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THE MANY FACES OF FOPIFROM FRAGMENT TO STRANGENESS DETECTOR�B. SikoraFOPI CollaborationInstitute of Experimental Physi
s, Warsaw UniversityHo»a 69, 00-681 Warsaw, Poland(Re
eived January 4, 2000)The FOPI dete
tor system has been built to study the properties ofdense and hot nu
lear matter with the beam (0.1�2 GeV/nu
leon) of theheavy ion syn
hrotron 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 sin
e 1991 in various experiments employ-ing its expanding 
apabilities. Sin
e the �rst phase of experiments, whennu
leons and intermediate mass fragments 
ould be dete
ted at proje
tile-and midrapidity, FOPI developed into a spe
ialized system dete
ting alsopions, kaons, antikaons and identifying signals from de
ays of neutral parti-
les with a strange quark 
ontent like �, � and K0S. Studies of strangenessprodu
tion and propagation be
ame an important new line of the FOPIresear
h programme. In order to extend the strangeness resear
h and in-
lude kaon studies in heaviest systems an upgrade program for the FOPIdete
tor system has been started. It aims at broadening the phase spa
e ofK+ and K� identi�
ation and at extending the e�
ien
y as well as sele
-tivity of data 
olle
ting. The upgrade of the subdete
tors mainly involvesthe modi�
ation of TOF dete
tors by repla
ing a part of the s
intillatorlayer with Pestov spark 
ounters. New experiments are expe
ted to beginin 2001. The 
apabilities of the FOPI system are illustrated by examplesof re
ent and earlier results.PACS numbers: 29.90.+r, 25.75.�q1. Introdu
tionThe 4� FOPI dete
tor system has been built [1,2℄ to study 
ollisions ofheavy nu
lei using the beams (0.1�2A GeV) of the Heavy Ion Syn
hrotron� Invited talk presented at the NATO Advan
ed Resear
h Workshop, Krzy»e, Poland2�4 September 1999. (135)



136 B. Sikoraat GSI Darmstadt. The available beams allow to investigate a variety ofphenomena re�e
ting the underlying rea
tion me
hanism, from mean-�elde�e
ts domination at lower energies to the ex
itation of internal nu
leoni
degrees of freedom in N�N intera
tions at highest energies. Information onthe 
ollision s
enario is 
arried by rea
tion produ
ts in
luding nu
leons, 
lus-ters of nu
leons, mesons and hyperons. In order to obtain the most 
ompleteevent 
hara
terization possible, with emphasis laid on 
entral 
ollisions ofheavy nu
lei, the following features were adopted as guide lines in the designof FOPI:� large a

eptan
e � nearly 4� in the 
.m. systems,� high granularity, su�
ient to 
ope with the expe
ted high produ
tmultipli
ities,� good parti
le identi�
ation in the mass- and 
harge range from pionsto intermediate mass fragments of A �20,� large dynami
 range with low dete
tion thresholds.Sin
e these 
onditions translate into di�erent sets of dete
tor parametersdepending on the laboratory polar angle and the type of parti
le, a modulardesign was adopted as 
ompromise, with subdete
tors and 
ombinationsof them optimized for the registration of rea
tion produ
ts of parti
ulartypes. The modular design allowed to subdivide the 
onstru
tion of theFOPI dete
tor system into stages and permitted in addition the start of anexperimental program with the �rst 
ompleted dete
tor subsystem (the so
alled Forward Wall) from the beginning of the SIS operation in 1991.The present full 
on�guration of FOPI rea
hed substantially in 1995is des
ribed here with emphasis on the parti
le identi�
ation te
hniques.Detailed physi
al parameters of the dete
tors as well as a des
ription ofthe data aquisition system, triggers and 
alibration methods 
an be foundin referen
es [1℄ and [2℄. The 
apabilities of the FOPI fa
ility are in thefollowing illustrated by examples of physi
al 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 dete
tors of nearly 
ir
ular geometry.The deviation from 
ir
ular symmetry is largest in the 
ase of Outer Walland Parabola. They 
onsist of 8 se
tors 
overing regular o
togons 
enteredat the beam axis.
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Fig. 1. Full 
on�guration of FOPI. A verti
al se
tion along the beam axis is shownof the azimuthally nearly symmetri
 system. Main types of dete
tors are di�erenti-ated by shading: gas-�lled tra
king 
hambers � light gray, ionization 
hamber �stripped light gray, plasti
 s
intillators � medium gray. The measured quantitiesare indi
ated for ea
h dete
tor subsystem. Parabola, Outer Wall, Rosa
e and InnerWall form a system 
alled Forward Wall. The Helitron installed in 1995/96 prin-
ipally as a tra
king devi
e, has also overtaken from Parabola the role of dE=dxdete
tor in front of the Outer Wall. The upper part of se
tion (with Pestov 
oun-ters) presents the planned future 
on�guration, a result of the upgrade proje
tdes
ribed in the last se
tion of the text.Two main types of dete
tors are used throughout the FOPI systempresently. They are:� multiwire proportional 
hambers pla
ed in magneti
 �eld, used fortra
k re
onstru
tion based on drift times and yielding also dE=dxinformation � CDC (Central Drift Chamber) and Helitron,



138 B. Sikora� plasti
 s
intillation dete
tors, 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 andRosa
e.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 s
intillator strips forming the Outer Walland in the 180 Barrel strips is derived from the times of pulses from twophotomultipliers 
oupled to the ends of ea
h strip [1℄. The lo
alization ofhits in other s
intillation dete
tors is possible due to their granularity: 252
ompa
t s
intillators of the Inner Wall and 60 radially arranged paddles ofthe Rosa
e, both 
overing the polar angle range 1.2Æ < �lab <7Æ.3. FOPI as fragment dete
torCharged parti
les between Z = 1 and Z = 15 were dete
ted 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 Wall
overing 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 spe
trum 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 dete
tion threshold of heavierfragments so that e�e
tive thresholds ranging from 14A MeV for Z = 1 to50A MeV for Z = 15 were rea
hed. The Z identi�
ation for smaller polarangles 
overed by Inner Wall and Rosa
e was limited to approximately Z �6.Sin
e the Forward Wall does not allow for mass determination, A = 2Z wasassumed in the data analyses for elements with Z �2.The angular a

eptan
e of fragment dete
tion was in
reased with theaddition of the CDC tra
king drift 
hamber [3℄ extending the earlier FOPI
on�guration. The CDC provides information on magneti
 rigidity and spe-
i�
 energy loss of parti
les 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 des
ribedlater in 
onne
tion with the dete
tion of mesons.In experiments with registration of fragments the CDC is operated ina spe
ial mode. The mass range of identi�
ated fragments is in
reased 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 parti
les, that rea
h the outer zone of CDC.
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Fig. 2. Element spe
trum obtained by proje
ting the distribution in (v; dE=dx)plane onto the Z parameter of the Bethe�Blo
h formula. v is derived from TOFmeasured by Outer Wall, dE=dx from energy loss in Parabola.The a

eptan
e 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)=(p
mP =AP) and y(0) = (y=yP)
m, wherethe subs
ript P denotes the proje
tile.
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e. The limiting polar angles are indi
ated for the subdete
-tors: Inner Wall (1.2Æ,7Æ), Outer Wall (7Æ,30Æ) and CDC (34Æ,145Æ). The shadowat 19Æ is 
aused by the inner frame of Parabola. The intensity distribution shownis of Hydrogene in the Forward Wall and of A=1,2,3 parti
les in the CDC emitedin semi
entral Au+Au rea
tions at 250A MeV sele
ted by a multipli
ity 
ondition(
alled M4 [6℄). Coordinates are de�ned in the text.



140 B. SikoraTaking advantage of the large a

eptan
e and sensitivity of the FOPIdete
tor system from protons to intermediate mass fragments the FOPICollaboration has undertaken a program of rea
tion 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 dis
overy of strong radialexpansion, an important result, that triggered renewed a
tivities at higherrelativisti
 (AGS, CERN) energies [6℄.The e�e
ts of radial expansion and thermal motion 
an be most easilydemonstrated and approximately separated by making use of the mass de-penden
e of average kineti
 fragment energies shown in Fig. 4. Assumingthermal equilibrium and equal for all fragments radial distributions (pro�les)of 
olle
tive velo
ity, one 
an reprodu
e the observed linear dependen
e bywriting hEkini(A) = Ethermal +A� e
oll ; (1)where e
oll is the average 
olle
tive energy per mass unit. The total 
olle
tive(�ow) and the thermal energy (hen
e also the temperature at freeze-out) are
onstrained by energy 
onservation.

Fig. 4. Average kineti
 energy as fun
tion 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 spe
tra 
ould be �tted ad-justing the velo
ity pro�les, however the results on thermal-
olle
tive energypartition are pro�le-independent.
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tion of 
harged mesons andidenti�
ation via mesoni
 de
aysThe CDC and the solenoidal super
ondu
ting magnet (maximum �eld0.6T) were installed in 1992 to permit primarily measurements of 
hargedlight parti
les at mid- and target rapidity [3℄. To extend the 
apability ofdete
ting kaons, the plasti
 s
intillator Barrrel was added as mainly a TOFdete
tor layer in 1995.The CDC has 16 se
tors visible (as dotted lines) on the event display(Fig. 5), ea
h 
ontaining 60 resistive wire anodes aligned parallel to thebeam axis and to the magneti
 �eld. The drift time of ele
trons (velo
ityabout 40�m/ns) and the partition of 
harge measured at both ends of theanode are used to lo
alize a hit, i.e. the position of 
orresponding primaryionization. Moreover the spe
i�
 energy loss 
an be measured along the tra
kdue to proportional 
harge ampli�
ation. Sin
e ele
trons may drift towardsthe anodes from two oposite dire
tions, 2 tra
ks the true one and a mirrortra
k (seen in Fig. 5), are derived from the drift times. This ambiguity isremoved by in
lining the plane of anodes by an angle (
a 8Æ) relative to theradial dire
tion. In e�e
t the mirror tra
ks 
an be reje
ted as not originatingfrom the target. The CDC performan
e is 
hara
terized by the resolutions

Fig. 5. Event display with CDC hits and re
onstru
ted tra
ks of a 58Ni+ 58Nirea
tion 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 perpendi
ular 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 parti
les is a

urate to5�10%. Pion identi�
ation is a
hieved 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 interse
tion of their Bethe�Blo
h lines. Su
ha limit does not exist for ��.The 
apabalities of FOPI as kaon dete
tor are primarily a result of the si-multaneous use of CDC and Barrel. The TOF dete
tor Barrel 
onsists of 180strips (width�thi
kness�length=30�40�2400 mm3) forming a 
ylindri
alshell en
ir
ling the CDC. It 
overs the polar angular range 45Æ < �lab <140Æand provides TOF times and hit positions. The TOF measurement 
an besupplemented by a velo
ity threshold 
ondition supplied by a layer of water�lled Cerenkov dete
tors (30�30�1000mm3) pla
ed behind the s
intillatorsat 46Æ < �lab <85Æ. The time- and position resolutions of new installedBarrel were typi
ally �TOF �180 ps and �z � 3
m. Be
ause of aging e�e
tsin the s
intillators this values were worsening (in
reasing 
a 2 times over theyears) and urging to begin the work on upgrade.The CDC-Barrel 
ombination provides parti
le velo
ities on 
urved tra-je
tories tra
ked in the CDC and mat
hed with hits in the Barrel. The meth-ods of identi�
ation with CDC and Barrel are ilustrated in Figs. 6�9 in orderof in
reasing sele
tivity by data from an Ni+Ni experiment at 1.93 A GeV.Z = 1 parti
les 
an be separated due to the strong dependen
e of dE=dxon parti
le 
harge. Then the masses 
an be determined by proje
ting the 2dimensional (dE=dx; p) spa
e onto the mass parameter of the Bethe�Blo
hformula. The result is shown in Fig. 6 where dE=dx is plotted as fun
tionof the momentum to 
harge ratio p=q measured by CDC. (It demonstratesalso di�
ulties of separating heavier Z = 1 produ
ts.)The measurement of TOF (and hen
e of velo
ity) with Barrel leads toa redundan
y as 
onsequen
e of whi
h the parti
le mass 
an be determinedby two methods. Fig. 7 shows a distribution in the momentum�velo
ityplane (a). Dividing the velo
ity by 
harge q allows for separate presentationof Z = 1 and Z = �1 parti
les. This distribution is proje
ted 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 rea
tion Ni+Ni at 1.93A GeV. The bestpossible separation of 
harge 1 parti
les (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/
),



The Many Fa
es of FOPI, from Fragment to: : : 143
a

10

102

103

104

p/q / GeV/c

d
E

/d
x

10 3

10 4

-1 -0.5 0 0.5 1 1.5

b

Cmass / GeV/c2

10 2

10 3

10 4

10 5

10 6

-1 0 1 2 3 4 5 6Fig. 6. Mass identi�
ation with CDC. The distribution in the (dE=dx; p=q)plane (a) is proje
ted (b) onto the mass parameter of the Bethe�Blo
h formula.Cmass denotes the mass obtained with CDC alone. Here and in Figs. 7�9 negativevalues on the abs
issas 
orrespond to Z = �1 parti
les.
a

10

102

103

104

v/q / cm/ns

ab
s(

p
/q

) 
/ G

ev
/c

0.1

0.2

0.3

0.4

0.5
0.6
0.7
0.8
0.9

1

2

3

4

5
6

-40 -30 -20 -10 0 10 20 30 40

b

Bmass / GeV/c2

10

10 2

10 3

10 4

10 5

10 6

-1 0 1 2 3 4 5 6Fig. 7. Mass identi�
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ity (23 
m/ns) and of the absolute jBmass � Cmassj di�eren
e(150 MeV/
2). The K+ group (visible already in Figs. 6 and 7) and inaddition the K� group 
an be identi�ed at �0.5GeV/
2.Studies of strangeness produ
tion with FOPI are not limited to kaonmeasurements. Meson and proton traje
tories in CDC 
an be used to re-
onstru
t de
ays of several strangeness 
arrying parti
les that de
ay outsidethe nu
lear medium due to long life times. They 
an be identi�ed by their
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 average of masses, i.e. s
aled proje
tions ofthe distribution in Fig. 8 onto the Cmass = jBmassj lines. The 
uts applied aredes
ribed in the text.invariant mass. From the de
ays of su�
iently long living parti
les pairs of
orrelated tra
ks may originate from se
ondary verti
es out of the target.The � hyperon whi
h is 
oprodu
ed with kaons in elementary N+N = K+�
ollisions de
ays with lifetime 
hara
terized by 
� = 7.9 
m into a p�� pair(64%). Similarily K0S de
ays with 
� = 2.7 
m into a �+�� pair (69%). Arare 
ase of both de
ays within one event 
an be seen in Fig. 5. The invari-ant mass spe
tra are shown in Fig. 10 for the rea
tion Ni+Ni at 1.93A GeV.
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Fig. 10. Invariant mass distribution of �+�� pairs (left panels) and p�� pairs (rightpanels) measured in the Ni+Ni experiment at 1.93A GeV. In the lower panels
ombinatorial ba
kground (shaded area), simulated by mixing events, is removed.Peak positions agree within errors with masses of K0 (left) and � (right).To obtain absolute intensities (in the 
ompli
ated a

eptan
e) one subtra
tsthe ba
ground simulated with un
orelated traje
tories from di�erent events.The phase spa
e 
overage of FOPI with kaon identi�
ation allows also tosear
h for de
ays of the � meson. Free �! K++K� de
ays are 
hara
ter-ized by � � 1.5�10�22 s. The invariant mass spe
trum measured in nu
leus-nu
leus rea
tions may therefore re�e
t the in�uen
e of nu
lear medium onthe de
ays that have taken pla
e 
lose to the surfa
e of nu
lear matter. Theresults obtained so far (exempli�ed by Fig. 11) su�er from poor statisti
s,but the physi
al e�e
t mentioned above points to interesting options andprovides guidelines for the upgrade of FOPI.
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Fig. 11. The same as in Fig. 10 but for K+K� pairs. A statisti
ally signi�
antpeak 
an be related to the de
ay of � mesons.The 
apabilities of FOPI have been used in a number of experimentsdedi
ated to strangeness produ
tion and propagation. An example is shownin Fig. 12. Average in-rea
tion-plane transverse momenta per mass unitare plotted as fun
tion of redu
ed rapidity for �'s, kaons and protons. Theupper panel demonstrates the very similar 
olle
tive motion (�ow) of �'s andprotons. The behaviour of kaons is di�erent and 
learly favoures one of thekaon in-medium potentials used in the theoreti
al predi
tions [8℄ as shownin the lower panel. Another important result 
on
erning the di�eren
e indynami
s of K+ and K�, related to their potentials, 
an be found in theforth
oming volume of this journal [9℄.5. The FOPI upgrade programResults on produ
tion and propagation of strange parti
les in nu
leus-nu
leus 
ollisions obtained in the last years with the FOPI and KaoS de-te
tors at GSI provided signatures that 
ould be explained as e�e
ts of thedense hot nu
lear medium. Density dependen
es of in medium kaon massesbe
ame a high ly debated issue as possible 
onsequen
es of 
hiral symme-try restoration in the QCD theory (see e.g. [8℄ and referen
es therein). Inorder to 
arry out a 
on
lusive test of the theoreti
al 
on
epts additionalstatisti
ally more signi�
ant and pre
ise measurements are ne
essary. Theenvisaged experiment measuring K� phase spa
e distributions over a largesolid angle and � produ
tion yields in the rea
tion Au+Au at 1.5A GeV
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Fig. 12. Flow of protons, �'s and kaons in the rea
tion Ni+Ni at 1.93A GeV.Average in-rea
tion-plane transverse momenta per mass unit are plotted as fun
tionof normalized rapidity. The theoreti
al predi
tions are from Ref. [8℄.(the highest SIS energy) is at present beyond the 
apabilities of FOPI. Su
han experiment as well as many others, involving e.g. rare hadroni
 signa-tures, should be
ome feasible by the FOPI upgrade program, whi
h has beenstarted in 1998.The main goals are i) to improve the TOF measurement at �lab anglesabove 300, both in terms of dete
tor granularity and time resolution andii) to in
rease the data a
quisition throughput from the present 100 Hz to800 Hz of in-beam-spill events and the tape re
ording 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 parti
les emitted within its a

eptan
e. In order tokeep the multiple hit rate at tolerable level of 5�10% the granularity has tobe raised by a fa
tor of 4.A substantial improvement of the time resolution to �TOF <100 ps wouldpermit low ba
kground 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 s
intillator strips of Barrel are being shortened to 150 
m to 
overthe the angles between 65Æ and 140Æ. Repla
ing the old extruded stripsby new BC-408 material should yield resolutions better than 150 ps(as demonstrated by prototype tests), superior to the old dete
tors.The granularity of 180 strips is su�
ient in the redu
ed angular range
overed and remains un
hanged.� Polar angles from 68Æ down to 37.5Æ will be 
overed by a 
ylindri
alshell of Pestov spark 
ounters [10℄ of 90 
m length (see Fig. 1). Ea
h ofthese 
ounters has 16 individually read out strips. With ea
h parti
le�ring 3 to 4 strips the e�e
tive granularity ex
eeds 700. First 90 
mlong prototypes have been developed on the basis of earlier existing30 
m long Pestov 
ounters and have been su

essfully tested [11℄. Atime resolution of 60 ps was rea
hed proving that e�e
tive 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 dire
tion) should substantially improve the quality of mat
hingthe tra
ks in CDC and the hits in the TOF shell.The planned in
reased data a
quisition throughput should be a
hievedby faster drift 
hamber read-out with modern s
anners of the �ash ADC'sand by repla
ement of the front-end 
omputing system with a 
on
eptuallynew one. In addition an in
rease of data taking sele
tivity should resultfrom a parallel proje
t of designing an intelligent trigger with fast on-linetra
k re
ognition.New experiments with the upgraded FOPI dete
tor system are expe
tedto begin in the spring of 2001.REFERENCES[1℄ A. Gobbi et al., Nu
l. Instrum. Methods A324, 156 (1993).[2℄ J. Ritman, FOPI Collaboration,Nu
l. 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. Nu
l. Part. S
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