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THE MANY FACES OF FOPIFROM FRAGMENT TO STRANGENESS DETECTOR�B. SikoraFOPI CollaborationInstitute of Experimental Physis, Warsaw UniversityHo»a 69, 00-681 Warsaw, Poland(Reeived January 4, 2000)The FOPI detetor system has been built to study the properties ofdense and hot nulear matter with the beam (0.1�2 GeV/nuleon) of theheavy ion synhrotron SIS at GSI Darmstadt. A modular system overingnearly the full 4� solid angle has been assembled in stages between 1990 and1995, having already been used sine 1991 in various experiments employ-ing its expanding apabilities. Sine the �rst phase of experiments, whennuleons and intermediate mass fragments ould be deteted at projetile-and midrapidity, FOPI developed into a speialized system deteting alsopions, kaons, antikaons and identifying signals from deays of neutral parti-les with a strange quark ontent like �, � and K0S. Studies of strangenessprodution and propagation beame an important new line of the FOPIresearh programme. In order to extend the strangeness researh and in-lude kaon studies in heaviest systems an upgrade program for the FOPIdetetor system has been started. It aims at broadening the phase spae ofK+ and K� identi�ation and at extending the e�ieny as well as sele-tivity of data olleting. The upgrade of the subdetetors mainly involvesthe modi�ation of TOF detetors by replaing a part of the sintillatorlayer with Pestov spark ounters. New experiments are expeted to beginin 2001. The apabilities of the FOPI system are illustrated by examplesof reent and earlier results.PACS numbers: 29.90.+r, 25.75.�q1. IntrodutionThe 4� FOPI detetor system has been built [1,2℄ to study ollisions ofheavy nulei using the beams (0.1�2A GeV) of the Heavy Ion Synhrotron� Invited talk presented at the NATO Advaned Researh Workshop, Krzy»e, Poland2�4 September 1999. (135)



136 B. Sikoraat GSI Darmstadt. The available beams allow to investigate a variety ofphenomena re�eting the underlying reation mehanism, from mean-�elde�ets domination at lower energies to the exitation of internal nuleonidegrees of freedom in N�N interations at highest energies. Information onthe ollision senario is arried by reation produts inluding nuleons, lus-ters of nuleons, mesons and hyperons. In order to obtain the most ompleteevent haraterization possible, with emphasis laid on entral ollisions ofheavy nulei, the following features were adopted as guide lines in the designof FOPI:� large aeptane � nearly 4� in the .m. systems,� high granularity, su�ient to ope with the expeted high produtmultipliities,� good partile identi�ation in the mass- and harge range from pionsto intermediate mass fragments of A �20,� large dynami range with low detetion thresholds.Sine these onditions translate into di�erent sets of detetor parametersdepending on the laboratory polar angle and the type of partile, a modulardesign was adopted as ompromise, with subdetetors and ombinationsof them optimized for the registration of reation produts of partiulartypes. The modular design allowed to subdivide the onstrution of theFOPI detetor system into stages and permitted in addition the start of anexperimental program with the �rst ompleted detetor subsystem (the soalled Forward Wall) from the beginning of the SIS operation in 1991.The present full on�guration of FOPI reahed substantially in 1995is desribed here with emphasis on the partile identi�ation tehniques.Detailed physial parameters of the detetors as well as a desription ofthe data aquisition system, triggers and alibration methods an be foundin referenes [1℄ and [2℄. The apabilities of the FOPI faility are in thefollowing illustrated by examples of physial results.2. The full on�guration of FOPIThe present on�guration of FOPI is shown in Fig. 1. Almost full az-imuthal overage is obtained by using detetors of nearly irular geometry.The deviation from irular symmetry is largest in the ase of Outer Walland Parabola. They onsist of 8 setors overing regular otogons enteredat the beam axis.
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Fig. 1. Full on�guration of FOPI. A vertial setion along the beam axis is shownof the azimuthally nearly symmetri system. Main types of detetors are di�erenti-ated by shading: gas-�lled traking hambers � light gray, ionization hamber �stripped light gray, plasti sintillators � medium gray. The measured quantitiesare indiated for eah detetor subsystem. Parabola, Outer Wall, Rosae and InnerWall form a system alled Forward Wall. The Helitron installed in 1995/96 prin-ipally as a traking devie, has also overtaken from Parabola the role of dE=dxdetetor in front of the Outer Wall. The upper part of setion (with Pestov oun-ters) presents the planned future on�guration, a result of the upgrade projetdesribed in the last setion of the text.Two main types of detetors are used throughout the FOPI systempresently. They are:� multiwire proportional hambers plaed in magneti �eld, used fortrak reonstrution based on drift times and yielding also dE=dxinformation � CDC (Central Drift Chamber) and Helitron,



138 B. Sikora� plasti sintillation detetors, providing at least one of the parame-ters: deposited energy, time of �ight (TOF) and oordinates of the hitposition (as listed in Fig. 1) � Barrel, Outer Wall, Inner Wall andRosae.In the �rst phase of experiments at lower energies (up to 800A MeV) a shellof ionization hambers , the so alled Parabola was used. Its task, to supportthe identi�ation of fragments by dE=dx information, is presently taken upby the Helitron.The hit position in the 512 sintillator strips forming the Outer Walland in the 180 Barrel strips is derived from the times of pulses from twophotomultipliers oupled to the ends of eah strip [1℄. The loalization ofhits in other sintillation detetors is possible due to their granularity: 252ompat sintillators of the Inner Wall and 60 radially arranged paddles ofthe Rosae, both overing the polar angle range 1.2Æ < �lab <7Æ.3. FOPI as fragment detetorCharged partiles between Z = 1 and Z = 15 were deteted in a numberof experiments. Au+Au ollisions were studied in the �rst series of experi-ments at beam energies between 100 and 800A MeV with the Forward Wallovering the range 1.2Æ < �lab <30Æ. The Z resolution obtained with the useof energy loss and TOF information, both provided by Outer Wall, is illus-trated by the spetrum in Fig. 2. By ombining the energy loss measured byParabola and TOF by Outer Wall the harge separation ould be extendedto Z �20. This also allowed to lower the detetion threshold of heavierfragments so that e�etive thresholds ranging from 14A MeV for Z = 1 to50A MeV for Z = 15 were reahed. The Z identi�ation for smaller polarangles overed by Inner Wall and Rosae was limited to approximately Z �6.Sine the Forward Wall does not allow for mass determination, A = 2Z wasassumed in the data analyses for elements with Z �2.The angular aeptane of fragment detetion was inreased with theaddition of the CDC traking drift hamber [3℄ extending the earlier FOPIon�guration. The CDC provides information on magneti rigidity and spe-i� energy loss of partiles in the 33Æ < �lab <145Æ angular range andallows for mass determination (in ontrast to the Forward Wall permittingZ determination). The methods of identi�ation with CDC will be desribedlater in onnetion with the detetion of mesons.In experiments with registration of fragments the CDC is operated ina speial mode. The mass range of identi�ated fragments is inreased byapplying a lower voltage to the inner half of anodes used to register heavierfragments (with Z =3�6) requiring lower gass ampli�ation than the ener-geti light partiles, that reah the outer zone of CDC.
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Fig. 2. Element spetrum obtained by projeting the distribution in (v; dE=dx)plane onto the Z parameter of the Bethe�Bloh formula. v is derived from TOFmeasured by Outer Wall, dE=dx from energy loss in Parabola.The aeptane for light fragments of the ombined Forward Wall�CDCsetup is represented by an example of distribution in the normalized rapidity� transverse momentum plane shown in Fig. 3. The normalized quantitiesplotted are de�ned by p(0)t = (pt=A)=(pmP =AP) and y(0) = (y=yP)m, wherethe subsript P denotes the projetile.
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140 B. SikoraTaking advantage of the large aeptane and sensitivity of the FOPIdetetor system from protons to intermediate mass fragments the FOPICollaboration has undertaken a program of reation studies in the energyrange 0.1�1A GeV. Symmetri A + A systems were hoosen with massesranging from A �90 (Zr) to A=197 (Au). The detailed study of Au+Auat 150, 250 and 400A MeV [4,5℄ brought the disovery of strong radialexpansion, an important result, that triggered renewed ativities at higherrelativisti (AGS, CERN) energies [6℄.The e�ets of radial expansion and thermal motion an be most easilydemonstrated and approximately separated by making use of the mass de-pendene of average kineti fragment energies shown in Fig. 4. Assumingthermal equilibrium and equal for all fragments radial distributions (pro�les)of olletive veloity, one an reprodue the observed linear dependene bywriting hEkini(A) = Ethermal +A� eoll ; (1)where eoll is the average olletive energy per mass unit. The total olletive(�ow) and the thermal energy (hene also the temperature at freeze-out) areonstrained by energy onservation.

Fig. 4. Average kineti energy as funtion of mass in the polar angle range 25Æ - 45Æfor Au+Au at 150 and 400A MeV. The straight lines are linear least square �tsin the mass range A = 1�10.It was found that the total �ow energy amounts to about 60% of the to-tal kineti energy. Values (0.61�0.63)�0.07 were obtained for three energiesbetween 150 and 400A MeV [5℄. Fragment energy spetra ould be �tted ad-justing the veloity pro�les, however the results on thermal-olletive energypartition are pro�le-independent.



The Many Faes of FOPI, from Fragment to: : : 1414. Detetion of harged mesons andidenti�ation via mesoni deaysThe CDC and the solenoidal superonduting magnet (maximum �eld0.6T) were installed in 1992 to permit primarily measurements of hargedlight partiles at mid- and target rapidity [3℄. To extend the apability ofdeteting kaons, the plasti sintillator Barrrel was added as mainly a TOFdetetor layer in 1995.The CDC has 16 setors visible (as dotted lines) on the event display(Fig. 5), eah ontaining 60 resistive wire anodes aligned parallel to thebeam axis and to the magneti �eld. The drift time of eletrons (veloityabout 40�m/ns) and the partition of harge measured at both ends of theanode are used to loalize a hit, i.e. the position of orresponding primaryionization. Moreover the spei� energy loss an be measured along the trakdue to proportional harge ampli�ation. Sine eletrons may drift towardsthe anodes from two oposite diretions, 2 traks the true one and a mirrortrak (seen in Fig. 5), are derived from the drift times. This ambiguity isremoved by inlining the plane of anodes by an angle (a 8Æ) relative to theradial diretion. In e�et the mirror traks an be rejeted as not originatingfrom the target. The CDC performane is haraterized by the resolutions

Fig. 5. Event display with CDC hits and reonstruted traks of a 58Ni+ 58Nireation at 1.93A GeV. For details see text.



142 B. Sikoraof emission angles from the target: �� = 0:6Æ in the azimuth, �� = 6Æ inthe laboratory polar angle. The relative perpendiular momentum resolu-tion �Pt/Pt hanges almost linearly from 4% at 0.1�0.5 MeV/ to about 10%at 1.5 GeV/. The dE=dx measurement for Z = 1 partiles is aurate to5�10%. Pion identi�ation is ahieved by ombining dE=dx with momen-tum. �+ and protons an be separated up to a limit of momentum atp = 0:65 GeV/ aused by the intersetion of their Bethe�Bloh lines. Suha limit does not exist for ��.The apabalities of FOPI as kaon detetor are primarily a result of the si-multaneous use of CDC and Barrel. The TOF detetor Barrel onsists of 180strips (width�thikness�length=30�40�2400 mm3) forming a ylindrialshell enirling the CDC. It overs the polar angular range 45Æ < �lab <140Æand provides TOF times and hit positions. The TOF measurement an besupplemented by a veloity threshold ondition supplied by a layer of water�lled Cerenkov detetors (30�30�1000mm3) plaed behind the sintillatorsat 46Æ < �lab <85Æ. The time- and position resolutions of new installedBarrel were typially �TOF �180 ps and �z � 3m. Beause of aging e�etsin the sintillators this values were worsening (inreasing a 2 times over theyears) and urging to begin the work on upgrade.The CDC-Barrel ombination provides partile veloities on urved tra-jetories traked in the CDC and mathed with hits in the Barrel. The meth-ods of identi�ation with CDC and Barrel are ilustrated in Figs. 6�9 in orderof inreasing seletivity by data from an Ni+Ni experiment at 1.93 A GeV.Z = 1 partiles an be separated due to the strong dependene of dE=dxon partile harge. Then the masses an be determined by projeting the 2dimensional (dE=dx; p) spae onto the mass parameter of the Bethe�Blohformula. The result is shown in Fig. 6 where dE=dx is plotted as funtionof the momentum to harge ratio p=q measured by CDC. (It demonstratesalso di�ulties of separating heavier Z = 1 produts.)The measurement of TOF (and hene of veloity) with Barrel leads toa redundany as onsequene of whih the partile mass an be determinedby two methods. Fig. 7 shows a distribution in the momentum�veloityplane (a). Dividing the veloity by harge q allows for separate presentationof Z = 1 and Z = �1 partiles. This distribution is projeted onto themass parameter in the relativisti relation p = m� to yield the massdistribution (b).In order to employ the full information available, one an ombine themasses derived from CDC (Cmass) and Barrel (Bmass).Their orrelationmatrix is shown in Fig. 8 for the reation Ni+Ni at 1.93A GeV. The bestpossible separation of harge 1 partiles (Fig. 9) is based on the distribu-tion of the �average� mass=(Bmass + Cmass)=2 [7℄. Several uts were ap-plied, the most important being the upper limit of momentum (400 MeV/),
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Fig. 12. Flow of protons, �'s and kaons in the reation Ni+Ni at 1.93A GeV.Average in-reation-plane transverse momenta per mass unit are plotted as funtionof normalized rapidity. The theoretial preditions are from Ref. [8℄.(the highest SIS energy) is at present beyond the apabilities of FOPI. Suhan experiment as well as many others, involving e.g. rare hadroni signa-tures, should beome feasible by the FOPI upgrade program, whih has beenstarted in 1998.The main goals are i) to improve the TOF measurement at �lab anglesabove 300, both in terms of detetor granularity and time resolution andii) to inrease the data aquisition throughput from the present 100 Hz to800 Hz of in-beam-spill events and the tape reording speed to 10 Mb/s.Due to multiple hits, in the mentioned Au+Au experiment the Barrelwith present granularity (180 ells) would loose information on about 30%of the 50�70 harged partiles emitted within its aeptane. In order tokeep the multiple hit rate at tolerable level of 5�10% the granularity has tobe raised by a fator of 4.A substantial improvement of the time resolution to �TOF <100 ps wouldpermit low bakground measurements of the rare K� mesons (probability10�4 per event) and would push the upper kaon identi�ation limit from thepresent 400 MeV/ to approximatelly 1 GeV/.



148 B. SikoraThe realized program omprises the following hanges of FOPI set-up:� The sintillator strips of Barrel are being shortened to 150 m to overthe the angles between 65Æ and 140Æ. Replaing the old extruded stripsby new BC-408 material should yield resolutions better than 150 ps(as demonstrated by prototype tests), superior to the old detetors.The granularity of 180 strips is su�ient in the redued angular rangeovered and remains unhanged.� Polar angles from 68Æ down to 37.5Æ will be overed by a ylindrialshell of Pestov spark ounters [10℄ of 90 m length (see Fig. 1). Eah ofthese ounters has 16 individually read out strips. With eah partile�ring 3 to 4 strips the e�etive granularity exeeds 700. First 90 mlong prototypes have been developed on the basis of earlier existing30 m long Pestov ounters and have been suessfully tested [11℄. Atime resolution of 60 ps was reahed proving that e�etive values betterthan 100 ps are a realisti goal. The spatial resolution (below 1mm inthe azimuth for the entroid of �ring strips and better than 1 m inpolar diretion) should substantially improve the quality of mathingthe traks in CDC and the hits in the TOF shell.The planned inreased data aquisition throughput should be ahievedby faster drift hamber read-out with modern sanners of the �ash ADC'sand by replaement of the front-end omputing system with a oneptuallynew one. In addition an inrease of data taking seletivity should resultfrom a parallel projet of designing an intelligent trigger with fast on-linetrak reognition.New experiments with the upgraded FOPI detetor system are expetedto begin in the spring of 2001.REFERENCES[1℄ A. Gobbi et al., Nul. Instrum. Methods A324, 156 (1993).[2℄ J. Ritman, FOPI Collaboration,Nul. Phys. B (Pro. Suppl.)B44, 708 (1995).[3℄ D. Pelte et al., Z. Phys. A357, 215(1997).[4℄ W. Reisdorf, H.G. Ritter, Annu. Rev. Nul. Part. Si. 47, 663 (1997).[5℄ S.C. Jeong et al., FOPI Collaboration, Phys. Rev. Lett. 72, 3468 (1994).[6℄ W. Reisdorf et al., (FOPI Collaboration), Nul. Phys. A612, 493 (1997).[7℄ M. Kirejzyk, FOPI Collaboration, Ata Phys. Pol. B29, 401 (1997).[8℄ G.Q. Ko, B.A. Li, Phys. Rev. Lett. 74, 235 (1995).[9℄ K. Wi±niewski (FOPI Collaboration) Ata Phys. Pol. B31, no2 (2000), inprint.[10℄ Yu.N. Pestov, Nul. Instrum. Methods A265, 150 (1988).[11℄ A. Devismes et al., in GSI Report 99�1.


