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tionAlthough 
osmi
 rays are known for almost 90years and the extensive air showers (EAS) initi-ated by 
osmi
 rays of energies of the order of1015 eV (1 PeV) and more are known for morethan 60 years now, their origin remains a puzzle.Even the most prominent feature in the 
osmi
ray spe
trum, the knee at an energy of severalPeV, is known for 40 years and still not reallyunderstood { not due to a la
k of theories but be-
ause a

urate measurements are extremely diÆ-
ult. At 
ux levels below 1 parti
le per squaremeter and year, dire
t measurements from satel-lites and balloons are still impra
ti
able. At theknee and beyond ground-based EAS experimentsprevail. Among the present major EAS exper-iments, the KArlsruhe Shower Core and ArrayDEte
tor (KASCADE) experiment [1,2℄ is quiteunique in being fully designed for measuring the
omposition of 
osmi
 rays in the energy regionaround the knee.One of the important aspe
ts in the design is�Present address: University of Chi
ago, Enri
o Fermi In-stitute, Chi
ago, IL 60637.yNow at: University of Leeds, Leeds LS2 9JT, U.K.

to measure not just a single 
omposition-sensitiveEAS observable but as many as possible. Thereare several reasons for that. First, primary 
osmi
ray parti
les and their energies 
annot be dire
tlymeasured but 
an only be inferred by 
omparingmeasured observables with those expe
ted fromsimulations. Intera
tion models used in thesesimulations (e.g. with the CORSIKA program [3℄)have improved over time but remaining systemat-i
s are still a 
on
ern. The systemati
s are mainlya 
onsequen
e of the largely unexplored forwardregion in hadron-hadron intera
tions at 
olliderenergies and also of the extrapolation in 
entre-of-mass energies beyond present 
olliders. Theintera
tion models may also 
ontain approxima-tions not understood well enough. Systemati
sin di�erent models show up in di�erent ways inthe various observables whi
h 
an be often disen-tangled from the a-priori unknown 
omposition.Se
ond, di�erent observables are 
orrelated butnot redundant. Combining several observables
an well improve the mass separation and the en-ergy estimation. Third, systemati
s in the exper-imental analysis are easier to assess with inde-pendent observables.
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atedele
troni
s station for data readout.2. The KASCADE experimentKASCADE is lo
ated near Karlsruhe, Ger-many, at an altitude of 110 m a.s.l. It 
onsistsof three main 
omponents: the array, the muontunnel, and the 
entral dete
tor.The array 
overs an area of about 200�200 m2(see Figure 1) with 252 dete
tor stations instru-mented with s
intillation 
ounters. Two di�er-ent types of 
ounters are used. Two to four e-
dete
tors per station with 5 
m high liquid s
in-tillators of 0.79 m2 area are ea
h viewed by onephotomultiplier (PM). Below 10 
m of lead and4 
m of iron, the muon dete
tor of 3.24 m2 withfour quadrants of 3 
m thi
k plasti
 s
intillator isviewed, via 12 wavelength shifter bars, by a totalof 4 PMs. For ea
h station the signal sum and theearliest time are re
orded, separately for e-
 andmuon dete
tors. The inner 4 of 16 array 
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Figure 2. The 
entral dete
tor of the KASCADEexperiment. A: top 
luster, B: 5 
m lead, C: trig-ger layer, D: iron, E: TMS 
hambers, F: 
on
rete,G: MWPC.are not instrumented with muon dete
tors butwith four instead of two e-
 dete
tors ea
h.The muon tunnel with an area of 5.4�48 m is,to a large extent, 
overed with three horizontallayers of streamer tubes and verti
al layers atboth side walls. The installation is not fully 
om-plete at this time but will be �nished in 1999.The 
entral dete
tor (see Figure 2) is a more
omplex instrument. The main instrument is a16�20 m2 hadron 
alorimeter [4℄ with 4000 tonsof iron as absorber material. It has 8 layersfully instrumented with room-temperature liquidionisation 
hambers �lled with tetramethylsilane(TMS). With a segmentation of 25�25 
m a totalof 40 000 readout 
hannels are used. Thanks tothe �ne segmentation, tra
ks of single hadronsabove about 50 GeV energy 
an be re
onstru
tedby the hadroni
 showers initiated in the 
alori-meter. Up to several hundred hadrons 
an befound near the 
ores of large showers. Readoutof the 
alorimeter is triggered by a trigger layerwith 456 s
intillation 
ounters whi
h are also usedas muon 
ounters. Readout may also be triggeredby the array.On top of the 
entral dete
tor, the top 
lusterof 50 s
intillation 
ounters mainly measures thedensity and time-of-arrival of ele
trons. Themeasurement of e-
 energy deposition is now be-ing extended by an additional 9th 
alorimeter



3layer between the top 
luster and the 5 
m oflead absorber, above the iron sta
k. Below the
alorimeter, two layers of multiwire proportional
hambers (MWPC, 122 m2 sensitive area ea
h)are used as position and dire
tion sensitive muon
ounters, with a threshold energy above 2 GeV.To improve the muon 
overage below the 
alor-imeter, an additional layer of streamer tubes isnow being installed.Due to the di�erent dete
tors, KASCADE isable to re
onstru
t a large number of shower ob-servables. These in
lude, among others, from thearray the shower dire
tion, 
ore position, ele
-tron number Ne and trun
ated muon number N tr�(whi
h is integrated over the 40{200 m 
ore dis-tan
e range). From the MWPCs the number ofre
onstru
ted muons and numbers 
hara
terisingtheir hit pattern, like the multi-fra
tal dimen-sions D6 and D�6, are obtained. From the 
alor-imeter, the number of re
onstru
ted hadrons Nh,the total hadroni
 energy Eh seen and that of themost energeti
 hadron are obtained, as well as anumber of other parameters. The trigger layeralso provides numbers of hadrons and muons aswell as individual muon arrival times.3. Intera
tion model testsThe air shower simulation program CORSIKAhas several high-energy intera
tion models in-
orporated, in
luding QGSJET, VENUS, andSIBYLL. Thanks to the large number of showerobservables at KASCADE, tests of these intera
-tion models have be
ome feasible. Parti
ularlysensitive for su
h tests are hadrons [5℄. For thatpurpose, the shower simulation is followed by adetailed dete
tor simulation with GEANT. Dis-tributions of measured observables 
an then be
ompared to those of simulations.A 
ompli
ation arises from the fa
t that the
osmi
 ray mass 
omposition is not a-prioriknown. As a solid 
onstraint, measured distribu-tions should always be found between those simu-lated for proton and iron primaries. Fortunately,some observables are rather mass-insensitive butsensitive to intera
tion model details, while othersapparently are less sensitive to models but rathersensitive to the masses of primary 
osmi
 rays (see
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10log    (fraction of max. hadron energy)Figure 3. Intera
tion model test with QGSJET(proton and iron primaries) 
ompared to KAS-CADE measured data. Shown are the distribu-tions of individual hadrons having a given fra
tionof the most energeti
 hadron, for two di�erentN tr� intervals, 
orresponding to primary energiesof about 2 and 12 PeV, respe
tively. The shadedbands indi
ate the allowed regions in simulations,for arbitrary 
osmi
 ray 
omposition.Se
tion 5). In fa
t, many 
omposition-insensitivedistributions are reprodu
ed remarkably well byall three models.Among the models mentioned, the SIBYLLmodel (version 1.6) is known to generate toofew muons. Sin
e muon numbers, like N tr� , arethe best single energy estimator and thereforeKASCADE data usually binned in terms of N tr� ,SIBYLL performs rather badly in su
h 
ompar-isons [5℄. Measured data either mat
h pure iron



4with SIBYLL or 
an be even found outside of thepredi
ted proton-to-iron range. When showersare 
lassi�ed in terms of ele
tron number Ne,SIBYLL performs somewhat better but VENUSthen fails to mat
h measured relations, like theaverage hadron shower size NH versus Ne. Asa result of these tests, QGSJET shows the bestoverall agreement with experimental data. Atenergies beyond the knee even QGSJET showsdisagreement in some observables (see Figure 3).Improvement of the intera
tion models availablewith CORSIKA is, therefore, a 
ontinuing pro-
ess.4. Shower size spe
traThe energy spe
trum of 
osmi
 rays is ratherwell des
ribed by a power law { with almost thesame exponent over more than ten orders of mag-nitude in energy. The most obvious deviationfrom a simple power low is the knee at an en-ergy of several PeV whi
h was already seen inNe shower size spe
tra in the late 1950s. In themeantime the knee has not only been seen inele
trons but also in essentially all other shower
omponents, i.e. muons, hadrons, and Cherenkovlight. KASCADE has studied ele
tron and muonshower size spe
tra in great detail and has beenthe �rst experiment to see also the knee in hadronsize spe
tra [6,7℄.Dete
tion of the knee 
onsistently in di�erentshower 
omponents is important for establishingthat the knee is, in fa
t, due to an astrophysi
al
hange in the spe
trum of 
osmi
 rays and notdue to sudden 
hanges in intera
tion 
ross se
-tions just beyond present 
ollider energies. Animportant test for that purpose is also the atten-uation of air showers as they pass through di�er-ent amounts of air (air mass), i.e. under di�er-ent zenith angles. Figure 4 shows that the meas-ured power law exponents below and above theknee are independent of zenith angle and thatthe attenuation length remains the same belowand above the knee. This is 
onsistent with sim-ilar results of the EAS-TOP 
ollaboration [8℄.For the muon size spe
tra, a similar pi
turesresults although the muons are less attenuatedby the atmosphere and the 
hange of slope at the
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Figure 4. The ele
tron shower size 
ux spe
-tra (s
aled with N2:5e ) for di�erent zenith angles(top). Slopes below and above the knee are in-dependent of zenith angle (bottom right) andshowers are attenuated as expe
ted with in
reas-ing air mass (bottom left).knee is smaller, due to 
hanges in 
osmi
 ray 
om-position (see Se
tion 5). With a 
omposition asinferred, the hadron size spe
trum and its knee isalso 
onsistent with the overall spe
trum of 
os-mi
 rays.5. Cosmi
 ray 
ompositionMost previous attempts to infer the 
ompos-ition of 
osmi
 rays by EAS te
hniques used asingle 
omposition-sensitive observable. KAS-CADE has the advantage of having several ob-servables at hand { whi
h has the inevitable draw-
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Figure 5. Fra
tions of four elements (protons,He, O, and Fe; the latter two representingall medium and heavy elements, respe
tively)from �ts of simulated distribution fun
tions oflog10N tr� = log10Ne to experimental distributions,as des
ribed in the text (a) and resulting av-erage of logarithm of mass numbers (b). Theshaded band in b) represents the systemati
 er-ror due to the use of analyti
al distribution fun
-tions (whi
h in turn were �tted to simulationsof limited statisti
s). Note that the knee is atlog10(E0=GeV) � 6:6.ba
k of a more 
ompli
ated analysis. The 
om-pli
ation, however, has the bene�t that many sys-temati
 problems 
an be studied whi
h otherwisemight have gone undete
ted. A diversity in theanalysis is introdu
ed by the fa
t that showerswith 
ores in the 
entral dete
tor 
an be stud-
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Figure 6. Fra
tions of three groups of elementsfrom a neural net analysis of MWPC data as wellas Ne. Note that the knee is at lgN tr� � 4:2 foralmost verti
al showers.ied very well but these a

ount only for a smallfra
tion of all showers re
orded with the array.For the array the most sensitive observable isthe ratio of muon numbers to ele
tron numbersN tr� =Ne. This ratio 
hanges with energy simplybe
ause the number of ele
trons { whi
h are heav-ily attenuated in the atmosphere { is rising fasterwith energy than the number of muons as theatmospheri
 depth of the shower maximum in-
reases. A less 
hanging number a
tually turnedout to be, at least in our 
ase, the ratio of logar-ithms log10N tr� = log10Ne. Experimental distribu-tions of that, for di�erent intervals of estimatedenergies, 
an be �tted by fun
tions (Gaussiansat present) whi
h in turn were �tted to distribu-tions for simulated showers. Central values andwidths of these fun
tions for a number of di�erentelements for the 
osmi
 ray primary parti
le anddi�erent energy intervals are �xed by the simula-tion. Only the relative amounts of the individualelements are free in the 
omposition �t. Results ofthis approa
h [9℄ are shown in Figure 5. There isapparently little 
hange in the 
omposition belowthe knee and a slow in
rease of heavy elementsabove the knee.For the showers with 
ores in the 
entral de-te
tor, many other 
omposition-sensitive observ-ables 
an be used. Muons in the MWPCs, for



6example, show a steeper lateral distribution anda more irregular pattern for showers initiated byprotons than for those initiated by iron nu
lei.These patterns have been transformed into multi-fra
tal dimensions D6 and D�6 whi
h, togetherwith the number of muons in the MWPCs N?� ,ele
tron size Ne and zenith angle � were fed intoneural nets trained with simulated showers ofeither 2, 3, or 5 elements. Results of this analysis[10℄ are quite 
ompatible with the Ne-N tr� ana-lysis but show a slightly larger fra
tion of heavyelements well below the knee and an indi
ation ofhlnAi slowly falling with in
reasing energy belowthe knee (see Figure 6). In both 
ases a risinghlnAi is seen above the knee.A similar result [11℄ as for the MWPCs is alsoobtained by applying Bayesian and neural netmethods to N tr� , Ne, N?�, and the sum of hadroni
energy in the 
entral 
alorimeter PEH to 
las-sify individual showers into several mass groups,later 
orre
ting for known fra
tions of mis
lassi-�ed events.A slightly di�erent pi
ture emerges from ana-lysing average shower observables measured withthe hadron 
alorimeter only [12℄. This line ofanalysis makes use of the fa
t that these ob-servables { as most EAS observables { are, forsingle primary mass A, an almost linear fun
tionof lnA. Extreme values expe
ted are obtainedfrom simulations for pure protons and pure iron,respe
tively. For ea
h average observable a mass-sensitive parameter � is de�ned su
h that � = 0for measured data mat
hing simulated protonsand � = 1 for data mat
hing iron. The phys-i
al region is between 0 and 1. For pure elements� � lnA= ln 56. For mixed 
ompositions, di�er-ent observables may have a di�erent bias towardseither of the extremes (i.e. � is not ne
essarilyequal to hlnAi= ln 56), but in any 
ase are sensit-ive to 
hanges of the 
omposition. Results for sixdi�erent observables indi
ate a rising fra
tion ofheavy elements with rising energy { slowly risingalready below the knee.The di�eren
es between these separate lines ofanalysis are presumably due to systemati
s inintera
tion models whi
h a�e
t di�erent shower
omponents in di�erent ways. As already out-lined in Se
tion 3, available intera
tion models

des
ribe most data quite well but no model isin perfe
t agreement for all observables. Untilremaining systemati
s are resolved, slightly dif-ferent 
ompositions or hlnAi will likely remainwhen analysing di�erent shower 
omponents. Atthe knee, the di�erent KASCADE methods yieldresults in the range 1:5 � hlnAi � 2:8. Changesof the 
omposition below the knee { if real { arerather small and above the knee there is an un-equivo
al but not sudden rise of the fra
tion ofheavy elements.6. All-parti
le energy spe
trumAlthough N tr� alone is a rather good estimatorof primary energy, a still better estimate is ob-tained by a 
ombination of N tr� and Ne. Theresulting energy spe
trum is only weakly depend-ing on the assumed 
omposition. This 
an beimproved further by taking the measured 
om-position into a

ount or �tting, for example, a2-
omponent 
ux model (e.g. protons and iron),to measured Ne and N tr� spe
tra simultaneously.In doing so, unfolding of 
u
tuations on the steeppower-law spe
trum { both shower-intrinsi
 andexperimental sampling 
u
tuations { is import-ant. Otherwise, the real 
ux would be overestim-ated.Following this approa
h both ele
tron andmuon size spe
tra are reprodu
ed very well withmodel spe
tra where only protons have a knee inthe energy range used for the �t (about 5 � 1014{1017 eV for Ne and about 1015{3 � 1016 eV forN tr� ). The resulting spe
trum (with model spe
-tra extrapolated outside the �tting regions) is il-lustrated in Figure 7. A similar pi
ture is ob-tained when drawing separate 
ux spe
tra for thelight (p+He) and heavy (O+Fe) 
omponents fromthe 
omposition analysis [9℄. The knee in the 
os-mi
 ray spe
trum { in parti
ular as seen in Nespe
tra { may in fa
t be a knee of the light ele-ments only.7. Con
lusionsThe KASCADE array has started data takingin 1996. Although not all of the 
omponents ofthe KASCADE experiment are fully 
ompleted
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Figure 7. Model energy spe
trum (with protonand iron primaries only) simultaneously �tted toele
tron and muon size spe
tra, with 
u
tuationsunfolded. A
tual �tting regions are indi
ated bythe shaded areas. To have the spe
trum in agree-ment with data from other experiments beyond1017 eV (whi
h are shown as the symbols), an'iron knee' near 1017 eV would be required.at this time, important result on our view of
osmi
 rays have started to emerge. Thanks tothe many air shower observables available withKASCADE, we are in a situation where detailedtests of intera
tion models have be
ome feasible.These tests are 
omplementary to present a

el-erator experiments be
ause they are most sensit-ive to the behaviour in the forward region. TheKASCADE 
ollaboration is a
tively working onfurther model improvements with the authors ofintera
tion models suited for EAS simulations.The array ele
tron and muon shower size spe
-tra have already been measured in great detail,with the shape of the knee and its zenith angledependen
e being perfe
tly 
onsistent with an as-trophysi
al origin of the knee. The knee has, forthe �rst time, also been seen in the hadron sizespe
trum.The analysis of the 
osmi
 ray 
ompositionis still a�e
ted by systemati
 un
ertainties inintera
tion models, despite important improve-

ments a
hieved in the last few years. This showsup by a systemati
ally heavier 
omposition seenwith hadroni
 observables than with ele
tronsand muons. Despite remaining systemati
 un
er-tainties, a pi
ture has emerged with little 
hangesof the 
omposition below the knee energy and anin
reasing fra
tion of heavy elements above theknee. The array data, in parti
ular, are quite
onsistent with the knee at an energy of about4 PeV being only a knee in the light elements. Atthis stage, the data are also 
onsistent with theassumption that ea
h element has a knee at thesame rigidity. If protons have the knee at 4 PeV,the knee for iron group elements would be expe
-ted at 100 PeV (1017 eV). Nevertheless, the realpi
ture may be more 
ompli
ated than in a min-imal model where ea
h element's spe
trum hasthe same 
hange of slope at the same rigidity.REFERENCES1. P. Doll et al., Te
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