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MEASUREMENTS OF THE CHARGE RATIOOF ATMOSPHERIC MUONS �I.M. Branus, B. Vulpesu, A. Berui, A.F. Badea, H. BozdogM. Duma, M. PetuNational Institute of Physis and Nulear EngineeringBuharest, RomaniaJ. Wentz, H. Rebel, A. Haungs, H.-J. Mathes and M. RothForshungszentrum Karlsruhe, Institut für KernphysikKarlsruhe, Germany(Reeived January 7, 2000)The measurements of the muon harge ratio representing the ratioof positive to negative atmospheri muons are performed using a smallompat devie, WILLI, by deteting the life time of the muoni atoms.Avoiding the di�ulties of measurements with magneti spetrometers, thismethod gives preise results on muon harge ratio espeially in the low en-ergy range relevant for the atmospheri neutrino anomaly. The detetor,the method and the results on muon harge ratio for �ve energy rangesbelow 1 GeV are presented. The results an be used to improve hadroniinteration models.PACS numbers: 14.60.Ef, 13.35.Bv, 23.40.�s, 95.55.Vj1. IntrodutionDuring the propagation of osmi rays in the atmosphere by the in-terations with atmospheri nulei pions and kaons are produed, whihsubsequently deay in muons and neutrinos:Ar +Aair ! ��; K�; K0 : : : ;�+ ! �+ + ��; �+ ! e+ + �e + �� ;�� ! �� + ��; �� ! e� + �e + �� :� Presented at the XXVI Mazurian Lakes Shool of Physis, Krzy»e, PolandSeptember 1�11, 1999. (465)



466 I.M. Branus et al.A similar deay hain is for the harged kaons. At high energies, the studyof muons provides signatures on the hemial omposition of osmi raysand of the interation harateristis relevant to the air shower developmentin the atmosphere. At low energies the studies imply interesting aspets inview of the investigation of the so-alled atmospheri neutrino problem andin examining the e�ets of the Earth's magneti �eld on the propagation ofseondary osmi rays. Thus, the measurements of the muon harge ratio,i.e. the ratio of the positive to negative muons in the atmospheri �ux isof interest for testing the hadroni interations models and for larifyingthe atmospheri neutrino anomaly. Many experimental studies arried outabove a few GeV muon energy have used magneti spetrographs, in whihthe harge partile trajetories are determined before and after traversingthe magneti �eld [1℄. The Coulomb sattering plays an important role inrestriting the momentum resolution at low energies. In studies of the hargeratio of the muon �ux, the instrumental aeptane, sattering e�ets andthe detetion e�ieny for partiles of di�erent harges need areful onsid-eration and are soures of unertainties. This paper reports measurements ofmuon harge ratio at muon energy smaller than 1 GeV with a method avoid-ing the di�ulties of a magneti spetrometer by use of a relative ompatdetetor based on the observation of the muon apture and the subsequentdeay. 2. Method of observing deay eletronsfrom muon apture in the matterThe priniple of our measurements of muon harge ratio is based on dif-ferent behaviour of positive and negative muons in matter: stopped positivemuons deay by the life time of free muons, the negative muons are apturedin atomi orbits, where they may either deay or are absorbed by the atominuleus [2℄. This leads to a redued life time of stopped negative muons de-pending on the stopping material. The total deay urve of all muons whihdeay in the detetor is a superposition of several deay laws:dNdt = � N0(R+ 1)�24R0�0 exp�� t�0�+ 3Xj=1 j�j exp�� t�j�35 ; (1)where R(�+=��) = N+=N� represents the muon harge ratio, N+; N� beingthe number of positive and negative muons, respetively, N0 = N+ + N�,and the index j indiates the di�erent absorber materials. There are preiseexperimental results available about the lifetime in various materials.



Measurements of the Charge Ratio of Atmospheri Muons 4673. The measurements of the muon harge ratiowith WILLI detetorIn the frame of some prototype studies for the air-shower experimentKASCADE [3℄, in IFIN-HH, Buharest, the WILLI (Weakly Ionising LeptonLead Interations) detetor has been built up for studies of the interationof high energy muons with matter.The previous setup [2℄ used for muon harge ratio measurements [4℄has been modi�ed. It onsists of 15 detetor and absorber modules. Theabsorbers are the 1.2 m thik aluminium supports. The ative detetorsare plasti sintillators (NE114, 3.0 m thikness), whose light is olletedby two photo-multipliers. The energy signals taken from the anode andthe third dynode are onduted to an ADC. A timing signal, taken froma dynode is analysed by Multiple Time Digital Converter. One sintillatordetetor positioned 87 m above the detetor stak is used as trigger andde�nes the aeptane geometry. Four modules plaed around the stakserve as antiounters (Fig. 1(a)).The signature of a stopped and deaying muon is a partile triggeringthe telesope, but not penetrating till the bottom of the sintillator stak,together with the appearane of a delayed partile, disappearing in the sur-rounding of the stopping lous, see Fig. 1(b). From the time interval ofinoming and deaying partile the spetrum of the deay times is regis-tered. The bakground is less than a permille of the ative signal.
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(a) (b)Fig. 1. (a) The modi�ed on�guration of the WILLI detetor (with anti-ounters);(b) Event display: ADC and MTDC image of a muon deay event; the ADC saleorresponds to the 0�4095 hannel range and the MTDC omprises 256 bins of 20ns width; the muon stops after penetrating 6 ative layers and the eletron appearsin the following 3 layers [5℄.



468 I.M. Branus et al.As explained previously, the measured time spetrum is a superpositionof di�erent deay urves. For three di�erent materials forming the mod-ules, four onstants appear in the expression (1) aounting for the stoppingpower in the materials, the deay probability of muons bound in muoniatoms, detetion e�ienies. Thresholds and angular aeptane have beendetermined by extensive detetor simulations using the ode GEANT [6℄.The Fig. 2(a) shows the omparison between the simulated results andthe experimental deay urve, being obvious the e�et of the material de-pendent deay time, aluminium providing the best disriminating e�et.
10 3

0 1 2 3 4 5
t [µs]

E
ve

nt
s

1

2
3

4

WILLI-97 simulation
1 - µ+

2 - µ- in scintillator
3 - µ- in aluminum
4 - µ- in lead

10 4

0 1 2 3 4 5
t [µs]

E
ve

nt
s WILLI-97   DATA

line - free decay of µ+

0.6

0.8

1

1.2

1.4

1.6

1.8

2

10
-1

1 10
pµ [GeV/c]

R
(µ

+
/µ

- )

magnetic spectrometer

Lifetime observations:
Conversi 1947, 1949

Singhal 1983

KARMEN 1995

WILLI-97

WILLI-98

WILLI-99 (preliminary)

(a) (b)

Fig. 2. (a) Monte Carlo simulations results of the ontribution of di�erent materialsto the total deay urve and the experimental deay urve ompared with the deayurve expeted for positive muons [7℄. (b) The present experimental knowledge ofmuon harge ratio.One an notie that aluminium provides the best disriminating e�et,reduing signi�antly the e�etive mean life time of negative mean life timeas ompared to that of positive muons; the deay probability for Al is 39.05%while for Pb only 2.75%.In a next on�guration the detetor has been optimised for muon hargeratio measurements by removing the Pb layers and improving the geometryand the bakground rejetion by use of anti ounters [7℄ (see Fig. 1(a)).The Fig. 2(b) displays the present knowledge of muon harge ratio forenergies less than 20 GeV. Our results onern the lower energy end:



Measurements of the Charge Ratio of Atmospheri Muons 469� WILLI97 experiment R(�+=��) = 1:30 � 0:05 for a mean muonmomentum of 0.86 GeV/,� WILLI98 experiment R(�+=��) = 1:27 � 0:01 for a mean muonmomentum of 0.53 GeV/,� WILLI99 experiment R(�+=��) = 1:15 � 0:02 for a mean muonmomentum of 0.24 GeV/,R(�+=��) = 1:18 � 0:02 for a mean muonmomentum of 0.27 GeV/,R(�+=��) = 1:21 � 0:02 for a mean muonmomentum of 0.31 GeV/.4. Conluding remarksUnder instrumental-methodial aspets our studies demonstrate a simpleand e�ient proedure to measure the muon harge ratio with a small om-pat detetor reahing auraies in the order of few perent and exludingsystemati errors of magneti spetrometers. The method has been alreadyused by large-volume detetors, the KAMIOKANDE detetor [8℄ and theKARMEN detetor [9℄. In ontrast to these setups, our devie is small,ompat and easily transportable, suitable for balloon �ights for measuringpro�les in altitudes.The modulation of muon �uxes, known as the east�west e�et due tothe geomagneti �eld, gains importane for the low-momentum region andfor larger zenith angle [10℄. It is expeted to be more pronouned in themomentum range below 1GeV, where our measurements are performed. Inthe future the WILLI devie will be modi�ed into a rotatory on�gurationfor the observation of muons arriving with di�erent angles of inidene inzenithal and azimuthal plane.The set up of the alorimeter in NIPNE Buharest was realized withthe support of Romanian Ministery of Researh and Tehnology, the Inter-national Bureau Bonn and Forshungszentrum Karlsruhe, Germany. Thestudies have been supported by a grant of the Volkswagen Stiftung.REFERENCES[1℄ O.G. Ryazhskaya, Nuovo Cim. 19C, 655 (1996).[2℄ I.M. Branus et al., Rom. J. Phys. 7�8, (1998).



470 I.M. Branus et al.[3℄ G. Shatz et al. (KASCADE ollab.), Nul. Phys. Pro. Suppl. 60B, 151(1998).[4℄ B. Vulpesu et al., Nul. Instrum. Methods Phys. Res. A414, 205 (1998).[5℄ I.M. Branus et al., ontribution ANI-workshop 1998; Mt. Aragats, Armenia,published in FZKA Report 6215 (1998).[6℄ CERN Program Lib. Long Writeup W5013 (1994).[7℄ B. Vulpesu, FZKA Report 6368 (1999).[8℄ M. Yamada et al., Phys. Rev. D44, 617 (1991).[9℄ T.E. Jannakos, FZKA Report 5520 (1995).[10℄ S. Tsuji et al., J. Phys. G. Nul. Part. Phys. 24, 1805 (1998).


