCs multi-hit are still present in the sys-tem.3.2.2 Slow ontrolsThe slow ontrols system of the FT-Hodo willbe the same of the FT-Cal, and will be inte-grated with it inside the overall CLAS12 sys-tem: see 2.4 for a full desription.The same low-voltage system of the FT-Cal (Wiener �MPOD Universal Universal Mul-tihannel Low - Voltage System�) will be em-ployed for the FT-Hodo.SiPM bias system The 29 hannels of highvoltage for the SiPM Will be provided by anew CAEN SY5527 supply or exploit existinghv infrastruture from similar devies madeavailable in the deommissioning of CLAS.The SiPM will operate in the range 70 -75volts. The HV mainframe will be populatedby 3 sensing HV supply boards (CAEN A1510)eah having 12 hannels. The SiPMs will begrouped and mounted on ommon eletronireadout boards aording to their gain. Thegain mathing proess will exploit a pulsedlaser supply. Possibilities to purhase pre gainmathed SiPM will be disussed with the man-ufaturers when purhasing the modules.3.3 SimulationsTo optimise the design of the FT-Hodo, twoseparate GEANT4 based simulations have beendeveloped at Edinburgh. This setion de-sribes the most important results from thesesimulation studies whih guided the design ofthe detetor. The �rst simulation models asingle detetor element and traks the optialphotons produed in the sintillation proessthrough the sintillator tile and WLS �breto the SiPM photodetetor. This was usedto alulate the expeted sintillation photonstatistis for di�erent detetor designs and to78



Figure 105: Example of light traking simulationwith 2 WLS. The red lines show the traks ofoptial photons, the blue line the inident ele-tron. The blak lines show the boundaries of theWLS. The amount of sintillation photons hasbeen redued by a fator 100 for larity.explore the e�ets of di�erent geometries andlight transport systems. The seond simu-lation uses a full reonstrution of the FT-Hodo and FT-Cal to investigate their oupledperformane and to establish the apabilityof the di�erent FT-Hodo designs for eletronidenti�ation.3.3.1 Optial Photon Traking in singleElementThe detetor elements in the simulation usedrealisti experimental parameters omprisinga single plasti sintillator tile wrapped witha re�etive oating (re�etivity=85%). Forthe simulation multiple square grooves weremade along the fae of the sintillator. Thediagonal grooved holes for the �nal designwould be expeted to have slightly higher lightoutput. A WLSF is embedded in eah grooveand surrounded by optial grease (refrativeindex=1.46). The �bre was multilad onsist-ing of a ore of polystyrene surrounded by aninner layer of PMMA and an outer layer ofFluor-aryli, both with thiknesses 3% of the�bre radius. The respetive refrative indieswere 1.6, 1.49 and 1.42. This is onsistentwith Kuraray-K11 �bre.The standard GEANT4 physis proessesfor high energy partiles and optial photons
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on the misidenti�ation as this only reduessplashbak.The general properties expeted from dif-ferent hodosope designs are outlined in Ta-ble 3.3.2.3.4 Frasati Beam testsA beamtest of a mini hodosope setup hasbeen arriedout at the beam tests faility inFrasati. The setup of the tests are as de-sribed for the alorimeter. The setup om-prised 8 detetor tiles with a readout hainvery lose to that proposed for the �nal de-tetor. There were 2 P30 and 2 P15 detetorsper layer. Eah element was oupled to Ku-raray K-11 wavelength shifting �bres whihwere readout by 100 miron 3x3 HamamatsuSiPMs oupled to a prototype of the plannedreadout eletronis. An example of a samplepulse shape is shown in Fig. 112. The re-sult of �tting many events and plotting thepulse area as a histogram is also shown inthe �gure for a 15 mm thik P30 tile. Clearsingle and double photoeletron peaks an beresolved in the spetrum and the Landau pro-dued by the minimum ioinising eletrons inthe beam an be learly resolved. The Lan-dau is well removed from the noise. The testsshowed exellent agreement between the pre-dited number of photoeletrons from a thinsintillator with 4 WLS �bres and the Geant4simulations on�rming the suitability of thedetetor and light readout for the purpose. Aminimum ionising peak at twenty �ve photo-eletrons is visible from a 4 mm thik EJ204tile with 4 WLS �bres.There were quality ontrol problems withthe reent bath of thiker sintillator tilesused in the test. Although the MIP peakwas at 60 photoeletrons for a 15 mm P30this is a fator of ∼2-3 less than preditedby the simulation. Samples of P30 tiles madefrom old NE102a sintillator available at Ed-inburgh gave a fator 2 more light than thenew sintillator in the tests. It is assumed82



1 layer P30 2 Layer P30 1 Layer P15 2 Layer P15SiPM hits per MIP 72 26/185 100 40/175Time resolution (ns) 0.5 0.4 0.5 0.4
γ misidenti�ation 3% 1.2% 2.5% 1.2%Table 12: Summary of performane of di�erent hodosope on�gurations.that the sintillator bath had poor light out-put and further sintillator samples are or-dered. These will be tested in benhtests inearly 2013.

Figure 112: upper: A single detetor pulse froma sintillator tile as sampled by the Flash ADCduring the Frasati test. lower: The result of�tting the pulse shapes and extrating the pulsearea, plotted as a histogram. Single and doublephotoeletron events an learly be seen as wellas the Landau for minimum ionising partiles.

3.5 FTHodo summaryThe 2 layer design for FTHodo onsisting ofa thin 7mm thik front layer and a thiker15 mm thik layer with �bre readout over 5metres would deliver a lose to 100% e�ientharged MIP detetor, with a time resolutionof ∼0.5-0.7ns and a photon misidenti�ationof ∼1.2%. This easily meets the stated de-sign riteria for the devie. The osts to on-strut the detetor are outlined in table 3.5.A Gant hart outlining the planned onstru-tion shedule is shown in Fig. 113.
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2 layer design omprising 116 elements per layerSintillator ost 31,250Fibre ost 20,000SiPM ost 15,250Flash ADC ost 67,975Pre-amp ost 7,200Optial Fibre support struture 1,000Cables to onnet to Flash ADC's, Sheaths 3,000Light oupling Interfae to SiPMs 1,000Hodosope mounting boards, lightproo�ng 500VME rate to hold hodosope ampli�ers 10000Slow ontrol 100020 hannels of HV and LV supply 36000Total ost 203,175 eurosTable 13: Cost estimate for onstrution of the hodosope.

Figure 113: Gantt hart showing the outline onstrution plan for the hodosope.
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4 FT-Trk4.1 Traker design4.1.1 Miromegas geometryTwo double layers of Miromegas detetorswill be loated in the spae between the alorime-ter and the High Threshold �erenkov Counter(HTCC). Two layers are indeed a good om-promise to ahieve an e�ient bakground re-jetion and trak reonstrution with a lowmaterial budget. These two layers are eahomposed of a double faed Miromegas diskbulked on a ommon PCB. Eah side of thePCB displays strips, the downstream ones be-ing perpendiularly oriented to the upstreamones. This partiular geometry enables thedetermination of the (X,Y) oordinates of atrak. To limit the number of eletroni han-nels the pith hosen is 500 µm, whih leadsto a resolution better than 500/
√

12 = 144 µm.The expeted drift spae will be 5 mm to en-sure a good e�ieny and the ampli�ationgap will be 128 µm. To sti�en the mehanialbehaviour of the detetors,they will be builton 600 µm PCB.The two layers will be assem-bled in a single rigid struture to get a reliablepositioning during mounting/dismounting.The �rst and seond double layers will beloated respetively at 1771 mm and 1791 mmdownstream of the target, and entered onthe beam axis. They will over polar anglesfrom 2.5 to 4.5◦, thus the detetors will beannular-shaped with an ative area de�nedbetween a 70 mm inner radius and a 142 mmouter radius. The overall inner and outerradii of a disk are 60 and 170 mm respe-tively. Figure 4.1.1 shows the aeptane inthe momentum-polar angle spae, but withan internal radius of 80 mm.The above mentioned double layer designhas been implemented in the CLAS12 GEANT4pakage, Gem, as illustrated in Figure 115.
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Figure 114: FT-Trk aeptane in themomentum-polar angle spae. Eletrons weregenerated without bakground with θ between2.5◦ and 4.5◦ and p between 0.5 and 4.5 GeV/.For this simulation, the inner radius of the Mi-romegas ative area was 80 mm.

Figure 115: Gem view of the two double layersof the FT-Trk.4.2 Eletronis and DAQIt is assumed that the FT-Trk readout willfollow the sheme adopted for the Miromegas85



based entral traker detetors. It will onsistof frontend and bakend parts. The frontendeletronis is responsible for pre-ampli�ationand shaping of the detetor signals, for theirpipeline bu�ering during the trigger gener-ation proess, for digitization and ompres-sion of seleted event data and their deliv-ery to the bakend eletronis. The latter isresponsible for the event data onentrationand provides an interfae with the ClAS12event building system. The bakend eletron-is also provides a �xed lateny path betweenthe CLAS12 trigger system and the FT-Trkfrontend eletronis. The readout has to bedimensioned for about 4K eletronis han-nels and has to ope with up to 100 kHzhannel hit rate (due to the expeted physisbakground of 50 MHz) and with the anoni-al CLAS12 trigger rate of 20 kHz and latenyof 16 µs.4.2.1 Channel ountThe FT-Trk onsists of 2 stations, eah sta-tion being omposed of a double faed diskwith a Miromegas hamber on eah fae bulkedon a ommon PCB. The strips are orientedperpendiular to the symmetry axis of thestations. In one station the strips of the up-stream fae are perpendiular to the stripsof the downstream fae. The outer diameterof the ative area of eah station is 284 mm.With the strip pith of 0.5 mm eah Mirome-gas disk will aount for 848 hannels, eahstation for 1696 hannels and the total amountof FT-Trk hannels will be 3392.Note that for the Miromegas CT (MCT) itis aimed to produe 512-hannel FE boards.Obviously with the Disk-shaped Miromegashambers of 512 strips the best math is ahie-ved between the FT-Trk hambers and theFE eletronis. This avoids FE boards whihserve several hambers (a potential soure ofnoise) and/or FE boards whih are not fullyused (the size of the system) and simpli�esthe interonnetion sheme between the ham-bers and FE boards (improved modularity).

In this ase the pith should be 0.414 mm.The overall hannel ount will be 4096, assummarized in Table 14. This alternative so-lution feasible if the geometrial data are setto the present values would be the best hoieas spatial resolution would improve.Pith D detetor station FT-Trk0.5 mm 848 1696 33920.414 mm 1024 2048 4096Table 14: Channel ount.

Figure 116: 3D view of the traker equipped withfront-end eletronis.4.2.2 Front-End eletronisBeause of the stringent spae oupation withinthe entral traker, the MCT frontend ele-tronis is being designed to be plaed o�-detetor. The miro-oaxial able assembliesonnet the detetors and the FE boards. Non-ampli�ed analog signals transit via the ableassemblies from the hambers to the FE ele-tronis. Aording to the preliminary studies,for the FT-Trk eletronis the length of theables will not exeed 80 m.86



The 512-hannel frontend boards, alled FEU(Front-end unit) are housed in 4U rates. Therates are assembled from ommerially avail-able standard omponents. The rates anbe designed with the desired number of slots.Two types of rates are foreseen for the MCTeletronis: with 2 and 6 slots. The width ofthe FT-Trk frontend rates will be adaptedaording to the �nal hannel ount and de-tetor - frontend board modularity. Assum-ing as an example the hambers of 512 han-nels, 8 FEUs will be needed. These ould behoused in 3 3-slot rates that would be lo-ated in the shadow of the torus oils. As anexample, Fig. 116 displays an example of thedouble layer design with frontend boards.4.2.3 Bakend eletronisThe JLab Hall D Eletronis Working Groupdevelops and produes various eletronis boardsfor the Hall D Trigger System. The eletron-is will be widely used at CLAS12 as well.It is foreseen to adapt some of the develop-ments for the bakend eletronis of the MCTreadout system. The MVT and the FT-Trksystems an share a ommon bakend. Suhbakend eletronis would be housed in a sin-gle VXS rate and would onsist of a TriggerInterfae (TI) module, a Signal Distribution(SD) module, a number of Sub-System Pro-essor (SSP) modules and a rate ontrollerCPU, as shown on Figure 117.4.2.4 Clok/trigger distribution and dataand ontrol �owThe �ow of trigger, data and ontrol messagesis shown on Figure 117. The TI reeives a lowjitter system lok and �xed lateny triggersignals from the CLAS12 trigger supervisor.It also delivers to the trigger supervisor om-bined status information (e.g. Busy) of theMCT/FT-Trk read-out system. The physi-al layer interfae is based on a parallel op-ti tehnology. The lok and trigger signalsare delivered to the SD board over the VXS

Figure 117: Data and ontrol �ow.bakplane. The SD board onveys properlydelayed and aligned lok and trigger signalsto the SSP boards. It also gathers their statusinformation, ombines and sends it to the TIboard. These ommuniations happen overthe VXS bakplane.Eah SSP ommuniate with up to 32 fron-tend units (FEU) over bidiretional optiallinks. Downstream �xed lateny ommunia-tion links will transfer to the frontend unitsthe lok and trigger information (lok willbe enoded in data). Over the upstream in-formation the SSP board will reeive eventdata from the FEUs. A single SSP should beenough for the entire FT-Trk readout sys-tem. The interonnetion between the SSPsand the FEUs will be ensured by a �ber-optiplant onsisting of individual �ber-opti a-bles, parallel �ber-opti ables and �ber dis-tribution modules.The readout of event data is done by a JLab�standard� rate ontroller CPU. High rate2eSST DMA would be needed to retrieve thedata from the SSP boards. The data are sentto the ClAS12 DAQ event builder over theGigabit Ethernet interfae of the CPU. TheCPU is also used for ontrol and monitoringpurposes of the read-out system.
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4.2.5 Frontend UnitsThe main omponents of the mixed analog-digital FEU boards are eight ASICs, alledDream (Dead-timeless Readout EletronisASIC for Miromegas), an eight-hannel 12-bit 40 MHz ADC and a FPGA devie. The64-hannel Dream ASIC performs the olle-tion, the ampli�ation, the �ltering, the dis-rimination and the analogue storage of thedetetor signal in an analogue memory that isused as a trigger lateny and de-randomizingbu�er. The sampled signals whih have beenmarked by the trigger are readout asynhro-nously without stopping the analog storageproess allowing a �dead-time free� operationfor trigger rates up to 20 kHz and more. Eahhannel of the Dream hip integrates a hargesensitive preampli�er (CSA), an analogue �l-ter (shaper) and a 512-sample analog mem-ory. Four programmable dynami ranges (50fC,100fC, 200fC, 1pC) of the CSA and 16 se-letable peaking times of the shaper makespossible the use of the Dream ASIC with awide verity of Miromegas hambers (i.e. dif-ferent detetor apaitanes). The 512-elldeep irular analog memory provides enoughbu�ering to stand the 16��Âµs trigger la-teny for a sampling rate of up to 32 MHz.The Miromegas eletronis is being designedto provide both timing and harge informa-tion of the detetor signals. It is aimed to ob-tain a timing preision of the order of 15 ns.A 10-bit dynami range for the frontend ele-tronis will ensure aurate harge measure-ments with large enough ratios of MIP overthreshold (aiming 10), threshold over noise(aiming 6) and maximum harge over MIP(aiming 10).Detetor signals have two distint omponents:a fast one from eletrons with few ns risingtime and a relatively slow one from ions. Theion signal represents about 80-90% of the to-tal harge and lasts for about 100 ns. Toavoid ballisti de�it during the harge inte-gration proess the peaking time of the Dreamshapers will be set to about 100-150 ns. The

shaped signal will have a semi-Gaussian formwith about 250-375 ns width. These shapedanalog signals will be ontinuously sampledat 20 MHz. For eah trigger, a programmablenumber of samples of every hannel will besent to an external 12-bit FADC for digiti-zation. The subsequent signal analysis willtake plae in the FPGA devie of the FEUs.After the pedestal subtration step, a om-mon baseline will be determined for all han-nels of an ASIC. Next the baseline will besubtrated from all samples. Finally, a pro-grammable threshold will be applied to theobtained result. This zero-suppression teh-nique will minimize the ommon noise pikupe�ets. The zero-suppressed data will be ol-leted and sent to the event-builder for sub-sequent on-line and/or o�-line analysis. Thetrigger readout timing will be adjusted in away that the digitized samples will orrespondto a point on the hannel baseline and at leasttwo points on its rising edge. Extration ofsignal timing information with the preisionless than the sampling period is possible forexample by linear interpolation towards thebaseline. Charge information an be obtainedfrom the amplitude of the signal or adoptingvarious signal proessing algorithms, e.g. FIRdigital �lter.4.2.6 FT-Trk data volumeThe following have been assumed to estimatethe amount of expeted FT-Trk data. 512-hannel D-shaped Miromegas hambers areonsidered with the total hannel ount of4096 for the entire FT. The physis bak-ground rates of 50 MHz have been assumed.In average, the hit multipliity per trak andper layer is about 2 for all detetor stations.The trigger rate of 20 kHz has been taken.A zero suppression mehanism with subtra-tion of a ommon noise and appliation of athreshold is assumed. The results are sum-marized in Figure 118.The event sizes and the required data88



Figure 118: Data volume.throughputs are relatively modest. It looksthat a ommon MCT/FT-Trk bakplane isviable. For 4 readout samples their ombineddata bandwidth would be about 80 MByte/s -far lower than the 200 MByte/s 2eSST DMAthroughput ahievable in a single VXS rate.4.2.7 ServiesThe FT-Trk frontend eletronis will needsingle power supply voltage in the range of4.5-5 V. Preliminary estimations indiate thatthe power onsumption of the boards will bearound 15 W. The FT-Trk frontend rate(s)will be powered from a remote power sup-ply. A good andidate ould be a modularlow voltage power supply from the WienerPL508 series. Depending on the number ofFT-Trk frontend rates, the power supplyshould be equipped with one or two 5 V mod-ules. The power supply will be loated some10-12 m away from the frontend rates. Apair of power ables with relatively large rosssetion (9AWG - 6 mm2) and a pair of thinsense ables would be enough to guaranteeless than 1 V voltage drop at 30 A urrentintensity.Cooling of the boards will be done by om-pressed air-�ow brought to eah rate with an8 mm2 �exible tubes. The heated air has tobe extrated from the viinity of the dete-tor area. A tube with larger about 50 mm2ross-setion will be needed per rate.An interlok system between the oolinginfrastruture and the low voltage power sup-

ply must prevent powering the frontend rateswhen ooling is o�. Yet another interlok sys-tem is needed to avoid applying high voltagesto the Miromegas detetors when the fron-tend boards are not powered.4.3 High voltage and gas system4.3.1 High voltage distribution systemEah Miromegas layer will need two highvoltage supplies (∼ 450 V for the miro-mesh,and ∼ 1000 V for the drift eletrode), for atotal of 8 ables.A HV distribution rak will be installed inthe Hall, 10 to 15 m away from the dete-tors. The HV rak will be onneted to thedetetors with red RG59 ables (or smallersetion able if possible). HV onnetors willbe loated on the edge of the detetors.4.3.2 Gas systemThe gas foreseen for the Miromegas dete-tors is a mixture of Neon, isobutane (up to10%) and CF4 (up to 5%). The use of Neonompared to Argon redues signi�antly thedisharge probability in the detetor, and theCF4 ensures a good time resolution (around10-15 ns). The gas mixture may be in the�ammable ategory, whih will imply someadded work in terms of safety system.A gas rak with the valves and �ow-meterswill be installed in the Hall, 10 m away fromthe detetors, and is likely to be the sameused for the Forward Miromegas Traker.The gas rak will be onneted by rigid stain-less steel lines to the gas bottles and a mix-ing unit, situated outside the Hall in the gasshed. From the gas rak one in (diameter 8mm) and out (diameter 12 mm), rigid �rstand �exible at the end, stainless steel lineswill go up to a distribution panel (100mm x100mm). From the distribution panel, the gaswill be parallelized between the FMT and theFT-Trk in two small, 6mm-diameter plastilines to the detetors. The equipment to be89



delivered should meet US standards in termof maintenane and safety. Therefore Salayrequires an ative ooperation in the designvalidation, omponent researh (US norms),and implantation of the gas system. A JLabsafety advisor should be ative from the de-sign validation to the installation with ad-hogas proedure and seurity items.4.4 Expeted performaneThis setion details the reonstrution algo-rithm whih has been developped, as well asthe resulting traking performane of the pro-posed setup.4.4.1 Event generationIn order to develop the traking ode andevaluate its performane, eletron events havebeen simulated using Gem. In a �rst simu-lation, single eletrons have been generatedfrom the enter of the target with momen-tum between 0.5 and 4.5 GeV/ and polarangles θ between 2.5 and 4.5◦. This is the�rst approah to understand whih kind ofuts needs to be applied to selet good ele-trons. In a seond simulation, events havebeen generated with bakground orrespond-ing to the standard CLAS12 luminosity (1035m−2 · s−1). Assuming a 100 ns time windowfor the FT-Trk, around 50,000 beam ele-trons have to be simulated for a single event.Figure 119 shows the orresponding hit rateper detetor. Three to �ve bakground hitsare expeted in average for eah detetor perevent.4.4.2 Clustering, point assoiation and �rstutsThe lustering is the assoiation of strip hitsfrom a single partile. If two or more on-tiguously strips reord a signal, the hargebaryenter is omputed to determine the po-sition of the partile. Moreover, as an ele-tron is expeted to deposit energy in all the

Figure 119: Bakground rate per detetor at thenominal CLAS12 luminosity.layers, only events with at least one hit ineah layer are kept. Then for one doublelayer, all possible ombinations of X and Yare heked and kept only when the orre-sponding radius is in the ative area. Theangles φ and θ of eah luster are then saved,tbeing de�ned as:
φ = tan(
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), (12)where z is the beam diretion and x (resp. y)the horizontal (resp. vertial) axis perpendi-ular to z.At this step we have a (φ, θ) ouple for eahluster of eah double layer. Trak andidatesare then built as an assoiation of lustersfrom the �rst layer with lusters of the se-ond layer. The aim is to get a good sele-tion of traks with strong bakground reje-tion. First, the luster radius in the �rst layershould be smaller than the one in the seondlayer, otherwise the trak andidate annotome from the target (Fig. 4.4.2 left). Then,for eah luster on the seond layer, a (θ, φ)area is de�ned on the �rst layer. If a lus-ter is found in this area, the two lusters areassoiated in a trak andidate (Fig. 4.4.2right).90



Condition Cut [mm, deg℄Cluster enter on the �rst layer 68 < R1 < 162Cluster enter on the seond layer 68 < R2 < 162di�erene between the two radii −15 < R1 − R2 < 6di�erene between the two theta | θ1 − θ2 | < 0.6di�erene between the two phi | φ1 − φ2 | < 10Table 15: Summary table of the uts for the seletion of events with FT-Trk alone.

Figure 120: Illustration of FT-Trk uts. (Left):if the luster radius R1 of the �rst layer is largerthan the radius R2 of the seond layer, the trakis rejeted. (Right): around the luster of theseond layer an area is de�ned on the �rst layer.If there is a luster inside this area, a trak an-didate is de�ned.The Table 15 presents a list of the utsapplied so far.When a trak andidate is de�ned, a or-responding φ angle is kept, and de�ned asthe average of the φ angles of the two layers.

For reasons that will appear below, only the
θ angle of the seond layer is kept.4.4.3 Mathing with the alorimeterThe alorimeter is used to obtain the energyof the partile but also for noise rejetion. Asimilar proedure is applied: for a given po-sition obtained in the alorimeter, we hekif there is a orresponding trak andidate inthe FT-Trk. The uts applied are presentedin the Table 16.When the mathing is suessfull, the al-gorithm for the bakward reonstrution isalled.4.4.4 Bakward extrapolationThe aim of the extrapolation is to determinethe partile parameters at the vertex position.Using the movement equations of a hargedpartile in a magneti �eld, the trak is reon-struted from the seond layer of Miromegasto the target. There are two main di�ultiesfor the reonstrution.The initial angle θ alulation using formula12 assumes that the partile is oming fromthe enter of the target following a straightline. If this indeed leads to a good approxima-tion at moderate momentum, low momem-tum eletrons (below 1 GeV/) are signi�-antly bended due to the magneti �eld. Inthis ase a wrong initial angle is used as shownon Figure 121 where the di�erene betweenthe θ used for the reonstrution and the real91



Condition Cut [mm, deg℄di�erene between the two radii −0.44 ∗ p − 13 < R2 − Rcalo < −0.44 ∗ p + 2di�erene between the two theta −0.8 < θcalo − θ2 < 0.5Table 16: Summary table of the uts applied for the mathing between the FT-Trk and thealorimeter.one is plotted as a funtion of the momem-tum.
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Figure 121: Di�erene between the θ used in thereonstrution and the real one as a funtion ofthe momemtum. Eletrons are emitted from theenter of the target with θ = 3◦.To avoid this problem the angle alulatedfrom the two lusters of the trak ould beused but the distane between the two lay-ers makes the θ estimation even worse. Ithas therefore been deided to orret this biasat low momentum by �tting the distributionshown in Figure 121.The seond di�ulty onerns the end of thebakward reonstrution. It is an importantpoint beause if the partile is stopped too farfrom the point from whih it has been emit-ted, it an drastially hange the value of thetrak parameters. It has been found that thebest riteria onsists in de�ning the vertex asthe trak position with the smallest distaneto the beam axis. If the vertex position is lo-ated outside the target, the extrapolation is

stopped at z = 0.4.4.5 ResultsWe present here the results using events sim-ulated with bakground, and eletrons gen-erated all along the target. The left (resp.right) part of Figure 122 shows the averageresolution for θ (resp. φ) by bins of 0.25GeV/. The requirements are mathed foreletrons with momentum above 1 GeV/. Anew version of the alorimeter is available,and yields to a signi�antly better momen-tum resolution. This version has not beenused in the traking yet, but should help tomeet the requirements at low momentum.
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Figure 122: Resolution for θ (left) and φ (right)as a funtion of the eletron momentum by binsof 0.25 GeV/.
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4.5 Costs and planning4.5.1 EletronisThe presented ost estimate assumes the useof 512-hannel Disk-shaped Miromegas ham-bers. The ost breakdown is as follows:� Frontend units: 8 + 2 spares = 10 x 2ke= 20 ke;� Signal ables: 64 + 16 spares = 80 x150e= 12 ke;� Bakend: 6.2 (if shared with the MCT)or 22 ke(if independent system);� Frontend-bakend onnetions: 8+2 spares= 10 x 100e= 1 ke� LV Boards - 4 ke(if independent sys-tem);At this phase a good ost estimate for theFT-Trk readout eletronis would be 59 ke.Prodution of the frontend ards will startin 2013, with prototypes due in January andmass prodution to begin in Otober. Thebakend units should have prototypes readyin February 2013, and after tests produtionwill follow in Fall.4.5.2 DetetorsThree Miromegas double faed disks (2 + 1spare) plus two prototypes will be built us-ing the bulk tehnology at Salay. The to-tal ost, inluding the PCB manufature, thetest benh and the assembly of the detetorsis 5 x 5 ke= 25 ke.The ost of the HV boards is 2 x 4.3 ke= 8.6ke, and one expets 5 ke, for the gas system.The Salay personnel ost (Labour ost) is44 ke. Adding various small size equipment(�owmeters, stainless steel tubes, et..) andthe ost for transportation, the ost estimatewould be 91 ke.The general ost inluding the eletronis wouldthen be 150 ke.The design of the traker would be ready by

Deember 2012. A prototype will be deliv-ered in Salay in April 2013 then tested dur-ing Summer. Final or modi�ed design wouldbe ready in Otober 2013. The �nal detetorshould be ready to be tested with �nal ele-tronis in Summer 2014 and shipped to Gen-ova in September 2014. The three followingmonths will be dediated to the mounting ofthe full photon tagger equipment.
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5 Integration and Installation5.1 IntrodutionIn this setion the struture for the whole For-ward Tagger (FT) will be desribed. Themehanial design of this system has beendriven by geometrial onstraints by the restof the detetor, geometrial aeptane opti-mization and performane optimization, tak-ing into aount ooling, material budget, front-end eletronis loation.The FT detets eletrons sattered between
2.5◦ an 4.5◦ w.r.t. the beam axis. To al-low this aeptane, the FT alorimeter mustover down to 2◦ and up to 5◦ with lead tungstaterystals. Sine no massive materials are al-lowed at angles larger than 5.5◦, rystals, ool-ing, mehanial supports and tungsten shield-ing have been optimized in a very ompatdesign. Outside this 5.5◦ we will only have in-sulating material, whih has a very low den-sity, 35 kg/m3, and routing for abling andservies in the blind area of the CLAS12 de-tetor, where the toroidal magnet oils are.As desribed in this doument, the FT isbuilt by several parts that an be grouped asfollow:� the inner tungsten pipe,� the tungsten one ating as Moeller ele-trons shield,� the traker,� the hodosope,� the alorimeter,� the front-end eletronis,� abling and servies.From the mehanial point of view, themost hallenging part is the integration of thealorimeter, due to the weight and fragilityof the rystals. Anyhow, due to the need forpreision positioning and spae onstraints,also the relative positioning and alignment ofthe various sub-detetors will be ritial.

5.2 Constraints from other sub-detetorsThe FT must be installed around the beamline between the Cherenkov Counter ant the�rst layer of Drift Chambers. The CherenkovCounter will be movable along the beam axis.In operating position, it will extend up to
1730mm downstream w.r.t. the InterationPoint (IP) this plane de�nes the upstreamborder of the allowane for the FT. The �rstlayer of Drift Chambers will be installed infront of the toroidal magnet oils, with aninlination of 68◦ w.r.t. the beam axis. Thefront-end eletronis boards of the Drift Cham-bers de�ne the downstream border of the al-lowane for the FT. The minimum distaneof the Drift Chambers boards from the beamaxis will be ∼ 140mm at 2280mm down-stream w.r.t. the IP. Taking into aount theoutside radius of the FT, inluding insulation,and the inlination of the Drift Chambers,the FT an not exeed ∼ 2150mm w.r.t. theIP. The FT will need abling and servies rout-ing, for gases and ooling. These serviesmust be onneted to the outside of CLAS12.All the routings will be installed in the shadowarea of the toroidal magnet oils, i.e. in sixslots extending radially from the beam lineto the periphery. Eah oil will be ∼ 100mmthik, allowing us to host also some front-endeletronis, whih must be lose to the dete-tors.All the FT will be attahed to the toroidalmagnet ryostat. This is needed both formounting sequene onstraints and to avoidmassive supports in front of the Drift Cham-bers. A support pipe with a proper �angewill be attahed to the magnet ryostat. Onthe other end, another �ange will be bolted toa orresponding �ange of the inner tungstenpipe. A proper system to allow preise align-ment and positioning of the detetor w.r.t.the beam line and the interation point.To the inner tungsten pipe all the othersystems will be attahed. The alorimeterwill be kept in position w.r.t. the inner tung-94



Figure 123: Allowable spae for the Forward Tag-ger: on the left, the Cherenkov ounter, on theright the toroidal magnet ryostat and one setorof the Drift Chambers. Two boxes for front-endeletronis, plaed in the ryostat shadow, areshown as well.sten pipe via four radial supports, made ofPEEK. PEEK has been hosen beause of itslow thermal ondutivity (0.25W/m·K) andits relatively high tensile strength (∼ 100MPa).In addition, it features high radiation hard-ness and exellent stability over a broad rangeof temperatures [44℄.The tungsten one will be attahed to theinner tungsten pipe with a system of �angesand o-rings, to allow evauation of the beamline if needed. The tungsten one will end,in downstream diretion, with a ylindrialsetion. On this setion, the traker and thehodosope will be bolted. These detetorswill be plaed between 1740mm and 1795mmdownstream w.r.t. the IP. A view of the al-lowable spae for the FT is shown in Fig. 123.In the next setions, the mehanial de-sign for eah subsystem will be desribed indetail, followed by the desription of the mount-ing proedure and integration in CLAS12.5.3 FT mounting proedureThe di�erent steps of the FT mounting proe-dures are shown in Figs. 124 and 125. The FTwill be mounted on a art �ipping two times

Figure 124: FT mounting proedure, step one.From top-left: assembly of the bak opper plateon the support (1), the inner skin and the innerooling system (2), rystals and front grid (3),the LED system, the external skin and the ex-ternal ooling system (4), rotating the FT withthe front part down-ward looking (5).the partial assembly to simplify the proe-dure. A the end the system will be plaedwith the front part up-ward looking. The FT-Hodo and the FT-Trk, pre-assembled in thelab, will be then inserted around the entralpipe.5.4 Installation in CLAS12The Forward Tagger (FT) will be attahedto the torus ryostat. No other attahmentpoints are foreseen. Due to this, the instal-lation proedure will essentially re�et thedistane of the various subsystems from themain attahment point.Sine the ables and pipes needed for theFT detetors will be installed together with95



Figure 125: FT mounting proedure, step 2.From top-left: the motherboard on the bak side(1), the bak tungstane hat (2). Flipping again:the front part is now up-ward looking, insertingthe inner tungstane pipe (3), ompliting with theexternal thermal insulator (4).the ones of the drift hambers, we will not de-sribe here their installation proedure, butwe will assume to have them in position be-fore the beginning of the FT mounting pro-edure.The �rst part that will be installed is themain support pipe. This will be bolted to thetorus ryostat �ange and properly aligned.The alignment is needed to guarantee the properand aurate positioning of the inner tung-sten pipe, whih is the atual referene forthe detetors.The FT alorimeter will not be mountedin on-beam position. We foresee to use adho tooling to manage the preise and safeonstrution of the detetor, sine the sin-gle rystals are very deliate and the wholealorimeter is quite heavy. The inner tung-sten pipe and the omplete alorimeter withits insulation and ase will be installed on op-erating position as a whole. A proper ar-rying tool, allowing for moving this elementwith the overhead rane will be designed andused to put it in position.

The alorimeter will be �xated to the mainsupport pipe via a �ange on the inner tung-sten pipe. After the bolting, the arrying toolwill be removed and the alignment will be ver-i�ed with lasers and proper hek points onthe alorimeter itself. Then ables and pipeswill be onneted and �uids will be irulatedto verify the orret funtioning of the sys-tem.The Moeller shield will be made of severalparts. The �rst element will be installed onthe inner tungsten pipe to allow the mount-ing of the traker and of the hodosope. Thefront-end eletronis boxes for the traker willbe installed on the alorimeter ase. Thehodosope read-out and front-end eletroniswill be installed in their loations as well.The alignment of the two traker planes isritial, therefore they will be mounted on aommon support frame and preisely alignedbefore being delivered in Hall B. The hodosopewill be �xated to this support frame as welland aligned. The support frame will featuresome preisely mahined and adjustable at-tahment points to be onneted and �nelyaligned to the �rst element of the Moellershield.The hodosope and the traker will be in-stalled at this stage, as a single objet, takingadvantage of the support struture. The op-tial �bers olleting the light from the sin-tillator tiles of the hodosope with their pho-ton sensors already glued will be onneted tothe read-out eletronis. The traker planeswill be onneted to their front-end eletron-is and to the gas pipes. Eletronis and gassupply system will be �nally tested.The installation proedure will �nish withthe �xation of the remaining part of the Moellershield. A �nal hek of the alignment of theone will be performed and eventual adjust-ment of the one position, via thin metal foils,will be performed.
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5.5 Cabling and servies routingAll servies and ables neessary for the oper-ation of the FT detetors will be routed alongthe torus oils to minimize the interferenewith the CLAS12 Forward Detetor. Theseinlude the following items:� FT-Cal:1. signal ables (332 oaxial ables withdiameter of 2.5 mm),2. HV (3 multiwire ables with diam-eter of 15 mm) and LV ables (6ables with diameter of 3 mm)3. slow ontrols (32 wires with diam-eter or 2 mm),4. ooling pipes (2 thermally-insulatedpipes with diamater of 35 mm) andgas lines (2 pipes with diameter of8 mm);� FT-Hodo:1. optial �bers (768 1-mm �bers groupedin 48 bundles for a total diameterof 55 mm);� FT-Trk:1. optial �bers for the transmissionof the digitized (8 lines with diam-eter of 2 mm),2. slow ontrols (3 usb ables),3. HV (8 ables) and LV (4 wires fora total diameter of 4 mm) ables,4. gas lines (2 pipes with diameter of8 and 12 mm) and ooling lines (3inlet tubes with diamater of 3 mmand 3 outlet tubes with setion of500 mm2).Cables and pipes will be grouped and routedalong the diretion of the magnet oils usingappropriate rails. The FT-Cal signals ablesand the FT-Trk optial �bers will be routedon the left side of the detetor along the oilbetween setor 1 and 2 of CLAS12, towardthe eletroni that will be loated on the lest

Figure 126: Shemati of the proposed able andservies routing for the FT detetors in 3D view(top) and a setion view (bottom).side of the Spae Frame. The FT-Hodo �berswill be routed down toward the rate host-ing the preampli�er that will be attahed tothe torus magnet legs. The HV, LV and slowontrols for both Ft-Cal and FT-Trk will berouted on the right side of the detetor alongthe oil between setor 4 and 5 of CLAS12.The gas and ooling lines for both FT-Caland FT-Hodo will be routed on the left sideof the detetor along the oil between setor1 and 6 of CLAS12. These pipes will be ex-tended up to appropriate gas panels, to theair ompressor and hiller that will be loatedon the ground �oor of the experimental hall.The rails width and depth will be ho-sen ompatibly with the spae available both97



during the normal operation or maintenaneof the CLAS12 drift hamber, and with thelearane between the HTCC and the CLAS12Forward Detetor. With the grouping de-sribed above the neessary ross setion alongthe 4 outgoing diretion is always less than4000 mm2 and therefore ompatible with theavailable spae of 50 × 80 mm2. In additionthe rails will be designed to be removable inase of maintenane of the FT. Fig. 126 showa shemati of the proposed routing paths.
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6 FT Commissioning and Cali-brationThis setion desribes the proedures thatwill be followed during the onstrution ofthe FT and its installation in Hall B to en-sure the proper funtioning of the devie, ver-ify alignment and positioning, identify andreplae faulty omponents. A omplete se-ries of tests will be performed to insure theproper funtioning of the all subsystem om-posing the FT. In Genova, �rst heks willbe performed during the assembly phase. Be-sides tests on rystals, light sensors, eletron-is, and thermal behavior, osmi ray willalso be used. The detetor will be moved atJLab and after the installation in CLAS12,the response of the FT to the osmi rays willbe tested to provide: hannels gain math-ing; absolute light output, time synhroniza-tion with respet to CLAS12 (trigger), ab-solute time measurement, oinidene timingbetween FT-Hodo elements and relative FT-Hodo/FT-Cal timing. One the beam willbe available in the Hall, we will make use ofknown reations to ommissioning the dete-tor. The elasti eletron sattering will beused to measure the FT omponents align-ment and absolute e�ieny, the FT-Cal en-ergy and position resolution, the FT-Trk po-sition resolution and the FT-Hodo responseto MIPs. The reation p(e, epπ0) will be usedto measure the FT response to π0 induedem shower, deteting the sattered eletronand the proton to test the FT-Hodo veto ef-�ieny, the FT-Cal resolution via Mπ0 re-onstrution, and to measure bakground inFT-Trk.As for the other CLAS12 subsystems, theommissioning plan is divided in three steps:quality assurane and sistem heks, systemhekout, ommissioning and alibration withand without the beam. In the following wedesribe the di�erent proedures foreseen foreah FT omponent.

6.1 Quality assurane and system heksFor the FT-Cal and the FT-Hodo we reportin details the quality insurane proedures.For the FT-Trk we refer to the Central Mi-roMegas ommisioning plan sine the FT-Trk shares the same tehnology.6.1.1 FT-Cal, PBWO CrystalsTEST # FT-Cal PbWO-II rystalsPbWO rystals Measure the physial/optial properties(size, light yield, deay time, light trans-mission, radiation hardness, . . . )Speial equipment The tests will be performed at the AC-COS faility at CERNDAQ Con�guration andTrigger The faility has all the neessary ele-tronis/daq/triggerManpower and timeneeded The ACCOS faility tests 20 rystals attime, 100/day therefore we expet to op-erate the mahine for 1 week, 2 peopleSoftware for analysis of re-sults ACCOS produes automatially the re-sultsComputing resoures No need of omputer resouresInformation to be saved inthe database Some information will be saved in theDB: size, LY, light transmission, radia-tion hardness, deay time6.1.2 FT-Cal, APDTEST # FT-Cal light sensorsAPD/SiPM Measure the properties of the lightsensors at �xed T (visual inspetion,gain%V, linearity, dark urrent, dead ar-eas . . . )Speial equipment The tests will be performed in Genovausing laser and LED souresDAQ Con�guration andTrigger The daq will be ustom, optimize to theneessary testsManpower and timeneeded 3months, 1 personSoftware for analysis of re-sults Custom systemComputing resoures No need of omputer resouresInformation to be saved inthe database dG/dV, dG/dT, QE, dark urrent6.1.3 FT-Cal, Front-End eletronisTEST # FT-Cal FE eletronisPreampli�ers Measure the properties of preampli�ersfor APD/SiPM readout: gain, outputsignal shape for referene pulse, noiseand motherboardSpeial equipment The tests will be performed in Gen-ova/Orsay using loal test benhDAQ Con�guration andTrigger NAManpower and timeneeded 1month, 1 personSoftware for analysis of re-sults NAComputing resoures NAInformation to be saved inthe database Gain, Trise, Tfall, noise RMS6.1.4 FT-Cal, ooling systemTEST # FT-Cal ooling system99



Thermal shield, FT-Calvessel, hiller and pipes Test of ooling system inluding pipeand vessel tightness, T uniformity, ool-ing powerSpeial equipment The tests will be performed in Genovausing loal test benhDAQ Con�guration andTrigger NAManpower and timeneeded 2 weeks, 1 personSoftware for analysis of re-sults NAComputing resoures NAInformation to be saved inthe database Temperatures should be store duringdata taking6.1.5 FT-Cal, Read-Out EletronisTEST # FT-Cal RO eletronisfADC, splitters, disrimi-nator, TDC Test of the whole RO hain from thepreamp to the stored data: proper fun-tioning of eah board and eah hannel:ADC onversion fator, harge linear-ity, TDC onversion fator and linearity,Disriminator minimum thresholdSpeial equipment The tests will be performed atJLab/Genova using the loal ele-troni test benhesDAQ Con�guration andTrigger ?Manpower and timeneeded ?Software for analysis of re-sults NAComputing resoures NAInformation to be saved inthe database ADC onversion funtion, TDC onver-sion funtion, Disriminator minimumthreshold6.1.6 FT-Cal, Slow ontrolsTEST # FT-Cal Slow ontrolsHV for light sensors biasand LV for preamps, moth-erboards Test of the funtionality of rates andboards and power/signals distributionSpeial equipment The tests will be performed in Genovausing the loal eletroni test benhesDAQ Con�guration andTrigger NAManpower and timeneeded 1 week 1personSoftware for analysis of re-sults HV and LV monitoring systemComputing resoures NAInformation to be saved inthe database LV, dead hannels6.1.7 FT-Cal, LED monitoring systemTEST # FT-Cal monitoringLED system to monitorgain mathing, linearity,light transmission Test of the funtionality of the system,individual LED alibration, light outputSpeial equipment The tests will be performed in Genovausing the loal eletroni test benhesDAQ Con�guration andTrigger NAManpower and timeneeded 1 week 1personSoftware for analysis of re-sults Dediated software to ontrol the sys-tem and analyze the results that will beintegrated in standard CLAS12 DAQComputing resoures NAInformation to be saved inthe database Individual LED light output

6.1.8 FT-Cal, CablesTEST # FT-Cal ablesHV, LV, signal ables Test of the funtionality of all onne-tion ablesSpeial equipment The tests will be performed in Genovausing the loal eletroni test benhesDAQ Con�guration andTrigger NAManpower and timeneeded 1 week 1personSoftware for analysis of re-sults NVComputing resoures NAInformation to be saved inthe database NA6.1.9 FT-Hodo, PrototypingTEST # FT-Hodo-Prototyping
Geant4 simulation of de-tetor elementsConstrut prototype de-tetor elements to be usedin hodosope.Charaterise test modulesTest with SiPMTs

Geant 4 simulation of various designsof detetor elements Eah element om-prising plasti sintillator tiles withwavelength shifting �bres embedded insurfae of sintillator tile.Simulate the various detetor ele-ment designs omprising di�erent tilesizes/shapes and oiled/linear wave-length shifting �bre. Simulations willinlude modeling of propagation andapture of sintillation photons. Com-pare predited yield of sintillation pho-tons for various on�gurations and dif-ferent tehniques to embed the �bre.Couple to simulation of forward taggerwith realisti beam parameters to assessthe ontribution from splashbakConstrut 2-3 prototype detetor ele-ments. Initial tests will use standardPMT (Hamamatsu h36140-10) oupledto wavelength shifting �bre.Assess e�ieny of modules for detet-ing MIPs at various regions on surfaeof tile, establish timing resolution. Ex-ploiting osmi and beta soure tests.Compare with Geant4 simulation pre-ditions.Detetor modules will likely be oupledto SiPMT in �nal design for operationin magneti �eld of CLAS12. Defaultdesign is use same amp and SiPMT asused in urrent hodosope. Tests of al-ternative amp modules and light sensorswill be arried out as part of the tests inGenoa.
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Speial equipment DAQ system with ADC and TDC read-out available in detetor labs at Ed-inburgh. Hamamatsu tubes and addi-tional plasti sintillator modules avail-able for oinidene measurements withsoures/osmis.Wavelength shifting �bres and sintil-lator tiles available at Edinburgh. Di-amond tipped utting tool equipmentavailable for manufaturing prototypes.DAQ Con�guration andTrigger Use Edinburgh DAQ system. Doubleoinidene between 2 plasti sintilla-tor strips with prototype detetor sand-wihed between.Personpower and timeneeded for prototypedevelopment and designPersonpower and time foronstrution of �nal array
Geant simulations: 1 month, 1 personManufature of prototypes: 1 week, 1personBenh tests of prototypes: 1 month, 1personLight sensor (SiPMT) and readout testsin Genoa: 1 month, 1 personConstrution and testing of detetormodules: 1 month, 2 personMounting onto support board: ½ month,1 personConneting WLS �bres to light sensorsand readout: ½ month, 1 personTesting omplete array with os-mis/soures: ½ month, 1 personSoftware for analysis of re-sults Geant4 framework exists. Implementa-tion for tests arried out by EdinburghRA and student. Results analyzed inROOT.Computing resoures No need for omputing resouresInformation to be saved inthe database NA6.1.10 FT-Trk, MiromegasA detailed desription of MM ommissioningis reported in the MM ommissioning plan.FT-MM will adopt the same proedures re-ported there.

6.1.11 FT-Cal, CheksTEST # FT-Cal hekout 1
Full hek of the whole FTCal subsystem Test of the full assembled alorimeter:� Vauum tightness� Cooling and T stability� HV hek for individual han-nels, LV hek, abling hek� Light transmission and signaloutput for individual hannelusing the light monitoring sys-tem (presene of signal, linear-ity tests)� Cross-talk between rystalsSpeial equipment The tests will be performed �rst in Gen-ova and then repeated before installa-tion in CLAS12DAQ Con�guration andTrigger DAQ benh test Genova / DAQ benhtest JLabManpower and timeneeded 1 week 1person (x2) + spae for JLabtestsSoftware for analysis of re-sults Loal CODA installationComputing resoures INFN-GE CODA setup for tests in Gen-ova and JLabInformation to be saved inthe database NA6.1.12 FT-Cal, Cheks with osmi raysTEST # FT-Cal hekout 2 � Cosmi raysFull hekout of the FT-Cal using stand-alone os-mi ray setup Measure the FT-Cal response to osmiray for (individually)� gain mathing� absolute light output� relative timingSpeial equipment The tests will be performed �rst in Gen-ova and then repeated before installa-tion in CLAS12DAQ Con�guration andTrigger DAQ benh test Genova / DAQ benhtest JLabManpower and timeneeded 1 week 1person (x2) + spae for JLabtestsSoftware for analysis of re-sults Loal CODA installation + dediatedmonitoring toolsComputing resoures INFN-GE CODA setup for tests in Gen-ova and JLabInformation to be saved inthe database NA6.2 System hekoutHere are desribed the heks that will beperformed upon ompletion of installation toverify the proper funtioning of the system.
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6.2.1 FT-Cal, Chekout with LED sys-temChekout of FT-Cal with LEDFull hekout of thewhole FT Cal subsysteminstalled in Hall-B Installation of the FT-Cal in CLAS12Test of the full assembled alorimeter:� Vauum tightness� Cooling and T stability� HV hek for individual han-nels, LV hek, abling hekLight transmission and signal output forindividual hannel using the light moni-toring system (presene of signal, linear-ity tests)Manpower and timeneeded 1 week INFN and Hall-B tehniians forinstallation1 week hekout INFN researhers1 week DAQ JLab expert to integratethe FT-Cal in the CLAS12 RO and trig-ger systemsSoftware for analysis of re-sults NAComputing resoures NADependenies from othersystems CLAS12 DAQ and TriggerInformation to be saved inthe database Translation tables6.2.2 FT-Hodo, Chekout with osmi raysChekout of FT-Hodo with osmis
Full hekout of the wholeFT Hodosope installed inHall-B

Installation of hodosope in CLAS12.� Mounting of devie onto sup-ports� Cable routing of input voltageand signal readout ables� Connetion of readout toADC/TDC modulesSignal test of all hodosope detetor el-ements in-situ using osmis. Softwareanalysis for omparison of relative tim-ing and MIP e�ieny of individual ho-dosope elementsManpower and timeneeded 2-3 days HallB tehniian and Edin-burgh researhers1 week hekout Edinburgh researhers1/2 week JLab DAQ expert to integrateADC and TDC output from FT �hodointo reorded data streamSoftware for analysis of re-sults NA

Computing resoures NA
Dependenies from othersystems CLAS12 trigger and DAQ. Will requiredevelopment of FT-Hodo stand aloneosmi triggerInformation to be saved inthe database NA6.2.3 FT-Trk, ChekoutA detailed desription of MM hekout is re-ported in the MM ommissioning plan. FT-MM will adopt the same proedures reportedthere.Here are desribed speial runs and proe-dures that will be performed to get �rst ali-bration data for the system inluding pedestalruns, laser runs, measurement with radioa-tive soures et.6.2.4 FT-CAl, LED monitoringSpeial Run # FT-Cal LED monitoringDesription Measurement of the response of eahhannel to LED pulsesGoal LED run to hek (individually):- Channel funtionality- linearity;- gain stability- timing- noise and resolutionDAQ Con�guration andTrigger CLAS12 DAQ and trigger with a speialFT-CAL-LED on�gurationManpower and timeneeded 2 day 1 personSoftware for analysis of re-sults Monitoring histograms to be imple-mented in standard CLAS12 speial runmonitoringComputing resoures NDDependenies from othersystems Stand-alone testsInformation to be saved inthe database TBD6.3 Calibration with osmi raysHere are desribed the onditions and goalsof data taking with osmi rays.
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Run # FT Cosmi Ray alibration
Desription and goals

Measure the FT-Cal response to osmiray for (individually)� gain mathing� absolute light output� time synhronization with re-spet to CLAS12 (trigger)� absolute timeMeasure the FT-Hodo response to os-mi rays- gain mathing- absolute light output- test oinidene timing betweenhodosope elements- test oinidene timing betweenhodosope elements & forward tagger- time synhronization with respetto CLAS12Measure the FT-Miromegas response toosmi rays (see detailed MM ommis-sioning plan)-DAQ Con�guration andTrigger Dediated FT-Cal-COSMIC trigger anddaq on�guration. Dediated FT-HODO COSMIC TriggerDependenies from othersystems F-TOF, DC, CLAS12-triggerManpower and timeneeded Few days for data taking and 2 weeksof analysisSoftware for analysis of re-sults Reonstrution software with mathingbetween FT-Cal and other CLAS12 sub-systems (F-TOF, DC and trigger)Computing resoures Minimal requirement of entral systemsInformation to be saved inthe database TBDRepetition frequeny Any available time, 1 per week at least6.4 Commissioning with beamHere are the run onditions and on�gura-tions that are foreseen for this system in theinitial phases of operation with beam to hekthe system and to perform a omplete alibra-tion of the detetor.6.4.1 Beam run - FT e− alibrationBeam Run # FT eletron alibration
Desription and goals Use the elasti eletron sattering tomeasure the FT response (FT ompo-nents alignment and absolute e�ieny,FT-Cal energy and position resolution,FT-MM position resolution, FT-Hodoresponse to MIPs) to sattered eletronsin the energy range 0.5-5 GeV taggingthe protonDi�erent urrent sets :Minimum pos-sible urrent (I=100pA) to 10E34,E=1,2,3,4,5,6 GeVLH2 standard 5m target, thin target foralignmentMagnets on�guration: TBD after run-ning detailed MC simulations

DAQ Con�guration andTrigger Standard CLAS12 DAQ on�guration +FT triggerDependenies from othersystems All CLAS12 on, and in partiular theCD to tag the protonManpower and timeneeded 1 week (?)Software for analysis of re-sults CLAS12 reonstrution softwareComputing resoures ?Information to be saved inthe database TBDRepetition frequeny One at the beginning of CLAS12 opera-tions. Dediated alibration proeduresmake using of the standard data will bedeveloped6.4.2 Beam run - FT π0 alibrationBeam Run # FT π0 alibrationDesription and goals Use the reation p(e,e' pi0) to mea-sure the FT response (FT-Hodo veto ef-�ieny, FT-Cal resolution via Mpi0 re-onstrution, bakground in FT-M) topi0 indued em shower, deteting thesattered eletron and the protonCurrent san (from minimum to nominalluminosity) E=6, 9GeVLH2 standard 5m targetMagnets on�guration: TBD after run-ning detailed MC simulationsDAQ Con�guration andTrigger Standard CLAS12 DAQ on�guration +FT triggerDependenies from othersystems All CLAS12 (CD+FD)Manpower and timeneeded 1 week (?)Software for analysis of re-sults CLAS12 reonstrution softwareComputing resoures ?Information to be saved inthe database TBDRepetition frequeny One at the beginning of CLAS12 opera-tions. Dediated alibration proeduresmake using of the standard data will bedeveloped
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7 FT DAQ and triggerThe hardware trigger for the MesonEx ex-periment should be designed to allow quasi-real photoprodution and eletroprodutionmeasurements to run in parallel. In eletro-prodution runs, both the sattered eletronand the hadroni �nal state are deteted inthe CLAS12 detetor. For meson spetrosopy,sattered eletrons will be deteted in the FTand hadroni �nal states in CLAS12. To beable to ollet data for both experiments atthe same time, the CLAS12 DAQ system shouldbe able to trigger and reord both types ofevents. For eletroprodution experiments, asingle eletron trigger will be employed while,for meson spetrosopy, the DAQ will be trig-gered by the oinidene of a multi-partile�nal state in CLAS12 and a signal in the FTwithin the relevant energy range. The mainrequirements for the trigger is to be ∼ 100%e�ient for the �nal states of interest and notto exeed the DAQ readout limit by keepingthe bakground rate as low as possible.7.1 Trigger requirementsCLAS12 will have a free running DAQ sys-tem. ADCs and TDCs will ollet data inpipeline mode. Readout of data will be doneafter the trigger deision is made with an ex-peted event rate of ≥ 10 kHz [20℄. The newCLAS12-DAQ front-end eletronis, in par-tiular the use of �ash ADCs (fADCs) foralorimeters, time-of-�ight and Cherenkovounters, and the availability of fast �eld-programmable gate arrays (FPGA) will allowto employ a multi layer trigger system [20℄.The trigger will have a fast luster �nding al-gorithm (already implemented in the CLAS-IC read-out) with energy and position reon-strution in EC, and hit position and sig-nal strength reonstrution in Cherenkov andtime-of-�ight ounters. These requirementswill be implemented at the Level-1 trigger,using features of fADCs and rate trigger pro-essing (CTP) boards. At Level-2, trak seg-
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CLAS12 standard eletroprodution experi-ments, suh a omplex trigger is importanteven for single eletron trigger runs. Presentexperiene with CLAS showed that a triggersystem that uses setor-based oinidene ofsignals from alorimeters (with a ut on thetotal energy sum) and signals from Cherenkovounters (over a ertain threshold), while be-ing very e�ient, has a very poor eletron-seletivity. For example, at Ebeam ∼ 6 GeVand L∼ 2× 1034 m−2 se−1, only 7% of trig-gered events have an eletron. Moreover, asimple setor-based Level-2 trigger involvingthe traking is also ine�ient for rejeting thebakground (non-eletron) events sine thereis almost always a trak found at the se-tor level. From the analysis of the remain-ing 97% of non-eletron events, it turned outthat most of events were produed via for-ward photoprodution [46℄ where a fake trig-ger was aused by aidental oinidenes be-tween the Cherenkov ounter and the eletro-magneti alorimeter. With higher beam en-ergies (11 GeV) and higher luminosities (1035m−2 s−1), the expeted purity of the triggerbased on a simple, setor based trigger sys-tem will beome worse.To have a realisti estimate of requirementsfor trigger seletivity and to alulate the ex-peted trigger rates, we studied the CLASdata olleted in eletron and real photon ex-periments with prodution of multi-partile�nal states. In the next two setions, wedisuss the expeted trigger rates for stan-dard CLAS12 eletroprodution and quasi-real photoprodution runs.7.1.1 Eletroprodution trigger rateInlusive eletron rates were alulated usingparametrization of eletron sattering rosssetion with radiative e�ets from Ref. [45℄.In Figure 127 top-panel, the radiative rosssetion for ep → e′X as a funtion of sat-tered eletron energy for several values of sat-tered eletron angle (from 8◦ to 28◦) is shown.In the alulation the beam energy was as-
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tromagneti alorimeters (EC), together withthe CLAS12 geometrial aeptanes. In Fig.128 the pions trigger rate is shown with a blueurve. With a low EC threshold (∼ 0.5 GeV),the pion rate is of the order of 0.3 kHz, re-sulting in a total trigger rate of eletron-likepartiles of less than 2 kHz. We expet theCLAS12 multi-layer trigger system will be100% e�ient for eletron-like triggers andwill be able to rejet the other unphysialtriggers (aidentals) at the 50% level. Withthis assumption, we expet to have ∼ 4 kHztrigger rate for eletroprodution events.7.1.2 Quasi-real photoprodution triggerrateThe reations of interest for meson spetroso-py have three or more partiles in the �nalstate. Most of the rate omes from rea-tions with multiple pion photoprodution. Asshown in Fig. 129, the ross setion of pro-esses with three or more pions levels-out around
100µb for photon energies > 3.5 GeV. With aluminosity of 1035m−2s−1, the inlusive ele-tron sattering rate on the FT, in the en-ergy range of interest (Ee′=0.5-4.5 GeV) isRgood=6.7 kHz ¶. This is the hadroni rateuseful to study meson spetrosopy. Fromsimulations we estimated the CLAS12 geo-metrial aeptane for the dominant threepartile �nal state is

ǫ3prongs(Ee′ = 0.5 − 4.5GeV ) ∼ 20%and therefore the expeted trigger rate frommulti-prong events (three or more partiles)in CLAS12 will be: Rgood×ǫ3prongs ∼ 1.3 kHz.
¶It should be noted that the equivalent real-photon �ux for a typial photoprodution experiment(bremsstrahlung beam on a LT=30 m long liquid hy-drogen target) that would give the same hadroni rateis:

Φγ =
RHadronic

LT × ρLH2 × NAv × σTotal(Eγ ∼ 10GeV )
=

=
6.7 kHz

1.3 × 1010
= 5 × 107γ/swhere ρLH2=0.07 g/m3, NAv=6 · 1023 and σTotal(Eγ ∼

10GeV ) ∼ 100µb. This value is similar to what theGLUEX experiment is expeting to run with [48℄.

On top of this, we should onsider ai-dentals between hadroni events in CLAS12and the total rate in the FT. The latter isgiven by two main ontributions: the elastiradiative tail and the eletromagneti bak-ground. Both of them give no multi-partileevents in CLAS12. The elasti radiative ratewithin the aeptane of the FT was esti-mated to be of RFT−rad ∼40 kHz. As dis-ussed in Se. 2.7.7, the ontribution of theeletromagneti bakground assoiated to thebeam (Møller eletrons and seondaries) ismuh higher than the total hadroni rate men-tioned above. The overall eletromagnetibakground rate is of the order of 120 MHzbut, assuming a threshold on the total en-ergy deposed in the FT alorimeter of 500MeV and limiting the maximum energy to4.5 GeV we alulated RFT−em=180 kHz (seeSe. 2.7.7 for details). Sine the optimiza-tion of the tungsten shield geometry is stillin progress we are on�dent that RFT−em anbe further redued. The suppression of thebakground outside the energy range of inter-est, requires the implementation of a triggersystem, for both CLAS12 and the FT, apa-ble of reonstruting lusters in the FT withthresholds on the minimum and maximumenergy that will be developed for the exper-iment. To estimate the random oinidenesbetween the FT and the CLAS12 we shouldonsider the total hadron rate due to eletro-prodution. This is dominated by eletronsattering below 2.5◦, outside the FT over-age. From Ref. [49℄, the total eletroprodu-tion rate is equivalent to the photoprodu-tion rate given by a bremsstrahlung beam ata luminosity approximately equal to 1/50 ofthe eletron luminosity (multiplied by a fa-tor that aounts for energy range). In ourase this leads to
RCLAS12 ∼ σTotal(Eγ ∼ 10GeV ) ×

× 3.6 · 1033cm−2s−1 ×
× ǫ3prongs(Ee′ = 0.5 − 10.0GeV ) =

∼ 36kHz (13)106



Figure 129: Total photoprodution ross setionon proton as a funtion of photon energy, brokendown into major �nal states whih ontribute.where ǫ3prongs(Ee′ = 0.5 − 10.0GeV ) was es-timated to be of the order of 10% when av-eraged over the whole energy range. Con-sidering the total rate in the forward taggerof ∼ 220 kHz, aidentals between CLAS12and forward tagger in a oinidene windowof 50 ns are expeted to be in the order ofRRND ∼1.0 kHz, leading to a total rate (Rgood+RRND) of oinidenes between FT andCLAS12 of ∼ 2.3 kHz. Assuming, as in aseof eletron trigger, a CLAS12 trigger systemseletivity for aidental triggers of 50%, theexpeted trigger rate for multi-prong eventsin CLAS12 from photoprodution events willbe of the order of 4.6 kHz. This is a onserva-tive estimate that an be re�ned by reduingrates in FT and CLAS12 and the time oin-idene window between the two.In summary, with a new, multi-level trig-ger system of CLAS12 and on the FT, eletro-prodution and quasi-real photoprodution ex-periments an be run together. The total

trigger rate, with 50% purity of aidentals inboth eletron and multi-prong triggers, willbe <10 kHz, within limits of the CLAS12DAQ.7.2 Front-End for Fast DetetorsCLAS12 will have two alorimeters (EC andPCAL), two time-of-�ight systems (TOF), two�erenkov ounters (LTCC and HTCC) and aforward tagger (FT). The number of han-nels per detetor: EC - 1296, PCAL - 1152,TOF - 1080, LTCC - 216, HTCC - 48, CTOF- 100, FT - 600. The FT eletronis willbe JLab-designed �ash ADCs in rates thatare loated on the Spae Frame. A generalshemati for the CLAS12 trigger is shown inFig. 130. The 16-hannel JLab-made FlashADC (FADC) is still under development andwas undergoing tests at the time of writingof this doument. However, based on reenttests, CLAS12 an be equipped with 12-bit250 MHz FADCs.The FADCs are a signi�ant part of thetrigger system and will send prompt infor-mation to a Crate Trigger Proessor (CTP)board installed in the same rate. The lus-ter information will inlude energy for everyhannel above threshold. A threshold will beapplied to the energy sum of several onseu-tive hits. Information will be sent to the CTPover the bak-plane serial bus every 16 ns.The CTP board is desribed in the Setion 7.3.2,along with the energy summing algorithm.7.3 CLAS12 TriggerCLAS12 will have a two-level trigger system.The following setions ontain an overview ofthe hardware-based Level 1 trigger ompo-nents.7.3.1 Trigger System Timing and LayoutMaximum trigger deision time is urrentlyset to 7 µs for Level 1, inluding about 5 µsfor the atual trigger proessing and about107



Figure 130: Generi sheme for the CLAS12 trigger system.2 µs for the signals propagation. All frontend boards must assume 8 µs for the triggerlateny.It is important to make sure that logiallyompleted parts of the detetor will not bewired to several FPGAs (�eld programmablegate arrays) inside CTP boards, whih willmake luster reonstrution muh more dif-�ult. The urrent CTP board design on-tains two FPGAs olleting information from8 FADCmodules eah: up to 16 FADC boardsan be onneted to a single CTP board. Thislayout will satisfy all possible Level 1 algo-rithms.

The timing sheme of the trigger systemis shown in Fig. 131.7.3.2 Level 1 TriggerThe Level 1 trigger system is based mostlyon fast detetors equipped with FADCs. The�rst stage omponents of the trigger hard-ware are inorporated into the Data Aqui-sition elements (VXS rates), while the �naldeision is made in a speialized trigger rateontaining Level 1 Routers (SSPs). The sys-tem is driven by a 16 ns global lok withinternal FPGA 4 ns lok.The VXS rates ontain two trigger sys-108



Figure 131: Level-1 and Level-2 trigger timing diagram for CLAS12.tem omponents: proessing units on the FADCboards and Crate Trigger Proessors (CTPs)boards olleting data from the Flash ADCsover fast serial lines. The CTB boards searhfor lusters in the eletromagneti alorime-ters and other detetors, and send the resultsto the following stage of the trigger system.A sample signal proessing algorithm runningon a FADC board proessing unit is shown inFig. 132.Raks with Trigger and DAQ eletronisare loated on Levels 0,1 and 2 on ForwardCarriage and Levels 1 and 3 on Spae Frame.7.3.3 Level 1 TimingThe entire trigger system an be onsideredas a two-stage proess.The �rst stage is the Level 1 PMT-basedtrigger, whih inludes the FADC on-board

proessing (T1), data transfer over the VXSbakplane serial bus (T2), luster �nding (T3),data transfer to the trigger rate (T4), setor-based Level 1 deision (T5), and data transferto the following trigger stages. The T3 andT5 time intervals an be di�erent for di�erentrun periods, so the programmable delay mustbe reprogrammed aordingly.Stage two is the �nal Level 1 trigger pro-essing stage in the setor-based Level 1 routers(trak �nding and inter-detetor mathing),and in the Event Proessor (the entire CLAS12trigger) (T11). The total trigger deision timemust be less than 7 µs to satisfy the front endeletronis onstrains.7.4 Readout ControllersReadout Controllers (ROCs) are installed inevery FASTBUS, VME, VME64X, and VXS109



    − 12 bits ADC + 4 bits time / ch every 32ns −> 4ns CTP trigger clock

time
baseline

threshold

4ns

      (DELAY = DELAY0 − WINDOW_SIZE, where DELAY0 is

1. First hit above threshold: start sum window, add previous hit to it

2. First hit below threshold: add that hit to the window, close window;
     we have now ADC value and WINDOW_SIZE

        delay constant for all channels, order of 128ns; this way
        sending time will be related to the beginning of the window)                

Flash ADC board:

3. Wait DELAY ns and send ADC valie to the CTP board

CTP board:
1. Does not have information about original sum window width

2. Expands every window up to the value (programmable) big enough to enforce coincidence between different channels

3. Every channel has programmable delay (4ns step) and readable scaler

Flash ADC board signal processing logic

4. Based on bandwidth 8GBit/s we can send 

    − 6 bits ADC + 2 bits time / ch every 16ns −> 4ns CTP trigger clock
      − 8 bits ADC / ch every 16ns −> 16ns CTP trigger clock

Figure 132: Example of a signal proessing algorithm for triggering on the FADC board.rate. The ROCs are olleting data from thefront-end boards, proessing it and sending itto the Event Builder over the network. Cur-rently we employ mvme6100 ontrollers witha prpm880 or pm280 o-proessor modules.That on�guration is fast enough to meet theCLAS12 requirements and more o-proessormodules an be installed if neessary. By thetime of CLAS12 startup, a new generation ofROCs (inluding multi-proessor and multi-ore units) will be available. First GE-madeboards running CentOS Linux were tested andpromising performane was observed.7.5 Computing and NetworkA Foundry BigIron RX-8 swith is urrentlyused as the bakbone of the DAQ system.The Event Builder, Event Reorder, and otherritial DAQ omponents for CLAS are run-ning on 4-CPU Opteron-based servers, andthat on�guration is su�ient for CLAS12 aswell. ROCs are linked to the BigIron swith

through smaller swithes with up to four GBituplinks, new 10GBit uplink swithes will beinstalled. The CLAS data storage system (RAID5)is su�ient for up to a 150 MB/se data rate.All available equipment is good enoughto satisfy the CLAS12 requirements, but mostlikely we will upgrade most of the omponentsbeause of aging and maintenane onsider-ations. The performane of the link to theJLab Computer Center tape storage must beinreased up to at least 200 MB/s.7.6 Forward Tagger TriggerThe Forward Tagger (FT) onsists of threemain subsystems:1. The Forward Tagger eletromagneti a-lorimeter (332 hannels)2. The Forward Tagger hodosope (232 han-nels)3. The Forward Traker ( 4k hannels)110



The FT alorimeter and FT hodosopewill partiipate in the trigger deision. TheFT trigger has to identify harge partileswith de�nite energy deposition in the FT a-lorimeter. The geometrial mathing betweenthe hodosope ounters and the luster in thealorimeter will identify harged partiles (ele-trons).The FT trigger will selet events with aneletron in the FT and a multi-prong event inCLAS12. The multi-prong event may inludeboth harged and neutral partiles. The CLAS12drift hamber trigger eletronis will identifyharged traks and measure the harge andoordinates of the partiles. The mathingbetween the trak and the ounters in theTOF system will redue the bakground rate.Neutral partiles will be deteted by the CLAS12eletromagneti alorimeter and preshower a-lorimeter.The �nal trigger deision will inlude aneletron in the Forward Tagger and a pro-grammable number of harged traks or neu-tral partiles in CLAS12.7.6.1 Level 1 FT TriggerThe Level 1 FT trigger system will be donethe same way as for the fast PMT-based de-tetors (see setion 7.3.2). The �rst stageomponents of the trigger hardware are inor-porated into the Data Aquisition elements(VXS rates), while the �nal deision is madein a speialized trigger rate ontaining Level 1Routers (SSPs).The VXS rates will ontain two triggersystem omponents: proessing units on theFADC boards (Fig. 132) and CTP boards ol-leting data from the FADCs over fast seriallines. The CTP boards searh for lusters inthe FT alorimeter, and send the results tothe next stage of the trigger system, wherethe math bewteen the alorimeter and thehodosope is done.At the �nal stage, mathing between theFT and other CLAS12 detetors will reate a�nal trigger deision.

In the following we present the proposedon�guration for the Level 1 Trigger devies,i.e. FADC and CTP, fousing on alorimeterrequirements. The on�guration is derivedfrom the HPS experiment test run [50, 51℄that took plae at Je�erson Lab in spring2012.FT-Cal and FT-Hodo FADC Con�gurationIn the present prodution �rmware FADC-1the FADC board trigger works as follows: af-ter power-up, software programming on�gu-ration, and synronization the board is on-tinuosly sending a 16-bit sum value to theCTP trough the high-speed gigabit serial in-terfae. This sum value is the total sum ofall sixteen front end ADC hips for every 4ns sampling period. The high speed gigabitinterfae is urrently apable of transferring4 Gb/s. Fig. 133 shows a blok diagram ofthe 16-bit sum proess.FT-Cal CTP Con�guration The proposedFADC trigger proessing algorithm, alreadyused for the HPS experiment test run, is shownin �g. 134. Eah FADC board in a VXSrate reports to the CTP 1 byte/hannel ev-ery 32 ns, to meet the 4 Gb/s transfer band-width per board urrently available. Five bitsare used to report individual hannels energysum: they orrespond to an energy resolu-tion of ≃ 50 MeV. The sum is performed onlyfor samples above a programmable thresh-old. Last 3 bits are used to report the ross-threshold time within the 32 ns time window,with 4 ns resolution.This �rmware has already been implementedand tested for the HPS test run, and is ur-rently available for use. At the time this do-ument is being written there are e�orts tofurther improve the trigger apabilities of theFADC board, in partiular to inrease thetrigger energy resolution and to embed al-ibration onstants for eah hannel inside theboard.The CTP will reeive Gigabit serial data111



Figure 133: Sheme of the urrent JLab FADC �rmware: the 16-bit �Board Sum� value is reportedevery 4 ns to CTP.

Figure 134: Sheme of the new JLab FADC �rwmare: individual hannel sum and 4 ns resolutionfor signal threshold rossing are implemented.streams from eah of the sixteen FADCs mod-ules in a VXS rate, in the new data hannel-based format desribed in the previous para-graph (3 bits for timing and 5 bits for energysum). Data will be reeived and proessed ona frame by frame basis, eah frame being 32ns long.An algorithm performing luster-�ndingon 3x3 matrix of hannels is urrently avail-able . Hits are added togheter if they o-ur within a programmable number of lokyles. If the matrix energy is greater thana programmable threshold a luster is foundand its relevant information are reported tothe above trigger level (time, energy, position,hit pattern).

This algorithmwill be tested soon to mathit with our experimental onditions.FT-Hodo CTP on�guration The CTP inthe FT-Hodo VXS rate will searh for mathedhits in the two layers of the detetor, andsend relevand information to the above trig-ger level (time, energy, position).7.6.2 Level 2 FT TriggerFinal trigger deision will be taken at the se-ond trigger level, requiring for an eletron inthe Forward Tagger trough the oinidene ofthe FT-Cal and the FT-Hodo, as well with aprogrammable number of harged traks orneutral partiles in CLAS12.112



The oinidene algorithm, embedded in-side SSPs, will be studied and implementedas soon as the �rst level trigger is developed.7.7 FT fADC hannel distributionA VXS rate an host up to 16 FADCs, for atotal of 256 hannels. The FT-Cal has 332 in-dependent hannels, so 2 di�erent rates mustbe used for the read-out. Due to the lim-ited interonnetion apabilites of the CTPboards, hannels routed to di�erent rates an-not be analized togheter during luster �nd-ing. We are thus planning to divide the alorime-ter in two-halfs for readout, 176 hannel eah,as shown in �g. 135. The signal of the 14hannels on the borders (dark-oloured in the�gure) will be split twie and sent to bothrates. This requires one more FADC board,for a total of 12 per rate.The FT-Hodo has 232 hannels, requiring15 FADC boards for readout. They an behosted in a single rate, thus a single CTPan analize signals from the whole detetor.

Figure 135: Calorimeter hannel distribution:hannels in the halves of the alorimeter are on-neted to the two VXS rates; dark-olouredhannels are splitted and sent to both VXSrates. 113



8 FT Performane8.1 GEANT4 simulationsDetailed simulations of the FT to understandkinematis, bakgrounds and the detetor re-sponse have been done with the GEANT4-based Monte Carlo ode for CLAS12, GEMC[39℄. The FT-Cal, FT-Hodo and FT-Trk ge-ometries were realistially implemented in thesimulation ode, as disussed in Se. 2.7 and4.1.1. Fig. 136 shows a setion of the FT andCLAS12 in the GEANT4 viewer. Both theative and passive elements were inluded totake into aount all the materials rossed bypartiles before hitting the FT or the CLAS12forward detetor. For this reason, also the ex-tension of the FT-Cal motherboard and theFT-Trk front-eletroni rates, loated in theshadow of the torus oils, were inluded inthe implementation. The FT is shielded fromMøller eletrons produed by the interationof the beam in the target by a tungsten oneovering polar angles up to 2.45◦. The loa-tion and shape of the shield were hosen inorder to minimize the radiation on the FTand on CLAS12, ompatible with the mostreent design of the CLAS12 beamline. ThisMøller shield is attahed to the tungsten pipe,loated at the enter of the rystal assemblyand onneted to the main CLAS12 beampipe.The design of the shield will be �nalized withfurther simulation studies.The purpose of the simulations was to eval-uate:� the aeptane and resolution for theeletron detetion,� the bakground rates on the FT andthe related impat on the eletron re-onstrution,� the CLAS12 drift hamber oupany toverify the ompatibility of the FT withthe CLAS12 operation at full luminos-ity.

Figure 136: GEANT4 implementation of the For-ward Tagger in CLAS12. The Forward Tagger isloated between the forward drift hambers inlight blue and the entral detetor.The results of these studies are desribed inthe next subsetions.8.1.1 AeptaneThe GEMC simulations were �rst used to un-derstand the eletron kinematis and the FTaeptane. For this purpose eletrons withmomentum from 0.05 to 5 GeV and polar an-gle from 1◦ to 35◦ were generated at the tar-get loation. The trajetory of the eletronsis a�eted by the 5-Tesla solenoid �eld, whihindues a rotation of the partile around thebeamline beause of its non-zero transversemomentum omponent. This results in a sig-ni�ant shift of the azimuthal angle φ of thetrak, while the polar angle θ remains almostunhanged, exept for very low momenta. Thisfeature does not a�et signi�antly the over-all aeptane of the FT in the kinematis ofinterest, while it provides a mean to reon-strut the partile trajetory using the twotraking layers desribed in Se. 4. The over-114
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Figure 137: GEMC simulation results. FT ele-tron detetion e�ieny as a funtion of momen-tum and angle. The e�ieny is high and uni-form throughout the kinemati range of interest(momentum: 0.5 − 4.5 GeV, θ: 2.5◦ − 4.5◦) ex-ept for eletrons with both low momentum andsmall angles that are bent out of the detetoraeptane by the solenoidal �eld.all aeptane is shown in Fig. 137: the ratioof eletrons absorbed in the FT alorimeterover the generated ones is shown as a fun-tion of the eletron momentum and polar an-gle. Here an eletron is onsidered as detetedby the alorimeter if the reonstruted energyis within 10% of the generated one. The a-eptane is very high and uniform through-out the region of interest, with average valuewell above 90%. A small loss of aeptane isfound for eletrons with small momenta andangles that are bent out of the aeptane ofthe FT by the CLAS12 solenoid �eld.8.1.2 Energy resolutionThe �nal energy resolution estimated for theFT is shown in Fig. 138. This was obtainedassuming a 10 MeV energy threshold on thesingle rystals and running the luster reon-strution algorithm developed for the FT-Cal
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Figure 138: GEMC simulation results. Ex-peted energy resolution for the FT, based of fullGEANT4 simulations.reonstruion.8.1.3 Spaial resolutionAs mentioned above, the 5 T solenoidal �eldindues to the partile a rotation. The toppanels of Fig. 139 show the di�erene betweenthe azimuthal angle (top-left) and polar angle(top-right) of the eletron traks at the twotraking planes as a funtion of the momen-tum. The size of the φ rotation diretly de-pends on the momentum and only marginallyon the polar angle. By measuring this rota-tion it is therefore possible to infer the ele-tron momentum as well as reonstrut thevertex angles. Assuming a spatial resolutionof the traker of 200 µm and the presene ofair between the two traking planes, the an-gular resolution estimated from these simula-tion is of ∼ 2.8 degrees in φ and about 1.7%in θ.8.2 Count-rate and oupany8.2.1 CLAS12 DC oupanyOne of the limiting fators for the operationof CLAS12 at high luminosity is the DriftChambers (DC) oupany. In the CLAS12on�guration without the Forward Tagger, the115
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Figure 141: FASTMC resolutions for e− at θ =
15◦. The urves are based on GEANT4 simula-tion of the CLAS12 traking system and reon-strution by the SOCRAT pakage [55, 20℄.parametrization of angular resolutions wereupdated to agree with the most reent MonteCarlo traking results [20, 55℄ and are shownin Fig. 141.The aeptane for the tagger was assumedto be 100% in the range 0.5 < Ee′ < 4.5 GeVand 2.5◦ < θe′ < 4.5◦. The angular resolu-tion was determined from GEMC simulationstudies, detailed in Se. 4, assuming a spatialresolution for the traking detetor of 200 µm.The resulting angular resolutions used were,
σθ = (0.017 · θ) and σφ = 2.8◦. The energyresolution of the FT was parametrized forthree di�erent assumptions on the alorime-ter struture:1. the existing CLAS-IC PbWO4 alorime-ter [24℄� σP =

√
0.022 + 0.032P + 0.0242P 2GeV,2. the proposed PANDA-EMC PbWO4alorimeter [23℄� σP =

√
0.022P + 0.01P 2 GeV,3. a poorer resolution sampling alorime-ter or equivalent� σP = 0.2
√

P GeV.Di�erent reations were studied using reason-able assumptions on produtions mehanisms.Events were generated via the Monte Carlo

tehnique, projeted onto the detetor to de-termine aeptanes and the 4-vetors smearedaording to the above parameterizations.In the following setion we desribed theresults obtained for two spei� reations:� γp → nπ+π+π−,� γp → pK+K−π0.

Figure 142: Feynman diagram of the reation
γp → nπ+π+π−.8.3.1 The reation γp → nπ+π+π−The 3π deay mode is one of the hannelswhere evidene for the exoti π1(1600) was re-ported. The ontroversy raised from the on-traditory �ndings of di�erent experimentsmakes further investigation of this �nal statehighly desirable.The γp → nπ+π+π− reation an be eas-ily aessed in the CLAS12 experimental setupby deteting the three harged pions in theforward part of the CLAS12 detetor. Theexlusivity of the reation an be ensured byusing the FT to determine the energy of theinitial state photon and then applying themissing mass tehnique to selet events witha missing neutron. To show that amplitudeanalysis is possible with CLAS12, a detailedMonte Carlo simulation and PWA are per-formed for this hannel.Initially, events were generated with a �at3π invariant mass and exponential t hannel117
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dt

∝ e−5|t|. The response ofthe CLAS12 and FT system to this hannelwas then analyzed after reonstrution withFASTMC. For this reation, important kine-mati dependenies of aeptane are the in-variant mass of the 3π system, orrespond-ing to the resonane mass, the momentumtransfer t and the angles of the isobar (e.g.
ρ) in the meson resonane deay. These arethe variables that the prodution mehanismmay depend from. The angles are ommonlyde�ned in the meson rest frame with the z-axis along the negative photon momentumand the y-axis de�ned as n × z, where n isthe neutron diretion. These are known asthe Godfried-Jakson angles θGJ , φGJ . Theaeptanes for these 4 quantities are shownin Fig. 143 for the CLAS12 half �eld settingand Fig. 144 for the full �eld setting. Clearlythe overall aeptane depends strongly on
M3π and the three other variables are shownfor �xed M3π = 1.4, 1.7 and 2.0 (GeV/2).Although the overall magnitude hanges forthe 3 masses, the shape of the other aep-tanes is similar for eah. For the full �eldthe aeptane is signi�antly poorer at low
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γp → nK+K−π+Quasi-real photoprodution is likely to be oneof the more promising mehanisms for theprodution of exoti mesons with hidden stran-geness due to the relatively large ss̄ ontentof the photon. Photons are also expeted tobe e�ient in the prodution of spin-1 hy-brids. The �rst attempts to explore existingdata from CLAS showed that the multiparti-le reations as
γp → (φπ0)p, φ → K+K−, π0 → γγ (14)

γp → (φπ+)n, φ → K+K− (15)an be investigated [56℄.
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dt
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Figure 147: Reonstruted masses from the
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γp → nX → nπ+π+π− reation. The �nalstate was generated using the approah de-sribed in Se. 8.3.1. The four-vetors of the�nal state partiles were saved in LUND for-mat and fed to the CLAS12 simulation soft-ware, GEMC. Simulated events were then re-onstruted using dediated algorithms to re-onstrut the eletron in the FT and the SO-CRAT traking ode [57℄ to determine themomenta and angles of three harged pions inCLAS12. The eletron reonstrution in theFT was performed requiring mathing hitsin the FT-Trk, FT-Hodo and FT-Cal. Firstsignals in the traker were anlayzed to iden-�ty eletron hit andidates. Mathing be-tween hits in the two traking planes wererequired to suppress noise and improve thespatial resolution. The resulting hits werethen mathed to lusters in the alorimeter,by imposing uts on the relative transversedistane. The alorimter energy informationwas used to detemine the vertex angles of theeletron trak at the vertex from the trakinghit position, by reswimming in the solenoid�eld. Finally a mathing hit in the hodosopeplanes was requested to ensure the partileto be an eletron. The exlusivity of the re-ation was tested by determining the miss-ing mass of the deteted eletron and pions.For simpliity, the study was limited to eventswere the three pions are reonstruted in theCLAS12 froward detetor and only one lus-ter is measured in the FT alorimeter.Two quantities are relevant for this study:� AeptaneThe aeptanes as a funtion of theX meson mass obtained using the fastMonte Carlo and the full GEANT4 sim-ulation based on Gem and Sorat werebeen ompared (Fig. 148). Despite thedi�erenes between the two urves, re-sults show that around 2 GeV/, whihis where exoti mesons are predited,aeptane well above 15% also in thease of the full simulations. The fastMCurve is above the dots obtained with120



Gem+Sorat as the later one is tak-ing into aount more realistis resolu-tions, partile propagation and reon-strution.� Missing mass reonstrutionThe missing mass of the deteted ele-tron and pions was evaluated for eahevent assuming a X-meson mass of 2.4GeV/. Fig. 149 shows the distributionof (MX − MN), being MN the nuetronmass. The resolution determined froma Gaussian �t of the peak is of 31 MeV,whih is onistent with the resolutioneveluated from the fastMC studies andis onsidered to be su�ient to distin-guish 3π events from 4π events.
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